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Abbreviations 

Å Ångström 
BV Baeyer-Villiger 
BVMO Baeyer-Villiger 

monooxygenase 
CAMO cycloalkanone 

monooxygenase 
CHMO cyclohexanone 

monooxygenase 
CoA coenzyme A 
2,5-
DKCMO 

2,5-diketocamphane 
1,2-monooxygenase 

3,6-
DKCMO 

3,6-diketocamphane 
1,6-monooxygenase 

DNA deoxyribonucleic acid 
E. coli Escherichia coli 
e.g. for example 
et al. et alia 
FAD flavin adenine dinucleotide 
FMN flavin mononucleotide 
FMO flavin-containing 

monooxygenase 
Fre flavin-reductase from E. coli 
g gram 
GC gas chromatography 
h hour 
HAPMO 4-hydroxyacetophenone 

monooxygenase 
L liter 
mg milligram 

 

 
 

 
min minute 
M molar 
mM millimolar 
NAD(P)+ nicotinamide adenine 

dinucleotide (phosphate) 
oxidized form 

NAD(P)H nicotinamide adenine 
dinucleotide (phosphate) 
reduced form 

NCBI National Center for 
Biotechnology Information 

nm nanometer 
NMO N-hydroxylating 

monooxygenases 
OD optical density 
OTEMO 2-oxo-Δ3-4,5,5-trimethylcyclo-

pentenylacetyl-CoA 
monooxygenase 

PAMO phenylacetone 
monooxygenase 

PCR polymerase chain reaction 
pH pondus hydrogenii 
Sid A siderophore A 
SMOA styrene monooxygenase 
SMFMO Stenotrophomonas 

maltophilia flavin-containing 
monooxygenase  

sp. species 
t time 
U unit 

 

 

Moreover, the usual codes for amino acids were used. 
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Scope and Outline 

This thesis is about the identification, recombinant expression and biochemical 
characterization of three Baeyer-Villiger monooxygenases (BVMOs) involved in camphor 
degradation by Pseudomonas putida NCIMB 10007. While key investigations on the 2,5-
diketocamphane 1,2-monooxygenase (2,5-DKCMO) are described in Article II, Article III 
deals with the identification of the genes encoding 3,6-diketocamphane 1,6-monooxygenase 
(3,6-DKCMO) and 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase 
(OTEMO) thus completing the series of camphor-BVMOs. Article IV addresses the 
requirement of a distinct flavin reducing subunit for reduced flavin supply to the DKCMOs by 
coupling the flavin-reductase Fre from E. coli to these oxygenases. These results are set in a 
comprehensive context by Article I which is a review providing novel insides in discovery, 
application and re-design of BVMOs. 

Article I  Discovery, Application and Protein Engineering of Baeyer-Villiger 
Monooxygenases for Organic Synthesis 

 K. Balke*, M. Kadow*, H. Mallin*, S. Saß*, U.T. Bornscheuer*, Org. Biomol. 
Chem. 2012, 10, 6249-6265 

In this review, novel concepts to discover new BVMOs such as searching in protein 
sequence databases using distinct motifs as well as high-throughput assays to facilitate 
protein engineering in order to improve BVMOs are described. Furthermore, methods making 
use of BVMOs in organic synthesis more efficient by applying e.g. improved cofactor 
regeneration, substrate feed and in situ product removal or immobilization are covered in this 
perspective. 

Article II  Recombinant Expression and Purification of the 2,5-Diketocamphane 
1,2-Monooxygenase from the Camphor Metabolizing Pseudomonas 
putida Strain NCIMB 10007 

 M. Kadow, S. Saß, M. Schmidt, U.T. Bornscheuer, AMB Express 2011, 1, 13 

Three different BVMOs are involved in the camphor metabolism by Pseudomonas putida 
NCIMB 10007. Article II describes cloning, recombinant expression, purification and 
investigation of the substrate scope of 2,5-diketocamphane 1,2-monooxygenase (2,5-
DKCMO), which converts 2,5-diketocamphane formed during (+)-camphor degradation. This 
enzyme belongs to the group of Type II BVMOs and hence depends on the cofactors FMN 
and NADH. Although we solely cloned the oxygenating subunit, pure 2,5-DKCMO was 
observed to be active in the absence of its flavin-reductase subunit.   
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Article III  Completing the Series of BVMOs involved in Camphor Metabolism of 
Pseudomonas putida NCIMB 10007 by Identification of the two Missing 
Genes, their Functional Expression in E. coli, and Biochemical 
Characterization 

 M. Kadow*, K. Loschinski*, S. Saß, M. Schmidt, U.T. Bornscheuer, Appl. 
Microbiol. Biotechnol. 2012, 96, 419-429 

While 2,5-DKCMO was recombinantly available (see Article II), DNA- sequences of the 
other two BVMOs involved in camphor degradation, namely 3,6-diketo-camphane 1,6-
monooxygenase (3,6-DKCMO) and 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA 
monooxygenase (OTEMO) were still unknown. In Article III, the identification of the genes 
and the subsequent recombinant production of these missing enzymes is described. 
Moreover, those enzymes were used as biocatalysts for the conversion of various mono- and 
bicyclic ketones and compared to each other within this study. 

Article IV  Improving the Efficiency of Type II Baeyer-Villiger Monooxygenases by 
Coupling to a Flavin Reductase  

 M. Kadow, S. Saß, K. Balke, M. Schmidt, U.T. Bornscheuer, ChemBioChem, 
2012, submitted 

Although the availability of DKCMOs as recombinant enzymes facilitates their investigation, 
application of Type II BVMOs was limited by their requirement of a suitable flavin-reductase 
for reduction equivalent supply. The sequence of the natural reductase component 
accompanying the DKCMOs was unknown. In Article IV we report the application of a 
reductase from E. coli leading to enhanced catalytic efficiency of the DKCMOs demonstrated 
by higher conversion of ketones in biocatalysis reactions.  

 

*equal contribution 
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1 Background  

The discovery, application and redesign of enzymes as biocatalysts became of increasing 
interest during the last decades. Due to their ability to catalyze important synthetic chemical 
reactions under mild conditions with respect to temperature, pressure and pH, the absence 
of organic solvents and the reduced formation of byproducts, they became valuable tools in 
the pharmaceutical, food, textile and chemical industry. Moreover, enzymes display powerful 
properties regarding their chemo-, regio- and enantioselectivity. Since oxygenated or 
hydroxylated compounds are of great value, but selective oxy-functionalization of organic 
substrates is a huge challenge in classical organic synthesis, industry’s interest in oxidative 
biocatalysts is rising.[1] Consequently, the availability of enzymes, which can perform 
selective oxygenations, increased remarkably during the last decade. The following chapter 
gives a brief introduction in the implementation of enzymes that introduce one atom of 
molecular oxygen between carbon-carbon bonds of non-activated substrates and the 
considerable progress recently achieved in the enzymatical pendant to the Baeyer-Villiger 
(BV) oxidation. 

1.1 The Baeyer-Villiger Oxidation  

 

Scheme 1. Mechanism of the chemical Baeyer-Villiger oxidation. After the nucleophilic attack of the 
keto-moiety by the peracid, the tetrahedral Criegee-intermediate is formed. The ester/ lactone and the 
acid are released after rearrangement. 

Stereoselective BV-oxidations of asymmetric ketones are of special interest for the synthesis 
of valuable chiral building blocks since the chiral information of the substrate is preserved 
during the reaction that proceeds with retention of the absolute configuration. The major 
drawback in this oxidation is the requirement of environmentally harmful peracids and the 
lack of high chemo-, regio-, and enantioselectivity. This can be overcome by application of 
enzymes as biocatalysts that belong to the class of oxidoreductases (EC 1) introducing one 
oxygen atom into their substrate and are therefore called Baeyer-Villiger monooxygenases 
(BVMOs). These enzymes use molecular oxygen from air for substrate oxygenation and 
overcome the restriction that concerted reactions between dioxygen and carbon in organic 
compounds are spin forbidden by utilization of a flavin redox cofactor.[2] Hence they belong to 
the class of flavin-dependent monooxygenases (EC 1.13.12 and EC 1.14.13).  
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1.2 Flavin-dependent Monooxygenases 

Flavins, in most cases in the form of flavin adenine dinucleotide (FAD) or flavin 
mononucleotide (FMN), are capable of receiving electrons from reducing cofactors like 
nicotinamides and conveying them to electron acceptors. The reaction of reduced flavin with 
molecular oxygen is slow. This is overcome by flavin-dependent monooxygenases by 
formation of flavin semiquinone activating O2 through generation of a covalent adduct with 
the C4a of reduced flavin.[3,4] The formed peroxyflavin intermediate is in equilibrium with the 
protonated hydroperoxyflavin (Scheme 2). Depending on the type of the reaction and the 
structural environment surrounding C4a, this intermediate can either exhibit nucleophilic or 
electrophilic character. In both cases, a single atom of oxygen is inserted into the substrate 
and C4a-hydroxyflavin is formed. The other oxygen atom is reduced to water, which is 
released regenerating the flavin for the next catalytic cycle. 

  

Scheme 2. Reaction mechanism of flavin-dependent monooxygenases. The nature of the 
characterized reaction depends on the kind of oxygen species (peroxyflavin vs. hydroperoxyflavin) 
promoted by the protein environment.    

According to sequence homologies and structural properties, it was suggested to 
discriminate flavin-dependent monooxygenases into further subclasses (Table 1).[5] 
Thereafter, the single-component monooxygenases, that catalyze both, the oxidative and 
reductive half-reactions within one protein, belong to the subclasses A and B. Enzymes 
related to class A possess the C4a-hydroperoxyflavin as the predominant oxygenation 
species, which is why they catalyze electrophilic oxygenations on activated aromatic 
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substrates. Subclass B summarizes the flavin-containing monooxygenases (FMOs)[6] from 
mammals and other eukaryotic organisms and Type I BVMOs[7,8]. Moreover microbial 
N-hydroxylating monooxygenases (NMOs), important for the N-hydroxylation of long-chain 
primary amines belong to this group.[9] Very recently, the three-dimensional structures of 
seven complexes of N-hydroxylating monooxygenase from Aspergillus fumigatus (SidA) and 
different ligands have been resolved unveiling a specific binding site for its substrate 
ornithine.[10] 

Besides the flavin-dependent monooxygenases that combine all catalytic functions in one 
polypeptide chain and are therefore called bifunctional monooxygenases, there are multi-
component enzymes (subclass C-F) that distribute the tasks arising from the reductive and 
oxidative half reactions among distinct proteins (Table 1). Usually, they are built up of a 
reductase carrying out flavin reduction at the expense of reduced nicotinamide and an 
oxygenase for incorporation of an oxygen atom into the substrate. In the oxygenase subunit, 
flavin is not a tightly bound prosthetic group, but is required as a substrate that is supplied in 
vivo by the flavin-reductase subunit. Hence, these oxygenases are called ‘monofunctional’. 
Within these multi-component monooxygenases Type II BVMOs and bacterial luciferases 
represent subclass C. Luciferases are the best-studied examples of this subclass and are 
characterized by the emission of light with a wavelength of 490 nm during the oxidation of 
long chain fatty aldehydes to fatty acids. They were found in luminous bacteria like Vibrio 
harveyi and Vibrio fischeri. [11,12] Due to their homologous oligomeric structure and their 
ability to catalyze a reaction similar to BV-oxidation, luciferases were also classified as 
Type II BVMOs.[13] Actually, the enzymes from Vibrio fischeri and Photobacterium 
phosphoreum were found to perform BV-oxidation on aliphatic and alicyclic ketones.[14] In 
contrast, Type II BVMOs were never reported to emit light. 

Table 1. Classification of the flavin-dependent monooxygenases as suggested by Van Berkel et al.[5]  

 Subclass Features Examples 

O
ne

-c
om

po
ne

nt
 

A 
Tightly bound FAD through 
one Rossmann fold, 
NADH/NADPH-dependent 

4-Hydroxybenzoate 3-monooxygenase[15] 
2-Hydroxybiphenyl 3-monoxygenase[16] 
Salicylate 1-monooxygenase[17] 

B 
Two dinucleotide binding 
domains for binding of FAD 
and NADPH 

Flavin-containing monooxygenases 
(FMOs)[6] 
N(6)-hydroxylase[9] 
Type I BVMOs[7,8] 

M
ul

ti-
co

m
po

ne
nt

 

C FMN-dependent, TIM-barrel 
fold Bacterial luciferase[12], Type II BVMOs 

D 
FAD-dependent, α-helical fold 
similar to acyl-CoA 
dehydrogenases 

4-Hydroxyphenylacetate 3-
monooxygenase[18] 

E FAD-dependent, one 
Rossmann fold domain Styrene monooxygenases[19] 

F 
FAD-dependent, two-domain 
structure: Rossmann fold 
domain and helical domain 

Tryptophan 7-halogenase[20] 
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The enzymes belonging to subclass D reveal homology to the acyl-CoA dehydrogenase 
family that are characterized by their mainly α-helical structure and a Rossmann fold 
dinucleotide-binding domain. These enzymes are restricted to perform reactions on aromatic 
substrates. The only members of subclass E are the styrene monooxygenases such as the 
prototype originating from Pseudomonas sp. VLB120, which oxidizes styrene and some of its 
derivatives to enantiopure epoxides.[21] Investigation of the crystal structure of the styrene 
monooxygenase SMOA from P. putida S12 rendered that this enzyme exists as a 
homodimer in which each monomer forms two distinct domains. Even though it exhibits 
cavities for each, FAD and styrene binding, cooperative interaction between substrate and 
flavin binding equilibria was observed.[22] Finally, subclass F contains flavin-dependent 
halogenases. Enzymes of that subclass reveal a Rossmann fold and a helical domain and 
catalyze a reaction distinct from oxygenation. However, halogenation proceeds via a similar 
mechanism in which FAD forms the hydroperoxyflavin intermediate. This undergoes a 
nucleophilic attack by a halide ion to form a reactive hypohalous acid, which is then used to 
regioselectively halogenate an aromatic substrate.  

Just as the oxygenase subunits catalyze different oxygenation reactions, the flavin-
reductases of the two-component systems display different strategies of producing reduced 
flavin for reduction equivalent supply. Some contain tightly bound flavin as a prosthetic group 
and are therefore considered as flavoproteins, while others use flavin as a substrate.[23] For 
the candidates containing bound flavin, two mechanisms were reported. Reduction of flavin 
can occur in the fashion of a ping-pong-bi-bi mechanism as described for NAD(P)H-FMN 
oxidoreductase (FRG) from V. fischeri.[24] Thereby the flavin prosthetic group is reduced via 
electron transfer from nicotinamide cofactors followed by the entrance of a second flavin to 
the active site, which is reduced and subsequently transferred to the monooxygenase 
subunit. Alternatively, the reduced bound flavin cofactor can be directly transferred without 
involvement of a flavin substrate.[25]  

Flavin-reductases that do not contain a bound cofactor perform an ordered sequential 
mechanism. The flavin serving as a substrate and the nicotinamide have to bind to the 
enzyme before hydride transfer from NADH to FMN can occur. Enzymes that do not contain 
bound flavin are e.g. LuxG from P. leiognathi[26], ActVB from Streptomyces coelicolor[27], and 
Fre from E. coli[28]. Moreover Fre-like enzymes were identified in luminescent bacteria.[29] 

The involvement of two separate proteins raises the general question of how the flavin is 
transferred in between. Channeling via direct physical interaction as well as transfer via 
diffusion is possible. Free flavin undergoes rapid autoxidation by oxygen, which is not only a 
dissipation of reduction equivalents, but can lead to formation of reactive oxygen radicals that 
can be harmful to the cell. Hence, transfer by complex formation seems to be the more 
elegant way to protect flavin from non-enzymatic reaction with O2.[4] In literature, a number of 
examples can be found providing experimental evidence for flavin supply via complex 
formation.[23] The luciferase-reductase couples composed of either the NADPH-dependent 
reductase FRP from V. harveyi or the nicotinamid unspecific reductase FRG from V. fischeri 
together with luciferase from V. harveyi where found to interact through physical contact.[25] 
These flavin-reductases were observed to share a similar catalytic mechanism although they 
do not exhibit distinct sequence similarity. Moreover, kinetic studies on the alkenesulfonate 
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monooxygenase system revealed interactions between the reductase SsuE and the 
monooxygenase SsuD.[30]  

Nevertheless, in some two-component systems, efficient channeling of reduced flavin via 
free diffusion is performed. In this regard, in the aromatic hydroxylase ActVA-ActVB-system 
flavin autoxidation was observed to be slower than binding of diffusible reduced flavin to the 
monooxygenase, demonstrating that diffusion is kinetically competent without the 
requirement of a physical complex.[27] Indeed, identical yields of flavin hydroperoxide were 
observed when the reduced FMN-monooxygenase complex was applied in O2-containing 
buffer or when free reduced flavin was mixed with monooxygenase. No reduced FMN 
interception by non-enzymatic reaction with O2 was detected. Moreover, the reductase of the 
4-hydroxy-phenylacetate 3-monooxygenase system of Acinetobacter baumanii was 
demonstrated to combine allosteric regulation with the high affinity of the monooxygenase 
component for reduced FAD, enabling the system to function efficiently without the need of a 
flavin transfer complex in catalysis.[31]  

1.3 Baeyer-Villiger Monooxygenases 

The first enzymatic BV-oxidation was discovered in 1948, when the fungi Proactinomyces 
erythropolis was discovered to disrupt the A-ring of steroids leading to the formation of 
ketoacids.[32] Besides their involvement in steroid degradation, BVMOs are known to catalyze 
key reactions in the anabolism of various other compounds such as cyclic, bicyclic, 
arylaliphatic and linear ketones and thus enable microbial growth on these sources. 
Approximately 60 BVMOs derived from various microorganisms are available today and the 
best characterized example so far is the cyclohexanone monooxygenase from Acinetobacter 
calcoaceticus, which was cloned in 1988.[33] Additionally, contribution of BVMOs in natural 
catabolic pathways was recently discovered. Therein, participation of BVMOs in the 
biosynthesis of the sesquiterpenoid antibiotic pentalenolactone D by three different 
Streptomyces species was shown as well as the contribution of two consecutive BV-
reactions in cytochalasin synthesis by Aspergillus clavatus.[34] Cytochalasins belong to the 
fungal secondary metabolites revealing a complex molecular structure and bioactivity. The 
responsible enzyme represents one of the few examples of BVMOs in eukaryotes, since until 
2011 all recombinantly available enzymes of this class have been from bacterial origin. 
Nevertheless recently, cycloalkanone monooxygenase (CAMO) from the ascomycete 
Cylindocapron radicicola was identified and expressed in E. coli.[35] CAMO was most active 
towards cyclobutanone and did not convert steroids. Hence, it is not responsible for 
progesterone conversion, which was actually reported for this fungus, indicating that there 
are other BVMOs encoded by its genome. It was previously thought that BVMOs were totally 
absent in plants and higher organisms but lately, BV-reactions catalyzed by human enzymes 
were observed. Flavin containing monooxygenase 5 (FMO 5) from human liver and intestine 
was found to oxidize the 4-hydroxypiperidine moiety of a polymerase inhibitor, which is a 
potential anti-cancer drug.[36] FMO 5 leads to formation of a ring-opened acid in a BV-
reaction. The natural role of FMOs is to detoxify xenobiotic compounds by conversion to 
more hydrophilic metabolites typically via monooxygenation of heteroatoms. Nevertheless, 
very recently further evidence for BVMO-activity within these enzymes was discovered. FMO 

      Article I 
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from Methylophaga sp. was found to oxidize indole and analogues to the corresponding 
indigoid pigments[37] and SMFMO from Stenotrophomonas maltophilia showed activity 
towards the typical BV-substrate (±)-cis-bicyclo[3.2.0]hept-2-en-6-one (compound 4, 
Figure 2).[38] Hence, distinctions between these enzyme classes have to be reconsidered.   

BVMO activity was reported for two different types of flavin-dependent monooxygenases, 
namely the enzymes of subclasses B and C. Thereby BVMOs belonging to subclass B are 
referred to as Type I BVMOs. They are encoded by a single gene and catalyze the reductive 
and oxidative half reactions by one polypeptide chain (Table 1). By multiple sequence 
alignment of various Type I BVMOs, motifs typical for all these enzymes were revealed. 
These are GXGXXG contained in both Rossmann fold dinucleotide binding domains 
enclosing the consensus fingerprint sequence FXGXXHXXXW(P/D). Nowadays, 
identification of new Type I BVMOs occurs mainly by searching genomes or databases for 
these motifs. Recently, 22 novel BVMOs were discovered to be encoded by the genome of 
Rhodococcus jostii using this methodology, which is exceptional since the number of BVMOs 
present in one organism is normally small.[39,40] This study moreover yielded the additional 
identification motif (A/G)GXWXXXX(F/Y)P(G/M)XXXD, which was supposed to allow 
differentiation between BVMOs and FMOs. Earlier, the only BVMO known so far from a 
thermophilic organism, phenylacetone monooxygenase (PAMO) from Thermobifida fusca 
was identified by genome mining using the fingerprint sequence.[41] PAMO was first 
crystallized in 2004 and its three-dimensional structure revealed a two-domain architecture 
with the active site located at a crevice between these domains.[42] Like all Type I BVMOs, 
PAMO contains a tightly bound FAD and depends on NADPH for delivery of electrons. 
During the catalytic cycle, the peroxyflavin performs a nucleophilic attack at a carbonyl 
substrate by which the Criegee-intermediate is generated. After rearrangement, the 
corresponding ester or lactone is released. Distinguishing BVMOs from other subclasses of 
flavin-dependent monooxygenases, NADP+ stays bound during the whole catalytic cycle thus 
stabilizing the peroxyflavin intermediate. This is accomplished by the dinucleotide-binding 
domains, one for FAD- and one for NADPH-binding flanked by two helical domains. The 
active site of BVMOs appears to be primarily designed to activate dioxygen, mainly ensured 
by a highly conserved arginine (Arg 337), which was identified to have unique function during 
stabilization of the peroxyflavin and the Criegee-intermediate. Until now, no clear elements 
for recognition of specific substrates have been identified in the active-site architecture of 
PAMO or other BVMOs. The recent resolution of the crystal structure of a steroid 
monooxygenase from Rhodococcus rhodochrous rather confirmed that substrate preference 
results from nonspecific hydrophobic interactions between the substrate and the binding site 
surface.[43]  

Lately, snapshots of PAMO crystallized during different steps of catalysis with bound 
FAD/NADPH provided insight into conformational changes of residues in the active site and 
between domains that control the catalytic cycle.[44] It was found that after dehydration of 
NADPH, a domain rotation moves the nicotinamide ring of NADP+ to the flavin to form an 
H-bond between its carboxamide group and the N5 atom of the reduced flavin. This bond 
stabilizes the peroxyanion by protecting it from immediate protonation. Arg 337 is 
furthermore involved in preventing the ketone from entering the active site prior to 
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peroxyflavin formation to maintain accessibility of C4a for oxygen. Such movements of 
domains are normally key features of allosteric enzymes, and although BVMOs are not 
considered to be allosterically controlled, they consist of semi-rigid domains connected via 
flexible regions typically featured in allosteric systems. It was recently demonstrated that 
allostery can be induced in PAMO by laboratory evolution through introduction of mutations 
distal from the active site that cause domain movements leading to concomitant reshaping of 
the binding pocket for acceptance of otherwise inert 2-substituted cyclohexanone 
derivatives.[45] 

From the literature, not much has been known about the enzymes that belong to the BVMO 
subclass II. In fact, beside the diketocamphane monooxygenases (DKCMOs) from P. putida, 
only the luciferases from V. fischeri and P. phosphoreum have been reported to perform BV-
reactions on aliphatic and alicyclic ketones.[14] Type II BVMOs are grouped in subclass C of 
flavin-dependent monooxygenases since two distinct genes encode their subunits and they 
require FMN and NADH as cofactors. The structural core of these enzymes is composed of a 
TIM-barrel and typical Type I BVMO motifs like the fingerprint or GXGXXG are not present in 
their sequences. In this respect, the DKCMOs are much closer related to luciferases than to 
Type I BMVOs.  

BVMOs combine a remarkably broad scope of catalyzed reactions with high selectivity and 
conditional advantages. Their usefulness for transformations of steroids, terpenoids, cyclic, 
linear and arylaliphatic compounds as well as heteroatom oxidation has been 
established.[7,8,46,47] The most famous example of an industrial process is the production of 
Esomeprazole by a BVMO optimized through laboratory evolution for inverted 
enantioselectivity and enhanced activity and stability in the formation of a chiral sulfoxide by 
the company Codexis.[48] Recent studies extending this series of reactions often lead to 
valuable compounds one would not consider as products of a typical BVMO-mediated 
oxidation (Scheme 3). Thus, the accessibility of protected β-amino acids as well as β-amino 
alcohols by enzymatic BV-oxidation and subsequent hydrolysis of the formed esters has 
been shown.[49,50] Moreover, the naturally occurring alkaloid retronecine was obtained by 
regiodivergent transformation of a N-heterocyclic bicyclic ketone using a cyclopenta-
decanone monooxygenase from Pseudomonas sp. via formation of the Geissman-Waiss 
lactone.[51] Furthermore, contribution of BVMOs in the synthesis of fragrance and flavor 
lactones like cis-jasmine lactone as well as in the production of organo selenoxides that are 
applied as mild oxidation reagents and hydrogen peroxide activators was observed.[52,53] 

 



BVMOs involved in the Metabolism of Camphor 

 8 

 

Scheme 3. Recent examples for the contribution of BVMOs in the production of valuable compounds. 

2 BVMOs involved in the Metabolism of Camphor 

The BVMOs involved in the metabolism of camphor (1) by P. putida NCIMB 10007 have 
been of researchers interest since 1959, when initial studies on the microbial degradation of 
this bicyclic monoterpene compound were carried out.[54] In fact, three BVMOs are 
participating in the process (Scheme 4). Each enantiomer of camphor is first hydroxylated 
and the newly generated hydroxyl group is subsequently oxidized whereby the 
corresponding enantiomers of diketocamphane (2) are formed. 2,5-diketocamphane derived 
from (+)-1 is a substrate for 2,5-diketocamphane 1,2-monooxygenase (2,5-DKCMO, 
enzyme c), while the (–)-1-derived diketocamphane is converted by 3,6-diketocamphane 
1,6-monooxygenase (3,6-DKCMO, enzyme d).[55,56] The DKCMOs are Type II BVMOs 
composed of two subunits and FMN- and NADH-dependent. The third BVMO (enzyme e) 
involved is a Type I enzyme that converts the coenzyme A derivative of 2-oxo-Δ3-4,5,5-
trimethylcylopentenylacetic acid (3) in a subsequent degradation step and is therefore 
abbreviated as OTEMO.[57] Most of the enzymes responsible for camphor degradation are 
located on a 230 kb plasmid (CAM plasmid).[58] 
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Scheme 4. Degradation of camphor by P. putida. After hydroxylation of each enantiomer of camphor 
(1) by the P450Cam monooxygenase (a) and oxidation of the newly generated hydroxyl groups by the 
5-exo-alkoholdehydrogenase (b), the corresponding diketocamphanes (2) are formed. They are 
converted by 2,5-DKCMO (c) and 3,6-DKCMO (d) resulting in unstable lactones. The thus formed 
monocyclic coenzyme A derivative (3) is the substrate for the third involved BVMO called OTEMO (e). 

The interesting chemical properties of the BVMOs involved in camphor degradation were 
figured out in the 1990s, when a number of pioneer studies addressing the synthetic potential 
of these catalysts were performed. Thereby the ability of the NADH-linked monooxygenases 
in whole cell preparations of (+)-camphor grown P. putida NCIMB 10007 to perform highly 
stereoselective oxidations on two different classes of bicyclic ketones was observed.[59] 
Norcamphor (compound 10, Figure 2) was transformed and product formation 
complementary to that of A. calcoaceticus was observed. Cofactor recycling was realized 
using formate dehydrogenase from Candida boidinii. An extended study considering both, 
the NADH and the NADPH-dependent BVMO revealed different patterns of stereo- and 
enantioselectivity with various mono- and bicyclic substrates.[60] Thereby, cell fractions 
containing the DKCMOs or OTEMO showed formation of the enantiocomplementary lactone 
products with (±)-cis-bicyclo[3.2.0]hept-2-en-6-one (11). All three BVMOs turned out to be 
selective towards 2-alkyl-cyclohexanones. While in case of OTEMO an increase of the length 
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of the side chain lead to a decrease in enantioselectivity, the converse was true for the 
DKCMOs. Gagnon et al. investigated that while the DKCMOs are more selective for bicyclic 
substrates, OTEMO is able to transform cyclopentanones with almost exclusive specificity 
towards the (S)-ketones.[61] Furthermore, it was proposed in this study that the same ratio of 
the DKCMOs is produced by P. putida irrespective of the enantiomer of camphor used in the 
growth medium. A separation of the fractions containing 2,5- and 3,6-DKCMO revealed 
distinct patterns for these enzymes regarding their stereoselectivity. Hence 2,5-DKCMO 
tuned out to be more stereoselective towards bicyclo[3.2.0]-ketones while 3,6-DKCMO is 
able to selectively convert norcamphor and its derivatives. These compounds were turned 
over to e.g. benzyloxylactone, a precursor for the insect antifeedant and growth regulator 
azadirachtin underlining the DKCMOs’ potential to produced pharmaceutically valuable 
compounds.[62] Additionally, when 2-substituted cycloalcanones were oxidized with OTEMO, 
an intermediate of the total synthesis of (R)-(+)-lipoic acid was obtained.[63] The employment 
of OETMO in this process was later extended to a preparative scale.[64] Furthermore, the 
BVMOs from P. putida NCIMB 10007 were applied in the synthesis of optically enriched 
3-substituted γ-lactones often leading to the antipode of the enantiomer produced by 
A. calcoaceticus with good enantiomeric excess.[65] Nevertheless, most of these studies were 
performed with whole cells or cell-free extracts that contained all three BVMOs or at least 
both DKCMOs and were obtained from large amounts of P. putida cultures. These extracts 
were submitted to elaborate purification procedures, but impurities could not be excluded. 

2.1 Recombinant expression of 2,5-DKCMO 

To be able to characterize 2,5-DKCMO accurately, it was necessary to obtain it in higher 
amounts and reliable purity than it was possible by purification from P. putida cultivation. 
Therefore we targeted to clone the gene of which the sequence was available in the NCBI 
database and expressed the 2,5-DKCMO in E. coli. By fusion of the enzyme to a His-tag we 
were able to produce 20 mg of pure protein from only 1 L of heterologous culture and affinity 
purification. This is an obvious enhancement compared to the best classical method, in 
which 49 mg 2,5-DKCMO were purified from a 10 L P. putida culture.[66] Moreover we 
observed surprising properties of the enzyme. Although we only expressed the oxygenating 
subunit of 2,5-DKCMO, we discovered BVMO-activity after purification. This seems not 
possible since the supply with reduced flavin is not realized without the flavin-reductase 
subunit. The observed specific activities like 0.01 U towards (+)-1 are indeed low compared 
to the monofunctional BVMOs, but they cannot be attributed to impurities of the oxygenase 
as occurred in earlier studies.[67] We further observed that 2,5-DKCMO works more efficiently 
when applied as crude cell extract from the heterologous E. coli host. This effect was 
supposed to be caused by certain reductase activities of E. coli that can substitute the 
natural flavin-reductase of 2,5-DKCMO and thus enhance its activity. Moreover, the potential 
of 2,5-DKCMO to convert (–)-camphor was discovered although it was assumed in earlier 
studies, that both DKCMOs convert only one enantiomer selectively. After 23 h of 
biocatalysis 25% of (–)-1 was consumed, which is not in the same range as the conversion 
of (+)-1, which was 66%. However, (–)-camphor doubtlessly served as a substrate (Figure 2). 
Ensuring recombinant availability was the first step to get hold of the camphor-BVMOs. 

     Article II 
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2.2 Identification and characterization of the two missing BVMOs  

While the nucleotide sequence of the gene encoding 2,5-DKCMO was available from the 
database, only the amino acid sequence of 3,6-DKCMO and no sequence at all except of a 
few N-terminal amino acids of OTEMO were known.[68,69] Hence, we applied PCR 
methodologies in order to identify these genes and thus be able to complete the series of 
camphor-degrading BVMOs. For identification of 3,6-DKCMO, degenerate oligonucleotides 
employing the codon usage of P. putida were derived on the basis of the N-terminal amino 
acid sequence of this enzyme. These primers were applied in a gene walking PCR, a method 
established for identification of unknown DNA regions that are situated next to a known 
one.[70] A 2.5 kb fragment, which contained the whole gene of 3,6-DKCMO except 150 
nucleotides from the 5‘ end was obtained. The missing part was then identified by further 
gene walking PCRs. The obtained sequence was verified by translation and comparison to 
the amino acid sequence from the database. OTEMO was identified by gene walking PCR, 
too, but in this case, amplification using oligonucleotides derived from the N-terminus was 
not successful. Instead, the OTEMO gene was discovered using primers derived from the 
3’-end of the known sequence section of the Cam-plasmid, which encodes 2,5-DKCMO. The 
ORF is 1,641 bp long and corresponds to the published N-terminal amino acid sequence. 
The primary protein structure contains the GXGXXG-motifs resembled by G16AGVTG21 and 
G192TGATG197 as well as the fingerprint, which is F160KGESFHSSRWP171 in case of OTEMO. 
The identification of the two missing genes enabled their affiliation into the phylogenetic 
relations between other known candidates of the BVMO family. Figure 1 conveys, that the 
DKCMOs are closely related to each other, but distinct from the other enzymes of this class 
with closest relationship to 4-hydroxyacetophenone monooxygenases (HAPMOs). OTEMO 
turned out to be related to cyclohexanone monooxygenases (CHMOs). 

 

Figure 1. Phylogenetic tree illustrating the affiliation of 2,5-DKCMO, 3,6-DKCMOs and OTEMO in the 
BVMO family. Enzyme abbreviation and NCBI-accession number are given in parenthesis. 

     Article III 
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After identification, the genes of 3,6-DKCMO and OTEMO were cloned and expressed in 
E. coli BL21 to facilitate straightforward determination of their substrate scope as shown in 
Figure 2. OTEMO accepted all tested substrates and the highest conversion was observed 
towards bicyclic ketones. The best monocyclic substrate was cyclobutanone (4) whereas the 
aliphatic substrate 9 was only poorly converted. 3,6-DKCMO showed similar substrate 
preferences to those determined for 2,5-DKCMO as it accepted mainly bicyclic ketones. 
Complete conversion was achieved for (–)-1 and (±)-cis-bicyclo[3.2.0]hept-2-en-6-one (11), 
(+)-1 was converted nearly as good as (–)-1.  

The proposed natural substrate of OTEMO is a CoA-derivative of an unsaturated substituted 
monocyclic ketone (compound 3, Scheme 4). Therefore we tested similar α/β-unsaturated 
cycloalkanones (13–18) and found out that non-substituted α/β-unsaturated ketones were 
converted better than substituted ones by pure OTEMO and crude cell extract of 3,6-DKCMO 
and 2,5-DKCMO (Figure 2). All three enzymes converted substrates 13 and 16 best, while 
OTEMO led to higher conversion of these compounds than the DKCMOs. Nevertheless 
bicyclic ketones represent better substrates for OTEMO than unsaturated ones, which is 
supposed to be caused by the absence of the CoA-moiety present in the natural substrate. 

Interestingly, shortly after Article III was published, a study describing the three-dimensional 
structure of OTEMO with bound FAD at 1.95 Å resolution as well as with bound FAD and 
NADP+ at 2.0 Å resolution appeared, representing the first homodimeric Type I BVMO 
structure bound to FAD and NADP+

.
[71] OTEMOs biochemical characterization revealed 

results similar to ours. We determined OTEMOs pH- and temperature optimum to be 9 and 
20°C, respectively, which was confirmed by Leisch et al. The acceptance of a larger scope of 
compounds was investigated in our group while they focused more on enantioselectivity. 
Thus, OTEMO was shown to display enantiocomplementary behavior compared to CHMO 
and CPMO families and is therefore a viable catalyst for the oxidation of 4-substituted 
cyclohexanones. Leisch et al. furthermore tested the natural substrate, which was not 
accessible to us and found out, that the CoA-ester is converted about 30 times faster than 
the free acid, which confirmed our assumption. 

In conclusion, all monooxygenases involved in the camphor degradation pathway are now 
easily available at stable quality enabling further studies, including protein engineering of 
OTEMO facilitated by its crystal structure. 
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Figure 2. Substrates converted by 2,5-DKCMO, 3,6-DKCMO (both crude cell extract) and OTEMO 
(purified) as determined by GC-analysis. Ketones 1 and 4–12 resemble various classes of BVMO 
substrates. Compounds 13–18 belong to the α/β-unsaturated ketones.  
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3 Towards the Bottlenecks of Type II BVMOs   

Improved access to Type II BVMOs represented by the DKCMOs opens up new possibilities 
for the application of these enzymes. However, the great limitation in their efficient use was 
their requirement of a suitable reductase for supply of reduced FMN to the oxygenase 
(Scheme 5).  

 

Scheme 5. Principle of supply of 2,5-diketocamphane monooxygenase (2,5-DKCMO) with reduced 
FMN by a flavin-reductase for enhanced conversion of camphor (1). 

Previously, it was proposed that both 2,5- and 3,6-DKCMO depend on the same reducing 
subunit since the same reductase was found to be synthesized by P. putida irrespective of 
the camphor isomer that was used for induction. Moreover, similar proteins were co-purified 
with each of the oxygenases from cultivations after several chromatographic steps.[66] The 
natural enzyme was determined to contain two flavin-binding sites, a catalytically active one 
that accepts both flavins and one specific for FAD that is not involved in catalysis.[72] The 
only accepted nicotinamide cofactor was found to be NADH. The apoenzyme is devoid of 
flavin in agreement to the high FMN-dissociation constant of 4.5 x 10-7 M, which underlines, 
that the enzyme is not a flavoprotein with a bound prosthetic group. The association between 
2,5-DKCMO and the reductase is rather week and was supposed to proceed through the 
FMN. Nevertheless, the separated enzymes could be recombined in the presence of FMN 
after partial purification and thus reconstitute the active enzyme system.  

Since the nucleotide sequence of the endogenous flavin-reductase that complements both, 
2,5- and 3,6-DKCMO, was not available, we aimed to identify putative reductase candidates 
from the genome of the respective P. putida strain. In the first step, we were looking for 
enzyme systems in literature that depend on transfer of reduced FMN in an analogous way 
to the DKCMOs. Protein sequences of reductase components of representative two-
component monooxygenase systems that exhibit similar properties regarding their cofactor 
preference and binding features were aligned (Figure 3). Highly conserved regions were 
identified and used to derive typical amino acid sequence motifs in the next step. Such motifs 
are frequently applied to identify genes homologous to target enzymes from databases, 
which has been demonstrated by recent examples.[73]  

             Article IV 
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Figure 3. Amino acid sequence alignment of flavin reductase components of representatives of two-
component monooxygenases. NCBI-accession numbers are given in parenthesis. Sequence motifs 
derived from highly conserved regions are shown as arrows. Lane 1: consensus identity, lane 2: Lux G 
from P. leiognathi (AAA25621), lane 3: FMN-reductase from V. harveyi (YP_001443581), lane 4: 
NAD(P)H-flavin-reductase from V. fischeri (YP_002158584), lane 5: CDP-6-deoxy-Δ-3,4-glucoseen 
reductase from P. syringae (EGH77205) and lane 6: NAD(P)H-flavin-reductase Fre from V. fischeri 
(BAA04596). 

However, since the genome of P. putida NCIMB 10007 was not sequenced, we had to rely 
on PCR-based methodologies for identification of putative flavin-reductases from a DNA 
preparation also containing the Cam-plasmid. The issue of knowing conserved amino acids, 
but requiring genes that encode proteins including these motifs was overcome by Code-Hop 
PCR. Typical primers for this method consist of two regions, a 3’-core and a 5’-clamp, but 
only the core is degenerate and the clamp contains fixed consensus residues ensuring 
robust amplification of the fragments in later PCR-cycles.[74] Using this method, three open 
reading frames were identified that show similarity to flavin and nicotinamide associated 
enzymes and therefore encode putative flavin-reductases from P. putida. To examine 
suitability of these candidates for coupling, they were combined in biocatalysis reactions with 
the DKCMOs and their preferred substrates and conversion was compared. When these 
measurements were performed with crude cell extracts, conversion was increased to the 
same extend using a putative reductase as compared to crude cell extract containing 
overexpressed Bacillus subtilis esterase (BS2) serving as negative control. This finding was 
confirmed by combination of purified enzymes, which did not lead to increased conversion of 
substrates in the presence of a reductase. Hence the candidates from P. putida did not 
appear to be suitable for our purpose. Nevertheless, we had motifs available for identification 
of candidates from any other source. 

Since we knew from previous studies that crude cell extract of the E. coli expression host 
contained reductase activity that enhances efficiency of DKCMOs compared to pure 
enzymes, we decided to identify the E. coli enzyme responsible for this activity. As an 
alternative candidate, we wanted to use this reductase subsequently for coupling with the 
DKCMOs. Therefore the genomic sequence of E. coli BL21 was translated into all possible 
frames and screened for occurrence of the deduced amino acid motifs. These were found 
several times, but only once in an ORF of proper length, which also contained all three motifs. 
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It was already annotated as a flavin-reductase and coincides with the reductase Fre that was 
previously found to be part of an enzyme complex involved in the activation of ribonucleotide 
reductase in E. coli.[28] The enzyme can use riboflavin, FMN or FAD as substrates and 
oxidizes NADH and NADPH with similar efficiency except a moderate preference of NADH 
with FMN and a strong one with FAD. Its crystal structure revealed that Fre is structurally 
very similar to the ferredoxin reductase family although it possesses low sequence similarity 
to these enzymes.[75]  

By applying Fre in biocatalysis reactions combined with DKCMOs, enhanced conversion of 
substrates was observed. The increased performance of BVMOs is clearly visible when used 
in crude cell extracts as well as with pure enzymes, as exemplified for 2,5-DKCMO in 
Figure 4.  

 
Figure 4. Conversion of (+)-1, (–)-1 and 3 in biocatalysis reactions using 2,5-DKCMO and Fre after 
1.5 h and 4 h as determined by GC-analysis. Substrate concentration was 2 mM. a) Crude cell extracts 
b) Pure enzymes. 

Conversion of (+)-1 is enhanced by eight times after 4 h when enzymes are applied in crude 
cell extracts. Using pure enzymes, the effect was not that obvious but still distinct as 
conversion was 59% compared to 27% after 1.5 h. Keeping in mind, that these 
improvements arise from a non-optimized system, its potential can be estimated. As Fre is a 
very active enzyme with a specific activity towards FMN of 2.12 U/mg, it delivers the reduced 
cofactor faster than it is converted by the DKCMOs. Using pure enzymes, all NADH is 
consumed after a short period of time and Fre then stops delivering reduction equivalents. 
Therefore, the benefit of Fre-addition is limited by the availability of NADH. Applying 
DKCMOs and Fre together with a NADH recycling system should distinctly increase the 
efficiency of the system.  

These results provide evidence, that Fre from E. coli can substitute the endogenous flavin-
reductase of the DKCMOs. Interestingly, this works even though Fre was reported to operate 
via a sequential reaction mechanism distinct from the ping-pong-bi-bi mechanism observed 
with the P. putida enzyme.[75] Fre-like enzymes were found to be widely distributed in 
luminous bacteria, too, but they do not implement reduced flavin supply or 
bioluminescence.[29] This task corresponds to other reductases that are highly selective for 
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FMN whereas cofactor specificity of Fre is remarkably broad. However, in V. fischeri two 
flavin-reductases that underwent independent evolution and are unrelated in sequence were 
found to simultaneously supply the bioluminescence system with reduced FMN. Therefore 
the idea was rising, that the total amount of reduction equivalents may be the important 
parameter in vivo, not the level of an individual flavin-reductase and that these enzymes may 
be functionally redundant and luciferase simply loans the reduced flavin from the pool of 
available cofactor.[76] 

Although it is possible, that other enzymes in E. coli cause increased performance of 
DKCMOs since there are other flavin-reductases known in that strain such as one from the 
4-hydroxyphenylacetate 3-monooxygenase system[18] or the alkane sulfonate mono-
oxygenase system[77], we suppose that Fre is the enzyme responsible for flavin shuffling to 
the DKCMOs due to three reasons. First the effect of enhanced substrate conversion is 
obviously increased when Fre is overexpressed compared to extracts containing the natural 
amount of Fre, secondly all three identification motifs of two-component reductases are 
present in its amino acid sequence and thirdly, Fre has been reported to supply reduced 
flavin to luciferase from V. harveyi enabling bioluminescence in E. coli. Both other reductase 
genes were knocked out in the course of that study leading to absence of 
bioluminescence.[76] 

In the two-component monooxygenase systems, transfer of the flavin by both, direct physical 
interaction between oxidative and reductive subunit as well as kinetically competent shuttle 
via diffusion have been reported. Since E. coli Fre exhibits a broad variety of functions in vivo 
and no specificity towards the flavin that is the substrate, specific binding of Fre to DKCMOs 
seems unlikely. The observed coupling between these enzymes seem to be due to reduced 
FMN delivery to the oxygenases by diffusion. Nevertheless, this does not exclude that 
physical interaction would have an effect. Creation of a fusion enzyme would possibly force 
direct complex formation and could lead to even more increased DKCMO performance. Such 
a fusion protein was created from reductase LuxG and luciferase from P. leiognathi and 
enhanced bioluminescence was observed indicating that this fusion protein of a two-
component monooxygenase and reductase can mimic a one-component monooxygenase.[78] 
The originally bound FMN was retained during catalysis and the overall reaction proceeded 
without additional flavin. It remains to be seen, if such a fusion would be possible for Type II 
BVMOs, evolving them to bifunctional catalysts. This would help to qualify these enzymes for 
synthetic application with comparable activity to Type I BVMOs. 
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4 Conclusions 

In this thesis, all three BVMOs from P. putida NCIMB 10007, that were known to be 
responsible for the ability of this strain to degrade camphor since the 1950s were 
successfully made available as recombinant biocatalysts. While the genomic sequence of 
2,5-DKCMO was available from the database, the genes encoding 3,6-DKCMO and OTEMO 
had to be identified using certain PCR-techniques first. All three enzymes were cloned into 
standard plasmids enabling convenient expression in E. coli facilitating the application of the 
enzymes in organic chemistry. Their synthetic potential was already reported during the 
1990s, but at that time their efficient application was limited due to difficulties with respect to 
low production levels and insufficient purity and separation of enzyme fractions. These 
drawbacks are now overcome.  

Furthermore, biochemical characterization of the camphor-degrading BVMOs was performed 
including the substrate spectra of these enzymes. Thereby OTEMO turned out not only to 
have a broad substrate scope accepting mono- and bicyclic aliphatic and arylaliphatic 
ketones, but also to efficiently convert α/β-unsaturated cycloalkanones due to the similarity of 
these compounds to OTEMOs natural substrate.  

Finally, the major limitation in the synthetic application of Type II BVMOs was addressed by 
searching a flavin-reductase suitable for coupling to these two-component oxygenases. 
Putative candidates from the respective P. putida strain were identified by the use of amino 
acid motifs conserved in other representatives of two-component systems. While these 
enzymes failed, flavin-reductase Fre from E. coli - that also contained the motifs - was shown 
to enhance the activity of the DKCMOs when applied as crude cell extract as well as pure 
enzyme. This finding represents a key step for future application of Type II BVMOs.  
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Baeyer–Villiger monooxygenases (BVMOs) are useful enzymes for organic synthesis as they enable
the direct and highly regio- and stereoselective oxidation of ketones to esters or lactones simply with
molecular oxygen. This contribution covers novel concepts such as searching in protein sequence
databases using distinct motifs to discover new Baeyer–Villiger monooxygenases as well as high-
throughput assays to facilitate protein engineering in order to improve BVMOs with respect to substrate
range, enantioselectivity, thermostability and other properties. Recent examples for the application of
BVMOs in synthetic organic synthesis illustrate the broad potential of these biocatalysts. Furthermore,
methods to facilitate the more efficient use of BVMOs in organic synthesis by applying e.g. improved
cofactor regeneration, substrate feed and in situ product removal or immobilization are covered in this
perspective.

Introduction

Baeyer–Villiger monooxygenases (BVMOs) catalyze the enzy-
matic counterpart of the chemical Baeyer–Villiger oxidation and
both are important for synthetic organic chemistry. In contrast to
standard chemical oxidants such as peracids or hydrogen per-
oxide, BVMOs offer the unique advantage that they show
usually excellent regio- and stereoselectivity and hence provide

an easy and mild method to obtain optically and regioisomeri-
cally pure products. Furthermore, the use of protecting groups
and formation of by-products can be avoided in enzymatic
processes.

The occurrence and properties of natural and recombinant
enzymes, and the broad synthetic utility of BVMOs have been
reviewed in the past few years.1–5 This article will concentrate
therefore on two aspects: (i) the recent advances in discovery
and protein engineering of BVMOs to broaden their synthetic
utility and (ii) new applications in organic synthesis, optimized
reaction systems and immobilization methods to enable the
efficient use of BVMOs in biotransformation.
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Discovery and recombinant expression

Until the mid-1990s, research with Baeyer–Villiger mono-
oxygenases was mostly restricted to two microorganisms,
Acinetobacter calcoaceticus6 and Pseudomonas putida.7

A. calcoaceticus produces a BVMO with high activity in the
conversion of cyclohexanone to ε-caprolactone and hence the
enzyme is usually named cyclohexanone monooxygenase
(CHMOAcineto). The limitation that this strain is pathogenic and
can only be grown in laboratories with proper permission (L2)
was overcome by Stewart et al. as they succeeded first in the
cloning and functional expression of this CHMO8,9 paving the
way for easier studies of this enzyme. The Pseudomonas putida
strain NCIMB 10007 was shown to contain three BVMOs7,10–14

but until recently (see below), the enzymes could only be used
as purified proteins isolated after cultivation of the strain.

Novel BVMOs from prokaryotic origin

In the past few years a tremendous increase in the number of
new BVMOs took place due to the fast-growing information
deposited in public sequence databases, which in combination
with BVMO-specific amino acid motifs led to the identification,
cloning, expression and characterization of numerous enzymes.
Almost all recombinantly available BVMOs belong to the class
of type I BVMOs. Type I BVMOs are NADPH and FAD depen-
dent. Type II BVMOs that are FMN and NADH dependent have
not been investigated in detail until recently. Type I BVMOs
contain some typical motifs – such as FXGXXXHXXXW[P/D]
described in 2002 by Fraaije et al.15 – that facilitate identification
of putative BVMOs from sequence data and are therefore called
fingerprint motifs. Another conserved motif in type I BVMOs is
the N-terminal GXGXXG Rossmann-fold motif of which two
enclose the fingerprint. One example of an enzyme that has been
identified by genome mining using the fingerprint motif is the
phenylacetone monooxygenase (PAMO) from Thermobifida
fusca.16 Until now PAMO is the only available thermophilic
BVMO and it was the first type I BVMO of which the structure
was determined.17 The most impressive example of newly
identified BVMOs is the discovery of over 20 putative BMVOs

found in the genome of Rhodococcus jostii RHA1.18,19 Even
though BVMOs are present in a variety of bacteria and fungi,
usually only a few BVMOs are encoded in the genome of one
specific strain and hence Rhodococcus jostii RHA1 is excep-
tional. Recently Riebel et al. succeeded in cloning and expres-
sing 22 BVMOs from this strain.18 Additionally, 39 substrates
were tested with each of these BVMOs in order to explore their
substrate scopes. In earlier studies the investigation of those
BVMOs was incomplete due to problems expressing some of the
BVMOs.19 In comparison to Szolkowy et al., the Fraaije group
was also able to identify one additional BVMO (BVMO24) in
the proteome by comparing the protein sequences of PAMO and
CHMO with potential BVMOs and completed the gene of
another BVMO that had been suggested to lack a large part of
the C-terminus (BVMO8). One of the earlier identified BVMOs
was discarded from the recent study since it was found to be an
FMO (BVMO22; FMOs are human flavin-containing mono-
oxygenases) and BVMO23 was excluded because it only dif-
fered in one amino acid from BVMO21. By comparing the
sequences of the thus obtained 22 BVMOs, the typical BVMO
motifs mentioned above and slightly mutated forms of the finger-
print motif were found in all these BVMOs. Additionally,
another motif, which is located between the N-terminal and the
BVMO motif, was identified ([A/G]GXWXXXX[F/Y]P[G/M]-
XXXD). This motif was supposed to be more suitable for identi-
fying new BVMOs because it contains more conserved residues
and allows differentiation between BVMOs and FMOs. Of the
22 investigated BVMOs eight did not show any activity to the
substrates tested and five BVMOs converted ten or more sub-
stances. Two of these BVMOs (BVMO4 and BVMO24) seemed
to be very potent biocatalysts since they accepted a large number
of substrates. Their substrate scope was similar to that of cyclo-
pentanone monooxygenase from Comamonas testosterioni
NCIMB 9872 (CPMOComa). For BVMO9 and 15, the substrate
scope was shown to be similar to 4-hydroxyacetophenone mono-
oxygenase from Pseudomonas fluorescens ACB (HAPMOACB)
as they converted mostly aromatic ketones. In addition to a
spectrophotometric assay used for these studies, some of the
BVMOs were also analyzed with typical BVMO substrates
including prochiral sulfides by GC analyses. Phenylacetone and
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bicyclo[3.2.0]hept-2-en-6-one were converted by all BVMOs
even though conversions differed somewhat. BVMO8 showed
the lowest conversions and BVMO24 differed from the other
enzymes with respect to preferred substrate and extent of conver-
sion, and it showed opposite enantiopreference towards the pro-
chiral sulfides. Hence this study alone substantially extended the
number of characterized BVMOs.

Avery promising representative of newly available BVMOs is
the cyclopentadodecanone monooxygenase (CPDMO) from
Pseudomonas HI-70. This enzyme was already isolated in
200620 when its low protein sequence similarity to the enzymes
known at that time was ascertained. While highest catalytic
efficiency of this BVMO was detected for cyclopentadecanone,
good activity towards large ring ketones (C11–C13) and substi-
tuted cyclohexanones was also shown. Later, the enzymes’
activity and high selectivity on ketosteroids was confirmed.21

Recently, extensive profiling of the substrate scope of CPDMO
and its revisited integration in the phylogenetic relationship of
currently known BVMOs yielded interesting new features of this
enzyme.22 From a present day perspective, CPDMO belongs to a
newly identified branch of BVMOs, which was then named after
this specific enzyme. Cycloketone- and arylketone-converting
enzymes can be found in the vicinity of the CPDMO-branch,
whereas these enzymes appear to be separated from the CHMO-
and CPMO-clusters. Interestingly, another class of newly
identified enzymes, the 1-deoxy-11-oxopentalenic acid mono-
oxygenases, which will later be discussed in detail, also belongs
to the CPDMO-branch. For an actual example of a comprehen-
sive phylogenetic tree, we refer to the article by Leipold et al.
where a newly discovered cycloalkanone monooxygenase from
eukaryotic origin is described.23 CPDMO was shown to oxidize
a variety of substituted cyclobutanones and -hexanones as well
as fused and bridged bi- and tricyclic ketones. These results
were compared to the best-known candidates for the respective
compound.22 Within desymmetrization reactions a similar

substrate scope and identical stereopreference compared to
known members of the CHMO-cluster were detected. While
conversion and enantioselectivity in general did not exceed other
BVMOs like CHMO from Xanthobacter sp. ZL5 (CHMOXantho),

24

improved performance concerning sterically demanding substi-
tuted cyclohexanones was observed. This however did not
pertain to 4-methyl-4-phenyl substituted cyclohexanone, where-
fore it was assumed that the ability of CPDMO to oxidize large
compounds is not a general feature of this enzyme, but rather
restricted to particular substrates.

There are only a few type II BVMOs known and two
of them are involved in the camphor degradation pathway of
Pseudomonas putida ATCC 17453 (identical to NCIMB 10007).
These BVMOs were named 2,5-diketocamphane-1,5-mono-
oxygenase (2,5-DKCMO) and 3,6-diketocamphane-1,6-mono-
oxygenase (3,6-DKCMO) and are responsible for the conversion
of the two isomers of diketocamphane that are formed through
the degradation of (+)- and (−)-camphor.10,25 The other known
type II BVMOs are two FMN and NADH dependent luciferases
from Photobacterium phosphoreum NCIMB 844 and from
Vibrio fischeri ATCC 7744 for which a Baeyer–Villiger oxi-
dation of 2-tridecanone and some mono- and bicyclo[3.2.0]-
ketones was observed.26 Moreover, a type II BVMO being
involved in the degradation of limonene in Rhodococcus erythro-
polis has been described.27 Type II BVMOs are of special inter-
est for industrial application since they depend on the cofactor
NADH, which is much cheaper than NADPH and therefore the
recent identification of the genes encoding the type II BVMOs in
the camphor degradation pathway, their recombinant expression
and characterization has been a gain for biocatalysis.12,13 It was
shown that the DKCMOs mainly convert bicyclic ketones
such as camphor and (±)-cis-bicyclo[3.2.0]hept-2-en-6-one,
but they are also able to convert monocyclic ketones and α,β-
unsaturated monocyclic ketones (Table 1).

However, the great limitation in the efficient application of the
DKCMOs is their additional need for a suitable reductase.
In contrast to type I BVMOs, where oxygenating and flavin
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Table 1 Ketones converted by 2,5-DKCMO and 3,6-DKCMO (both
crude extract) as determined by GC-analyses12,13

Substrate Conv.a (%) Conv.b (%)

(+)-Camphor 66 88
(−)-Camphor 25 91
Cyclobutanone n.d. 13
Cyclopentanone n.d. 24
Cyclohexanone n.d. 3
Acetophenone n.d. 80
4-Phenyl-2-butanone n.d. 48
2-Decanone n.d. 11
Norcamphor 98 77
(±)-cis-Bicyclo[3.2.0]hept-2-en-6-one 100 99
(R,R)-Bicyclo[2.2.1]heptanes-2,5-dione 94 26
2-Cyclopenten-1-one 38 48
3-Methyl-2-cyclopenten-1-one 11 10
2,3,4,5-Tetramethyl-2-cyclopenten-1-one 44 43
2-Cyclohexen-1-one 58 50
3-Methyl-2-cyclohexen-1-one 19 20
3,5,5-Trimethyl-2-cyclohexen-1-one 27 21

aWith 2,5-DKCMO. bWith 3,6-DKCMO; n.d. = not determined.
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reducing subunits are combined in one polypeptide chain,
type II BVMOs need a separate FMN reductase for regeneration
of the cofactor. Until now, it is not known how the reduced
flavin reaches the monooxygenase active site and if the reductase
is bound to the monooxygenase throughout the reaction. Type II
BVMOs lack the typical structural features of type I BVMOs
such as the fingerprint domain and the GXGXXG-motifs.

The only available structure of a type II BVMO has
been determined for 3,6-DKCMO,28 while there are a few
known structures of type I BVMOs. Recently the structure of
2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA-monooxygenase
(OTEMO) has been published.11 This enzyme is the third
BVMO involved in the degradation of camphor to isobutyrate.
Its natural function seems to be the conversion of a cyclopente-
nylacetyl-CoA derivative, leading to the assumption that it is a
suitable biocatalyst for monocyclic ketones. Two separate studies
have investigated the biochemical properties and substrate
specificity of recombinant OTEMO.11,12 Kadow et al. found that
OTEMO prefers bicyclic ketones over monocyclic ketones and
that it is a good catalyst for unsaturated cycloketones (Table 2).
It was proposed that this is due to the fact that the natural
substrate of OTEMO is a CoA-derivative and that possibly the
corresponding monocyclic-CoA derivatives would be better
accepted. In the work by Leisch et al. it was then shown that
OTEMO indeed exhibits the highest affinity to the CoA-activated
2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetic acid (KM 18 μM)
and also converts the CoA-derivative with a higher rate (kcat
4 s−1) than the free acid (kcat 0.13 s−1).11 Kinetic parameters
were determined for several other substrates as well (Table 2).
Additionally, kinetic resolutions of racemic ketones have been
performed, revealing a high enantioselectivity (E-value) of

OTEMO towards 2-methylcyclopentanone (E > 200) in compari-
son to CHMO from Rhodococcus sp. HI-31 (CHMORhodo),
where an E-value of only 1.4 was determined. On the other hand
E-values for cyclohexanone-derivatives were much lower than
the ones determined for CHMORhodo. Desymmetrization reac-
tions with prochiral 4-substituted cyclohexanones showed that
OTEMO provides enantiocomplementarity behavior to the
CHMORhodo. Thus, both antipodes of the lactones derived from
these prochiral ketones are available when using OTEMO or
CHMORhodo. In contrast to CHMORhodo and PAMO, OTEMO
functions as a dimer. The monomer structure of OTEMO,
however, is closely related to the structures of CHMORhodo and
PAMO. The published structure of OTEMO (pdb-code: 3UP5)
is the first dimeric structure of a BVMO with bound cofactors.

The first report on fungal Baeyer–Villiger oxidation of steroids
over 50 years ago discussed the conversion of progesterone to
testololactone in Penicillium species and Aspergillus flavus.29

In an actual study, focus was given on the capability of produ-
cing steroidal lactones by strains outside the genera Penicillium
and Aspergillus.30 The soil fungus Beauveria bassiana KCH
1065 was chosen because differences in its metabolic pathway of
dehydroepiandrosterone (DHEA), androstenedione and pro-
gesterone were reported in the literature.31,32 BVMOs acting on
steroids (steroid monooxygenases) in general exhibit a rather
narrow substrate spectrum, as they are able to catalyze oxidation
of steroidal substrates only. Thereby the most common
reaction is the oxidation of the C-17 and/or C-20 carbonyl group
in 4-en-3-oxo steroids. The BVMO-activity of B. bassiana is
distinguished from those enzymes by the fact that it oxidizes
solely substrates with an 11α-hydroxyl group. The presence of
the D-lactone without the 11α-hydroxyl group was not detected.
Although this approach provides interesting new insights on
BVMO activity in fungal steroid metabolism, the identification
of the responsible enzymes and their cloning is strongly awaited
as it would render experimental proof on the distinct role of the
enzyme in the pathway and this might open a large field of new
applications keeping in mind that steroid lactones provide anti-
cancer, antiandrogenic, and antihypercholesterolemic properties.

Novel BVMOs from eukaryotic origin

Until 2011 all recombinantly produced type I BVMOs have
been of prokaryotic origin. The first BVMO from a eukaryotic
organism to be cloned and expressed was the cycloalkanone
monooxygenase (CAMO) from the ascomycete Cylindrocarpon
radicicola ATCC 11011.23 This strain, also known as Ilyonetria
radicicola DSM 837, was reported to convert progesterone via
androstenedione towards Δ1-dehydrotestololactone.29 Those
Baeyer–Villiger-reactions were supposed to be catalyzed by only
one enzyme.33 Additionally, C. radicicola was known to convert
bicyclic ketones representing typical CHMO substrates as well.34

Leipold et al. recently succeeded in identifying a BVMO gene
in this strain by CODEHOP PCR. This BVMO showed
46.4% sequence identity to the CHMO from Rhodococcus
sp. Phil35 and 44.1% to CHMOAcineto

36 and was thus claimed to
be a CHMO-like BVMO. However, this newly identified
BVMO differs from typical known CHMOs. Firstly, the consen-
sus motif in this BVMO is FXGXXXHXXXWD and not

Table 2 Conversion of ketones and kinetic data determined for
purified OTEMO11,12

Substrate Conv. (%)
kcat/KM
(s−1 mM−1)

(+)-Camphor 44 n.d.
(−)-Camphor 22 n.d.
Cyclobutanone 36 14.7
Cyclopentanone 19 n.d.
Cyclohexanone 19 n.d.
Acetophenone 67 n.d.
4-Phenyl-2-butanone 54 n.d.
2-Decanone 7 n.d.
Norcamphor 96 n.d.
(±)-cis-Bicyclo[3.2.0]hept-2-en-6-one 100 49.3
(R,R)-Bicyclo[2.2.1]heptanes-2,5-dione 87 n.d.
2-Cyclopenten-1-one 62 n.d.
3-Methyl-2-cyclopenten-1-one 13 n.d.
2,3,4,5-Tetramethyl-2-cyclopenten-1-one 34 n.d.
2-Cyclohexen-1-one 74 n.d.
3-Methyl-2-cyclohexen-1-one 13 n.d.
3,5,5-Trimethyl-2-cyclohexen-1-one 22 n.d.
OTE-CoA n.d. 270
2-Oxocyclopentylethylacetate n.d. 22
2-Oxocyclohexylethylacetate n.d. 5.6
2-Methylcyclohexanone n.d. 4
4-Methylcyclohexanone n.d. 3
2-n-Hexylcyclopentanone n.d. 430

n.d. = not determined, OTE-CoA: 2-oxo-Δ3-4,5,5-trimethylcyclo-
pentenylacetyl-CoA.
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FXGXXXHXXXWP as was found for certain type I BVMOs
like CHMOs and PAMO. Also the temperature at which the
enzyme retains half of its initial activity determined for CAMO
is with 26 °C significantly lower than for CHMOAcineto with
36 °C. Leipold et al. suggested that this might be due to a meth-
ionine residue (Met57) in close proximity to the reactive C4
atom from FAD, which is not present in CHMOs or PAMO.
Additionally, two of the ten residues forming the binding pocket
of CAMO differ from the ones found in CHMOs, where all of
these residues are conserved. In CAMO, residues 435 and 437
are alanine and phenylalanine, whereas in CHMOs those resi-
dues are threonine and leucine, respectively. Since the residues
present in CAMO are smaller, leading to a larger binding pocket,
the acceptance of a broad range of substrates might be explained.
CAMO was shown to convert cycloaliphatic ketones, open-chain
ketones and bicyclic ketones. Indeed, the highest kcat/KM value
was observed for cyclobutanone. However, CAMO did not
convert any of the tested steroids, which means that this enzyme is
not responsible for the conversion of progesterone, indicating that
there are several BVMOs encoded in the genome of C. radicicola.

BVMO-activity of flavin-containing monooxygenases

During the previous years it was thought that BVMOs were fully
absent in the genomes of archea, plants and higher organisms,
but recently the performance of Baeyer–Villiger reactions by
human enzymes was observed.37 In that study, the oxidation of a
4-hydroxypiperidine moiety by human flavin-containing mono-
oxygenase 5 (FMO5) in a Baeyer–Villiger reaction was
observed. The BVMO-substrate 10-((4-hydroxypiperidin-1-yl)-
methyl)chromeno[4,3,2-de]phthalazin-3(2H)-one (1, Scheme 1)
is a potential anticancer agent because it acts as an inhibitor of
poly(ADP-ribose) polymerase. The apparent oxidation and ring
opening of this compound has been observed during preclinical
studies on animals. In humans, five FMO isoforms are present
that show a tissue-specific distribution while FMO5 occurs in
adult human liver and small intestine. Their biological role is the
detoxification of drugs and other xenobiotics into more hydro-
philic metabolites. Typical FMO-catalyzed reactions are the
monooxygenation of heteroatoms such as nitrogen, sulfur, and
phosphorus, but the Baeyer–Villiger oxidation of salicylaldehyde
to pyrocatechol by human FMO1 and the existence of an almost
identical sequence motif in the active sites of FMOs and
BVMOs have been shown as well.15 Due to the identification of
the ring-opened hydroxyl carboxylic acid in incubations of
hepatocytes from different species, it was assumed that these
cells provide the necessary enzymes to first transform the
4-hydroxypiperidine into a ketone by an oxidoreductase and
then oxidize this intermediate via a Baeyer–Villiger reaction to
lactone 2 in liver microsomes. The lactone could afterwards be
hydrolyzed to produce the ring-opened acid. This hypothesis
was confirmed by investigations using recombinant enzymes.

Inspired by the close homology between FMOs and BVMOs,
different typical BVMO-substrates like 2-octanone, cyclohexa-
none and acetophenone have recently been subjected to mFMO
from Methylophaga sp. strain SK1.38 This enzyme aroused
researchers’ interest because it originates from bacteria and is
therefore soluble in contrast to human FMOs, which are often
membrane-bound. Although no activity towards the substrates

mentioned could be detected, the oxidation of indole 3 and
analogues into the corresponding indigoid pigment 4, which rep-
resent interesting dyes, was observed (Scheme 1). Moreover,
enzymatic sulfoxidation of prochiral sulfides like p-chlorothio-
anisole 5 with excellent enantioselectivity was observed.
Although FMOs have only rarely been shown to catalyze typical
Baeyer–Villiger oxygenations, their potential use in biotrans-
formation appears interesting due to their dependency on NADH
as a cofactor.

Very recently, the BV-oxidation of bicyclo[3.2.0]hept-2-en-
6-one by the flavin-containing monooxygenase from Stenotro-
phomonas maltophilia (SMFMO) was described.39 The
38.6 kDa FAD-containing protein was shown to favor NADH
over NADPH as a cofactor and to catalyze the conversion of pro-
chiral aromatic thioethers like p-chlorophenyl methyl sulfide
with 80% ee of the (R)-product. Furthermore, the 3D-structure of
SMFMO (Uniprot B2FLR2) was reported in this work. Within
FMOs and BVMOs with available structures, the enzyme
showing highest sequence similarity to SMFMO was a thio-
redoxin reductase from Thermus thermophiles, but similarity to
PAMO and CHMORhodo was also observed.

BVMOs in natural catabolic processes

While in the past, the important role of BVMOs in the meta-
bolism of compounds like acetone, bulky cyclic, bicyclic and ali-
phatic ketones, linear ketones and steroids was shown, recently

Scheme 1 Substrate scope of human flavin monooxygenases and
mFMO from Methylophaga sp.
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the involvement of these enzymes in catabolic pathways was
reported.40 One of the few examples of BVMOs that has been
assigned a specific biosynthetic role and a defined substrate are
the 1-deoxy-11-oxopentalenic acid-monooxygenases.41,42 These
enzymes are involved in pentalenolactone D and neopentaleno-
lactone D biosynthesis by three different Streptomyces species
(Scheme 2). The gene clusters responsible for the whole meta-
bolic pathway were cloned and sequenced. Pentalenolactone 7 is
a sesquiterpenoid antibiotic, which is active against gram-
positive and gram-negative bacteria as well as fungi because of
its electrophilic epoxide moiety, which inactivates the glutaralde-
hyde-3-phosphate-dehydrogenase of those organisms. Pentaleno-
lactone was isolated from numerous Streptomyces species. In
2009, a 13.4 kb gene cluster from Streptomyces avermitilis was
cloned implicating 13 unidirectional ORFs. Among these genes
was the putative flavin containing monooxygenase PtlE, which
was recombinantly expressed in E. coli.41 Indeed, this enzyme
turned out to be a FAD-dependent type I BVMO, catalyzing the
Baeyer–Villiger oxidation of 1-deoxy-11-oxopentalenic acid 8
(Scheme 2). Surprisingly, the formation of the expected product
pentalenolactone D 9 could not be observed. Instead, the for-
mation of the regioisomer (and the more likely BVMO product)
neopentalenolactone D 10 was found. That compound had never
been isolated from Streptomyces or any other source before and
it was concluded that the biosynthetic pathway of pentalenolac-
tone debranches at the BVMO-reaction step and a new path was
thereby identified (Scheme 2).

Since wild-type S. avermilitis showed the formation of new
metabolites of sesquiterpenoids, but not pentalenolactone
D itself, the gene clusters of two other representatives of
Streptomyces species were investigated.42 The strains S. arenae
and S. exfoliatus were known producers of the desired com-
pound. The relevant ORFs of the pentalenolactone biosynthetic
gene clusters of these strains were determined to be not only
identical in organization, but also to exhibit a high degree of
sequence identity. The PtlE-orthologous enzymes PntE and
PenE showed about 80% similarity to the S. avermilitis protein

PtlE. They were purchased as codon-optimized synthetic genes
and overexpressed in E. coli to enable detailed investigations.
For both enzymes, the exclusive FAD- and NADPH-dependent
formation of the Baeyer–Villiger oxidation product pentaleno-
lactone D (9) from 1-deoxy-11-oxopentalenic acid (8) was
proven. PenE and PntE can therefore be considered as paralogues
of PtlE, which catalyze the analogous oxidation of the same sub-
strate, but yield the regioisomeric product. All three enzymes
were found to be highly regiospecific. From mutational analyses,
it was concluded that the N-terminal region, especially the
region around the FAD-binding motif, influences the regio-
specificity of the Baeyer–Villiger oxidation. Regarding the
advantage of the availability of a catalyst for the formation of
each regioisomer of a sesquiterpenoid, application of these
enzymes in organic synthesis approaches seems promising.

Lately, researchers detected further strong hints for the contri-
bution of another BVMO in a catabolic process. The intended
study of the 30 kb ccs-gene cluster responsible for the biosyn-
thesis of cytochalasin E (11) by Aspergillus clavatus NRRL 1
furthermore reports on BVMO activity in a eukaryote.43 Cyto-
chalasins belong to secondary metabolites of the fungus and are
of significant value because of their complex molecular structure
and bioactivity (Scheme 2). The sequenced genome of A. clavatus
NRRL 1 was searched for genes encoding a hybrid iterative
type I polyketide synthase–nonribosomal peptide synthetase
(PKS–NRPS). Next to a putative hit, which was identified,
additional genes possibly involved in cytochalasin biosynthesis
were observed. Based on the deduced gene functions of the ccs
gene cluster, the biosynthetic pathway for cytochalasin E and K
was proposed. It comprises, amongst others, six oxidative steps
including two hydroxylations, one alcohol oxidation, one epoxi-
dation and two Baeyer–Villiger oxidations. The enzyme respon-
sible for the latter steps (CcsB) was assumed to be located
directly downstream of the PKS–NRPS gene, because the ORF
revealed about 25% identity to CHMOAcineto and CPMOComa.
Moreover, it exhibits high sequence identity towards the recently
characterized CPDMO from Pseudomonas sp. HI-70 (41%).

Scheme 2 Involvement of BVMOs in the biosynthetic pathways of pentalenolactone and cytochalasin E.
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It was found that CcsB contains the two intact conserved
Rossmann fold motifs GxGxxG and GxGxxA, as well as the
BVMO fingerprint. The 11-membered carbocyclic intermediate
12 resembles a very large BVMO substrate and the presumed
ability of CcsB to convert it coincides with its close relation to
CPDMO, which is capable of lactonizing C15 cycloketones. The
fact that no additional genes encoding BVMO-like enzymes are
located in the ccs cluster led the authors to the assumption that
CcsB might be responsible for two consecutive Baeyer–Villiger
oxidations resulting in compound 11. Since there are only slight
hints available in the literature, experimental confirmation of this
hypothesis is still required.

Novel synthetic applications

The overwhelming diversity of catalytic properties of BVMOs
permits access to many different classes of valuable chemicals.
An overview about the huge number of examples can be found
in recent reviews.1–5 Recent studies reveal further powerful
examples of the broad synthetic utility of these enzymes often
leading to compounds one would not consider as products of a
typical BVMO-mediated oxidation.

The identification of CPDMO from Pseudomonas sp. HI-70
was discussed earlier in this perspective. As a valuable appli-
cation, Fink et al. showed that CPDMO-catalyzed kinetic resolu-
tions of racemic substituted cyclopentanones yielded full
conversion to racemic lactones whereas it was possible to selec-
tively oxidize only the (−)-enantiomer of 2-methylcyclohexa-
none to the normal lactone with E = 41.22 This behavior has
only been observed for CDMO from Rhodococcus ruber CD4
(CDMORhodo) before. 2-Substituted cycloheptanones were not
accepted by CPDMO. Regiodivergent transformation of the
N-heterocyclic bicyclic ketone 13 led to formation of products
distinct from a tested collection of ten BVMOs from various
microbial origin and provided access to the antipodal Geissman–
Waiss lactone (S,S)-14 as well as the abnormal product (R,S)-15
in a 50 : 50 mixture (Scheme 3). This means that the non-natural
enantiomer of the naturally occurring alkaloids retronecine 16
and other necine bases are accessible via this chiral intermediate.
Another non-conformity between CPDMO and CHMO-type
BVMOs was observed for the conversion of menthone 17,
where no regio-divergence was observed. Instead, both enantio-
mers (17a and 17b) were oxidized to the optical antipodes (18a
and 18b). In conclusion, this approach discovered a number of
novel biooxygenations extending the substrate scope within the
BVMO family.

Aliphatic ketones

Until a few years ago, BVMOs were investigated mostly for the
conversion of mono- and bicyclic ketones, camphor, a few aryl-
aliphatic ketones and some steroids. More recently, it was dis-
covered that BMVOs also catalyze the oxidation of aliphatic
ketones to the corresponding esters. This also identified a poss-
ible physiological role of BVMOs. As was described for the
BVMO from Pseudomonas fluorescens DSM 50106, a cascade
of enzymes was found to be encoded in an operon including an
alkane hydroxylase, an alcohol dehydrogenase, the BVMO and

an esterase presumably being involved in the degradation of
alkanes and thus enabling Ps. fluorescens growth on this carbon
source.44 A similar pathway was later also found in Ps. putida
KT2440.45

It has been shown that not only simple aliphatic ketones are
accepted as substrates, but that also β-hydroxy-substituted linear
aliphatic ketones are oxidized in an enantioselective manner by
eleven BVMOs of different bacterial origin and especially those
of the CHMO-type.46 This observation is synthetically very
useful as the kinetic resolution of these racemic compounds pro-
vides access to chiral β-hydroxyesters, which undergo acyl
migration and ester hydrolysis by the whole-cell biocatalyst. This
leads to the formation of optically pure 1,2-diols, which are valu-
able compounds in the synthesis of polyesters and antimicrobial
agents. Moreover, the enantioconvergent conversion of racemic
substrates by different enzyme candidates was observed.

Recently, the potential of BVMOs to form the abnormal ester
of N-protected β-amino ketones was described. Coupling of a
lipase for hydrolysis of the resulting ester provided access to
enantiopure β-amino acids under mild reaction conditions46

(Scheme 4). This new enzymatic route also grants access to
N-protected β-amino alcohols. In this recent approach, whole-
cell experiments with 16 BVMOs from various bacterial strains
were investigated for their acceptance of protected 5-amino-
3-one as substrates in the kinetic resolution mode. This revealed
that four enzymes (a CHMO from Arthrobacter BP2
(CHMOArthro), a CHMO from Brachymonas petroleovorans

Scheme 3 CPDMO from Pseudomonas sp. HI-70 provides access to
the Geissman–Waiss lactone and is able to oxidize menthone.
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(CHMOBrachy) and CHMOXantho as well as CDMORhodo) showed
activity. Interestingly, the non-protected amino alcohols were not
converted by any enzyme. When biocatalysis was performed in
24-well microtiter plates, all four enzymes formed roughly 1 : 1
ratios of normal and abnormal products and all were obtained
with excellent enantioselectivity with E-values > 200 except for
the formation of the normal ester by CDMO, where 81% ee was
measured. Interestingly, the ratio of regioisomers formed turned
out to be dependent on reaction conditions, which amongst other
factors was explained by the availability of oxygen as higher
conversion of the substrate was observed, when the reaction was
performed under conditions with improved oxygen supply. Due
to their pharmaceutical relevance in the synthesis of β-peptides,
alkaloids, terpenoids and β-lactam antibiotics, β-amino acids
represent desirable compounds for organic synthesis. Because of
their enhanced stability towards human proteolytic enzymes,
these compounds are particularly interesting for the design of
drugs.

This collection of enzymes was also used in a subsequent
study to investigate the formation of β-amino alcohols, which are
of great pharmaceutical interest because this motif occurs in
many different drugs. β-Amino alcohols are difficult to access in
enantiopure form by chemical means and only a few enzymatic
methods for the synthesis of these compounds have been
described before. Rehdorf et al. investigated the conversion of
linear aliphatic, branched linear and arylaliphatic β-amino
ketones.47 Whole cell preparations of ten BVMOs converted
these racemic N-protected compounds. Throughout the linear ali-
phatic substrates, the CHMO-type enzymes preferred the
medium chain length (C8) and conversion decreased dramati-
cally when the chain length was increased to 12 carbon atoms.
A complementary trend was observed for HAPMOACB and
CDMO, which have been known to prefer structurally demand-
ing ketones. Detailed analyses of the relationship between time
and enantiomeric excess at approximately 50% conversion
revealed that the C8 aliphatic β-amino ketone was converted the
fastest by CHMOBrachy with E > 200. Similar results were
obtained for CHMOXantho and CDMORhodo for chain lengths of
10 carbons. The branched chain aliphatic β-aminoketones were
converted with moderate activity, but enantioselectivity was poor

except for CHMOArthro (E > 200). For these substrates it was
observed that the opposite enantiomer is converted by almost all
tested enzymes when the side chain and the keto-function were
separated by one more carbon. For the aryl-aliphatic substrate,
high activity was observed for almost all enzymes, but only
PAMO and cyclohexanone monooxygenase from Brevibacterium
sp. HCU (CHMOBrevi) showed good enantioselectivity. An align-
ment of the amino acid sequences of seven enzymes active
towards arylaliphatic ketones led to the identification of a loop
segment, which occurs in PAMO, CDMO and CHMOBrevi and is
missing in the other CHMOs. The two amino acids reduce the
size of the binding pocket in PAMO and this could therefore
explain the high enantioselectivity observed.

The β-amino alkylesters formed by the BV-oxidation under-
went spontaneous hydrolysis due to the increasing pH in the
whole-cell system and hence the N-protected optically active
β-amino alcohol became accessible. Regarding the possibility to
regulate which product enantiomer will be formed by choice of
the appropriate enzyme as catalyst, BVMOs were shown in the
recent work by Rehdorf et al. to be an essential tool in the syn-
thesis of chiral compounds and even offer access to unexpected
compounds like 1,2-diols, β-amino alcohols or β-amino acids.

The strategy of subjecting the entire BVMO collection to a set
of compounds was used by the group of Mihovilovic who thus
succeeded in the identification of two enzymes for the kinetic
resolution of 2-substituted cycloketones.48 The recovered substi-
tuted chiral δ-valerolactones and ε-caprolactones are known as
flavor and fragrance compounds. They have been identified in
plants like jasmine ((R)-23), agaves ((S)-23) as well as natural
mango aroma (Scheme 5). In the screening step seven enzymes
from known cycloketone-converting BVMO families were ident-
ified, which readily transformed substrates 19–22 into the
expected lactones with the same regio- and enantiopreference at
50% conversion. CHMOArthro showed excellent enantioselec-
tivity in the resolution of 19–21 and CDMORhodo for 22. This
work resembles the first example of BVMOs employed in the
preparation of aroma lactones.

The pallet of compounds contrivable by BVMOs was recently
widened by a dynamic kinetic resolution (DKR) approach.
In this study, aliphatic acyclic α-substituted β-keto esters were

Scheme 4 Enzymatic Baeyer–Villiger oxidation of protected β-amino ketones provides access to β-amino alcohols and β-amino acids.
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subjected to PAMO, its mutant M446G and CHMOAcineto
49 with

spontaneous racemization of the starting material at pH
9. Although the BMVOs chosen normally exhibit substrate pre-
ferences for aromatic ketones, the aliphatic acyclic racemic
α-alkyl β-ketoesters were also accepted albeit with low conver-
sion by the PAMO mutant. In a DKR with 25 complete conver-
sion to 26 was found after 24 h (Scheme 5). Selective hydrolysis
of the diesters was performed chemically using catalytic
amounts of hydrochloric acid and resulted in enantiopure
α-hydroxyesters, which are widely applicable in the pharma-
ceutical production of anticancer drugs and antibiotics as well as
in the food industry.

Heteroatom-substituted compounds

In addition to the broad number of compounds accessible with
BVMOs through the oxygenation at a keto moiety, the

oxygenation of heteroatoms like sulfur, nitrogen, phosphorus,
boron and selenium widens the applicability of this enzyme
class. In one approach, achiral aromatic and vinylic boron com-
pounds as well as racemic ones have been evaluated as target
substrates where oxidation aiming at the carbon–boron bond
would afford the corresponding alcohols by elimination of
boronic acid.50 Five different acetophenone derivatives bearing
boron substituents at the m- or p-position were employed.
PAMO, its mutant M446G, HAPMOACB and CHMOAcineto were
chosen as biocatalysts. PAMO and its mutant were equally
chemoselective for the boron oxidation of all substrates affording
the corresponding phenols, but mutant M446G showed lower
activity. In HAPMO-catalyzed reactions boron oxidation as well
as BV-oxidation was observed. CHMO showed high chemo-
selectivity in favor of boron oxidation, but low activity. Using this
enzyme, only the 3- or 4-hydroxyacetophenones were afforded,
but at poor conversions. Moreover, the oxidation of vinyl boron
compounds was explored in that work to evaluate the chemo-
selectivity between boron oxidation and a possible epoxidation
reaction, which has previously been described.51,52 Thereby,
aliphatic vinylic boron compounds turned out to be no substrates
for the chosen catalysts, but aromatic substrates of this class
were oxidized exclusively at the boron and no epoxidation was
observed at all. M446G was furthermore applied to evaluate the
enzymatic kinetic resolution of a chiral boron-compound. It was
observed that exclusively the (S)-borane was transformed into
the corresponding (S)-alcohol with high enantiomeric excess.
These results are valuable since boron-containing compounds are
versatile intermediates in synthetic organic chemistry. The same is
true for organo selenoxides, which find application as mild oxi-
dation reagents and catalysts in hydrogen peroxide activation, there-
fore a further study was aimed at evaluating the chemoselectivity
of PAMO in the biooxidation of organoselenium acetophenones.53

Conversion of acetophenone derivatives bearing selenide substitu-
ents at all three possible positions on the aromatic ring yielded the
corresponding selenoxides in high conversion after 24 h while
PAMO was chemoselective by only catalyzing selenium oxidation.

In addition, a Baeyer–Villiger monooxygenase was engineered
by the company Codexis Inc. for a sulfoxidation to yield the
drug Esomeprazole (Scheme 5). Protein engineering was used to
invert the enantiopreference and to improve the enzyme with
respect to activity, stability, and chemoselectivity.54

Limitations of BVMO-catalyzed reactions

Although a variety of new biocatalysts have been identified
during recent years and novel synthetic applications have been
shown, still a number of drawbacks have to be overcome to
enable the use of most BVMOs on an industrial scale. One of the
major obstacles is the limited stability, low substrate and hence
product concentrations, adequate oxygen transfer as well as toler-
ance of organic cosolvents.55 To circumvent these limitations
several strategies have been developed during the last years.

Optimization of biotransformation conditions

The addition of a water miscible organic solvent to improve sub-
strate solubility is often encountered with reduced enzyme

Scheme 5 Application of BVMOs in the synthesis of aroma com-
pounds, DKR of α-substituted β-keto esters and production of the drug
Esomeprazole.
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stability. In a recent study the stability and activity of PAMO
and CHMOAcineto in the presence of organic solvents such as
methanol, ethanol, 1,4-dioxane, acetonitrile and 1,1,1-trifluoro-
ethanol were analyzed.56 PAMO turned out to be significantly
more stable than CHMOAcineto concerning the percentage of
solvent added as well as the long-term stability at given concen-
trations. Interestingly, the addition of 20% methanol resulted in
an about five-fold increase of PAMO activity while CHMOAcineto

activity was only 1.2-fold higher at a maximum of 2% methanol.
Fluorescence data and circular dichroism analyses indicated that
the decrease in catalytic activity for both enzymes at increasing
concentrations of organic solvent was caused by a loss in tertiary
and secondary structures. Computational comparison of PAMO
and CHMO structures identified the number of salt bridges in
both enzymes, which are known to increase the protein thermal
stability. So the higher amount of salt bridges in PAMO (41)
compared to CHMOAcineto (31 or 20 depending on whether the
closed or the open form model was used) also seems to enhance
the stability of the BVMOs in water–organic solvent mixtures.56

Another approach aimed at analyzing substrate acceptance and
enantioselectivity of the PAMO mutant M446G in the presence
of varying concentrations of hydrophilic organic solvents.57

In the oxidation of benzyl methyl sulfide, the addition of 10%
PEG or MeOH led to an almost complete formation of the
sulfoxide whereas in EtOH, iPrOH or CH3CN the sulfone was
the major product. Cyclohexyl propyl sulfide and rac-2-phenyl-
3-heptanone could only be oxidized to the corresponding
sulfone and ester in the presence of an organic solvent. In a
DKR, the addition of 5% MeOH enabled up to 90% conversion
of rac-3-phenylbutan-2-one with Lewatit MP62 (89% ee of the
product) and for various benzylketones also high yield and
optical purity could be achieved.57

The addition of water-immiscible organic solvents creates a
biphasic system, which on the one hand acts as a substrate reser-
voir and on the other hand as an extraction medium for in situ
product removal from the aqueous phase. Thus, both the sub-
strate and the product concentration can be kept below inhibitory
levels and therefore the biocatalyst can be stabilized significantly
by the addition of the cosolvent for a longer period of time.58

Alternatively, ionic liquids (ILs) can be used instead of
organic solvents. The advantage of ILs is that the polarity, hydro-
phobicity, viscosity and solvent miscibility can be tuned by alter-
ing the type of cation and anion. This allows the design of media
for different purposes.59 It was found that besides their expected
solvent properties, ILs can have a particular impact on enzyme
activity and selectivity. In a recent study the PAMO-catalyzed
kinetic resolution of rac-α-acetylphenylacetonitrile was investi-
gated. Employment of the IL [bmp]PF6 reduced the formation of
the by-product phenylacetonitrile from 56 to 3% while the yield
of the BVMO product could be increased from 4 to 48% with
excellent optical purity of >99% ee. Additionally, the space-
time-yield could be improved by increasing the substrate concen-
tration from 10 to 120 mM. Unfortunately, PAMO was inacti-
vated in the presence of IL after 72 h.59

In addition, it was shown for PAMO that also the buffer
system and the ionic strength had a strong influence as exem-
plified in the kinetic resolution of rac-3-phenylbutan-2-one. Tris-
and phosphate buffers gave best results leading to fast conver-
sion of the substrate and an excellent E = 120. Other buffer

systems either led to faster product formation, but reduced
enantioselectivity or extremely slow conversion.60 This pheno-
menon might be explained by neutralization of electrostatic inter-
actions on the protein surface due to high salt concentrations that
finally affect the protein structure.61

As most BVMOs require reduction equivalents and the
stoichiometric addition of the cofactor NAD(P)H is expensive,
an efficient cofactor regeneration system is needed. Besides the
use of a whole cell system with ‘integrated’ cofactor recycling
by the addition of glucose, the PAMO-catalyzed oxidation of
phenylacetone was explored with isolated enzymes coupled to
several enzymatic cofactor recycling systems such as glucose/
GDH,62 glucose-6-phosphate/G6PDH,63 iPrOH/TBADH,64

sodium phosphite/PTDH or using a fusion protein (CRE2-
PAMO).65–68 The use of glucose dehydrogenase (GDH) at
pH 8.0 and 30 °C and glucose-6-phosphate dehydrogenase
(G6PDH) at pH 9.0 and 30 °C exhibited highest productivities
(∼40 mmol mL−1 h−1) similar to the phosphite dehydrogenase
(PTDH) system. The alcohol dehydrogenase (TBADH) gave
poor results. Highest total turnover number and turnover
frequency were observed in the presence of only 2 μM NADPH.
Interestingly, the PTDH and the G6PDH systems also gave
higher selectivity (E > 100 for rac-3-methyl-4-phenylbutan-
2-one) but rather slow conversion, whereas with GDH faster con-
version but lower selectivity was observed.60 Similar results
were observed for the oxidation of thioanisole to the correspond-
ing (S)-methyl phenyl sulfoxide.

Substrate feeding and product removal approaches

The use of whole cells of the microorganism expressing the
BVMO of interest has the advantage that cofactor regeneration is
substantially facilitated. However, whole cell biocatalysts are
more sensitive to the addition of cosolvents and especially high
substrate or product concentrations, which also affect the per-
formance of isolated enzymes. For example, CHMOAcineto has
been shown to be inhibited by concentrations of 3 mM of
rac-bicyclo[3.2.0]hept-2-en-6-one as the substrate and 36 mM of
the resulting two lactones, respectively.69 A couple of further
examples were published by the group of Woodley70 and are
covered in a recent review.1

One strategy to circumvent biocatalyst inactivation by critical
substrate concentration is the continuous feeding aiming to main-
tain the substrate concentration below an inhibitory level.71,72

A further strategy focuses on an appropriate in situ removal of
the product formed.73 Combining both approaches leads to the
in situ SFPR (substrate feed and product removal) concept that
has been utilized in several studies.74,75 While most published
examples employ the CHMOAcineto

74,76 only one example used
HAPMO from Ps. putida JD1.77 In this study the scale-up as
well as the in situ SFPR strategy were investigated for the kinetic
resolution of 3-phenyl-2-butanone, which served as a chiral
model substrate for this enzyme.78 First attempts with 1.4 mM
substrate gave 45.6% conversion with excellent optical purity of
the product (99.2% ee) and E > 100.77 Already at 5.4 mM the
conversion dropped drastically due to the lack of proper oxygen
supply, which could be simply overcome by changing the reac-
tion vessel. In order to further increase the substrate
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concentration, various adsorption resins were investigated and
Dowex® Optipore® L-493 and Lewatit® VP OC 1064 MD PH
gave the best results if an optimal ratio between the resin and the
substrate is ensured. This resulted in 39% (Dowex®) and 45%
(Lewatit®) conversion at substrate concentrations >26 mM.
Hence, variation of type and concentration of the resin enabled
optimal conditions avoiding inhibition at higher substrate and
product levels.

Immobilization of BVMOs

As outlined above, the application of BVMOs in industrial
processes is still hampered by several factors. Immobilization of
the biocatalysts (Table 3) can circumvent stability issues and
facilitate enzyme recovery, but can also enable easier cofactor
regeneration if the recycling enzyme is co-immobilized.
Although free enzymes can be recycled by ultrafiltration, in the
case of BVMOs the low mechanical stability usually prevents
this method as shown by Zambianchi et al. for the oxidation of
bicyclo[3.2.0]hept-2-en-6-one (5 g L−1).64 125 U of CHMO and
125 U of the alcohol dehydrogenase from Thermoanaerobium
brockii (TBADH) were used in repeated batches (each 24 h)
with recycling by membrane filtration. After three cycles only
40% conversion was reached and it was shown that this activity
loss was due to the inactivation of CHMOAcineto during the

process. As is typical in enzyme immobilization, the identifi-
cation of the best carrier and immobilization method is a rather
tedious trial and error task. The first reported immobilization of a
BVMO was the entrapment of the CHMOAcineto in a polyacryl-
amide gel.79 The cofactor regeneration was realized with the
G6PDH system, which was separately entrapped in the poly-
acrylamide gel. The immobilized preparations were used for the
biooxidation of different cyclic ketones with concentrations
ranging between 40 and 100 mM in a 1 L reaction volume.
Within five to ten days it was possible to isolate between 75 and
89% of pure lactones. For the conversion of 2-norbornanone
the retained activity of CHMO was 77% and for G6PDH 80%.
Co-immobilization of CHMO and G6PDH was tried by attach-
ment on glyoxyl-agarose coated with polyethyleneimine (PEI).80

The immobilized CHMOAcineto showed a broader pH profile
in the conversion of 2-oxocyclohexyl acetic acid to the corres-
ponding lactone and the temperature optimum was increased
by 5 °C, however the method was not very efficient as only
0.26 U gSupport

−1 could be attached to the surface and large
amounts of NADPH were required. The activity of the immobi-
lized cofactor regenerating enzyme was not experimentally
confirmed. Another co-immobilization of CHMOAcineto was done
with the TBADH on Eupergit® C. The immobilized enzymes
showed good stability during oxidation of thioanisole (80% con-
version after 17 batches, each 24 h) or bicyclo[3.2.0]hept-2-en-
6-one (80% conversion after 4 batches, each 24 h). Recently,

Table 3 Selected examples for immobilization of Baeyer–Villiger monooxygenases

Enzyme
Amount of
biocatalyst Substrate

Conc.
(mM)

Support
(binding mode)

Reaction
time

Conv.
(%) Comment Ref.

CHMOAcineto
a 50 U

CHMO
2-Norbornanone 100 Polyacrylamide 5 d 100 30% immobilization yield (by

protein concentration); CHMO
recovered with 77% activity
(after complete conversion of
2-norbornanone); G6PDH
entrapped separately

79

L-Fenchone 100 Gel (entrapping)e 8 d 100
100 U
G6PDH

D-Fenchone 100 10 d 100

(+)-Camphor 50 10 d n.r.
(+)-Dihydrocarvone 40 10 d n.r.

CHMOAcineto 10 U Thioanisole 38d Eupergit® C 24 h 100 80% conversion in 17th cycle
(thioanisole); 80% in 4th cycle
(bicyclo[3.2.0]hept-2-en-6-one);
half-life at 25 °C increased
2.5-fold

64
Bicyclo[3.2.0]hept-
2-en-6-one

46d (Covalent)f 24 h 100

CHMOAcineto n.r. (2-Oxocyclohexyl)
acetic acid

n.r. PEI coated glyoxyl-
agarose (adsorption)e

24 h 67 G6PDH activity experimentally
not confirmed; Topt +5 °C; pHopt
broader; γ-irradiation improves
stability; 0.26 U g−1 for
cyclohexanone

80

PAMO 20 mg Phenylacetone ∼9.5d Polyphosphazene
(covalent)e

24 h n.r. Low recovered activity on
support; 80% activity loss after
5 cycles; co-immobilization:
3.2 U g−1

81

CRE2-PAMO n.r. Phenylacetone 2.5 Peroxisome
(encapsulation)e

15 h 100 CRE2-PAMO higher activity
then co-encapsulation of both
enzymes; activity reduced

82

CPMOComa
a n.r. 8-Oxabicyclo[3.2.1]

oct-6-en-3-oneb
5.7 Polyelectrolyte

complex capsule
(encapsulation)

48 h 91 5-fold lower activity compared
to free cells; 94% cells viable
after encapsulation; 0.12 U g−1

cells; storage stability improved

83

CHMOAcineto
a rac-Bicyclo[3.2.0]-

hept-2-en-6-onec
1.85 Polyelectrolyte

complex capsule
(encapsulation)

12 h 77 0.12 U g−1 cells; 14th cycle;
storage stability improved

108

aWhole cells. bOxygen aeration. cBubble free oxygen aeration and continuous flow reactor. dReaction volume ≤2 ml; cofactor recycling with
eG6PDH (glucose-6-phosphate dehydrogenase) or f alcohol dehydrogenase from Thermoanaerobium brockii; n.r. not reported.
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PAMO was immobilized with G6PDH on a polyphosphazene
support and used for the oxidation of phenylacetone,81 but the
recovered activity on the support and the stability were
rather low. Another example for PAMO used encapsulation in
peroxisomes.82 The authors could show that the fusion enzymes
CRE2-PAMO showed higher activity than the single co-encapsu-
lated enzymes. Nevertheless, the encapsulated CRE2-PAMO
showed decreased activity compared to the soluble enzymes,
which was explained by diffusion problems. Until now no
immobilization system could be identified, which leads to a
highly active and stable biocatalyst with satisfying performance.
Whole cell immobilization was shown for E. coli cells expres-
sing CPMOComa in polyelectrolyte complex capsules (PEC)
used for the oxidation of 8-oxabicyclo[3.2.1]oct-6-en-3-one.83

The encapsulation process was visualized using confocal laser
scanning microscopy (CLSM) and around 94% of cells
were viable. The encapsulated cells showed significant improve-
ment of storage stability, but a 5 times lower activity (0.12 U g−1

cells) compared to free cells. During biooxidation, the immobi-
lized cells showed the same conversion (over 90%) of the
ketone after 48 h with comparable enantioselectivity to the
free cells, but reusability was not reported. For the encapsulation
of E. coli cells with CHMOAcineto in PEC a recycling and
storage stability study showed that the cells showed high stabiliz-
ation benefits due to the encapsulation. The cells could be
reused for 14 repeated biotransformations of rac-bicyclo[3.2.0]-
hept-2-en-6-one (each 12 h) with a starting conversion of 77% in
the first and 75% conversion in the 14th cycle. The storage
ability of the cells was increased drastically with conversions of
80% after 60 days and 50% after 91 days. These approaches
show the potential for encapsulation of BVMO expressing whole
cells ensuring a high stabilizing effect. However, until now
encapsulation in PEC matrixes is limited by the low activity of
the entrapped cells, which appears to be unsuitable for industrial
application. Diffusion problems and limited oxygen supply
could be one explanation for these low activities.

Recently, a new expression system in Corynebacterium
glutamicum for CHMOAcineto was established, overcoming sub-
strate inhibition of cells and enabling high productivity during
fed batch biotransformation.84 The high conversion was
explained by a more efficient cofactor regeneration system.85

To circumvent diffusion problems through the cell wall, permea-
bilization was achieved with ethambutol.86 For molecules
>170 g mol−1, the affinity could be increased by 30%, which
indicates a permeabilized cell wall. These new host cells hence
appear to be a more suitable system to overcome the low activity
of entrapped cells.

Crystal structures of BVMOs

Since 2011, different 3D-structures of PAMO88 and the newly
characterized OTEMO were solved.11,12 Orru and coworkers
crystallized PAMO during different steps of BVMO catalysis
with a focus on the structural mechanism of the oxidation
process (Table 4, Fig. 1). The snapshots provided deep insights
into the PAMO structure with bound FAD/NADPH and the
enzyme in its oxidized and reduced form. For the oxidized wild-
type with bound FAD and NADP+, the authors predicted that

NADPH binds near the flavin N5 atom for hydride donation as it
was described for CHMOAcineto.

89 Then the NADP+ slides over
to the flavin and stabilizes the flavin (hydro)peroxide. With a
reduced form of the wild-type enzyme they gained insight into
the flavin-peroxide formation. The carboxyamide group from
NADP+ forms a H-bond to the N5 atom of the reduced flavin
to prevent intermediate collapse of the flavin (hydro)peroxide.
In contrast, in the oxidized form the crucial R337 residue forms
H-bonds to the nicotinamide and interacts with D66. In the
reduced enzyme state R337 moves to the pyrimidine moiety of
the flavin ring and can interact with the negatively charged
reduced flavin. Due to this movement Orru and coworkers pre-
dicted that flavin is accessible to O2 to form the flavin (hydro)
peroxide. The flavin (hydro)peroxide shifts back and interacts
with the nicotinamide – because of the loss of the negative
charge – and the active site becomes accessible. With the mutant
D66A the authors could show that R337 directs the substrate
into the active site. In the snapshot (pdb-code: 2YLT) they
demonstrated that R337 had two functions, which is first the
increased nucleophilic attack against the flavin peroxide and
second that it compensates the negatively charged Criegee inter-
mediate. Mutant R337K confirmed that the enzyme in its oxi-
dized form can still form a stable Criegee intermediate. In its
reduced form, the mutant could still bind 2-(N-morpholino)-etha-
nesulfonic acid (MES) despite the lack of the guanidine group.
Mutant M446 showed a widened pocket, which explains the
broader substrate specificity and conversion of aromatic
compounds.

Assay systems to identify BVMOs

In order to allow fast and reliable identification of novel BVMOs
or variants within protein engineering derived mutant libraries, it
is crucial to have high-throughput assays available. Assay
systems to measure product formation from BVMO-catalyzed
reactions are based either on a pH shift after hydrolysis of the
resulting ester or lactone, respectively, or on the formation of
chromo- or fluorogenic compounds liberated after cleavage of
the resulting ester BVO-product. In 2002 Littlechild et al. intro-
duced an assay employing pig-liver esterase (PLE) to induce a
pH shift that occurs in a non- or weakly-buffered system through
a pH-indicator.92 However, this method was only applicable to
washed cell suspensions, as various factors in a whole cell
system can lead to a change in pH, which again can entail erro-
neous results. A fluorogenic assay was based on the detection of
umbelliferone (7-hydroxycoumarin) formed from 4-oxopentyl
umbelliferyl ether by a BVMO reaction and subsequent oxi-
dation of the formed alcohol, which was first reported in 2003.93

Umbelliferone also served as a reporter in another assay in
which the oxidation product of 2-coumaryloxy ketones was sub-
sequently cleaved by PLE to release the fluorescent dye.94 Both
assays require the multi-step synthesis of the non-commercially
available starting material and acceptance of the bulky substrates
by the BVMO. The successful adaptation of an assay based on
adrenalin conversion, initially described by Wahler and
Reymond,95 was used by our group to identify mutants of a
BVMO from Pseudomonas fluorescens DSM 50106 that showed
enhanced conversion and enantioselectivity in the kinetic resolu-
tion of 4-hydroxy-2-decanone.96 After BVO and subsequent
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Table 4 Protein structures of BVMOs

Enzyme Pdb-code Resolution (Å) Comment Ref.

PAMO 1W4Xa 1.7 2 domains (one for FAD and one for NADP+ binding; active site in cleft of domain interface);
R337 re side to flavin, R337 in “IN” and “OUT” conformation

17

2YLRa,b 2.26 Oxidized form; structure shows NADP+ binding and its stabilization of flavin-(hydro)peroxide;
R337 interacts with NADP+ and side chain D66

88

2YLSa,b 2.26 Reduced form; structure shows flavin-peroxide formation; carboxyamide group of NADP+

makes H-bond with N5 from reduced FAD to prevent reaction with flavin-peroxide; R337
interacts with negatively charged reduced flavin favoring accessibility for O2

88

2YLTa,b,c 2.65 MES in the active site is shown to be in direct contact with R337 and the ribose group of
NADP+

88

PAMO N337K 2YLWa,b,c 2.9 Mutant can still bind MESc, but cannot interact with NADP+, D66 and ligand simultaneously 88
2YM1a,b,d 2.28 Oxidized form; K337 interacts with carboxamide group of NADP+ and side chain of D66 88
2YM2a,b 2.70 Reduced form; K337 moves to the flavin to a similar conformation as R337 in WT 88

PAMO D66A 2YLXa,b,c 2.20 Mutant showed lower kcat for NADPH; negative charge facilitates positioning of NADPH 88
PAMO
M446G

2YLZa 2.00 Mutant accepts aromatic compounds; showed no conformational changes, but widened pocket 88

MtmOIV 3FMWa,e 2.89 Dimer; R52 (similar to R337 in PAMO), but in si side orientation to flavin; class A
flavoprotein monooxygenase; needs peroxyflavin intermediate

90

CHMO closed 3GWDa,b 2.30 2 domains (one for FAD and one for NADP+ binding); R329 (similar to R337 in PAMO)
pushes nicotinamide head deeper to stabilize peroxyflavin and “Criegee” intermediate (causing
“sliding” of NADP+); represents enzyme in post-flavin reduction state; structure confirms novel
role of BVMO sequence motif as it coordinates domain movements during catalysis

89

CHMO open 3GWFa,b 2.20 R329 in “OUT” conformation (similar to R337 in PAMO); structure shows final step of
NADP+ release in the catalytic cycle

89

3,6-DKCMO 2WGK 2.00 Structure determined only by non-crystallographic symmetry (NCS) exhaustive search 91
OTEMO 3UOVa 2.05 Dimer 11

3UOXa 1.96 11
3UOYa,b 2.00 11
3UOZa,b 2.41 11
3UP4a,b 2.80 Closed form 11
3UP5a,b 2.45 11

a FAD+. bNADP+. c 2-(N-Morpholino)-ethanesulfonic acid. dOxygen. e 1,2-Ethanediol.

Fig. 1 Mechanism of PAMO-catalyzed Baeyer–Villiger oxidation as derived from 3D structure analysis.
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Table 5 Summary of most recent protein engineering approaches for BVMOs

Target
enzyme Method Mutations Desired objective Results/comments Ref.

PAMO Saturation mutagenesis
using degenerate
primers

S441A/A442W/
L443Y/S444T

Increasing the activity
toward a substrate that is
hardly converted by WT
PAMO

Alignment of WT PAMO with seven other BVMOs,
limited number of amino acids at positions 411–444,
mutant screening on rac-2-phenyl-cyclohexanone
identified quadruple mutant with E = 70 favoring the
(R)-enantiomer in contrast to (S)-selective wild-type. This
mutant also oxidized 2-(4-chlorophenyl)-cyclohexanone
with excellent selectivity (E > 200).

102

PAMO CASTing, saturation
mutagenesis

“Second sphere”
residue P440N

Expanding the substrate
scope; higher E-values,
maintenance of
thermostability

Screening with rac-2-ethylcyclohexanone (not converted
by wild-type enzyme) resulted in five highly active hits,
which were analyzed in kinetic resolutions using various
2-substituted cyclohexanones; best mutants converted all
cyclic ketones with E > 200; some mutants gave formation
of ‘abnormal lactone’ with rac-bicyclo [3.2.0]hept-2-en-6-
one.

103

PAMO Site directed
mutagenesis, saturation
mutagenesis using NDT
codon degeneracy

Q93N/P94D Expanding the substrate
scope

Introduction of distal mutations at positions Q93/P94
induced allosteric interactions between the N-terminal
region of an α-helix (Ala91–Glu95) and the loop segment
Tyr56–Tyr60 (FAD-binding domain) causing movement of
the loop segment Trp177–Glu180 (NADP-binding
domain). A double mutant Q93N/P94D gave good to
excellent selectivity in the conversion of 2-substituted
cyclohexanones and desymmetrization of 4-substituted
cyclohexanones. MD simulations suggested new H-bonds
(Asp94/Arg59 and Trp57/Trp177) and a strong salt bridge
between Asp94 and Arg59.

104

PAMO Site directed
mutagenesis

H220N, H220Q,
K336N

Changing the cofactor
specificity to NADH

3-fold increase of the catalytic efficiency of mutants using
NADH as reduction equivalent compared to wild-type
enzyme, mutant K336N showed a significantly increased
E-value in the kinetic resolution of rac-3-methyl-4-
phenylbutane-2-one for both NADH and NADPH.

105

PAMO CASTing, site directed
mutagenesis

V54, I67, Q152,
A435

Expanding the substrate
scope

Comprehensive inspection of the active site of PAMO
(crystal structure) and CPMO (homology model based on
PAMO). Exchange of various active site amino acid
residues in PAMO to its counterparts in CPMO. Single
and multiple mutants (15 each) were analyzed in oxidation
reactions of 14 different ketones and sulfides. Amino acids
V54, I67, Q152, and A435 in PAMO contributed to the
substrate specificity and enantioselectivity; a partially
inverted enantioselectivity similar to CPMO/CHMO was
observed too.

106

PAMO Structure-inspired
subdomain exchanges
by the SLIC method

Chimeric
BVMOs

Expanding the substrate
scope

Blending of the substrate specificities of sequence-related
BVMOs (STMO, CHMO and a putative BVMO from a
metagenome screening effort107) into PAMO. Construction
of three chimeras (PASTMO, PACHMO and PAMEMO1)
consisting of 106 C-terminal amino acid residues of
PAMO exchanged by homologous regions of the other
enzymes. Characterization of all chimeras (melting
temperature, substrate acceptance (using thioanisole,
benzyl phenyl sulfide, rac-bicyclo-[3.2.0]hept-2-en-6-one,
rac-2-phenylcyclohexanone and progesterone) and
selectivity). All chimeras exhibited novel catalytic activity,
especially concerning regio- and stereoselectivity, but not
all activities from the parent BVMOs could be introduced
into the constructs. Thermostability was significantly
increased for all chimeras compared to parental BVMO.

107

CHMOAcineto Site directed
mutagenesis, saturation
mutagenesis

M5I, M291I,
C330S, C376L,
M400I, M412L,
M481A, C520V

Design of mutants with
enhanced oxidative
stability and
thermostability

Replacement of Met and Cys residues by amino acids with
small hydrophobic side chains (Ile, Leu, Ala) present in
PAMO and CHMORhodo. Mutation C376L afforded the
highest improvement in oxidative stability, while an M400I
mutation resulted in the largest increase in thermal
stability. Recombination of all improved mutants yielded
two mutants with significantly increased oxidative and
thermostability. While the wild-type CHMO was
completely inactivated in 5 mM H2O2, mutant #16
retained >40% residual activity in 200 mM H2O2. In
addition, the melting temperature of mutant #15 was
increased by 7 °C compared to wild-type CHMOAcineto.

87

CASTing: Combinatorial Active Site Saturation Testing; SLIC: Sequence and Ligation Independent Cloning.
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hydrolysis of the formed ester by an esterase, a 1,2-diol is
formed, which can react with NaIO4. This assay operates
through back titration of non-reacted NaIO4 with adrenaline
yielding the chromophore adrenochrome. The method works in
microtiter plates (MTPs), but is unsuitable for the determination
of enzyme kinetics as it allows only endpoint measurements.
More recently, an assay based on monitoring cycloalkanone
consumption was shown to be applicable for qualitative screen-
ing as well as quantitative activity determination.97 In alkaline
solution, the enolizable ketone forms a colored complex with
3,5-dinitrobenzoic acid, which can be used to follow the
decrease in absorption in case the ketone is oxidized. The method
was shown to work for cycloalkanones with ring sizes between
C4 and C7, but absorbance of the color decreased with the size of
the cycloketone ring. Very recently, we described an assay based
on the BVO of p-nitroacetophenone.98 The resulting acetate is
subsequently hydrolyzed by an esterase or NaOH to yield p-nitro-
phenolate that can easily be quantified spectrophotometrically at
410 nm. The assay principle was applied to whole E. coli cells
containing recombinant BVMO, crude cell extract as well as to
purified enzyme. Screening of mutant libraries of the 4-hydroxy-
acetophenone monooxygenase (HAPMO) from Pseudomonas
putida JD1 using this assay could identify more active enzyme
variants.

Protein engineering to tailor-design BVMOs

Enzymes in nature hardly meet the demands imposed by an
industrial application. For this, biocatalysts can be adapted to
their required characteristics (such as substrate scope and con-
centration, selectivity, temperature, pH, stability) by methods of
protein engineering.99–101 In case the three-dimensional structure
of an enzyme is available, rational protein design is often the
method of choice, although it is still challenging to predict the
effects of a distinct mutation. Alternatively, methods of directed
evolution are used in order to improve the protein by random
mutagenesis or libraries created by simultaneous saturation muta-
genesis, which need to be screened with an appropriate assay to
identify desired variants. A summary of the most recent protein
engineering examples for BVMOs is given in Table 5. These
demonstrate that activity, enantioselectivity, substrate range and
stability of BVMOs could be successfully improved creating
more versatile enzyme variants.

Conclusions

In conclusion, this perspective article has shown that in recent
years the number of Baeyer–Villiger monooxygenases useful for
biocatalysis has substantially increased. Major reasons are novel
tools to discover enzymes by protein sequence, phylogenetic and
structural analysis or by identification of family relationships.
This also helped to decipher possible natural functions of
BVMOs and facilitated their improvement by protein engineer-
ing. Recently developed novel high-throughput assays will
further contribute to identify or create novel BVMOs and to
tailor-design their properties. Already, the larger “toolbox” of
BVMOs available helped to substantially broaden their synthetic
utility in organic chemistry. Furthermore, in the past decade,

a range of factors limiting the application of BVMOs could be
identified and tools to overcome these hurdles have been devel-
oped and already led to the first large scale applications of
BVMOs. Overall, these achievements and efforts strongly helped
to make BVMOs versatile enzymes for numerous applications in
organic synthesis.
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Recombinant expression and purification of the
2,5-diketocamphane 1,2-monooxygenase from
the camphor metabolizing Pseudomonas putida
strain NCIMB 10007
Maria Kadow, Stefan Saß, Marlen Schmidt and Uwe T Bornscheuer*

Abstract

Three different Baeyer-Villiger monooxygenases (BVMOs) were reported to be involved in the camphor metabolism
by Pseudomonas putida NCIMB 10007. During (+)-camphor degradation, 2,5-diketocamphane is formed serving as
substrate for the 2,5-diketocamphane 1,2-monooxygenase. This enzyme is encoded on the CAM plasmid and
depends on the cofactors FMN and NADH and hence belongs to the group of type II BVMOs. We have cloned and
recombinantly expressed the oxygenating subunit of the 2,5-diketocamphane 1,2-monooxygenase (2,5-DKCMO) in
E. coli followed by His-tag-based affinity purification. A range of compounds representing different BVMO substrate
classes were then investigated, but only bicyclic ketones were converted by 2,5-DKCMO used as crude cell extract
or after purification. Interestingly, also (-)-camphor was oxidized, but conversion was about 3-fold lower compared
to (+)-camphor. Moreover, activity of purified 2,5-DKCMO was observed in the absence of an NADH-
dehydrogenase subunit.

Keywords: Baeyer-Villiger monooxygenases, camphor, Pseudomonas putida NCIMB 10007, 2,5-diketocamphane 1,2-
monooxygenase, bicyclic ketones

Introduction
The discovery of the enzymatic Baeyer-Villiger reaction
is closely connected to the exploration of the biodegra-
dation of camphor (1) in Pseudomonads (Figure 1).
Initial studies on the microbial decomposition of (+)-1
by Pseudomonas putida NCIMB 10007 isolated from
sewage sludge were already carried out in 1959
(Bradshaw et al. 1959) and the involved enzymes were
separated and characterized during the following decade.
In studies of the enzymatic lactonization of the inter-
mediate 2,5-diketocamphane (3) from the (+)-camphor-
grown organism it was shown that two enzyme fractions
were responsible for the Baeyer-Villiger-monooxygenase
(BVMO) catalyzed reaction step (Conrad et al. 1961,).
The first enzyme turned out to be a FMN-coupled
NADH-dehydrogenase [EC 1.6.8.1], while the second

subunit was claimed to be a ketolactonase. Since
mechanistic similarities to the chemical Baeyer-Villiger
oxidation of bicyclic ketones (Meinwald and Frauenglass
1960) were detected, the nomenclature of the ketolacto-
nase was changed to a BVMO. In 1965 a second lacto-
nizing system for the degradation of (-)-1 was found
(Conrad et al. 1965a). Thus it was claimed that (+)-1
and its derivatives were only converted by the
(+)-camphor induced 2,5-diketocamphane 1,2-monooxy-
genase (2,5-DKCMO), while (-)-1 is converted by the
(-)-camphor induced 3,6-diketocamphane 1,6-monooxy-
genase (Jones et al. 1993) (Figure 1). Later it was
claimed, that whichever enantiomer of camphor is given
to the growth medium, both diketocamphane monooxy-
genases are induced (Gagnon et al. 1994). The ability to
decompose camphor turned out to be inducible in
several fluorescent Pseudomonads, where most of the
involved enzymes, including both type II monooxy-
genases, are located on a 230 kb (165 MDa) plasmid
(CAM plasmid, Figure 2) (Chakrabarty 1976).
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During the 1990s, several studies on the conversion of
cyclic and bicyclic alkanones using whole Pseudomonas
putida cells or partially purified enzymes of this
organism were performed. Regarding the evolutionary
predisposition of the three BVMOs involved in camphor
metabolism, diketocamphane monooxygenases turned
out to catalyze the efficient production of optically
active bicyclic lactones in an enantiodivergent and
highly selective manner (Gagnon et al. 1994,). Especially
bicyclo [3.2.0.] ketones and norcamphor-derived com-
pounds were investigated and benzyloxylactone,
achieved from a norcamphor derivative, emerged as an
important precursor for the insect antifeedant azadirach-
tin (Gagnon et al. 1994,; Gagnon et al. 1995b). A series
of monocyclic ketones were further explored and
2-alkylcyclopentanones and 3-substituted cyclobuta-
nones were converted with often complementary enan-
tioselectivity in comparison to transformations with
whole cells of Acinetobacter calcoaceticus, which was
finally attributed to 2-oxo-!3-4,5,5-trimethylcylopente-
nylacetic acid monooxygenase (Gagnon et al. 1995a,;
Grogan et al. 1993). These studies were performed with
cells or cell-free extracts, which contained all three
BVMOs or at least both diketocamphane monooxy-
genases. Even though separation of the distinct activities
was tried by purification, the presence of impurities
could not be excluded. Therefore, reproducible and

reliable methods for separation and purification are
required for the accurate characterization of these
enzymes.
The availability of efficient cofactor recycling strategies

for NADH-regeneration in BVMO-catalyzed oxidations,
e.g. by the formate dehydrogenase from Candida boidi-
nii, were also exploited. Moreover, coupling processes of
horse liver alcohol dehydrogenase together with
2,5-DKCMO were used to produce optically active lac-
tones starting from alcohol precursors (Gagnon et al.
1994,; Gagnon et al. 1995b).
Several new BVMOs were investigated recently and

while most of them refer to type I, which are FAD and
NADPH-dependent, (Fraaije et al. 2005,; Rehdorf et al.
2007,; Völker et al. 2008,; Rehdorf et al. 2009) only a
few examples for FMN/NADH-containing type II
BVMOs were investigated up to now. A reason might
be the challenging overexpression of these enzymes in a
heterologous host, since in contrast to type I BVMOs
the oxygenating and dehydrogenase subunits are distinct
proteins.
So far all characterization and biocatalytic experiments

with 2,5-diketocamphane 1,2-monooxygenase were per-
formed using large scale cultivations of the wild type
strain P. putida NCIMB 10007 with subsequent multiple
purification and separation steps of the involved
enzymes. We report here the first recombinant

Figure 1 Camphor degradation in Pseudomonas putida NCIMB 10007: In the first step camphor (1) is hydroxylated by the P450Cam-
monooxygenase (Unger et al. 1986,) followed by an oxidation by the 5-exo-alkohol dehydrogenase (Koga et al. 1989) yielding the corresponding
diketocamphane (3). (+)-1 is degraded by the 2,5-dicetocamphane 1,2-monooxygenase (a), while (-)-1 requires the 3,6-diketocamphane 1,6-
monooxygenase (b). Both resulting lactones are unstable and lead to spontaneous formation of the 2-oxo-!3-4,5,5-trimethylcylopentenylacetic
acid, which is further converted to a coenzyme A derivative (4), which is again a substrate for a third involved BVMO (2-oxo-!3-4,5,5-
trimethylcylopentenylacetic acid monooxygenase, often designated as MO2) (Ougham et al. 1983).

Figure 2 Operon of the CAM-plasmid: CamA: putidaredoxin reductase (M12546.1); CamB: putidaredoxin (J05406.1); CamC: cytochrome
P-450cam (M12546.1); CamD: 5-exo-alkohol-dehydrogenase (M13471.1); CamP: 1,2-diketocamphane 2,5-monooxygenase (AY450285.1); CamQ:
lactone hydrolase (AY450285); CamR: regulatory protein. The putative 3-ketoacid-CoA-transferases A and B were identified in this work by gene-
walking PCR.
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overexpression of the oxygenating 2,5-diketocamphane
1,2-monooxygenase from P. putida NCIMB 10007 in
Escherichia coli followed by simplified purification via
affinity chromatography and characterization of the
enzyme.

Material and methods
Enzymes, chemicals and media
Pfu+-polymerase was obtained from Roboclon (Berlin,
Germany) and dNTPs from Roth (Karlsruhe, Germany).
Restriction enzymes were obtained from New England
Biolabs (Beverly, MA, USA). For SDS-PAGE analysis,
the prestained PAGE ruler plus from Fermentas (St.
Leon-Rot, Germany) was used. All other chemicals were
purchased from Fluka (Buchs, Switzerland), Sigma-
Aldrich (Munich, Germany) or Acros Organics (Geel,
Belgium). For DNA-purification from PCR, the MinE-
lute PCR-purification Kit by Qiagen (Hilden, Germany)
was used. Furthermore the Miniprep Kit from Qiagen
was used for plasmid purification. HisTrap 5 mL FF col-
umns and Sephadex G25 were obtained by GE Health-
care (Uppsala, Sweden). The plasmid pET-28b(+) was
from Novagen (Darmstadt, Germany). The BCA kit was
purchased from Interchim (Montluçon, France).

Amplification and cloning
Amplification of the 2,5-DKCMO gene was performed
with chromosomal DNA containing the CAM-plasmid
with oligonucleotides supplemented with restriction sites
for NdeI at the N-terminus and XhoI at the C-terminus
(NdeI_2,5-DKCMO_fw: 5’- GGAATTCATATGAAA
TGCGGATTTTTCCATACCCC-3’; 2,5-DKCMO_X-
hoI_rv: 5’- CCGCTCGAGTCAGCCCATTCGAACCTT-
3’). After initial denaturation for 5 min at 95°C, the cycling
program was followed for 25 cycles: 45 s, 95°C denatura-
tion, 45 s, 58°C primer annealing, 70 s, 72°C elongation.
The final elongation step was performed over 10 minutes
at 72°C. The resulting 1092 kb fragment was digested with
NdeI and XhoI and ligated into pET-28b digested with the
same enzymes. The resulting plasmid with a N-terminal
His-tag fusion was called pET-28_2,5-DKCMO (Figure 3).

Bacterial strains and culture conditions
P. putida NCIMB 10007 (equivalent to ATCC 17453)
was purchased from the German National Resource
Center for Biological Material (DSMZ). For cultivation
of P. putida, basal salt medium without antibiotics as
described previously was used (Gagnon et al. 1994).
E. coli cells were cultivated in terrific broth (TB) med-
ium (12 g tryptone, 24 g yeast, 4 g glycerol in 1 L buffer
autoclaved separately). Overnight cultures were grown
in Luria Bertani (LB) medium (10 g tryptone, 5 yeast,
5 g NaCl in 1 L dest H2O). LB and TB media were
supplemented with 100 μg/mL kanamycin.

Transformation of E. coli strain BL21-DE3 (Novagen,
genotype: [95 F- ompT hsdSB (rB-mB-) gal dcmrne131
(DE3)]) with pET-28_2,5-DKCMO was carried out by
the heat shock method described by Chung et al. (1989).
Expression of recombinant 2,5-DKCMO in E. coli BL21
was performed by cultivation at 37°C to an OD600 of
0.5, than addition IPTG to a final concentration of 0.1
mM and shifting the culture to 20°C and 200 rpm for
another 16 h of cultivation.

Gene expression analysis
Gene expression analysis was performed with crude cell
extract. Samples standardized to cell amount were taken
during cultivation. Cells were harvested by centrifuga-
tion and resuspended in sodium phosphate buffer (50
mM, pH 7.5). Cell disruption was performed by Fas-
tPrep (40 s, 4 m/s; MP Biomedicals, Solon, OH, USA).
For SDS-PAGE analysis, the supernatant was substituted
with Laemmli buffer (Laemmli 1970). SDS-PAGE was
carried out on 12% resolving gels. Proteins were stained
with a Coomassie R250/G250 solution.

Enzyme purification
Cells were harvested by centrifugation and resuspended
in sodium phosphate buffer (50 mM, pH 7.5). Cell dis-
ruption was performed by a single passage through a
French pressure cell. Recombinant 2,5-DKCMO was
purified by affinity chromatography via N-terminal His-
tag on an automated Äkta purifier system. After centri-
fugation of disrupted cells for 45 min at (10,000 ! g),
the supernatant with recombinant 2,5-DKCMO was
added to the column. A 5 mL HisTrap FF crude column
with bound Ni2+ was equilibrated with sodium phos-
phate buffer (100 mM, pH 7.5) supplemented with 300
mM NaCl and 30 mM imidazole. After passing through
of the crude extract, the column was washed with three
column volumes of sodium phosphate buffer (100 mM,
pH 7.5) supplemented with 300 mM NaCl and 30 mM
imidazole followed by two column volumes of sodium
phosphate buffer (100 mM, pH 7.5) supplemented with
300 mM NaCl and 60 mM imidazole to remove unspe-
cific bound proteins. Elution was performed by adding
three column volumes of 300 mM imidazole in sodium
phosphate buffer (100 mM, pH 7.5) supplemented with
300 mM NaCl. Fractions of washing and elution steps
were collected to analyze purity by SDS-PAGE. In order
to remove imidazole and NaCl from the eluate, the
pooled elution fractions were loaded to a 60 mL size
exclusion column (Sephadex G25 matrix), which was
equilibrated with sodium phosphate buffer (50 mM, pH
7.5) before. Proteins fractions were recognized via online
absorption measurement at 280 nm and collected.
Determination of protein content of purified and
desalted protein as well as crude extract was carried out
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with the BCA-kit and a standard curve of BSA in the
same buffer in a range of 2-0.005 mg/mL was used.
Samples were measured in triplicates in three different
dilutions.

Biocatalytic reactions and GC analysis
For biocatalysis, His-tag purified 2,5-DKCMO, crude
extracts of E. coli BL21 pET28_2,5-DKCMO cultivations
and resting cells were used. Reactions were carried out
in sodium phosphate buffer (50 mM, pH 7.5) Substrates
were used in concentrations from 0.5-2 mM, the cofac-
tor FMN was used at a final concentration of 0.3 mM.
NADH was used in equimolar amounts to the substrate.
Purified 2,5-DKCMO was employed in concentrations
of 1.5-2 mg/mL, crude extracts in concentrations of
12-15 mg/mL. Incubation was performed in 24-well
MTP at 800-1000 rpm. Sample volume was 1 mL.
Extraction of substrates and products was performed by
vortexing of samples with 600 μl and 400 μl of ethyl
acetate subsequently. Samples were dried over anhy-
drous sodium sulfate. Separation of aqueous and organic
phase was done by centrifugation. The organic solvent
was evaporated in a vacuum centrifuge. 120 μL of fresh
EtOAc was added, and samples were analyzed by

GC-MS on a QP 2010 (Shimadzu Europa GmbH, Duis-
burg, Germany) with a BPX5 column (5% phenyl-/95%
methylpolysilphenylene siloxane, SGE GmbH, Darm-
stadt, Germany). Injection temperature was set to 220 °
C. Detection temperature for (+)-1, (-)-1, 13, 14 and 15
was 60°C for 5 min followed by a gradient of 10°C/min
to 180°C maintained for 3 min. Detection temperature
for 16 was 120°C. For 17, 240°C for 5 min followed by a
gradient of 2°C/min to 270°C was used and maintained
for 5 min. 6-8 were analyzed at 60°C. 9 and 10 were
detected isothermal at 160°C. Detection temperature for
11 was 90°C and for 12 100°C.
Specific activity is given in units per milligram (U/mg)

protein. One unit is defined as the amount of enzyme
that catalyzes the oxidation of 1 μmol of substrate per
minute.

Results
Cloning, expression and purification of
2, 5-diketocamphane 1,2-monooxygenase
The 2,5-diketocamphane 1,2-monooxygenase (2,5-
DKCMO) from Pseudomonas putida NCIMB 10007
is encoded on the CAM operon on the transmissible
230 kb CAM plasmid (Rheinwald et al. 1973). First

Figure 3 Vector 2,5-DKCMO_pET-28 for expression of recombinant 2,5-DKCMO from P. putida NCIMB 10007 under control of
T7 promoter in E. coli BL21. The 2,5-DKCMO-gene was introduced using the sites of restriction endonucleases NdeI and XhoI for cloning.
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chromosomal and plasmid DNA were isolated from the
P. putida strain NCIMB 10007 cultivated with camphor
as sole carbon source. The gene was then amplified by
gradient PCR using gene specific primers derived from
the corresponding gene [GenBank: AY450285]. The
PCR product was afterwards ligated into the expression
vector pET-28b fused to the N-terminal His-tag to allow
a functional expression of the 2,5-DKCMO in E. coli
and easy protein purification by affinity chromatography.
The N-terminal tag was favored compared to the
C-terminal tag, because our experience with 4-hydrocya-
cetophenonemonooxygenase (HAPMO) from P. putida
JD1 indicated that BVMO-expression is decreased by
the use of C-terminal tags (Rehdorf et al. 2009).
The utilization of E. coli BL21(DE3) as expression host

yielded primarily soluble 2,5-DKCMO protein after 16 h
cultivation at 20°C in TB medium, while cultivation at
30°C yielded in insoluble inclusion bodies (data not
shown). SDS-PAGE analysis of crude cell extract led to
a clear band at approx. 40 kD shown in Figure 4, which
corresponds to the theoretical estimated molecular
weight of 42.9 kD of the His-tagged protein.
After successful recombinant expression, a nickel-

based affinity chromatography of the His-tagged protein
and the subsequent removal of imidazole by size exclu-
sion chromatography on a G25 column was performed
and yielded pure protein (Figure 4, lane 3) with a purifi-
cation factor of six (Table 1). The fractions containing
purified protein were colorless, which confirmed
previous studies, in which FMN is not covalently bound
to the enzyme (Trudgill 1986).

Substrate specificity of 2,5-DKCMO
To determine the substrate specificity of 2,5-DKCMO a
variety of compounds representing different classes of
BVMO-substrates were investigated in biocatalysis
experiments using the crude enzyme extract (Figure 5).
Only bicyclic ketones were converted under the chosen
conditions by the crude extract containing 2,5-DKCMO
(Table 2). For all monocyclic ketones (6-8), aromatic
ketones (9-11), the aliphatic 2-decanone (12) tested as
well as for 1-indanone (16) and progesterone (17) no
conversion could be determined. The biocatalysis with
substrates, which were converted was further investi-
gated using the pure enzyme and specific activities were
determined in biocatalysis experiments in 1 mL scale
with 2 mM of substrates at 25°C for 15 h (Table 2).
Interestingly, in our study (-)-1 was also converted by

the 2,5-DKCMO, although purified enzyme isolated
from wild-type strain cultivation was claimed to be
specific for the (+)-enantiomer (Jones et al. 1993). As we
have recombinantly produced the BVMO in the E. coli
host, which does not have its own BVMO and the con-
version of (-)-camphor was observed with crude cell

extract as well as His-tag purified protein, we can only
speculate whether the purified protein described by
Jones et al. 1993 was indeed homogenous. Norcamphor
(13) and (±)-cis-bicyclo [3.2.0] hept-2-en-6-one (14)
were better accepted as substrates than camphor in
general, and furthermore (R,R)-bicyclo [2.2.1] heptane-
2,5-dion (15), which is structurally similar to the natural
substrate 2,5-diketocamphane (3), is also converted. In
addition, the conversion of 14 was performed with rest-
ing cells expressing 2,5-DKCMO, where 11% conversion
could be observed after 6 h of biocatalysis at 0.5 mM
substrate concentration.

Discussion
The oxygenating subunit of the 2,5-diketocamphane
monooxygenase was successfully cloned and overex-
pressed recombinantly in E. coli as the heterologous
expression host. Hence, this enzyme is now easy

Figure 4 SDS-PAGE analysis of 2,5-DKCMO: lane 1: marker: 150,
130, 100, 70, 55, 35, 25, 15 kDa; lane 2: crude extract (41 μg
total protein); lane 3: purified protein (22 μg).
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available at stable quality and protein engineering
studies are possible for the first time. The purification
using the N-terminal His-tag via nickel based affinity
chromatography turned out to be efficient and fast.
While in previous purifications of the enzyme from
wild type cultivations, huge culture volumes were used,
in this study drastically smaller amounts of heterolo-
gous culture is needed to produce comparable
amounts of pure protein. Conrad et al. used a 10 L
culture and obtained 240 mL crude extract to produce
52 mg of pure protein via a chromatography based
purification protocol with three steps, which corre-
sponds to a recovery of 15% (Conrad et al. 1965a,). 28
years later Jones et al. were able to increase the purity
and the yield up to 19.5%. From a 10 L culture volume
49 mg of pure enzyme were obtained (Jones et al.
1993). In this work 8 mg of pure protein were achieved
out of a 400 mL culture, which highlights the advan-
tages of recombinant expression and the fusion of an
enzyme to a His-tag.
Previous studies on the purified protein determined a

molecular size of 2,5-DKCMO of 78 kDa by native
PAGE. Under denaturating conditions two identical
subunits with a molecular weight of each 37 kDa were

identified (Trudgill 1986). The estimated mass from the
amino acid sequence of one subunit of 2,5-DKCMO is
40.7 kDa and fused to the His-tag 42.8 kDa. SDS-PAGE
analysis of E. coli crude extract and pure protein
resulted in protein bands corresponding to approx.
40 kDa, which corresponds to those molecular weights
determined in earlier studies within a certain error
range of the SDS-PAGE method.
Fractions containing 2,5-DKCMO collected by affinity

chromatography turned out to be colorless. It was pre-
viously shown that FMN binding occurs non-covalently
(Conrad et al. 1961), and therefore we assume that
FMN is lost during the purification process. To achieve
better stability of the enzyme, FMN was added to the
protein solution immediately.
The requirement of non-heme Fe2+ ions for oxygenat-

ing activity was intensively discussed in the past as well
(Conrad et al. 1965a). Fe2+ was thought to be essential
for the generation of the active form of oxygen required
for the BVMO reaction. In fact, there are no mechanistic
requirements for transition metal-ions in the enzyme,
which could also be confirmed by the availability of
BVMO-activity of pure protein in the absence of Fe2+

within this study.

Table 1 Purification of 2,5-DKCMO via nickel-based affinity chromatography and imidazole removal

Step V
[mL]

Volumetric activitya [U/
mL]

Activitya

[U]
Protein amountb [mg/

mL]
Specific activity [mU/

mg]
Yield
[%]

Factor

Crude extract 30 0.0021 0.063 14 0.15 100 1

Purified and
desalted

7 0.0015 0.0103 1.6 0.90 16 6

aActivity was determined towards (+)-camphor and analyzed by GC-MS.
Activity of the purified protein containing imidazole prior to the size exclusion chromatography could not be determined, since imidazole interferes with the
used GC-MS column.
bProtein amount as determined by the BCA assay.

Figure 5 Substrates used for 2,5-DKCMO-catalyzed Baeyer-Villiger oxidation. 6-8 represent the monocyclic ketones, 9-11 substitute
aromatic ketones, 12 served as an example for aliphatic and 13-16 for bicyclic ketones.
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In this work, recombinant expression and purification
of 2,5-DKCMO, an oxygenating subunit, led to a “dehy-
drogenase-missing” pure protein and it could be shown
that the enzyme is still able to oxidize bicyclic ketones.
Previously, marginal BVMO-activity was obtained
although no NADH dehydrogenase was detectable in
the final preparation of 2,5-DKCMO, which was finally
reasoned with impurities or the fact that the oxygen
component is able to operate as its own NADH dehy-
drogenase in presence of FMN and remove electrons
from NADH to catalyze the reaction (Trudgill 1986).
Low activities of purified oxygenating component were
observed earlier as well and were explained by a weak
coupling of the mentioned subunits in vitro (Conrad et
al. 1965b).
We also observed that oxygenating activity of 2,

5-DKCMO expressed in E. coli is higher in the crude
extract or whole cell approaches when compared to
pure protein. This fact might be explainable by several
components of E. coli cells that may substitute the miss-
ing NADH dehydrogenase. Coexpression experiments
with a suitable NADH dehydrogenase may further
improve the activity of 2,5-diketocamphane 1,2-monoox-
ygenase considerably and could thus generate valuable
catalysts for organic synthesis providing access to indus-
trial valuable precursors for e.g. azadirachtin.
Regarding the requirement for cofactor regeneration

in larger scale applications, the 2,5-DKCMO might also
be used in whole cell approaches with the expression
system introduced in this report.
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Abstract The camphor-degrading Baeyer–Villiger mono-
oxygenases (BVMOs) from Pseudomonas putida NCIMB
10007 have been of interest for over 40 years. So far the
FMN- and NADH-dependent type II BVMO 3,6-diketo-
camphane 1,6-monooxygenase (3,6-DKCMO) and the
FAD- and NADPH-dependent type I BVMO 2-oxo-Δ3-
4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase
(OTEMO) have not been entirely studied, since it was not
possible to produce those enzymes in satisfactory amounts
and purity. In this study, we were able to clone and recom-
binantly express both enzymes and subsequently use them
as biocatalysts for various mono- and bicyclic ketones. Full
conversion could be reached with both enzymes towards
(±)-cis-bicyclo[3.2.0]hept-2-en-6-one and with 3,6-
DKCMO towards (−)-camphor. Further OTEMO gave full
conversion with norcamphor. OTEMO was found to have a
pH optimum of 9 and a temperature optimum of 20 °C and
converted (±)-cis-bicyclo[3.2.0]hept-2-en-6-one with a kcat/
KM value of 49.3 mM−1 s−1.

Keywords Baeyer–Villiger monooxygenase . Camphor .

Pseudomonas putida . Bicyclic ketones

Introduction

Camphor (1) is a bicyclic monoterpene that naturally occurs
as two enantiomers. While the (+)-enantiomer is located,
e.g., in the wood of Cinnamocum camphora, (−)-1 can be
found in plant essential oils. The microbial degradation of 1
is one of the best-studied examples for the occurrence of
Baeyer–Villiger monooxygenases in natural catabolic pro-
cesses. While initial attempts to characterize the intermedi-
ates in the microbial decomposition of 1 by Pseudomonas
putida NCIMB 10007 were already made in 1959 (Bradshaw
et al. 1959), the complete elucidation of the enzymatic pro-
cesses involved took a further 30 years. In 1960, ring opening
via oxygen insertion by chemical Baeyer–Villiger reactions
with 1 and other bicyclic ketones was proven (Meinwald and
Frauenglass 1960). This was followed by the discovery
of an enzymatic system for lactonization in camphor-
grown Pseudomonads. Moreover mechanistic similarities
to the chemical Baeyer–Villiger reaction and other en-
zymatic reactions like the lactonization of the D-ring of
testosterone were observed (Conrad et al. 1961; Meinwald
and Frauenglass 1960). The first BVMO identified in
camphor metabolism was the 2,5-diketocamphane 1,2-
monooxygenase (2,5-DKCMO, Fig. 1, Enzyme a),
which is a complex of two identical oxygenating sub-
units combined with a reductase. After initial hydroxyl-
ation of (+)-1 by a P450 monooxygenase and oxidation
by a dehydrogenase, the 2,5-diketocamphane (3) is de-
graded by 2,5-DKCMO. The corresponding enzyme for
(−)-1 decomposition, namely 3,6-diketocamphane 1,6-
monooxygenase (3,6-DKCMO, Fig. 1, Enzyme b), was
first reported in 1965 (Conrad et al. 1965). A mixture
of both enzymes was formerly referred to as MO1. The
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dependency of these enzymes on the cofactors FMN and
NADH was postulated. The ability to degrade 1 turned out
to be inducible by a plasmid with a size of 230 kDa (CAM
plasmid; Rheinwald et al. 1973).

During further metabolism of camphor, the necessity of a
second BVMO for cleavage of the second ring of the bicycle
was found. The insertion of an oxygen into 2-oxo-Δ3-4,5,5-
trimethylcylopentenylacetyl-CoA (4) forming a substituted
pimelic acid lactone (5) was already postulated in 1971
(Hartline and Gunsalus 1971). Nevertheless, it was not dis-
cussed if this reaction is catalyzed by the DKCMOs or
another enzyme and it took 10 more years to purify that
BVMO and characterize it as an FAD- and NADPH-
dependent enzyme composed of 2 identical subunits with
an overall size of 106 kDa (Ougham et al. 1983). Formerly
referred to as MO2, nowadays this enzyme is mostly named
after its substrate as 2-oxo-Δ3-4,5,5-trimethylcylopentenyl-
acetyl-CoA monooxygenase (OTEMO, Fig. 1, Enzyme c).

The differences in cofactor dependency lead to the clas-
sification of the three involved BVMOs into different sub-
types (Leisch et al. 2011). While OTEMO belongs to the
well-characterized type I, the 2,5- and 3,6-DKCMO are
counted as type II enzymes. Type II BVMOs are of special
interest for industrial applications because of the lower costs
of NADH compared to NADPH, but hold more challenges
regarding the structural feature that the subunits oxygenase
and FMN reductase are distinct polypeptide chains forming
only a loose complex. This might be an explanation for the
availability of only a few examples of type II enzymes.
Despite the two DKCMOs from P. putida, only two FMN-
and NADH-dependent luciferases from Photobacterium
phosphoreum NCIMB 844 and Vibrio fischeri ATCC 7744
are reported to perform Baeyer–Villiger oxidation of 2-
tridecanone and several monocyclic and bicyclic [3.2.0]
ketones (Villa 1997). A BVMO from Rhodococcus eryth-
ropolis involved in the metabolism of limonene was further-
more described to be a type II enzyme (Van der Werf et al.
1999). The conversions were measured in whole cell

preparations of the wild type strain, where the required
reductase was available.

During the 1990s, conversions of different substrates by
the three BVMOs involved in metabolism of 1 were inves-
tigated. The conversion of bicyclo[3.2.0]ketones and nor-
bonanone by P. putida NCIMB 10007 whole cells was
reported to be highly stereo-controlled and products com-
plementary to those formed by Acinetobacter calcoaceticus
whole cells were observed (Grogan et al. 1993a, b). At this
time, difficulties connected to investigations using whole
cells, namely over-metabolism and side reactions due to
other enzymes in the cell, occurred and therefore the neces-
sity of studying isolated enzymes was recognized. The
NADPH-dependent activity of partially purified prepara-
tions (MO2) towards bicyclic ketones was analyzed in the
same year and turned out to be less regiospecific. Cyclo-
pentanones bearing alkyl side-chains were biotransformed
in a regio- and stereoselective manner by both, MO1 and
MO2 (Grogan et al. 1993a, b), but enantiocomplementary
behavior was observed when they were subjected to 3-
substituted cyclobutanones (Gagnon et al. 1995a, b). Based
on that, the enantioselective oxidation of a variety of cyclo-
alkanones by MO2 and the application of these reactions in
the total synthesis of (R)-(+)-lipoic acid could be reported
(Adger et al. 1997; Adger et al. 1995). This substance is
used in the therapy of liver diseases. After the separation of
the 2,5- and 3,6-BVMOs by ion exchange chromatography
and subsequent exposure to bicyclic ketones, it became
apparent that the 2,5-DKCMO was highly stereoselective
for bicyclo[3.2.0]ketones, while the 3,6-DKCMO converted
norcamphor-derived compounds most selectively (Gagnon
et al. 1994). Opposite selectivity for 2,5- and 3,6-DKCMO
towards hydroxylated bicyclic ketones, which are precursors
for the industrial relevant compound azadirachtin, was
furthermore observed (Gagnon et al. 1995a, b).

Although these previous investigations led to considerable
knowledge of many properties of the three BVMOs involved
in natural camphor degradation, the first heterologous
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Fig. 1 Camphor degradation in Pseudomonas putida NCIMB 10007:
In the first step, camphor (1) is hydroxylated by the P450Cam-mono-
oxygenase (Unger et al. 1986) followed by an oxidation by the 5-exo-
alcohol dehydrogenase (Koga et al. 1989) yielding the corresponding
diketocamphane (3). (+)-1 is degraded by the 2,5-diketocamphane 1,2-

monooxygenase (a), while (−)-1 requires the 3,6-diketocamphane 1,6-
monooxygenase (b). Both resulting lactones are unstable and lead to
spontaneous formation of the 2-oxo-Δ3-4,5,5-trimethylcylopentenyl-
acetic acid, which as a coenzyme A derivative (4) is the substrate of
OTEMO (c) (Ougham et al. 1983)
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overexpression of 2,5-DKCMO in Escherichia coli was
reported by us recently (Kadow et al. 2011). This recombinant
overexpression overcomes whole-cell derived problems and
enables more comprehensive studies and application of these
enzymes. To complete the series of the camphor-degrading
BVMOs, the oxygenating subunit of 3,6-DKCMO and the
OTEMO were expressed recombinantly, characterized and
compared to each other within this study.

Material and methods

Enzymes, chemicals, and media

Pfu+ polymerase was obtained from Roboclon (Berlin,
Germany), dNTPs from Roth (Karlsruhe, Germany), and
restriction enzymes from New England Biolabs (Beverly,
MA, USA). For SDS-PAGE analysis, the prestained PAGE
ruler from Fermentas (St. Leon-Rot, Germany) was used.
All other chemicals were purchased from Fluka (Buchs,
Switzerland), Sigma-Aldrich (Munich, Germany), or Acros
Organics (Geel, Belgium). Genomic DNAwas isolated with
the DNeasy Kit from Qiagen. For DNA purification from
PCR, the MinElute PCR purification Kit by Qiagen (Hilden,
Germany) was used. Furthermore the Miniprep Kit from
Qiagen was used for plasmid purification. For subcloning
DNA fragments, the TOPO TA Cloning Kit from Invitrogen
(Darmstadt, Germany) was employed. HisTrap 5 ml FF
columns and Sephadex G25 were obtained from GE Health-
care (Uppsala, Sweden). The plasmid pET-28b(+) was from
Novagen (Darmstadt, Germany). The BCA kit was pur-
chased from Interchim (Montluçon, France). The Chaperone
Plasmid Set was obtained from TaKaRa (Saint-Germain-en-
Laye, France).

Amplification and cloning

Identification of the oxygenating subunit of the 3,6-
DKCMO gene was accomplished by using a degenerate
oligonucleotide primer (N-term3,6-DKCMO_4: 5 ′-
GCCCARACCTTYGAYTGGGGBATYAAG-3′) that was
derived from the N-terminal amino acid sequence of the
3,6-DKCMO (Willetts 1997) by a gene walking PCR with
genomic DNA. After initial denaturation for 4 min at 95 °C,
the cycling program was followed for 30 cycles: 30 s, 95 °C
denaturation; 30 s, 55 °C primer annealing; 3 min, 72 °C
elongation; unspecific annealing of the primer: 30 s, 95 °C
denaturation; 30 s, 40 °C primer annealing; 3 min, 72 °C
elongation; and complementary strand synthesis for 30
cycles: 30 s, 95 °C denaturation; 30 s, 60 °C primer anneal-
ing; 3 min, 72 °C elongation. The final elongation step was
performed over 15 min at 72 °C. Obtained DNA fragments
were subcloned with the TOPO TA cloning kit, transformed

into DH5α cells and colonies were checked in a colony PCR
with M13 primers (M13-FP: 5′-TGTAAAACGACGGC
CAGT-3′, M13-RP: 5′-CAGGAAACAGCTATGACC-3′).
After initial denaturation for 10 min at 95 °C, the cycling
program was followed for 25 cycles: 30 s, 95 °C denatur-
ation, 30 s, 56 °C primer annealing, 3 min, 72 °C elonga-
tion. The final elongation step was performed over 10 min at
72 °C. Plasmids of colonies, which contained DNA frag-
ments were then isolated and sequenced. The 5′-sequence of
the 3,6-DKCMO gene was identified by using an oligonu-
cleotide reverse primer (2.GW_3,6-DKCMO_1: 5′-TATAG
GACGCTTGCGGATAGGCCC-3′), that had been derived
from the newly obtained sequence of the 3,6-DKCMO gene
in a gene walking PCR. The gene walking PCR was carried
out as described above. Again all obtained DNA fragments
were subcloned and processed as described above.

Amplification of the whole 3,6-DKCMO gene was per-
formed with genomic DNA containing the CAM-plasmid
with oligonucleotides supplemented with restriction sites for
NdeI at the N-terminus and HindIII at the C-terminus
(NdeI_3,6-DKCMO_fw: 5′-GGAATTCCATATGGCAATG
GAAACTGGTTTGATCTTC-3′; 3,6-DKCMO_HindIII_rv:
5′-CCCAAGCTTTCAACGCTTAGGCAGGAGAATCT
TT-3′). After initial denaturation for 5 min at 95 °C, the
cycling program was followed for 5 cycles: 45 s, 95 °C
denaturation; 30 s, 60 °C primer annealing; 70 s, 72 °C
elongation and then for 25 cycles: 45 s, 95 °C denaturation;
30 s, 57 °C primer annealing; and 70 s, 72 °C elongation. The
final elongation step was performed over 10min at 72 °C. The
resulting 1156 bp fragment was digested with NdeI and
HindIII and ligated into pET-28b digested with the same
enzymes. The resulting plasmid with a N-terminal His-tag
fusion was called pET-28_3,6-DKCMO.

Identification of the OTEMO gene was accomplished by
performing a gene walking PCR starting from the known
sequence of the 2,5-DKCMO using genomic DNA (walk
III_1rv: 5′-TCCACATACACCGACGTTGC-3′). After ini-
tial denaturation for 4 min at 95 °C, the cycling program
was followed for 30 cycles: 30 s, 95 °C denaturation; 30 s,
55 °C primer annealing; and 3 min, 72 °C elongation;
unspecific annealing of the primer: 30 s, 95 °C denaturation;
30 s, 40 °C primer annealing; 3 min, 72 °C elongation, and
complementary strand synthesis for 30 cycles: 30 s, 95 °C
denaturation; 30 s, 60 °C primer annealing; and 3 min, 72 °C
elongation. The final elongation step was performed over
15 min at 72 °C. The generated DNA fragments were
purified from agarose gel and then sequenced (walk III_5
rv: 5′-GTGACCTCCTGAATCGGTGC-3′).

Amplification of the whole OTEMO gene was performed
with genomic DNA containing the CAM-plasmid with oli-
gonucleotides supplemented with restriction sites for NdeI at
the N-terminus and HindIII at the C-terminus (NdeI_OTE
MO_fw: 5 ′ -GGAATTCCATATGAGCAATAGAG
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CAAAAAGTCCGGCA-3′; OTEMO_HindIII_rv: 5′-
CCCAAGCTTTTAGGCGAGTTCAAATCCGTTGTAGT
TATTAT-3′). After initial denaturation for 5 min at 95 °C,
the cycling program was followed for 5 cycles: 45 s, 95 °C
denaturation; 30 s, 60 °C primer annealing; and 70 s, 72 °C
elongation and then for 25 cycles: 45 s, 95 °C denaturation;
30 s, 57 °C primer annealing; and 70 s, 72 °C elongation. The
final elongation step was performed over 10min at 72 °C. The
resulting 1,657 bp fragment was digested with NdeI and
HindIII and ligated into pET-28b digested with the same
enzymes. The resulting plasmid with a N-terminal His-tag
fusion was called pET-28_OTEMO.

Bacterial strains and culture conditions

P. putida NCIMB 10007 (equivalent to ATCC 17453) was
purchased from the German National Resource Center for
Biological Material (DSMZ). For cultivation of P. putida,
basal salt medium without antibiotics as described previous-
ly was used (Gagnon et al. 1994). E. coli cells were culti-
vated in terrific broth (TB) medium (12 g tryptone, 24 g
yeast, 4 g glycerol in 1 l buffer autoclaved separately).
Overnight cultures were grown in Luria Bertani (LB) medi-
um (10 g tryptone, 5 g yeast, 5 g NaCl in 1 l dest H2O). LB and
TB media were supplemented with 50 μg/ml kanamycin. In
the case of coexpression of the chaperones GroES-GroEL,
which correspond to plasmid pGro7 in the TaKaRa Chaperone
Plasmid Set, 50 μg/ml chloramphenicol was added.

Transformation of E. coli strain BL21-DE3 (Novagen,
genotype: [95 F–ompT hsdSB (rB-mB-) gal dcmrne131
(DE3)]) with pET-28_3,6-DKCMO and pET-28_OTEMO
was carried out by the heat shock method described by
Chung et al. (1989). Expression of recombinant OTEMO
in E. coli BL21 was performed by cultivation at 37 °C to an
OD600 of 0.5, than addition of IPTG to a final concentration
of 0.1 mM and shifting the culture to 20 °C and 200 rpm for
another 16 h of cultivation. For soluble expression of re-
combinant 3,6-DKCMO, co-expression of chaperones
GroES and GroEL was necessary. The culture was incubat-
ed at 37 °C to an OD600 of 0.5, then the chaperones were
induced by addition of 2 mg/ml L-arabinose. After incuba-
tion for another 30 min, the recombinant protein expression
was induced with 0.1 mM IPTG and the culture was trans-
ferred to 20 °C and 200 rpm.

To obtain larger amounts of cells, the two enzymes of
interest were expressed in a 4-l batch cultivation in a New
Brunswick Scientific (Edison, NJ, USA) fermenter. The
temperature was set to 20 °C and an oxygen saturation of
50% and a pH of 7.5 were aimed at. As already described
for shake flask cultivations, TB medium and antibiotics in
concentrations of 50 μg/ml of kanamycin and 50 μg/ml of
chloramphenicol (in the case of chaperone co-expression)
were used. At an OD600 nm 1–2, the cells were induced with

0.1 mM IPTG and 2 mg/ml L-arabinose in the case of
chaperone co-expression. The cells were harvested 16 h
after induction.

Gene expression analysis

Gene expression analysis was performed with crude cell
extract. Samples standardized to cell amount were taken
during cultivation. Cells were harvested by centrifugation
and resuspended in sodium phosphate buffer (100 mM,
pH 7.5) containing 300 mM sodium chloride. Cell disrup-
tion was performed by FastPrep (40 s, 4 m/s; MP Biomed-
icals, Solon, OH, USA). For SDS-PAGE analysis, the
supernatant was substituted with Laemmli buffer (Laemmli
1970). SDS-PAGE was carried out on 10% resolving gels for
OTEMO and on 12% resolving gels for 3,6-DKCMO. Pro-
teins were stained with a Coomassie R250/G250 solution.

Enzyme purification

Cells were harvested by centrifugation and resuspended in
sodium phosphate buffer (50 mM, pH 7.5). Cell disruption
was performed by a single passage through a French pres-
sure cell. Recombinant enzymes were purified by affinity
chromatography via N-terminal His-tag on an automated
Äkta purifier system. After centrifugation of disrupted cells
for 45 min at (10,000×g), the supernatant with recombinant
enzyme was added to the column. A 5 ml HisTrap FF crude
column with bound Ni2+ was equilibrated with sodium
phosphate buffer (100 mM, pH 7.5) supplemented with
300 mM NaCl and 30 mM imidazole. After passing through
of the crude extract, the column was washed with three
column volumes of sodium phosphate buffer (100 mM,
pH 7.5) supplemented with 300 mM NaCl and 30 mM
imidazole followed by two column volumes of sodium
phosphate buffer (100 mM, pH 7.5) supplemented with
300 mM NaCl and 45 mM imidazole to remove unspecific
bound proteins. Elution was performed by adding three
column volumes of 300 mM imidazole in sodium phosphate
buffer (100 mM, pH 7.5) supplemented with 300 mM NaCl.
Fractions of washing and elution steps were collected to
analyze purity by SDS-PAGE. In order to remove imidazole
and NaCl from the eluate, the pooled elution fractions were
loaded to a 60 ml size exclusion column (Sephadex G25
matrix), which was equilibrated with sodium phosphate
buffer (50 mM, pH 7.5) before. Protein fractions were
recognized via online absorption measurement at 280 nm
and collected. Determination of protein content of purified
and desalted protein as well as crude extract was carried out
with the BCA kit and a standard curve of BSA in the same
buffer in a range of 2–0.005 mg/ml was used. Samples were
measured in triplicates in three different dilutions.
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Activity measurements

Determination of pH or temperature optimum, temperature
stability and kinetics for OTEMO was performed by spec-
trophotometric measurement of NADPH consumption in
1 ml cuvettes. Ten to fifty microliters of purified enzyme
solution (4–5 mg/ml) was mixed with 0.3 mM of NADPH
and 1 mM substrate solution in DMF and the volume was
adjusted to 1 ml with Tris buffer (100 mM, pH 9.0). De-
crease in absorption was measured at 340 nm for 60–180 s
except for acetophenone, which was measured at 370 nm.
For determination of pH optimum, 100 mM Tris buffers
with varying pH values were used. Temperature optimum
was determined by incubating reaction mixtures for 3–5 min
at specific temperatures, subsequent addition of enzyme and
NADPH and measurement as described above. In order to
determine temperature stability, the enzyme was incubated
at different temperatures for 0.5, 1, 2, 4, and 20 h and was
then used in the above described activity assay. Kinetic
parameters KM and kcat were ascertained by determining
specific activities for different substrate concentrations from
10−3 to 60 mM.

Biocatalytic reactions and GC analysis

For biocatalysis, His-tag purified enzyme and crude extracts
of E. coli BL21 pET28_3,6-DKCMO and pET28_OTEMO
cultivations were used. Reactions were carried out in sodi-
um phosphate buffer (50 mM, pH 7.5) in the case of 3,6-
DKCMO or in Tris buffer (100 mM, pH 9.0) in the case of
OTEMO. A substrate concentration of 2 mM was used; the
cofactor FMN was used at a final concentration of 0.3 mM.
NADH/NADPH was used in equimolar amounts to the sub-
strate. Purified enzyme was employed in concentrations of 1–
2 mg/ml, crude extracts in concentrations of 10–15 mg/ml.
Incubation was performed in 24-well MTP at 800 rpm and
25 °C. Sample volume was 500 μl. Extraction of substrates
and products was performed by vortexing of samples with
300 μl of ethyl acetate and 200 μl of hexane subsequently.
Separation of aqueous and organic phase was achieved by
centrifugation. Samples were dried over anhydrous sodium
sulfate and analyzed by GC on a GC 2010 (Shimadzu Europa
GmbH, Duisburg, Germany) with a BPX5 column (5%
phenyl-/95% methylpolysilphenylene siloxane, SGE GmbH,
Darmstadt, Germany).

Injection temperature was set to 220 °C. Column temper-
ature for (+)-1, (−)-1, and 12–14 was 60 °C for 5 min
followed by a gradient of 10 °C/min to 180 °C maintained
for 3 min. Column temperature for 7 and 8 was 60 °C and
for 6 it was 50 °C. For 9 and 20, 80 °C for 10 min followed
by a gradient of 10 °C/min to 180 °C was used and main-
tained for 5 min. 15 was measured at 50 °C for 15 min
followed by a gradient of 10 °C/min to 180 °C maintained

for 5 min. 16 and 18 were measured at 60 °C for 15 min
followed by a gradient of 10 °C/min to 180 °C maintained
for 5 min. 17 and 19 were measured at 70 °C for 15 min
followed by a gradient of 10 °C per min to 180 °C main-
tained for 5 min. 10 was detected isothermal at 90 °C.
Column temperature for 11 was 100 °C.

For quantification standard curves of substrates and/or
products with concentrations from 0.5 to 10 mM were
measured. Specific activity is given in units per milligram
(U/mg) protein. One unit is defined as the amount of en-
zyme that catalyzes the oxidation of 1 μmol of substrate per
minute.

GenBank accession number

The nucleotide sequence of the gene encoding 3,6-diketo-
camphane 1,6-monooxygenase was deposited to the NCBI
with the accession number JQ034404 and the gene encoding
2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monoox-
ygenase with the accession number JQ034405. The protein
sequence of 3,6-DKCMO has been published before by the
group of Littlechild (pdb code: 2WGK, www.pdb.org;
McGhie et al. 1996).

Results

Identification and cloning of the 3,6-DKCMO and OTEMO
genes

The 3,6-Diketocamphane 1,6-monooxygenase (3,6-
DKCMO) and the 2-oxo-Δ3-4,5,5-trimethylcyclopentenyla-
cetyl-CoA monooxygenase (OTEMO) from P. putida
NCIMB 10007 are encoded on the CAM operon on the
transmissible 230 kb CAM plasmid (Rheinwald et al.
1973). First genomic DNA, which also contained the
CAM plasmid, was isolated from the P. putida strain
NCIMB 10007 cultivated with camphor as sole carbon
source.

The N-terminal amino acid sequences of several
BVMOs including the one from 3,6-DKCMO had been
published by A. Willets (1997). Employing the codon
usage of P. putida, several degenerate primers for the N-
terminal region were designed on the basis of this sequence
information, and then used in gene walking PCRs with ge-
nomic DNA as the template (Pilhofer et al. 2007). With this
method, a PCR fragment of about 2.5 kb was obtained, which
contained the whole 3,6-DKCMO gene except for 150
nucleotides from the 5′-end. In order to identify the miss-
ing part of the gene, specific reverse primers were
designed from the determined sequence, which were then
used in a further gene walking PCR. The complete gene
sequence was verified by translation of the sequence and
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comparison of the resulting amino acid sequence with the
already published amino acid sequence of the 3,6-DKCMO
(pdb code: 2WGK, www.pdb.org).

After the identification of the gene encoding 3,6-
DKCMO, OTEMO was the last missing non-cloned BVMO
involved in camphor degradation. During the cloning of 2,5-
DKCMO, the orientation of genes located on the CAM
plasmid was assembled using all parts available in NCBI
(Kadow et al. 2011). Gene walking downstream putidare-
doxin led to putative 3-ketoacid-CoA-transferase subunits A
and B, but no further BVMOs could be found. Therefore we
supposed the encoding part for OTEMO could be located
upstream of the gene encoding the 2,5-DKCMO. Thus, a
walking PCR in the upstream direction was performed and a
1,641-bp longORFwas found, which had similarity to several
BVMOs and luciferases when compared to entries in the
NCBI database. Also the N-terminal amino acid sequence of
OTEMO had been published by A. Willets (1997) as well and
translation of the newly found gene sequence resulted in a
protein sequence with the postulated N terminus. Therefore
we concluded that this gene encodes OTEMO. The primary
protein structure of OTEMO exhibits the characteristic FAD-
andNADPH-binding domains,whichwere described previously
(Fraaije et al. 2002). The first GXGXXG-motif is G16AGVTG21

and the second is G192TGATG197. These motifs incorporate the
BVMO fingerprint sequence FXFXXXHXXXW-(P/D),
which is resembled by F160KGESFHSSRWP171 in OTEMO’s
primary structure.

The genes were amplified by gradient touchdown PCR
using gene specific primers with restriction sites for the
enzymes NdeI and HindIII, and the resulting PCR products
were afterwards cloned into the expression vector pET-28b.
The obtained construct has an N-terminal His-tag fused to

the gene to allow a functional expression of the 3,6-
DKCMO and OTEMO in E. coli and easy protein purifica-
tion by affinity chromatography. The N-terminal tag was
preferred over the C-terminal tag, because earlier studies on
BVMOs suggested decreased expression levels when a C-
terminal tag was used (Rehdorf et al. 2009).

The genetic relationship between the newly identified
OTEMO and several other BVMOs is shown in Fig. 2. In
this phylogenetic tree, it is also illustrated that the DKCMOs
are not closely related to the type I BVMOs.

Fig. 2 Phylogenetic tree illustrating the integration of OTEMO and
the two DKCMOs in the BVMO family. The tree was constructed
using Clustal W2 (Larkin et al. 2007) and edited with Dendroscope v.
3.0.9 (Huson et al. 2007). The scale bar represents 0.1 substitutions per

site. For those enzymes, which have been studied experimentally, the
literature reference is given in parenthesis. The remaining enzymes are
from genome sequence data and not yet characterized biochemically

Fig. 3 SDS-PAGE of purified 3,6-DKCMO and OTEMO. 1 Crude
extract 3,6-DKCMO. 2 3,6-DKCMO after His-tag purification. 3
3,6-DKCMO after final desalting step. 4 Crude extract OTEMO.
5 OTEMO after His-Tag purification. 6 OTEMO after final desalt-
ing step
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Expression and purification of recombinant 3,6-DKCMO
and OTEMO

The utilization of E. coli BL21(DE3) as expression host
yielded primarily soluble OTEMO protein after 16 h culti-
vation at 20 °C in TB medium. The determined theoretical
protein size of the His-tagged OTEMO of 63.5 kDa was
confirmed in SDS-PAGE analysis where a protein band of
about 60 kDa was detectable (Fig. 3). 3,6-DKCMO
expressed under the same conditions was mainly present
as insoluble inclusion bodies. Therefore co-expression
of different chaperones was investigated to improve
soluble expression of 3,6-DKCMO. The chaperones
GroES and GroEL were found to be the most effective
ones. SDS-PAGE analysis of crude cell extract con-
firmed an increased level of soluble protein and led to
a clear band at approximately 40 kDa (Fig. 3), which
corresponds to the theoretical estimated molecular
weight of 44.5 kDa of the His-tagged protein.

After successful recombinant expression, a nickel-
based affinity chromatography of the His-tagged pro-
teins and the subsequent removal of imidazole by size
exclusion chromatography on a G25 column was per-
formed and yielded pure protein (Fig. 3, lane 3). OTEMO
seems to bind FAD since fractions that contained the pure
protein were yellow. Purification of recombinant OTEMO
with a purification factor of 2.2 (Table 1) was achieved, which
shows that OTEMO is expressed at a high level and the crude
extract already contains mostly OTEMO protein. In the case
of 3,6-DKCMO, a purification factor of 4.9 was determined
(Table 1). The fractions containing purified protein were col-
orless, which confirmed previous studies, in which FMN was
reported to be not covalently bound to the enzyme (Taylor and
Trudgill 1986). In contrast to OTEMO, the 3,6-DKCMO
needs an additional flavin reductase, which is a distinct
polypeptide, for full activity. The crude cell extract of
E. coli is assumed to provide such a reductase. For this
reason, biocatalysis experiments were performed with

crude cell extract although the 3,6-DKCMO could be
successfully purified.

Characterization and substrate specificity of OTEMO

A variety of ketones representing different classes of BVMO
substrates were used for spectrophotometric measurements
and biocatalysis (Fig. 4). For example substrates 6–8 represent
monocyclic ketones, 9–10 aromatic ketones. 11 served as an
example for aliphatic and 12–14 for bicyclic ketones. 15–20
resemble α,β-unsaturated substituted monocyclic ketones.

Since OTEMO is a type I BVMO, its activity could be
determined by measuring the consumption of NADPH spec-
trophotometrically utilizing the crude cell extract and puri-
fied enzyme. For the determination of pH or temperature
optimum and temperature stability, we used substrate 13, as
it turned out to be the favored substrate of OTEMO.

OTEMO is active over a broad range of basic pH values
(Fig. 5a). Indeed, the pH optimum was determined to be 9

Table 1 Purification data for OTEMO as determined spectrophotometrically for 13 and for 3,6-DKCMO as determined from biocatalysis reactions
with (−)-1

Enzyme Step Volume [ml] Volumetric
activity [U/ml]

Activity [U] Specific activity
[mU/mg]

Yield [%] Factor

OTEMO Crude extract 22 15.6 343.2 1,000 100 1

Purified 9 24 216 1,900 62.9 1.8

Desalted 14.5 9.1 132 2,200 38.4 2.2

3,6-DKCMO Crude extract 22 0.0017 0.037 0.09 100 1

Purified and desalted 10 0.0016 0.016 0.46 42.6 4.96

Fig. 4 Substrates used for biocatalysis. Cyclobutanone (6), cyclopen-
tanone (7), and cyclohexanone (8) represent the monocyclic ketones.
Acetophenone (9) and 4-phenyl-2-butanone (10) resemble aromatic
ketones. 2-Decanone (11) served as an example for aliphatic ketones.
Norcamphor (12), (±)-cis-bicyclo[3.2.0]hept-2-en-6-one (13), and (R,
R)-bicyclo[2.2.1]heptane-2,5-dion (14) are bicyclic ketones. 2-
Cyclopenten-1-one (15), 3-methyl-2-cyclopenten-1-one (16), 2,3,4,5-
tetramethyl-2-cyclopenten-1-on (17), 2-cyclohexen-1-one (18), 3-
methyl-2-cyclohexen-1-one (19), and 3,5,5-trimethyl-2-cyclohexen-1-
one (20) resemble α, β-unsaturated substituted monocyclic ketones
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for purified OTEMO, which coincides with the results pre-
viously published (Ougham et al. 1983). Thus, all the fol-
lowing experiments were conducted with 100 mM Tris
buffer at pH 9.

The temperature optimum of OTEMO is 23 °C, but the
enzyme is also reasonably active at all temperatures between
20 °C and 40 °C (Fig. 5b). However, since the temperature
stability of this enzyme seems to decrease rapidly at temper-
atures above 20 °C, all biocatalysis overnight reactions with
OTEMO were carried out at 20 °C. The half life of the
enzyme was determined to be 196 min at 20 °C, 43 min at
25 °C, and 9 min at 30 °C. When incubated at 25 °C for 4 h,
OTEMO was completely inactive and incubated at 30 °C the
enzyme lost all its activity after only 1 h (Fig. 5c). Storage of
purified OTEMO at 4 °C for 24 h leads to loss of about half
of its activity.

The substrates favored by OTEMO were firstly deter-
mined by the spectrophotometric activity assay and kinetic
data were collected using purified enzyme. The kcat/KM

value for OTEMO towards cyclobutanone (6) was
14.7 mM−1 s−1 and towards (±)-cis-bicyclo[3.2.0]hept-2-
en-6-one (13) 49.3 mM−1 s−1 (Table 2).

In order to determine the substrate specificity of
OTEMO, the substrates shown in Fig. 4 were used in bio-
catalytic reactions with purified enzyme and OTEMO con-
verted all of them (Tables 3 and 4). However, the conversion
rates for bicyclic ketones such as 12–14 were the highest.
The best conversion towards a monocyclic substrate was
observed with 6 and the aromatic compounds 9 and 10 were
also converted at reasonable rates. The aliphatic ketone 11
was only poorly converted.

Additionally upscaling of biocatalysis experiments to a
35 ml reaction volume substituted with 0.07 mmol of sub-
strates was performed. Using OTEMO crude extract, com-
plete conversion of substrates 12 and 13 could be obtained.

Characterization and substrate specificity of 3,6-DKCMO

Spectrophotometric activity assays using crude cell extracts
of 3,6-DKCMO could not be performed, because the de-
crease in absorption of NADH was not significantly differ-
ent from controls. Hence, only biocatalysis reactions could
be utilized to investigate the 3,6-DKCMO. The same sub-
strates, which were used to characterize OTEMO, were also
used in biocatalysis reactions with 3,6-DKCMO crude ex-
tract. Under the chosen conditions, mainly bicyclic ketones
were converted by 3,6-DKCMO and almost complete con-
version was found for (−)-1 and 13 (Table 3). The substrates
(+)-1, 9 and 12 were also converted with high yields. In
contrast, conversion of monocyclic ketones and the aliphatic
substrate 11 took place at much lower rates.

Upscaling of biocatalysis experiments to a 35 ml reaction
volume substituted with 0.07 mmol of substrates with crude

Fig. 5 Spectrophotometric
characterization of OTEMO
using substrate 13: a pH
optimum, b temperature
optimum, c temperature
stability

Table 2 Kinetic data for OTEMO for 6 and 13 as determined
spectrophotometrically

Substrate Vmax

[mmol mg−1 min−1]
KM

[mM]
kcat/KM

[mM−1 s−1]

6 1.77 10−3 0.127 14.7

13 1.29 10−3 0.028 49.3
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extract of 3,6-DKCMO gave 92% conversion with substrate
13 and 85% with (−)-1.

Biocatalytic reactions with unsaturated cyclopentanone
and cyclohexanone derivatives

A few α,β-unsaturated monocyclic ketones that are similar
to the proposed natural OTEMO substrate were subjected to
biocatalytic reactions with purified OTEMO and crude ex-
tract of E. coli cells expressing 3,6-DKCMO and 2,5-
DKCMO (Table 4).

Generally, the unsubstituted ketones were converted bet-
ter than the substituted ones. All three enzymes exhibit
similar preferences and converted substrates 15 and 18 best,
but OTEMO led to higher conversion for these substrates
than the DKCMOs, e.g., 74% for substrate 18 in comparison
to about 58% reached by 2,5-DKCMO.

Discussion

For over 50 years, three BVMOs were known to be involved
in the camphor degradation pathway, but detailed investiga-
tions of these enzymes were not performed using recombi-
nant proteins so far. Within this work, the oxygenating
subunit of 3,6-diketocamphane 1,6-monooxygenase and
OTEMO were successfully cloned and overexpressed
recombinantly in E. coli as heterologous expression host.
The recombinant expression of 2,5-DKCMO was recently
performed in our group as well (Kadow et al. 2011). Hence,
all monooxygenases involved in the camphor degradation
pathway are now easily available at stable quality and
protein engineering studies are possible for the first time.
The purification using the N-terminal His-tag via nickel

based affinity chromatography turned out to be efficient
and fast for all enzymes investigated.

As it was previously shown for the 2,5-DKCMO, recom-
binant expression and purification via His-Tag leads to much
higher protein yields from less cultivation volume than protein
expression in the P. putida wild-type strain. In the case of the
3,6-DKCMO enzymewe obtained 56mg of pure protein from
600 ml culture, in contrast to former studies, where a yield of
16 mg purified 3,6-DKCMO from 10 l of wild-type cultiva-
tion could be reached (Jones et al. 1993). When purifying the
OTEMO protein, we obtained 63 mg from 300 ml culture
volume, which is a much better yield than published by
Ougham et al. who isolated 13.8 mg pure OTEMO protein
from 30 l of wild-type cultivation (Ougham et al. 1983).

Previous studies on the purified enzymes determined a
molecular size of 76 kDa for the 3,6-DKCMO protein and
78 kDa for the 2,5-DKCMO protein (Jones et al. 1993).
Under denaturing conditions, two identical subunits with a
molecular weight of 40.3 kDa each were identified for the
3,6-DKCMO. The 2,5-DKCMO subunits were supposed to
be 3–4 kDa larger. However, we estimated the mass from
the amino acid sequence of one subunit of 3,6-DKCMO to
be 42.3 kDa and fused to the His-tag 44.5 kDa. SDS-PAGE
analysis of E. coli crude extract and pure protein resulted in
protein bands corresponding to approximately 40 kDa,
which coincides to those molecular weights. Furthermore,
similar to McGhie, Littlechild, and colleagues (1996), we
determined a molecular size of 40.7 kDa for the 2,5-
DKCMO subunit, which means that the 2,5-DKCMO is
smaller than the 3,6-DKCMO and not otherwise.

OTEMO was previously found to consist of two identical
subunits, with a size of 56 kDa each (Ougham et al. 1983).
The molecular size for the OTEMO dimer of 106 kDa has
been determined in the same work by a different method.
We calculated the size of 61.4 kDa for one OTEMO subunit
and 63.5 kDa for the His-tagged protein, which was con-
firmed in SDS-PAGE analysis, where a clear band at about
60 kDa could be detected.

As already discussed for the 2,5-DKCMO (Kadow et al.
2011), the 3,6-DKCMO does not seem to bind its cofactor
FMN tightly, since fractions containing 3,6-DKCMO collect-
ed by affinity chromatography turned out to be colorless.
However, fractions containing purified OTEMO protein were
yellow, which leads to the assumption that FAD is bound

Table 3 Conversion of several ketones by 3,6-DKCMO crude extract and purified OTEMO as determined by GC analysis

Substrate (+)-1a (−)-1a 6b 7b 8b 9a 10a 11b 12a 13a 14a

3,6-DKCMO [%] 88 91 13 24 3 80 48 11 77 99 26

OTEMO [%] 44 22 36 19 19 67 54 7 96 100 87

a Based on substrate peak areas
b Based on product peak areas

Table 4 Conversion of several ketones by crude cell extract of 2,5-
and 3,6-DKCMO and pure OTEMO as determined by GC analysis

Substrate 15 16 17 18 19 20

2,5-DKCMO [%] 38 11 44 58 19 27

3,6-DKCMO [%] 48 10 43 50 20 21

OTEMO [%] 62 13 34 74 13 22
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covalently in this enzyme. In fact, addition of FAD to purified
enzyme did not lead to higher activities in spectrophotometric
activity assays, which were used to characterize OTEMO.
Characterization of 3,6-DKCMO was not possible, using the
spectrophotometric activity assay, because there are different
competing factors in the crude cell extract, like soluble NADH
oxidases and free flavins (Jones et al. 1993) that also utilize
NADH. Theoretically the competing enzymes could be re-
moved by purification of the enzyme. However, type II
BVMOs need a flavin-reducing subunit for full activity and
we assume that there is a reductase in the E. coli crude extract,
which can complement the 3,6-DKCMO, but is lost during
purification. For this reason, spectrophotometric activity
assays were not possible with purified enzyme either, unless
a suitable NADH dehydrogenase would be available.

In biocatalytic reactions, we were able to show that the
3,6-DKCMO, like the 2,5-DKCMO, converts mainly bicy-
clic ketones. The favored substrates of the 3,6-DKCMO
turned out to be 1, 12, and 13. These substrate preferences
are similar to those observed for 2,5-DKCMO (Kadow et al.
2011). OTEMO accepts bicyclic ketones as well, but also
monocyclic ketones with a reasonable conversion. In fact
the rates for several monocyclic ketones were at least three
times higher as for 3,6-DKCMO converting the same sub-
strates. However, the favored substrates in terms of conver-
sion of OTEMO are bicyclic ketones such as 12 and 13.
This is surprising since the natural substrate of OTEMO was
proposed to be a cyclopentenone derivative and earlier
studies always claimed that the OTEMO is specific towards
monocyclic ketones. Our assumption that α,β-unsaturated
monocyclic ketones, similar to the natural substrate, would
be better accepted than saturated ones could be confirmed,
but nevertheless no higher conversions than with bicyclic
substrates could be obtained. From literature, it was known
that the 2-oxo-Δ3-4,5,5-trimethylcylopentenylacetic acid
occurs as a CoA-derivative in the natural reaction (Ougham
et al. 1983), which might explain why the unsaturated
monocycles are not converted as well as the bicyclic com-
pounds. Nevertheless, we conclude that by identifying
OTEMO, a new biocatalyst showing unusual substrate pref-
erences towards α,β-unsaturated monocyclic ketones and
bicyclic ketones is available now.

Since the OTEMO and the 3,6-DKCMO belong to two
different classes of BVMOs, it is not surprising that the
homology between those enzymes is only 3%. The enzyme
most homologous to the OTEMO (78%) based on the pro-
tein sequence is the CHMO from Novosphingobium aroma-
ticivorans, followed by CHMOs from other organisms.
Although the sequence of OTEMO has not been available
in the database so far, the enzyme was included in a phylo-
genetic tree in a recently published review (Leisch et al.
2011). The enzymes appearing in close relationship of
OTEMO as shown in this reference are not the ones we

found in BLAST search to be closely related to the OTEMO
sequence determined by us.

Even though a homology of only 46% could be deter-
mined for the 3,6-DKCMO and the 2,5-DKCMO based on
the protein sequence, these enzymes seem to have similar
general properties, which is actually not surprising since
they are involved in the degradation of the two isomers
generated through degradation of (+)- or (−)-camphor. How-
ever, in earlier studies it was claimed that 3,6-DKCMO is
specific for (−)-1, whereas the 2,5-DKCMO was supposed
to be specific for (+)-1 (Jones et al. 1993). We were already
able to show that the 2,5-DKCMO also converts (−)-1, even
though not as good as (+)-1. Surprisingly the conversion of
(+)- and (−)-1 for the 3,6-DKCMO is not that different, even
if the 3,6-DKCMO converts (−)-1 slightly better. However,
definite conclusions regarding substrate specificity cannot
be drawn as long as the missing reducing subunit is not
available for coupling to the oxygenating subunit. It might
be that substrate binding is affected when the two subunits
form a complex.

In conclusion, we were able to show that 3,6-DKCMO and
OTEMO can easily be expressed in E. coli and therefore
together with the 2,5-DKCMO the series of camphor
metabolizing BVMOs from P. putida is completed. Although
these results facilitate the work with these biocatalysts, several
limitations still make their application in the future challeng-
ing. In the case of OTEMO, problems resulting from its low
temperature stability might be solved in the future by protein
engineering approaches as it was shown for many other
enzymes. Regarding the two DKCMOs, it will be obligatory
to identify a suitable FMN reductase to generate an efficient
system for application in industrial processes.

Acknowledgments We are grateful to the Deutsche Bundesstiftung
Umwelt (DBU, Osnabrück, Germany, Grant No. AZ13234) for the
financial support and to Ina Menyes for the assistance in the laboratory.

References

Adger B, Bes MT, Grogan G, McCague R, Pedragosa-moreau S,
Roberts SM, Villa R, Wan PWH, Willetts AJ (1995) Application
of enzymic Baeyer-Villiger Oxidations of 2-substituted cycloal-
kanones to the total synthesis of (R)-(+)-lipoic acid. J Chem Soc,
Chem Commun 1563–1564

Adger B, Bes MT, Grogan G, McCague R, Pedragosa-Moreau S,
Roberts SM, Villa R, Wan PW, Willetts AJ (1997) The synthesis
of (R)-(+)-lipoic acid using a monooxygenase-catalysed biotrans-
formation as the key step. Bioorg Med Chem 5:253–261

Bradshaw WH, Conrad HE, Corey EJ, Gunsalus IC (1959) Microbio-
logical degradation of (+)-camphor. J Am Chem Soc 4492:5507–
5507

Chung CT, Niemela SL, Miller RH (1989) One step preparation of
competent Escherichia coli—transformation and storage of bac-
terial cells in same solution. Proc Natl Acad Sci USA 86:2172–
2175

428 Appl Microbiol Biotechnol (2012) 96:419–429



Conrad HE, DuBus R, Gunsalus IC, York N (1961) An enzyme system
for cyclic ketone lactonization. Biochem Bioph Res Comm
6:293–297

Conrad HE, DuBus R, Namvedt M, Gunsalus IC (1965) Mixed func-
tion oxidations II: separation and propertiers of the enzymes
catalyzing camphor lactonization. J Biol Chem 240:495–503

Fraaije MW, Kamerbeek NM, van Berkel WJH, Janssen DB (2002)
Identification of a Baeyer–Villiger monooxygenase sequence motif.
FEBS Lett 518:43–47

Fraaije MW, Wu J, Heuts DPHM, van Hellemond EW, Spelberg JHL,
Janssen DB (2005) Discovery of a thermostable Baeyer–Villiger
monooxygenase by genome mining. Appl Microbiol Biotechnol
66:393–400

Gagnon R, Grogan G, Levitt MS, Roberts SM, Wan PWH, Willetts AJ
(1994) Biological Baeyer-Villiger oxidation of some monocyclic
and bicyclic ketones using monooxygenases from Acinetobacter
calcoaceticus NCIMB 9871 and Pseudomonas putida NCIMB
10007. J Chem Soc Perkin Trans 2537–2543

Gagnon R, Grogan G, Groussain E, Pedragosa-Moreau S, Richardson PF,
Roberts SM,Willetts AJ, Alphand V, Lebreton J, Furstoss R (1995a)
Oxidation of some prochiral 3-substituted cyclobutanones using
monooxygenase enzymes: a single-step method for the synthesis
of optically enriched 3-substituted γ-lactones. J Chem Soc Perkin
Trans 2527–2528

Gagnon R, Grogan G, Roberts SM, Villa R, Willetts AJ (1995b)
Enzymatic Baeyer–Villiger oxidations of some bicyclo[2.2.1]hep-
tan-2-ones using monooxygenases from Pseudomonas putida
NCIMB 10007: Enantioselective preparation of a precursor of
azadirachtin. J Chem Soc Perkin Trans 1505–1511

Grogan G, Roberts SM, Wan PWH, Willetts AJ (1993a) Camphor
grown Pseudomonas putida, a multifunctional biocatalyst for
undertaking Baeyer–Villiger monooxygenase-dependent biotrans-
formations. Biotechnol Lett 15:913–918

Grogan G, Roberts SM, Willetts AJ (1993b) Some Baeyer–Villiger
oxidations using a monooxygenase enzyme from Pseudomonas
putida NCIMB 10007. J Chem Soc Chem Comm 699–699

Hartline RA, Gunsalus IC (1971) Induction specificity and catabolite
repression of the early enzymes in camphor degradation by Pseu-
domonas putida. J Bacteriol 106:468–478

Huson D, Richter D, Rausch C, Dezulian T, Franz M, Rupp R (2007)
Dendroscope: an interactive viewer for large phylogenetic trees.
BMC Bioinform 8:460

Iwaki H, Hasegawa Y, Wang S, Kayser MM, Lau PCK (2002) Cloning
and characterization of a gene cluster involved in cyclopentanol
metabolism in Comamonas sp. strain NCIMB 9872 and biotrans-
formations effected by Escherichia coli-expressed cyclopenta-
none. Appl Environ Microbiol 68:5671–5684

Jones KH, Smith RT, Trudgill PW (1993) Diketocamphane
enantiomer-specific ‘Baeyer–Villiger’ monooxygenases from
camphor-grown Pseudomonas putida ATCC 17453. J Gen Micro-
biol 139:797–805

Kadow M, Saß S, Schmidt M, Bornscheuer UT (2011) Recombinant
expression and purification of the the camphor metabolizing
Pseudomonas putida strain NCIMB 10007. AMB Express 1:13.
doi:10.1186/2191-0855-1-13

Kamerbeek NM, Moonen MJH, van der Ven JGM, van Berkel WJH,
Fraaije MW, Janssen DB (2001) 4-Hydroxyacetophenone mono-
oxygenase from Pseudomonas fluorescens ACB. Eur J Biochem
268:2547–2557

Koga H, Yamaguchi E, Matsunaga K, Aramaki H, Horiuchi T (1989)
Cloning and nucleotide sequences of NADH-putidaredoxin

reductase gene (camA) and putidaredoxin gene (camB) involved
in cytochrome P-450cam hydroxylase of Pseudomonas putida. J
Biochem 106:831–836

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227:680–685

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R,
Thompson JD, Gibson TJ, Higgins DG (2007) Clustal W and
Clustal X version 2.0. Bioinformatics 23:2947–2948

Leipold F, Wardenga R, Bornscheuer UT (2011) Cloning, expression
and characterization of a eukaryotic cycloalkanone monooxyge-
nase from Cylindrocarpon radicicola ATCC 11011. Appl Micro-
biol Biotechnol. doi:10.1007/s00253-011-3670-z

Leisch H, Morley K, Lau PCK (2011) Baeyer–Villiger monooxyge-
nases: more than just green chemistry. Chem Rev 111:4165–4222

McGhie EJ, Isupov MN, Schröder E, Littlechild JA (1996) Crystalli-
zation and preliminary X-ray diffraction studies of the oxygenat-
ing subunit of 3,6-monooxygenase from Pseudomonas putida.
Biochem Soc Transact Acta Cryst D54:1035–1038

Meinwald J, Frauenglass (1960) The Baeyer–Villiger oxidation of
bicyclic ketones. J Am Chem Soc 82:5235–5239

Morii S, Sawamoto S, Yamauchi Y, Miyamoto M, Iwami M, Itagaki E
(1999) Steroid monooxygenase of Rhodococcus rhodochrous:
sequencing of the genomic DNA, and hyperexpression, purifica-
tion, and characterization of the recombinant enzyme. J Biochem
126:1026–1032

Ougham HJ, Taylor DG, Trudgill PW (1983) Camphor revisited:
Involvement of a unique monooxygenase in metabolism of 2-
oxo-delta 3-4,5,5-trimethylcyclopentenylacetic acid by Pseudo-
monas putida. J Bacteriol 153:140–152

Pilhofer M, Bauer AP, Schrallhammer M, Richter L, Ludwig W,
Schleifer K-H, Petroni G (2007) Characterization of bacterial
operons consisting of two tubulins and a kinesin-like gene by
the novel two-step gene walking method. Nucl Acids Res 35:e135

Rehdorf J, Zimmer CL, Bornscheuer UT (2009) Cloning, expression,
characterization, and biocatalytic investigation of the 4-
hydroxyacetophenone monooxygenase from Pseudomonas
putida JD1. Appl Environ Microb 75:3106–3114

Rheinwald JG, Chakrabarty AM, Gunsalus IC (1973) A transmissible
plasmid controlling camphor oxidation in Pseudomonas putida. P
Natl Acad Sci USA 70:885–889

Taylor DG, Trudgill PW (1986) Camphor revisited: Studies of 2,5-
diketocamphane 1,2-monooxygenase from Pseudomonas putida
ATCC 17453. J Bacteriol 165:489–497

Unger BP, Gunsalus RP, Sligar SG (1986) Nucleotide sequence of the
P. putida cytochrome P-450cam gene and its expression in
Escherichia coli. J Biol Chem 261:1158–1163

Van der Werf MJ, Swarts HJ, Bont JAMD (1999) Rhodococcus eryth-
ropolis DCL14 contains a novel degradation pathway for limo-
nene. Appl Environ Microbiol 65:2092–2120

Villa R (1997) Oxidations by microbial NADH plus FMN-dependent
luciferases from Photobacterium phosphoreum and Vibrio
fischeri. J Mol Catal B: Enzym 2:193–197

Voelker A, Kirschner A, Bornscheuer UT, Altenbuchner J (2008)
Functional expression, purification, and characterization of
the recombinant Baeyer–Villiger monooxygenase MekA from
Pseudomonas veronii MEK700. Appl Microb Biotechnol
77:1251–1260

Willetts A (1997) Structural studies and synthetic applications of
Baeyer–Villiger monooxygenases. Trends Biotechnol 15:55–
62

Appl Microbiol Biotechnol (2012) 96:419–429 429

http://dx.doi.org/10.1186/2191-0855-1-13
http://dx.doi.org/10.1007/s00253-011-3670-z




Articles 

67

Article IV 





COMMUNICATION 

DOI: 10.1002/cbic.200((will be filled in by the editorial staff)) 

Improving the Efficiency of Type II Baeyer-Villiger Monooxygenases by 
Coupling to a Flavin Reductase 

Maria Kadow, Stefan Saß, Kathleen Balke, Marlen Schmidt and Uwe T. Bornscheuer*[a]

Baeyer-Villiger monooxygenases (BVMOs) perform the 
incorporation of oxygen into ketones using molecular oxygen from 
air instead of environmentally harmful peracids, which are 
traditionally used in chemical processes. Usually, these enzymes 
are grouped into two subtypes according to their cofactor 
requirements. Thus, subclass I comprises the FAD and NADPH-
dependent enzymes, which most described BVMOs belong to.[1] 
The enzymes classified as type II BVMOs depend on the 
cofactors FMN and NADH and are composed of two distinct 
polypeptide chains encoded by distinct ORFs. The oxygenase 
subunit is responsible for Baeyer-Villiger oxidation of the ketone-
substrate while the FMN-reductase subunit ensures supply of the 
oxygenase with reduction equivalents via reduced flavin, which is 
generated on expense of NADH (Scheme 1). Recently, another 
classification according to structural properties was suggested.[2] 
Hereafter, type II BVMOs belong to subclass C of flavin-
dependent monooxygenases characterized by their setup of two 
components and a TIM-barrel fold as the structural core of the 
oxygenating subunit. Typical BVMO-sequence motifs like the 
fingerprint or the GXGXXG-motif are missing.[3] The reductase 
subunit in these two-component systems can be a flavoprotein 
whose prosthetic group is reduced by a pyridine nucleotide and 
oxidized by a flavin substrate. Alternatively, it can be a 
polypeptide without a prosthetic group that catalyzes the reaction 
of pyridine nucleotide and a flavin substrate.[4] 
Only a few candidates of the type II BVMOs have been 
characterized so far. For instance, BVMO-activity has been 
described for the bacterial luciferases of Photobacterium 
phosphoreum NCIMB 844 and Vibrio fischeri ATCC 7744.[5] Two 
type II BVMOs are involved in the metabolism of camphor (1) by 
Pseudomonas putida NCIMB 10007 and have recently been 
cloned and recombinantly expressed.[6] These enzymes are 
called diketocamphane monooxygenases (DKCMOs) and 
catalyze the oxidation of diketocamphane derived from 1 to the 
corresponding lactone, which leads to a spontaneous ring 
opening enabling further depletion. Since 1 occurs as two 
enantiomers, there are two DKCMOs involved in its degradation. 
2,5-DKCMO performs the oxidation of the diketocamphane 
originating from (+)-1 and 3,6-DKCMO from the respective (–)-

enantiomer.[7]  
Application of the DKCMOs may be facilitated by their availability 
as recombinant enzymes, but is still limited by the absence of the 
reductase subunit, which is required for full activity. 
The natural flavin reductase (FR) complementing the DKCMOs 
has been purified from the wild-type strain in 1966.[8] By that time 
it was recognized that the same flavin reductase is expressed by 
P. putida irrespectively of the isomer of 1 that was used as 
carbon source.  In agreement with these findings, the reductase 
components, which were later purified together with each of the 
DKCMOs showed a similar behavior during (NH4)2SO4-
fractionation and several chromatographic procedures, indicating 
that the same FR provides electrons to either 2,5- or 3,6-
DKCMO.[7a] This enzyme was found to have a molecular weight of 
36 kDa and contains two flavin-binding sites, but only one of them 
is supposed to be involved in catalysis.[9] The FMN cofactor was 
lost during the purification procedure then, which is due to the 
high dissociation constant of 4.5 x 10-7 M, suggesting that this 
reductase is not a flavoprotein with tightly bound cofactor but the 
flavin can be regarded as a substrate. The addition of FMN and 
NADH to pure flavin reductase and partially purified 
monooxygenase was shown to be then sufficient to reconstitute 
the enzyme system. The enzyme exhibits a ping-pong bi-bi 
mechanism during catalysis with reversible oxidation and 
reduction of the flavin. Enzymatic reduction of the bound FMN 
was supposed to proceed by two one-electron transfer steps 
whereby the flavin semiquinone is formed in the first step.  
Nevertheless, the sequence of the natural reductase component 
accompanying the DKCMOs has not yet been identified. 
Therefore this work aimed at the identification of a FR that is 
suitable to supply reduced FMN to 2,5- and 3,6-DKCMO and can 
thereby enhance the catalytic efficiency of these enzymes 
(Scheme 1). 

Scheme 1. Principle of supply of 2,5-diketocamphane monooxygenase (2,5-
DKCMO) with reduced FMN by a flavin-reductase for enhanced conversion of 
camphor (1). 
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Figure 1. Amino acid sequence alignment of flavin reductase components of representatives of the two-component monooxygenases. NCBI accession numbers are 
given in parenthesis. Sequence motifs derived from highly conserved regions are shown as arrows. Lane 1: consensus identity, lane 2: Lux G from P. leognathi 
(AAA25621), lane 3: FMN reductase from V. harveyi (YP_001443581), lane 4: NAD(P)H-flavin reductase from V. fischeri (YP_002158584), lane 5: CDP-6-deoxy-!-
3,4-glucoseen reductase from P. syringae (EGH77205) and lane 6: NAD(P)H-flavin reductase Fre from V. fischeri (BAA04596).  

As several two-component monooxygenases have been 
described in literature[4a], our idea was to identify genes that are 
homologous to the FR-components of those systems in P. putida 
NCIMB 10007, which is not sequenced. Therefore, a variety of 
representatives were aligned and typical protein sequence motifs 
were identified within highly conserved regions. Amino acid 
sequences of FMN reductase Lux G from P. leognathi (GenBank: 
AAA25621), FMN reductase from V. harveyi (GenBank: 
YP_001443581), NAD(P)H-flavin reductase from V. fischeri 
(GenBank YP_002158584), CDP-6-deoxy-delta-3,4-glucoseen 
reductase from P. syringae (EGH77205) and NAD(P)H-flavin 
reductase Fre from V. fischeri (BAA04596) were used for 
alignment (Figure 1). This lead to identification of three highly 
conserved regions from which the sequence motifs 
IDXPHGD/EXXL, PLLLIAXGTG and SILD/EXC were derived. 
They were used to design hybrid-primers for application in 
CODEHOP PCR, a well-established method suitable for 
identification of nucleic acid sequences if only protein sequence 
motifs are known. The primers consist of a degenerate 3’-end 
where all possible codons for a highly conserved amino acid motif 
are located, and a non-degenerate 5’-end ensuring robust 
amplification in later PCR-cycles.[9] Amplification of a novel BVMO 
from eukaryotic origin using CODEHOP PCR has recently been 
performed in our group.[10] In this work it was possible to amplify 
fragments that showed homology to flavin- and nicotinamide 
associated enzymes when subjected to a BLAST search. For 
further experiments, full ORFs had to be identified, which was 
accomplished by gene walking PCR.[11]  

Table 1. Properties of putative flavin reductases from P. putida NCIMB 10007 
identified by CODEHOP PCR.  

Entry Amino 
acids 

Weight 
[kDa] 

Homologous database entries 
(Accession number, % identity) 

1 331 36.6 CDP-6-deoxy-delta-3,4-glucoseen reductase 
Pseudomonas putida S16 (AEJ15593, 98%) 

2-polyprenylphenol hydroxylase-like 
oxidoreductase Pseudomonas sp. GM17 
(EJM09164, 84 %) 

2 225 28.1 2-polyprenylphenol hydroxylase-like 
oxidoreductase Pseudomonas sp.GM84 
(EJN39983, 83 %) 

putative ferredoxin reductase Pseudomonas 
putida KT2440 (AAN66524, 83%) 

3 345 37.5 benzoate dioxygenase - ferredoxin reductase 
Pseudomonas putida (AAF63450, 99%) 

FAD/NAD(P)-binding subunit of 
oxidoreductase Pseudomonas putida S16 
(AEJ13314, 98 %) 

Properties of the three identified putative FRs are summarized in 
table 1. The genes were amplified, cloned into the vector pGAS 
and expressed in E. coli. To investigate, whether the DKCMOs 
gain higher activity in the presence of a certain candidate, crude 
cell extracts of reductases and 2,5- as well as 3,6-DKCMO were 
combined in biocatalysis reactions using (+)-1, (–)-1 and 
norcamphor, since these substrates have been shown to be well-
accepted by the DKCMOs.[6] Product formation in reactions 
containing FRs was expected to be higher due to improved 
supply of reduced FMN, which is needed for ketone oxidation.. 
Higher conversions were observed in reactions containing crude 
cell extracts of each of the reductase candidates from P. putida 
compared to reactions where DKCMO was combined with an 
equal amount of buffer. Nevertheless, conversion was increased 
to the same extend when crude cell extract containing 
overexpressed Bacillus subtilis esterase (BS2) serving as 
negative control encoded on the same plasmid was used (data 
not shown). This finding was confirmed by combination of purified 
enzymes, which did not lead to increased conversion of 
substrates. In spectrophotometric determination of NAD(P)H-
consumption using pure FRs, no FMN-reduction activity was 
observed. It is possible, that the enzymes chosen are not active 
when expressed in E. coli or when purified by affinity 
chromatography. Therefore they do not appear to be suitable 
candidates for coupling to DKCMOs. 
As none of the tested FRs from P. putida was viable for our 
purpose, an alternative enzyme candidate was needed. It was 
known from previous experiments, that crude cell extract of the 
expression host E. coli BL21 considerably increases DKCMO-
activity, which might be due to an FR activity in that strain.[6b] 
Therefore the DNA sequence of that E. coli strain (GenBank: 
NC_012971.2) was searched for the motifs described above. 
Only one reasonable ORF was identified that corresponds to a 
putative protein containing any of the three motifs and that ORF 
indeed contained all three ones. Homology search yielded the 
245 amino acid protein already annotated as putative FMN-
reductase. Despite the fact, that the identified ORF contains 
twelve additional N-terminal amino acids, the gene corresponds 
to the FR of E. coli that is known as Fre and had already been 
identified in 1987 as a reductase involved in the activation of 
ribonucleotide reductase by supplying reduced flavin for the 
reduction of the Fe3+ center of this enzyme to Fe2+.[12] At that time 
it was suggested, not to consider Fre as a flavoprotein since the 
cofactor, which can be riboflavin, FMN or FAD (in the order of 
preference) is not tightly bound. Fre can use either NADPH or 
NADH. The gene has been sequenced (GenBank: M61182) and 
cloned in 1991 but the recombinant expression in E. coli JM 109 
was not efficient.[13] The crystal structure was published in 1999 
revealing a subunit composition of two domains, a N-terminal 
flavin binding domain and a C-terminal domain with Į/ȕ-fold
probably responsible for NAD(P)H binding.[14] Thus, Fre exhibits 
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extensive structural homology to the ferredoxin-NAD(P)+-
reductase family (FNR) although overall sequence similarity of 
Fre to these enzymes is not significant.[15] In this work, Fre was 
expressed from the plasmid pGAS, which led to a high amount of 
soluble protein. It was coupled to 2,5- and 3,6-DKCMO in 
biocatalysis experiments with crude cell extracts. To estimate the 
effect of natural production of Fre by E. coli, crude cell extract 
containing overexpressed BS2 serving as negative control. 
Product formation after 1.5 and 4 h was analyzed by GC and 
further NADH was added after 1.5 h. It was visible to the naked 

eye that FMN in reactions containing overexpressed Fre was 
reduced rapidly because destaining of the yellow solutions was 
recognized and returned after several minutes of shaking. As it 
can be seen in Fig. 2, higher conversions of all three substrates 
were observed when crude cell extract containing overexpressed 
Fre was added. After 4 h 18 % conversion of (+)-1 was 
determined with Fre in contrast to 2 % conversion without. The 
addition of Fre to 3,6-DKCMO lead to 5 % conversion of (–)-1 
after 4 h and only 1 % was converted with BS2 as negative 
control.

Figure 2. Conversion of different enantiomers of 1 and norcamphor in biocatalysis reactions using crude cell extracts of DKCMOs and Fre after 1.5 h and 4 h as 
determined by GC-analysis. Substrate concentration was 2 mM. a) Combination of 2,5-DKCMO and Fre, b) Combination of 3,6-DKCMO and Fre. As a blank, crude 
cell extract containing BS2 was added to reactions without Fre.  

When the oxidative subunits of 3,6- and 2,5-DKCMO are purified, 
their activity is low, because these enzymes cannot reduce FMN 
themselves. It was assumed, that the addition of Fre to the 
purified DKCMOs should improve the supply of reduced FMN and 
therefore lead to higher conversions of keto-substrates. Fre 
contained a C-terminal His-tag enabling its purification and could 
be obtained in good purity after affinity- and subsequent size 
exclusion chromatography. A specific activity of 2.12 U/mg 
towards FMN could be detected by following the time-dependent 
consumption of NADH by pure Fre. 2,5- and 3,6-DKCMO were 
purified by affinity chromatography as well and combined with 
pure Fre in biocatalysis reactions using both enantiomers of 1 
and norcamphor as the substrates in buffer supplemented with 
FMN and NADH. Destaining of the yellow reactions after Fre-
addition was thereby observed again. After 1.5 h conversion of 
(+)-1 by 2,5-DKCMO was increased by addition of pure Fre to 
59 % compared to 27 % with 2,5-DKCMO and the control cell 
extract containing BS2 (Figure 3). The 27 % conversion arise 
from the E. coli background, which is due to the natural 
production of Fre by this strain. After 4 h the effect was still visible 
but not that obvious (72 % vs. 80 %). In biocatalysis reactions 
with pure Fre and pure 2,5-DKCMO using (–)-1 and norcamphor, 
no increased conversion was observed. In contrast, using pure 
3,6-DKCMO, the presence of Fre did not lead to higher 
conversion of any tested substrate. A possible explanation for this 
might be that Fre catalyzes hydrolysis of FMN very fast. The 
disappearance of the yellow color during biocatalysis reactions 
shows that all added FMN was reduced in short time. Because 

reduced FMN is autooxidized by O2 the yellow color returns after 
several minutes. It is possible that only the best-accepted 
substrate, like (+)-1 by 2,5-DKCMO, can be oxidized faster during 
the short period of time, while the level of reduced FMN is 
increased. Ensuring efficient perpetual availability of reduced 
FMN requires a recycling system for NADH. Otherwise, Fre stops 
when NADH is consumed and can not further supply reduced 
FMN to DKCMO. This might also be the reason, why the effect of 
increased conversion is more obvious, when the enzymes were 
used in crude cell extracts that contained components for NADH-
recycling. 
Our results demonstrate, that E. coli Fre is suitable for providing 
DKCMOs with reduced flavin and thereby substitutes the natural 
reductase subunit as increased conversion of ketone substrates 
could be observed in biocatalysis reactions. Fre can couple to 
DKCMOs although it exhibits a sequential kinetic mechanism in 
contrast to that proposed for the natural FR of P. putida, which is 
a ping-pong one.[16] This is compatible with the finding that Fre 
has been shown to supply reduced flavin to luciferase from V. 
harveyi supporting bioluminescence in E. coli.[17] Biochemical 
properties of Fre are different from the endogenous luminescent 
reductase FrP as well. In both cases, the natural enzyme is highly 
selective for FMN but Fre accepts a broader spectrum of flavins. 
Hence, Fre is supposed to perform a more general role in the 
metabolism and therefore has only very little electron acceptor 
specificity.[15] It was deduced, that the luciferase obtains reduced 
flavin from Fre by free diffusion although a direct transfer from FR 
to luciferase via a functional complex is possible, too.  

a) b) 



Figure 3. Conversion of different ketones by pure DKCMOs combined with pure Fre as determined by GC-analysis. 

The issue of how reduction equivalents are transferred between 
separate proteins has long been discussed, as it seems 
detrimental for an organism to expose free reduced flavin to the 
inner-cell medium. Rapid autoxidation can cause oxygen radical 
formation and is also a dissipation of energy.[4b] Direct cofactor 
transfer via complex formation has been proven for the natural 
couples of luciferase and FRs from V. harveyi and V. fischeri, but 
the reductase components in these systems have a tightly bound 
flavin prosthetic group and perform a ping-pong bi-bi reaction 
mechanism.[18] On the contrary, for the aromatic hydroxylase 
system ActVA-ActVB from Streptomyces coelicolor it was 
demonstrated that diffusion is kinetically competent and there is 
no unconditional need for flavin shuttle via physical interaction of 
subunits.[19] Due to the similarities observed between the Fre-
DKCMO and Fre-luciferase couples as well as the high sequence 
similarity between DKCMOs and bacterial luciferase, we suggest 
that flavin is shuttled via diffusion.  
Luciferases have also been classified as type II BVMOs due to 
their high sequence homology to DKCMOs and their similar 
oligomeric structure. Moreover, luciferases from V. fischeri and 
P. phosphoreum perform Baeyer-Villiger oxidation on ketones.[5] 
Fre-like enzymes have been found in luminous bacteria as well 
and one of them, LuxG from P. leognathii was shown to supply 
reduced flavin to the respective luciferase from that strain in a 
fusion-protein that was created. The original bound FMN is then 
retained for catalysis and the overall reaction takes place without 
addition of flavin. [20] 
In conclusion, the endogenous flavin reductase subunit of 
DKCMOs is still not available, but Fre from E. coli seems to be a 
potential catalyst substituting its function. The natural production 
of Fre by E. coli already enhanced the performance of DKCMOs 
compared to pure enzyme and when Fre is overexpressed, this 
effect is substantially increased. Therefore the identification of Fre 
as a suitable partner for the DKCMOs should open up new 
possibilities in application of these enzymes and possibly also 
other type II BVMOs. It remains to be investigated, if creation of a 
fusion protein composed of Fre and a type II BVMO can mimic a 
single component bifunctional enzyme and thus compete with 
type I BVMOs in activity and applicability. 
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Experimental Section 

Enzymes, chemicals and media 

Taq- and Pfu+-polymerase were obtained from Roboclon (Berlin, 
Germany), dNTPs from Roth (Karlsruhe, Germany) and restriction 
enzymes from New England Biolabs (Beverly, MA, USA). For SDS-
PAGE analysis, the prestained PAGE ruler from Fermentas (St.Leon-
Rot, Germany) was used. All other chemicals were purchased from 
Fluka (Buchs, Switzerland), Sigma-Aldrich (Munich, Germany) or 
Acros Organics (Geel, Belgium). Genomic DNA was isolated using 
the DNeasy Blood&Tissue Kit from Qiagen. For DNA purification from 
PCR, the MinElute PCR purification Kit by Qiagen (Hilden, Germany) 
was used. Furthermore the Miniprep Kit from Qiagen was used for 
plasmid purification. For subcloning DNA fragments the TOPO TA 
Cloning Kit from Invitrogen (Darmstadt, Germany) was employed. 
HisTrap 5 mL FF columns and Sephadex G25 were obtained from GE 
Healthcare (Uppsala, Sweden). 

Amplification and cloning 

CODEHOP PCR was performed with primers derived using the 
iCODEHOP online tool (Table 1).[1] Genomic DNA of Pseudomonas 
putida NCIMB 10007 (equivalent to ATCC 17453) that also contained 
the Cam-plasmid was used as the template. Initial denaturation was 5 
min for 95°C. Afterwards, 25°C cycles were performed with 45 s 95°C 
followed by 45 s with annealing temperatures varied between 45°C 
and 55°C and 60 s 72°C. Final elongation was performed for 10 min 
at 72°C. Fragments were subcloned with the TOPO-TA cloning kit 
from Invitrogen. Plasmid DNA of thus obtained colonies was 
sequenced and inserted fragments were compared to database 
entries.  

Identification of unknown sequence areas of putative flavin 
reductases from E. coli was performed using gene walking PCR. 
After initial denaturation for 4 min at 95°C, the cycling program was 
followed for 30 cycles: 30 s, 95°C denaturation; 30 s, 55°C primer 
annealing; 3 min, 72°C elongation; unspecific annealing of the primer: 
30 s, 95°C denaturation; 30 s, 40°C primer annealing; 3 min, 72°C 
elongation; and complementary strand synthesis for 30 cycles: 30 s, 
95°C denaturation; 30 s, 60°C primer annealing; 3 min, 72°C 
elongation. The final elongation step was performed over 15 min at 
72°C.  

Amplification of entire genes from genomic DNA P. putida NCIMB 
10007 was performed using oligonucleotides supplemented with the 
restriction sites for NdeI and BamHI for cloning into the plasmid 
pGaston (pGas; Table 1). After initial denaturation for 5 min at 95°C, 
the cycling program was followed for 5 cycles: 45 s 95°C denaturation, 
45 s 59°C primer annealing, 70 s 72°C elongation and then for 20 
cycles: 45 s 95°C denaturation; 45 s 56°C primer annealing, 70 s 
72°C elongation. The final elongation step was performed over 10 min 
at 72°C. Amplification of the entire Fre gene was performed with 
genomic DNA from E. coli BL21 (DE3) using primers with the same 
restriction sites. PCR was performed as described for the enzymes 
from P. putida with annealing temperature of 53.5°C for the first 5 
cycles and 48.5 for the next 20 ones. PCR-amplificates were digested 
with NdeI and BamHI and ligated into pGas digested with the same 
enzymes. The resulting plasmids contained the respective reductases 
with a C-terminal His-tag fusion, which was confirmed by DNA-
sequencing. 

Bacterial strains and culture conditions 

P. putida NCIMB 10007 (equivalent to ATCC 17453) was purchased 
from the German National Resource Center for Biological Material 
(DSMZ). Transformation of E. coli strain BL21-DE3 (Novagen, 
genotype: [95 F– ompT hsdSB (rB-mB-) gal dcmrne131 (DE3)]) was 
carried out by the heat shock method described by Chung et al.[2] 
E. coli cells expressing flavin reductases were cultivated in Luria 
Bertani (LB) medium (10 g tryptone, 5 g yeast, 5 g NaCl in 1 L dest 
H2O) supplemented with 50 µg/mL ampicillin. Cultures were 
inoculated from an overnight culture and grown to an OD600 of 0.5 at 
37°C. Induction was performed with rhamnose in a final concentration 
of 0.2%. Cells were harvested after 20 h of cultivation at 20°C and 
200 rpm. Expression of 2,5- and 3,6-DKCMO was performed as 
described elsewhere.[3]  

Gene expression analysis 

Gene expression analysis was performed with crude cell extract. 
Samples standardized to cell amount were taken during cultivation. 
Cells were harvested by centrifugation and resuspended in sodium 
phosphate buffer (100 mM, pH 7.5) containing 300 mM sodium 
chloride. Cell disruption was performed by FastPrep (40 s, 4 m/s; MP 
Biomedicals, Solon, OH, USA).  For SDS-PAGE analysis, the 
supernatant was substituted with Laemmli buffer.[4] SDS-PAGE was 
carried out on 12% resolving gels. Proteins were stained with a 
Coomassie R250/G250 solution. 



Table 1. Oliconucleotides used for cloning, CODEHOP- and gene walking PCR. 

Name Purpose Sequence (5’- to 3’)]

NdeI_FR1-fw 
Amplification of FR1 for cloning into pGas 

GGAATTCCATATGCAGGTAACGTTGCAGCCGT 

FR1_BamHI-rv CGCGGATCCACCGCGCGGTGCGTAGGCAAA 

NdeI_FR2-fw Amplification of FR2 for cloning into pGas 
Column 2 

GGAATTCCATATGCCCGAACTTTGCGTGG 

FR2_BamHI-rv CGCGGATCCGGCATGCTCGACAAAT 

NdeI_FR3-fw 
Amplification of FR3 for cloning into pGas 

GGAATTCCATATGAGCTACCAGATCGCACTG 

FR3_BamHI-rv CGCGGATCCGGCCGCCGCCGCGAACTTCTC 

NdeI_Fre-fw 
Amplification of Fre for cloning into pGas 

GGAATTCCATATGCCCTATTTATCGATCCGACAGAG 

Fre_BamHI-rv CGCGGATCCGATAAATGCAAACGCATCGCCA 

B2-fw 

CODEHOP primers for identification of putative flavin reductases from P. putida 

CAAGTGCTTCGACTTCAANGCNGGNCART 

A7-fw CCTGCGGCCGGTTYTGYGYNAA 

A12-fw CGGCATGGTCGTGGGNWSNTTYAC 

E20-rv GGNGTRCCNYTGCGGACCGACGC 

A27-rv GCGTGGGCCAGCYCNKCRAAYTT 

A32-rv GCCCAGCACGATGWRRTGRTCNCC 

FR1_walk1-rv 
Gene walking primers for identification of the 5’-end of the gene encoding FR1 

GATGAGTGTCGCCGAACGGCATTT 

FR1_walk2-rv GCTTGAGTTGCTCGATCAGTTG 

FR2_walk1-fw 
Gene walking primers for identification of the 5’-end of the gene encoding FR2 

CGGGTCGAACAACGCTACTT 

FR2_walk2-fw AACCAGTCCAACGCACAGAC 

FR3_walk1-fw 
Gene walking primers for identification of the 5’-end of the gene encoding FR3 

AAAGTCTTGCAGCCGATCCAG 

FR3_walk2-fw CCAGGTCGAAGTCATTGGTCAC 

FR3_walk1-rv 
Gene walking primers for identification of the 3’-end of the gene encoding FR3 

CACAGGTACAGGTCCACATCG 

FR3_walk2-rv TGACCGCTTCCACCATGGGT 



Enzyme purification 

Cells were harvested by centrifugation and resuspended in sodium 
phosphate buffer (50 mM, pH 7.5). Cell disruption was performed 
by a single passage through a French pressure cell. Recombinant 
enzymes were purified by affinity chromatography via C-terminal 
His-tag on an automated Äkta purifier system. After centrifugation 
of disrupted cells for 45 min at (10,000 x g), the supernatant with 
recombinant enzyme was added to the column. A 5 mL HisTrap 
FF crude column with bound Ni2+ was equilibrated with sodium 
phosphate buffer (100 mM, pH 7.5) supplemented with 300 mM 
NaCl and 30 mM imidazole. After passing through of the crude 
extract, the column was washed with three column volumes of 
sodium phosphate buffer (100 mM, pH 7.5) supplemented with 300 
mM NaCl and 30 mM imidazole followed by two column volumes 
of sodium phosphate buffer (100 mM, pH 7.5) supplemented with 
300 mM NaCl and 45 mM imidazole to remove unspecific bound 
proteins. Elution was performed by adding three column volumes 
of 300 mM imidazole in sodium phosphate buffer (100 mM, pH 7.5) 
supplemented with 300 mM NaCl. Fractions of washing and elution 
steps were collected to analyze purity by SDS-PAGE. In order to 
remove imidazole and NaCl from the eluate, the pooled elution 
fractions were loaded to two 5 mL size exclusion column 
(Sephadex G25 matrix) connected in series, which were 
equilibrated with sodium phosphate buffer (50 mM, pH 7.5) before. 
Protein fractions were recognized via online absorption 
measurement at 280 nm and collected. Determination of protein 
content of purified and desalted protein as well as crude extract 
was carried out with the BCA-kit and a standard curve of BSA in 
the same buffer in a range of 2–0.005 mg/mL was used. Samples 
were measured in triplicates in three different dilutions.    

Activity measurements 

Determination of reductase activity towards FMN and FAD was 
performed by following the decrease in absorption at 340 nm over 
10 min in 200 µL scale. Pure enzymes were used in 
concentrations between 20 and 50 µg/mL. Specific activity is given 
in units per milligram (U/mg) protein. One unit is defined as the 

amount of enzyme that catalyzes the reduction of 1 µmol FMN per 
minute.  

Biocatalytic reactions and GC analysis 

For biocatalysis, pure enzymes and crude extracts of E. coli BL21 
overexpression cultivations were used. Reactions were carried out 
in sodium phosphate buffer (50 mM, pH 7.5). Ketone substrate 
concentration was 2 mM; the cofactor FMN was used at a final 
concentration of 0.3 mM. NADH was used in equimolar amounts to 
the substrate. In Biocatalysis reactions using Fre, further NADH 
was added after 1.5 h. Pure flavin reductases as well as DKCMOs 
were employed in concentrations of 1-2 mg/mL, crude extracts in 
concentrations of 2.5-4 mg/mL. Incubation was performed in 24-
well MTP at 800 rpm and 25°C. Sample volume was 500 µL. 
Extraction of substrates and products was performed by vortexing 
of samples with 300 µL of ethyl acetate and 200 µL of hexane 
subsequently. Separation of aqueous and organic phase was 
achieved by centrifugation. Samples were dried over anhydrous 
sodium sulfate and analyzed by GC on a GC 2010 (Shimadzu 
Europa GmbH, Duisburg, Germany) with a BPX5 column (5 % 
phenyl-/ 95 % methylpolysilphenylene siloxane, SGE GmbH, 
Darmstadt, Germany). Injection temperature was set to 220 °C. 
Column temperature for (+)-1, (–)-1 and norcamphor was 60°C for 
5 min followed by a gradient of 10°C/min to 180°C maintained for 3 
min. For quantification, standard curves of substrates with 
concentrations from 0.5-10 mM were measured. 
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