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Introduction on Monooxygenases 

1.1   Abstract 
Monooxygenases are enzymes that catalyze the insertion of a single oxygen atom 
from O2 into an organic substrate. In order to carry out this type of reaction, these 
enzymes need to activate molecular oxygen to overcome its spin-forbidden reaction 
with the organic substrate. In most cases, monooxygenases utilize (in)organic 
cofactors to transfer electrons to molecular oxygen for its activation. In this 
chapter, a general overview of known monooxygenases is presented, based on the 
type of cofactor that is required. As most of these monooxygenases require 
nicotinamide coenzymes as electron donors, also an overview of current methods 
for coenzyme regeneration is given. This latter overview is of relevance for the 
biotechnological applications of these enzymes.  

1.2   Oxidative enzymes 
Biochemical reactions in which electrons are transferred from one molecule to 
another are catalyzed by a wide variety of enzymes, referred to as oxidoreductases 
or redox enzymes (EC 1.x.x.x).[1] In order to perform these reactions, 
oxidoreductases often utilize (in)organic cofactors (Figure 1.1). However, redox 
reactions can also be catalyzed by enzymes that do not require any additional 
cofactors. These cofactor-independent oxidoreductases typically contain several 
aromatic residues in their active site in order to be catalytically active.[2-5] 

The majority of oxidoreductases require cofactors such as flavins, metal-ions, 
hemes and pyrroloquinoline quinone (PQQ) for their catalytic activity.[6,7] The 
binding of these cofactors to the enzymes is usually tight, with affinities in the nM 
range. Some oxidoreductases even bind their cofactors covalently. For instance, the 
recently elucidated crystal structure of a glucooligosaccharide oxidase (GOOX) 
from Acremonium strictum revealed that its FAD cofactor is bicovalently bound to 
a cysteine and a histidine residue.[8] When cofactors are tightly or covalently bound 
to the enzyme, they can be considered as a prosthetic group, i.e. they form a 
permanent part of the enzyme structure. On the other hand, cofactors that bind with 
a lower affinity can be regarded as substrates and they often shuttle between 
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different enzymes (e.g. NADH or coenzyme A). These cofactors are referred to as 
coenzymes.  
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Figure 1.1 Examples of cofactors utilized by oxidoreductases. 

Based on the type of reaction they catalyze, oxidoreductases have been divided into 
22 different EC-subclasses. A more general classification was proposed by Xu,[7] in 
which these enzymes were divided into four subgroups; (i) oxidases, (ii) 
peroxidases, (iii) oxygenases/hydroxylases and (iv) dehydrogenases/reductases. 
Oxygenases and hydroxylases catalyze the insertion of oxygen atom(s) into an 
organic substrate, using molecular oxygen (O2) as oxygen donor.  This subgroup 
consists of two types: enzymes that catalyze the insertion of a single oxygen atom, 
monooxygenases/-hydroxylases, and enzymes that catalyze the insertion of both 
oxygen atoms, dioxygenases/-hydroxylases. This eventually results in the 
oxygenation or hydroxylation of the organic substrate. Examples of enzymes 
belonging to these two types are styrene monooxygenase and 2-nitropropane 
dioxygenase from Neurospora crassa (Figure 1.2).[9-11] No distinction can be made 
between these two types of oxygenases based on their cofactor requirement, as 
both styrene monooxygenase and 2-nitropropane dioxygenase require a flavin 
cofactor for their catalytic activity.  

Reactions in which organic compounds are oxygenated or hydroxylated are of 
great value for organic synthesis. However, selective oxyfunctionalization of 
organic substrates can be a significant problem in organic synthesis. These 
reactions are often carried out with strong oxidizing agents and they also occur 
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with little chemo-, regio- and enantioselectivity.[12] A way to deal with these 
problems is to utilize oxygenases instead. Under environmentally friendly 
conditions (e.g. moderate pH and temperature, aqueous solvent), these enzymes 
catalyze a selective oxyfunctionalization of organic substrates. For example, the 
above mentioned styrene monooxygenase was shown to enantioselectively catalyze 
the epoxidation of styrene derivatives, yielding the corresponding (S)-epoxides 
with > 99 % e.e.[9,10] In consequence of an increase in the availability of enzymes 
that can perform selective oxygenations, industries are showing more and more 
interest in oxidative biocatalysts. 

 

Figure 1.2 Examples of reactions catalyzed by (A) styrene monooxygenase and (B) 
2-nitropropane dioxygenase.[9-11]  

Dioxygenases catalyze various interesting oxidation reactions and in the last few 
decades many studies have been performed on this type of oxygenases.[13] 
However, this chapter will focus on enzymes that catalyze the insertion of only one 
oxygen atom, the monooxygenases. Additionally, an overview of current methods 
for nicotinamide coenzyme regeneration is presented, as most of these 
monooxygenases are dependent on NAD(P)H for their catalytic activity. 

1.3   Monooxygenases 
As mentioned above, monooxygenases (EC 1.13.x.x and EC 1.14.x.x) catalyze the 
insertion of one oxygen atom into an organic substrate. In order to perform this 
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reaction monooxygenases have to activate molecular oxygen, as no reaction will 
occur without activation due to the spin-state of O2. This activation occurs upon 
donation of electrons to molecular oxygen, after which oxygenation of the organic 
substrate can occur. The type of reactive oxygen-intermediate that is formed 
depends on which cofactor is present in the monooxygenase. In some cases no 
cofactor is even present. Internal monooxygenases obtain these electrons from the 
substrate itself, whereas external monooxygenases are dependent on external 
electron donors, e.g. coenzyme NAD(P)H. In the following paragraphs, the 
different families of monooxygenases will be discussed based on the type of 
cofactor they require for catalysis.   

1.3.1   Heme-dependent monooxygenases 
Heme-dependent monooxygenases, also referred to as cytochrome P450 
monooxygenases or CYPs (EC 1.14.13.x, EC 1.14.14.x and EC 1.14.15.x) can be 
found in many life forms: eukaryotes (mammals, plants and fungi) and bacteria 
express a wide variety of these enzymes.[14] CYPs are most abundant in eukaryotes. 
They are b-type heme-dependent external monooxygenases and they owe their 
name to the intense light absorption at 450 nm of the reduced CO-bound heme-
complex. This high absorption is used to estimate the concentration of the 
monooxygenase.[15] 

Although the sequence identity between the various CYPs can be quite low, they 
all share a similar structural fold with a highly conserved central core.[16] The active 
site of CYPs, i.e. the heme b cofactor and the surrounding residues, is buried deep 
inside the enzymes.[17] Mild acid treatment of these monooxygenases has indicated 
that the heme cofactor is bound by electrostatic and hydrogen bond interactions,[15] 
rather than by covalent attachment as in the case of c-type cytochromes (see 
above). However, some recent studies have revealed that members of the CYP4 
subfamily of mammalian P450 monooxygenases contain a covalently bound heme 
b group, attached via an ester bond.[18] In all CYPs, a strictly conserved cysteine is 
found in the active site that acts as the fifth ligand of the heme-iron centre, thereby 
activating the metal complex (see Figure 1.3).[16]  

CYPs catalyze a wide variety of oxidations. Besides epoxidations and 
hydroxylations, these monooxygenases are also able to perform heteroatom-
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dealkylations and -oxidations, oxidative deaminations, dehalogenations, 
dehydrogenations, dehydratations and reductions.[19] In order to catalyze these 
reactions, CYP enzymes require electrons for activation of O2 by the heme b 
prosthetic group. These electrons are typically obtained from the coenzymes 
NADH or NADPH, but the transfer mechanism of the electrons to the heme 
cofactor varies. Depending on their electron transport system, at least three 
different cytochrome P450 systems can be defined: mitochondrial, bacterial and 
microsomal CYPs.[20] The latter system is membrane bound and requires a 
cytochrome P450 reductase. Mitochondrial CYPs are also membrane-associated 
but require instead a ferrodoxin/ferrodoxin reductase (Fd/FdR) system. On the 
contrary, bacterial CYPs often are soluble Fd/FdR-dependent enzymes.  

The chemistry of these monooxygenases and their mechanism of action has been 
studied extensively (Figure 1.3).[21] In the first step the organic substrate (XH) 
binds to the enzyme, followed by the transfer of one electron to the heme-iron and 
thereby reducing it from FeIII to FeII. Subsequently, binding of molecular oxygen 
results in an oxy-P450 complex. This complex is reduced by the second electron 
and after a double protonation at the distal oxygen, the O−O bond is cleaved 
resulting in the reactive enzyme intermediate. This intermediate is able to insert the 
oxygen atom into the organic substrate and form a product-enzyme complex. 
Release of the products results in the resting state enzyme with a water molecule 
bound as a sixth ligand of the heme. A conserved cysteine acts as a fifth ligand and 
is required for activity. In addition to the productive catalytic cycle, various 
enzyme oxy-intermediates are known to decay to an oxidized state yielding for 
example H2O2 as side-product. These unproductive reactions are also referred to as 
uncoupling reactions.  

Various cytochrome P450 monooxygenases and their corresponding electron 
transfer proteins have been overexpressed in Escherichia coli and various 
yeasts.[22-27] Overproduction of these monooxygenases in recombinant hosts has 
facilitated the application of CYPs in biotechnological processes. For instance, it 
has been demonstrated for CYP102 from Bacillus megaterium that this 
monooxygenase is able to hydroxylate a variety of alkanes, fatty acids and 
aromatic compounds.[28] By using E. coli whole cells for the biotransformation of 
fatty acids, the addition of the expensive NADPH coenzyme was avoided.[29] 
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Another example is the use of four CYPs for the biosynthesis of hydrocortisone in 
an engineered Saccharomyces cerevisiae strain. By this method, hydrocortisone (an 
important intermediate in the synthesis of a steroidal drug) can be produced from a 
simple carbon source.[30] Although so far no biotechnological process using 
recombinant cytochrome P450 monooxygenases has been introduced, the latter 
example is being considered for commercialization by Sanofi-Aventis Co.[20]  

 

Figure 1.3 Proposed catalytic cycle of cytochrome P450 monooxygenases.[21]  

1.3.2   Flavin-dependent monooxygenases 
In contrast to CYPs, genes encoding flavin-dependent monooxygenases appear to 
be relatively abundant in prokaryotic genomes. Still, some eukaryotes have been 
shown to contain many of these genes (e.g. the genome of Arabidopsis thaliana 
contains 29 gene homologs of so-called flavin-containing monooxygenases).[31] 
The flavins utilized by these enzymes are either FMN or FAD (for their structural 
properties see Figure 1.1) and are either bound tightly to the enzyme (prosthetic 
group) or function as a substrate (coenzyme).[32]  Flavin-dependent mono-
oxygenases should not be confused with the above-mentioned flavin-containing 
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monooxygenases (FMOs), which are members of a subclass of flavin-dependent 
monooxygenase (see below).[33] Thus far, no evidence has been found that 
flavoprotein monooxygenases bind the flavin cofactor in a covalently manner. 
Although some internal flavin-dependent monooxygenases (EC 1.13.12.x) have 
been identified, most of these enzymes are external monooxygenases (EC 
1.14.13.x) and require NAD(P)H as auxiliary coenzyme.[32] 

 

Figure 1.4 Proposed catalytic cycle of flavin-dependent monooxygenases.[32]  

Flavin-dependent monooxygenases are able to catalyze various reactions, for 
example epoxidations, Baeyer-Villiger oxidations and halogenations. Recently, the 
first example of a flavoprotein monooxygenase that is able to hydroxylate an 
inactivated alkane was reported.[34] In order to perform these reactions, flavin-
dependent monooxygenases generate a reactive intermediate by forming a covalent 
bond between molecular oxygen and the C4a of the flavin.[35] Depending on its 
protonation state, this intermediate is suggested to lead to either nucleophilic or 
electrophilic oxygenations (Figure 1.4). Although this intermediate is well-
stabilized within the enzyme,[36] it will decay to the oxidized flavin in the absence 
of an appropriate organic substrate or halide, yielding hydrogen peroxide (H2O2) as 
product. The so-called C4a-(hydro)peroxyflavin intermediate is formed upon 
reduction of the flavin by NAD(P)H and the subsequent reaction with molecular 



 

 

14 
 
 
 
 
 
 
 
 
 

Chapter 1 

 

oxygen. After monooxygenation of the substrate, the formed C4a-hydroxyflavin 
decays and yields the oxidized flavin with H2O as side-product.[37] 

Based on their amino acid sequence similarity and the available structural data, the 
external flavin-dependent monooxygenases were recently classified into six 
subclasses (Table 1.1).[32] All these monooxygenases were found to be FAD-
dependent, with exception of the members belonging to subclass C. These latter 
FMN-dependent monooxygenases consist of one or two monooxygenase subunits 
and a reductase subunit. The reductase provides the monooxygenases with reduced 
FMN. Examples of flavoprotein monooxygenases belonging to this subclass are 
luciferases,[38,39] which emit light upon oxidation of long-chain aliphatic aldehydes 
and so-called Type II Baeyer-Villiger monooxygenases (BVMOs).[40,41] Flavin-
dependent monooxygenases belonging to subclasses D, E and F also consist of two 
subunits, in which the reductase provides reduced FAD (FADH2) to the 
monooxygenase. The main difference between these three subclasses of FAD-
dependent monooxygenases is the type of reaction they catalyze. Subclass D 
monooxygenases catalyze the oxygenation on an aromatic ring, whereas the other 
two subclasses catalyze epoxidation and halogenation reactions, respectively. 
Members of these subclasses are shown in Table 1.1.[9,42,43] 

Table 1.1 Classification of external flavin-dependent monooxygenases.[32] 

Subclass Prototype Reactions [a] Subunits Cofactor Coenzyme 

A p-hydroxybenzoate 
hydroxylase 

hydroxylation, 
epoxidation α FAD NAD(P)H 

B cyclohexanone 
monooxygenase 

Baeyer-Villiger,  
N-oxidation α FAD NADPH 

C Luciferase light emission,  
Baeyer-Villiger α + β - FMN / 

NAD(P)H 

D p-hydroxyphenyl-
acetate hydroxylase hydroxylation α + β - FAD / 

NAD(P)H 

E styrene 
monooxygenase epoxidation α + β - FAD / 

NAD(P)H 

F tryptophan 7-
halogenase halogenation α + β - FAD / 

NAD(P)H 
[a] The most commonly found in vivo oxidation activities are given.  
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Single component flavin-dependent monooxygenases (subclass A and B) combine 
flavin reduction and monooxygenation in one polypeptide chain. They only use 
FAD as prosthetic group and mainly NADPH as electron donor, although examples 
are known that require NADH (e.g. salicylate 1-monooxygenase).[44] The main 
differences between the two subclasses are that all known members of subclass B 
are strictly NADPH dependent, structurally composed of two dinucleotide binding 
domains (for FAD and NADPH) and have NADP+ bound throughout the catalytic 
cycle. Subclass A monooxygenases are NADH/NADPH dependent, have only one 
dinucleotide binding domain and release NADP+ directly after reduction of FAD. 
Well-studied examples of enzymes belonging to subclass A are p-hydroxybenzoate 
hydroxylase (PHBH) and squalene monooxygenase.[45,46] The earlier mentioned 
flavin-containing monooxygenases (FMOs) belong to subclass B,[33] together with 
N-hydroxylating monooxygenases (NMOs) and the Type I BVMOs (see 
Chapter 2).[47]  

Little information can be found in the literature about internal flavin-dependent 
monooxygenases. In fact, only one example has been reported so far, i.e. an FMN-
dependent lactate monooxygenase from Mycobacterium phlei. This coenzyme-
independent enzyme utilizes lactate reduce the FMN cofactor and yields pyruvate, 
which is subsequently oxidized by the generated C4a-peroxyflavin to acetate and 
CO2.[48] The fact that so far only one internal flavin-dependent monooxygenase has 
been found, indicates that these enzymes are rare in nature.  

Throughout the years, many studies on possible biocatalytic applications of flavin-
dependent monooxygenases have been performed. Reasons for this interest are not 
only the frequently observed high chemo-, regio- and enantioselectivity of these 
enzymes but also their availability, as many of these enzymes are of bacterial 
origin and thus easily overexpressed in recombinant hosts. In addition, most of 
these monooxygenases are not membrane-associated which makes them interesting 
candidates for applications requiring isolated enzyme(s). An example of a flavin-
dependent monooxygenase with interesting biocatalytic properties is styrene 
monooxygenase (StyA) from Pseudomonas sp. VLB120.[9]  This subclass E 
flavoprotein monooxygenase catalyzes the enantioselective oxidation of styrene 
derivatives yielding their corresponding (S)-oxides.[49] Using E. coli cells that 
overexpress StyA and the reductase component StyB, the enantioselective 
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conversion of styrene was successfully up-scaled to 30 L in a two-liquid phase 
system, yielding approximately 400 g (S)-styrene oxide (39 % isolated product 
yield).[50] Other examples of interesting monooxygenases include hydroxybiphenyl-
3-monooxygenase from Pseudomonas azelaica HBP,[51,52] which catalyzes the 
hydroxylation of 2-substituted phenols, yielding 3-substituted catechols. Such 
hydroxylation reactions are difficult to achieve using traditional chemical 
approaches. Furthermore, Type I Baeyer-Villiger monooxygenases have been 
shown to display interesting biocatalytic properties. This latter family of flavin-
dependent monooxygenases will be discussed in more detail in the following 
chapters. 

1.3.3   Copper-dependent monooxygenases 
Copper-dependent monooxygenases (EC 1.14.17.x) constitute a relatively small 
family of enzymes that require copper ions for hydroxylation of their substrates. 
Enzymes belonging to this family have mainly been found in eukaryotic organisms. 
The best-studied member of this family is dopamine β-monooxygenase (DβM), an 
enzyme that hydroxylates the β-carbon of dopamine at the expense of one 
equivalent of molecular oxygen and two equivalents of ascorbate, thereby yielding 
norepinephrine as main product.[53] In Drosophila melanogaster the oxidation of 
dopamine is carried out by tyramine β-monooxygenase (TβM).[54] In both the 
human and Drosophila melanogaster genome, three genes encoding copper-
dependent monooxygenases have been identified. The catalytic core of these 
enzymes shares a high sequence identity (> 28 %) with human DβM. Besides DβM 
or TβM, these organisms contain a peptidylglycine α-hydroxylating 
monooxygenase (PHM) and a monooxygenase X (MOX).[55] The latter 
monooxygenase was identified for the first time during a search for genes whose 
expression is altered in senescent human fibroblasts.[56] Homologs of this enzyme 
have also been found in the chicken genome.[57] However, no physiological 
substrate was identified so far for MOX and its homologs. Furthermore, copper-
dependent monooxygenases have been identified that do not require ascorbate as 
coenzyme. An example of these monooxygenases is the membrane-associated 
methane monooxygenase (pMMO) from Methylococcus capsulatus. It has been 
reported that this enzyme contains up to 20 copper ions per heterotrimer, in which 
the ions are involved in either activation of molecular oxygen or electron 
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transfer.[58,59] These monooxygenases are found in methanotrophs, which are 
bacteria that aerobically grow on methane, using it as sole source of carbon and 
energy. Another suggested member of this family is the membrane-associated 
ammonia monooxygenase (AMO). However, not many studies have been 
performed on this type of enzymes.[60] 

Although DβM is the best-studied member of the copper-dependent 
monooxygenases, no crystal structure of this enzyme is available yet. Fortunately, 
the crystal structure of a sequence-related monooxygenase, PHM, has been 
solved.[61] In nature, this enzyme has a peptidyl-α-hydroxyglycine α-amidating 
lyase (PAL) covalently attached to its C-terminus, resulting in the bifunctional 
peptidylglycine α-amidating monooxygenase (PAM). PHM contains two copper 
ions in its active site, which are not linked by any bridging ligands. Kinetic studies 
performed on this monooxygenase have elucidated the mechanism of action of this 
monooxygenase.[62-64] The monooxygenase utilizes two ascorbate molecules to 
reduce both copper cofactors from Cu2+ to Cu+. Thereafter, the enzyme binds the 
organic substrate and the reduced copper ion reacts with molecular oxygen to form 
a copper-peroxide.[65,66] This reactive intermediate then oxygenates the substrate, 
yielding water and the hydroxylated substrate (Figure 1.5). In vitro, pMMO has 
been found to use other coenzymes such as NADH or duroquinone as electron 
donor. However, no in vivo reductant has been identified yet for this 
monooxygenase.[67]  

Another copper-dependent monooxygenase is tyrosinase (EC 1.14.18.1). This 
enzyme contains a magnetically coupled dinuclear copper reaction centre, where 
each copper ion is ligated by three histidine residues. In contrast to the above 
mentioned copper-dependent monooxygenases, tyrosinase is proposed to give a (µ-
η2:η2-peroxo)dicopper(II) complex as common active-oxygen intermediate in 
which molecular oxygen is bound to each copper ion (comparable to species Q in 
Figure 1.6)[68]  

Unfortunately, very little is known about the biocatalytic potential of copper-
dependent monooxygenases. Thus far, no examples of overexpression of these 
enzymes in recombinant hosts such as E. coli or S. cerevisiae can be found in 
literature.  
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Figure 1.5 Proposed catalytic cycle of peptidylglycine α-hydroxylating monooxygenase 
(PHM).[63] This mechanism can be used as a model catalytic cycle for copper-dependent 
monooxygenases  

1.3.4   Non-heme iron-dependent monooxygenases 
Non-heme iron-dependent monooxygenases utilize two iron atoms as cofactor for 
their oxidative activity. These diiron-dependent enzymes are also referred to as 
bacterial multi-component monooxygenases (BMMs) and they consist of three 
components; a hydroxylase, a reductase and a small regulatory protein. As already 
indicated by their name, these enzymes hydroxylate organic compounds.[69] The 
best-characterized member of this family is the soluble methane monooxygenase 
(sMMO) from Methylococcus capsulatus.[67] The hydroxylase component consists 
of three different subunits in a α2β2γ2 configuration and it has been found to be 
active with a wide variety of hydrocarbons.[70] Other members of this family 
include toluene 4-monooxygenase, phenol hydroxylase and alkane ω-
monooxygenase. As confirmed by the crystal structures of sMMO and phenol 
hydroxylase from Pseudomonas sp. OX1, the active site iron-atoms in this family 
of monooxygenases are coordinated by four glutamate and two histidine residues. 
The octahedral coordination of the iron-atoms is completed by solvent-derived 
water and hydroxide ions.[71,72] Kinetic and spectrophotometric studies on sMMO 
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have revealed that molecular oxygen is activated by the active site iron-atoms, 
yielding a reactive diiron(IV)-bis-µ-oxo intermediate (species Q, Figure 1.6). The 
bound substrate is subsequently hydroxylated by this intermediate, yielding the 
product and reoxidized enzyme.[73] As can be seen in Figure 1.6, the reactive 
intermediate resembles that of the copper-dependent tyrosinase (see previous 
paragraph), indicating a similar mechanism of action. However, it has also been 
suggested that the precursor of the diiron(IV)-bis-µ-oxo intermediate, the 
diiron(III) peroxo-intermediate, is also capable to hydroxylate certain substrates.[74] 
Recently, it was shown that toluene monooxygenase hydroxylates phenol via this 
intermediate.[75]    

 

Figure 1.6 Proposed catalytic cycle of non-heme iron-dependent monooxygenases.[74]  

Although attempts have been made to overexpress sMMO in various recombinant 
hosts such as E. coli, Pseudomonas putida F1, Agrobacterium tumefaciens and 
Rhizobium meliloti, little progress has been made. Thus far, overexpression of 
active sMMO has only been successful in a sMMO-minus mutant of Methylosinus 
trichosporium OB3b.[67] On the other hand, alkane ω-hydroxylase and toluene 4-
monooxygenase have been successfully overexpressed in E. coli and their reaction 
mechanisms have been studied in whole cells.[76] However, so far no biocatalytic 
studies have been performed on these non-heme iron-dependent monooxygenases.  
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1.3.5   Pterin-dependent monooxygenases 
Another family of monooxygenases are the pterin-dependent monooxygenases (EC 
1.14.16.x). These enzymes are known to hydroxylate the amino acids 
phenylalanine, tyrosine and tryptophan at their aromatic ring. Although some of 
these enzymes are found in bacteria, they are mainly from eukaryotic origin. These 
monooxygenases bind one iron atom in their active site with two histidines and a 
glutamate and utilize tetrahydrobiopterin (BH4) as coenzyme. Upon hydroxylation 
of the substrate, this coenzyme is converted to 4α-hydroxybiopterin which after 
dehydration forms quinonoid dihydrobiopterin. In vivo, a NAD(P)H-dependent 
dihydropteridine reductase recycles this latter product to BH4.[77] One of the best-
studied members of this monooxygenase-family is phenylalanine 4-
monooxygenase (PheH, EC 1.14.16.1). Other members are anthranilate 3-mono-
oxygenase,[78] tyrosine 3-monooxygenase and glyceryl ethyl monooxygenase. In 
contrast to the other members of this family, the latter enzyme acts on aliphatic 
substrates.[79]  

 

Figure 1.7 Proposed catalytic cycle of pterin-dependent monooxygenases.[80]  
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Kinetic studies on these monooxygenases have shown that the coenzyme BH4 is 
required for reduction of the bound FeIII (ferric) to FeII (ferrous). However, during 
catalysis no accumulation of the ferric enzyme has been observed. Therefore, the 
ferrous enzyme is considered to be the resting form in absence of substrates. In this 
state, the enzyme is proposed to bind molecular oxygen in its active site. It has 
been suggested that O2 is activated by both the ferrous-ion and the bound reduced 
tetrahydrobiopterin, after which the side-product 4α-hydroxybiopterin is formed 
and the reactive FeIVO-intermediate. This intermediate then hydroxylates the 
substrate, yielding the product and ferrous enzyme (Figure 1.7). However, it is 
important to note that the existence of the reactive intermediates has not been 
confirmed yet.[80] 

As for copper- and non-heme iron-dependent monooxygenases, no biocatalytic 
studies have been performed with these pterin-dependent enzymes. A major hurdle 
is the regeneration of coenzyme BH4. A possible approach would be the 
implementation of a second enzyme, dihydropteridine reductase. By performing 
biotransformations using whole-cells, like for styrene monooxygenase (see above), 
interesting hydroxylations could be carried out. However, little is known about the 
expression of these enzymes in recombinant hosts. 

1.3.6   Other cofactor-dependent monooxygenases 
In 2005, a methyltransferase homolog was found to hydroxylate the C-10 carbon 
atom of 15-demethoxy-ε-rhodomycin. This aclacinomycin 10-hydroxylase from 
Streptomyces purpurascens was found to insert an oxygen atom from molecular 
oxygen in the substrate. Surprisingly, this enzyme required S-adenosyl-L-
methionine as cofactor.[81,82] It is proposed that the positive charge of the cofactor 
facilitates the delocalization of electrons upon decarboxylation of the substrate. 
Thereafter, molecular oxygen is activated by the substrate yielding a 
hydroxyperoxide intermediate. Thus far, this is the only monooxygenase that has 
been identified which does not belong to one of the previously mentioned 
monooxygenase-families. Furthermore, its finding suggests that other, yet 
unidentified monooxygenases may exists that require other cofactors than those 
mentioned in this paragraph.  
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1.3.7   Cofactor-independent monooxygenases 
The majority of monooxygenases requires an organic or metallic cofactor for their 
catalytic activity. However, several monooxygenases have been found that do not 
require any cofactors. In 1993, tetracenomycin F1 monooxygenase (TcmH) from 
Streptomyces glauscens was purified and characterized. This enzyme was shown to 
be an internal cofactor-independent monooxygenase, as it required only molecular 
oxygen for its activity and utilized the substrate as reducing agent. Furthermore, 
inhibition studies suggested that sulfhydryl groups and histidine residues were 
essential for its oxidative activity.[83] The finding of new members of this 
monooxygenase-family showed that many of these enzymes are mainly present in 
streptomycetes. For example, ActVA-orf6 from Streptomyces coelicolor A3(2) is a 
monooxygenase that is thought to catalyze the formation of dihydrokalafungin, an 
actinorhodin precursor.[3] An exception to these findings is a recently identified 
quinol monooxynase (YgiN) from Escherichia coli.[84] In these microorganisms the 
cofactor-independent enzymes appear to be involved in the biosynthesis of 
polyketide antibiotics, such as the antitumor antibiotic tetracenomycin C. Another 
role was suggested for a hypothetical monooxygenase from Mycobacterium 
tuberculosis which has a similar crystal structure as ActVA-orf6. This protein is 
suggested to neutralize reactive oxygen and nitrogen species, which are generated 
by host cells that are attacked by M. tuberculosis.[85]  

With the identification of new members of the cofactor-independent 
monooxygenase family, various studies were performed in order to understand how 
these monooxygenases carry out their oxidative reactions in the absence cofactors. 
This resulted in the dismissal of the suggestion that sulfhydryl groups were 
important for catalysis. In addition, a conserved histidine was not always found to 
be crucial for activity.[86] X-ray analysis of ActVA-orf6 suggested that four 
residues might be involved in substrate binding or catalysis. Of these residues, only 
one was found to be conserved in the X-ray structure of YgiN and in other 
cofactor-independent monooxygenases, i.e. W66 in ActVA-orf6. This tryptophan is 
generally considered to be an important residue in the formation and stabilization 
of radical enzyme intermediates.[84] According to the proposed mechanism, this 
intermediate is generated upon transfer of a proton and an electron from the 
substrate to the enzyme, yielding a substrate radical. Subsequently, the enzyme 
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activates the bound molecular oxygen, resulting in a peroxy-substrate. Ultimately, 
rearrangement of this intermediate yields the oxygenated product and water (Figure 
1.8).[3] 

In theory, internal cofactor-independent monooxygenases are interesting enzymes 
for biotechnological applications as they do not require (expensive) 
cofactors/coenzymes. However, these monooxygenases seem to be restricted in 
substrate scope. This is indicated by the proposed catalytic mechanism of these 
enzymes; in contrast to other monooxygenases, molecular oxygen is activated by 
the substrate, after which oxygenation occurs. This suggests that the nature of the 
substrate is important for the catalytic activity of these monooxygenases. This can 
be seen in the fact that the substrate acceptance of these enzymes is very restricted, 
i.e. thus far only quinone derivatives have been reported to be converted by internal 
cofactor-independent monooxygenases. Unfortunately, this restricted substrate 
acceptance limits the applicability of these monooxygenases in biocatalysis.  

 

Figure 1.8 Simplified proposed reaction mechanism of cofactor-independent 
monooxygenases acting on quinones. The putative residue involved in formation and 
stabilization of radical enzyme intermediate is indicated by ~aa.[3] 
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1.4   Regeneration of nicotinamide coenzymes 
As described in previous paragraphs, most monooxygenases require electrons to 
activate molecular oxygen through their cofactor. In most cases electrons are 
provided by nicotinamide coenzymes in a direct or indirect manner. For example, 
flavin-containing monooxygenases (FMOs) directly transfer electrons from 
NADPH to the flavin cofactor, whereas pterin-dependent monooxygenases transfer 
electrons from NAD(P)H via tetrahydrobiopterin to the iron atom. When 
considering applying these enzymes in biotechnological processes, one should keep 
in mind that one molecule of NADH or NADPH is required for the biooxidation of 
each substrate molecule. Unfortunately, this has a major impact on the production 
costs, due to the expensive nature of these compounds.[87] However, various 
approaches are known that avoid the use of stoichiometric amounts of nicotinamide 
coenzymes, mainly by regenerating these biomolecules.  

One approach is the direct electrochemical regeneration of monooxygenases. In 
such approach the active site(s) of the enzyme is directly reduced by electrons 
provided by e.g. glassy carbon or gold electrodes. Another strategy is to reverse the 
uncoupling reaction that is present in the catalytic cycle of some monooxygenases 
and use hydrogen peroxide to yield the oxidative enzyme intermediate.[88] Such an 
approach has been shown to work for a member of the CYP family and soluble 
methane monooxygenase.[89] By these approaches, nicotinamide coenzymes can be 
omitted from the reaction. However, in some monooxygenases these coenzymes 
partly determine the structure of the active site and their absence can result in a 
decrease in efficiency of the biooxidation and a lower enzyme stability.[90-93] These 
approaches of enzyme regeneration might work for individual cases, however it 
can not be applied as a general method for all NAD(P)H-dependent 
monooxygenases.  

Another, more universal approach is the regeneration of NAD(P)H. In the next 
paragraphs, various techniques will be discussed in which these coenzymes are 
regenerated.  
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1.4.1   Chemical regeneration  
As mentioned above, regeneration of nicotinamide coenzymes is required for 
monooxygenase-based biotechnological processes. However, this is only the case if 
the regeneration method employed is not costly, i.e. cheap sacrificial substrates can 
be used, preferably no formation of by-products should occur to avoid additional 
purification steps, easy in application and the method should not interfere with 
activity and selectivity. A well-studied catalyst in the regeneration of nicotinamide 
coenzymes is the rhodium-complex [Cp*Rh(bpy)(H2O)]2+.[94] In addition to its 
application in chemical regeneration, this inorganic catalyst can also be used for 
electro- and photochemical regeneration of NAD(P)H (see below). 

Application of [Cp*Rh(bpy)(H2O)]2+ for the chemical regeneration of nicotinamide 
coenzymes can be coupled to the use of formate as cheap substrate. Upon oxidation 
of this compound to carbon dioxide, electrons are transferred by the catalyst to 
NAD(P)+ thereby reducing the coenzyme. A benefit of this reaction is that the by-
product is a volatile gas and is easily removed from the reaction. In addition, 
alcohols may also serve as electron donors. However, this only occurs under harsh 
alkaline conditions making it incompatible for most enzymatic reactions.[95] 
[Cp*Rh(bpy)(H2O)]2+ has been applied as coenzyme regeneration system with 2-
hydroxybiphenyl-3-monooxygenase and styrene monooxygenase (StyA). 
Unfortunately, once applied on a preparative scale, this complex showed to have a 
relatively low specific activity.[49,96] Another organometallic-complex that can be 
used for coenzyme regeneration is [RuCl2(TPPTS)2]2. This catalyst uses hydrogen 
gas (H2) as sacrificial substrate and transfers its electrons to the nicotinamide 
coenzyme. Interestingly, no by-product is obtained as the substrate is fully 
incorporated in NAD(P)+. This regeneration system has been shown to work with 
various enzymes, e.g. the NADP+-dependent alcohol dehydrogenase from 
Thermoanaerobium brockii. In the same study, it was shown that the 
[Cp*Rh(bpy)(H2O)]2+-complex could also use H2 as electron donor for the 
regeneration of NAD(P)+.[97] However, for obvious reasons no studies have been 
performed on monooxygenases using H2 as electron donor.  

Studies of coenzyme regeneration with simple chemical reductants such as 
dithionite have thus far not been very successful. This is mainly due to the fact that 
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such reductants lack the ability to specifically reduce NAD(P)+ to the 
enzymatically active 1,4-NAD(P)H isomer.[88] In general, chemical regeneration of 
the nicotinamide coenzymes has thus far not been very successful.  

1.4.2   Electrochemical regeneration 
The employment of electrode surfaces for the electrochemical regeneration of 
NAD(P)H is considered to be a powerful regeneration method with advantages 
varying from the low cost of electricity to easy product isolation. Initial 
technological complications such as electrode fouling, requirement of a high 
overpotential and the fact that the biocatalyst is only active in the vicinity of the 
electrode have been addressed. Modifications of the electrode surface have resulted 
in less fouling and the requirement of overpotentials can be reduced by application 
of mediators such as viologens and [Cp*Rh(bpy)(H2O)]2+. Electrochemical 
regeneration of NAD(P)H can be achieved by direct reduction of NAD(P)+ at the 
electrode or by indirect reduction using redox mediators. Additionally, redox-
active enzymes can be used to shuttle electrons from the electrode to the coenzyme 
(Figure 1.9).  

Direct reduction of NAD(P)+ at the cathode has been shown to occur by two single-
electron reductions. The first reduction is a reversible step and results in the 
formation of an NAD(P) radical, after which protonation and subsequent reduction 
yields 1,4-NAD(P)H. However, due to the formation of the NAD(P) radical also 
1,6-NAD(P)H and NAD(P)-dimers are generated as by-products. These by-
products are enzymatically inactive and can not be recycled to the 1,4-NAD(P)H 
isomer. This results in a loss of 40 % of coenzyme per regeneration cycle, which 
means that after 10 regeneration cycles less than 1 % of 1,4-NADPH is still present 
for biocatalysis. This percentage is too low to consider direct reduction at the 
cathode as an efficient NAD(P)H regeneration method.[98] 

Indirect electrochemical reduction of the nicotinamide coenzyme using mediators 
has so far been a more successful approach. In this method, electrons that are 
generated at the cathode are transferred through a mediator to NAD(P)+. By 
applying a mediator that selectively reduces the nicotinamide coenzyme, higher 
efficiencies can be obtained as less by-products are formed. As indicated above, 
[Cp*Rh(bpy)(H2O)]2+ is such a catalyst. In contrast to a previous generation of Rh-
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catalysts, this catalyst has a pentamethylcyclopentadienyl (Cp*) ligand that 
increases its catalytic activity. Furthermore, [Cp*Rh(bpy)(H2O)]2+ is highly 
regioselective (> 99 %) with respect to the position of hydride transfer at the 

 

Figure 1.9 Available methods for electrochemical regeneration of NAD(P)H.[95] 
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pyridinium ring of NAD(P)+. As other chemical mediators are not very 
regioselective, [Cp*Rh(bpy)(H2O)]2+ is currently the preferred mediator for the 
indirect electrochemical regeneration of NAD(P)H. Additionally, this rhodium 
catalyst was shown to be rather inert to molecular oxygen, indicating that it can be 
applied for coenzyme regeneration involving a wide variety of enzymes, including 
monooxygenases.[98] 

Another alternative is to replace the chemical mediator by proteins that can transfer 
electrons from the cathode to NAD(P)+ in a selective manner. Examples of these 
redox-active enzymes are NAD(P)+-dehydrogenases, ferrodoxin NADP+ reductase  
and an artificial mediator accepting pyridine nucleotide oxidoreductases, also 
referred to as AMAPORs. Commonly, methylviologen is added as mediator to 
efficiently shuttle electrons from the cathode to redox-active enzymes. By 
exception, hydrogenase from Alcaligenes eutrophus H16 (EC 1.12.1.2) does not 
require additional mediators as the enzyme absorbs to the cathode and obtains 
directly electrons from it (Figure 1.9).[99] This enzyme was successfully applied in 
the reductive amination of α-ketoglutarate on a preparative scale.[100] Besides 
isolated enzymes, also microbial cells have been applied to regenerate 
nicotinamide coenzymes. In an electromicrobial regeneration setup using 
methylviologen artificial electron mediators, Clostridium thermoaceticum resting 
cells were used for reductive reactions.[101] 

1.4.3   Photochemical regeneration 
Photochemical regeneration of nicotinamide coenzymes has lately become 
appealing, as (sun) light is cheap and environmental friendly. For such an 
approach, light-active materials are required that induce electron-transfer processes 
upon absorption of light. Well-known examples of such materials, also referred to 
as photosensitizers, are Ru(bpy)3

2+, Zn-TMPyP4+, flavin dyes and semiconductors 
such as TiO2 and Fe2O3. The activated photosensitizers induce the generation of 
electrons from electron donors such as EDTA or mercaptoethanol. In the presence 
of electron carriers (e.g. methylviologen), electrons are transferred to NAD(P)+-
dependent enzymes that generate the reduced nicotinamide coenzyme. A non-
enzymatic photochemical regeneration method involves the use of Rh(I)-bis-
bipyridine as electron transfer reagent.[102] Quite recently, a novel photochemical 
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method for NADH regeneration was reported using carbon-containing TiO2 and 
[Cp*Rh(bpy)(H2O)]2+ as photosensitizer and catalyst, respectively. The advantages 
of this latter method are that the carbon-containing TiO2 strongly absorbs visible 
light, whereas TiO2 can only be excited by UV-light, and that TiO2 is not 
photodegradated upon illumination.[103]  

Coenzyme regeneration by means of light has also been shown to work efficiently 
in whole cells. By illumination of the plant-like photosynthetic Synechococcus 
elongatus PCC 7942, pentafluoroacetophenone was enantioselectively reduced to 
the corresponding (S)-alcohol.[104] 

1.4.4   Enzymatic regeneration 
Up to date, the most extensively studied and preferred method for NAD(P)H 
recycling is the enzyme-catalyzed reduction of NAD(P)+. This method of 
coenzyme recycling is highly selective and yields only the 1,4-NAD(P)H isomer by 
simultaneous oxidation of a co-substrate. This reaction is catalyzed mainly by 
NAD(P)+-dependent dehydrogenases and a wide variety of these enzymes have 
been identified over the years. Examples of such enzymes are formate 
dehydrogenase (FDH) from Candida boidinii and glucose-6-phosphate dehydro-
genase (G6PDH) from Leuconostoc mesenteroides.[105,106] The latter enzyme is 
commercial available and regenerates both NADH and NADPH at the expense of 
glucose-6-phosphate. However, this substrate is too costly to use in stoichiometric 
amounts, although a method has been proposed that can be used to generate 
glucose-6-phosphate other using cheap substrates.[107] An alternative is glucose 
dehydrogenase (GDH), an enzyme that has been found in various 
(micro)organisms. The majority of GDHs shows dual coenzyme specificity and the 
oxidation of glucose yields gluconolactone as product which spontaneously 
hydrolyzes making the overall reaction irreversible. However, a disadvantage of 
this enzyme is that gluconic acid needs to be eliminated from the end-product of 
interest.[108] Application of alcohol dehydrogenases (ADHs) as regeneration 
enzymes has mainly been coupled to an interesting activity of the dehydrogenase 
itself: e.g. reduction of acetophenone to (S)-phenylethanol by ADH from 
Thermoanaerobium brockii.[109] The advantange of such a substrate-coupled 
coenzyme regeneration approach is that only one biocatalyst is required. A dis-
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Table 1.2 Examples of NAD(P)+-dependent (de)hydrogenases that can be applied for 
coenzyme regeneration. 

Enzyme Organism(s) Advantages and disadvantages 
Alcohol 
dehydrogenase 

Thermoanaerobium 
brockii 

+ thermostable 
+ commercially available 
- only selective for NADP+  
- unfavorable thermodynamic equilibrium 
- high [substrate] required 
  

Formate 
dehydrogenase 

Candida boidinii  + cheap sacrificial substrate 
+ favorable thermodynamic equilibrium 
+ thermostable 
+ selective for NAD(P)+  
- low activity 
 

Glucose 
dehydrogenase 

Bacillus cereus  + commercially available 
+ cheap sacrificial substrate 
+ thermostable 
+ selective for NAD(P)+ 
- product may complicate workup procedure 
 

Glucose-6-P 
dehydrogenase 

Leuconostoc 
mesenteroides 

+ commercially available 
+ high specific activity 
+ selective for NAD(P)+ 
- expensive sacrificial substrate 
- product may complicate workup procedure 
 

Phosphite 
dehydrogenase 

Pseudomonas  stutzeri 
 

+ cheap sacrificial substrate 
+ favourable thermodynamic equilibrium 
+ thermostable 
+ selective for NAD(P)+ 
- low activity 
 

Hydrogenase Pyrococcus furiosus + cheap sacrificial substrate 
+ favorable thermodynamic equilibrium 
+ thermostable 
- only selective for NADP+ 

- technically challenging to use H2 
- not applicable for monooxygenases 
 

Soluble pyridine 
nucleotide 
transhydrogenases 

Pseudomonas 
fluorescencs 

+ selective for NAD(P)+ 

- requires substrate-coupled NAD(P)H- 
  dependent oxidation 
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advantage of ADHs is that high concentrations of the auxiliary alcohol are required 
to drive the reaction equilibrium towards the desired product. Unfortunately, such 
conditions inactivate many enzymes.[110]  

Usage of the earlier mentioned FDH for coenzyme regeneration has the advantage 
that carbon dioxide is formed as by-product, which not only drives the equilibrium 
towards the product, but also facilitates product purification as CO2 can easily be 
removed. These advantages have been exploited for the commercial chiral 
synthesis of tert-L-leucine by Degussa,[111] in which a FDH from Candidia boidinii 
has been applied for regeneration of NADH. In the last few years, mutagenesis 
studies have not only broadened the coenzyme specificity of FDH, but also its  
activity, chemical and thermal stability.[112] Another dehydrogenase with interesting 
biocatalytic properties is phosphite dehydrogenase from Pseudomonas stutzeri 
WM88. This enzyme catalyzes the NAD+-dependent oxidation of phosphite to 
phosphate. Recent mutagenesis studies on this enzyme have improved its ability to 
cope with higher temperatures and organic solvents as well as its activity and 
specificity towards NADP+.[113-117] More details concerning this enzyme can be 
found in the upcoming chapters. A new class of possible regenerating enzymes are 
soluble pyridine nucleotide transhydrogenases (STHs), which catalyzes the transfer 
of reducing equivalents between NAD(P)+ and NAD(P)H. These enzymes can be 
applied for a variant of substrate-coupled regeneration.[118] A summary of these 
NADP+-dependent (de)hydrogenases is shown in Table 1.2. 

Besides using (partly) purified enzymes for NAD(P)H regeneration, nicotinamide 
coenzymes can also be recycled by the cellular machinery of whole cells using 
cheap feedstocks like glucose. This approach has been shown to be effective, 
especially in combination with the recombinant expression of the biocatalyst for 
the reaction of interest. Microorganisms such as E. coli, S. cerevisiae and 
Rhodococcus have been used in such an approach. Disadvantages of using entire 
cells include lower enzymatic activity per unit dry weight, cell growth inhibition by 
substrate/product, unwanted side-reactions and restricted uptake of 
substrates/release of products.[119] Examples of biocatalytic processes in which 
whole cells have been applied are the preparation of (S)-sulcatonol from sulcatone 
in Rhodococcus ruber DSM 44541 and the reduction of arylketones in 
Corynebacterium ST-10.[120,121]  



 

 

32 
 
 
 
 
 
 
 
 
 

Chapter 1 

 

1.5   Aim and outline of this thesis 
Monooxygenase-catalyzed reactions can yield valuable (enantiopure) products. For 
instance, monocyclic lactones offer an attractive, simple entry to several classes of 
biologically active small molecules, whereas polycyclic γ-lactones and 
hydroxylated δ-lactones have recently received considerable attention as 
therapeutic agents.[122,123] Furthermore, optically active sulfoxides  have become a 
well-established interest in organic synthesis as important chiral auxiliaries for 
asymmetric synthesis.[124,125] Asymmetric chemical synthetic routes that catalyze 
selective oxygen insertion are usually mediated by heavy metals with complex 
ligands and/or explosive peroxidic oxidizing agents. A way to circumvent the use 
of these hazardous materials is by applying the flavin-dependent Type I Baeyer-
Villiger monooxygenases. These enzymes are able to catalyze a broad range of 
oxidative reactions such as Baeyer-Villiger and heteroatom oxidations (see Figure 
1.11).[47]  

 

Figure 1.10 Different types of oxidation that can be carried out using Type I Baeyer-
Villiger monooxygenases (BVMOs). 

However, at the start of this PhD-project only a small number of cloned and 
overexpressed Baeyer-Villiger monooxygenases was available and their cofactor 
dependence was regarded as a limiting factor. Therefore, in 2003 a CERC3 
Transnational Project entitled “Asymmetric oxidations using two-in-one 2nd 
generation biocatalysts” was initiated with the aim to address these issues. Within 
this European collaborative project, several groups were involved: i) Dr. V. 
Alphand, Université de la Méditerrannée, Marseille, France; ii) Prof. Dr. M.D. 
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Mihovilovic, Vienna University of Technology, Vienna, Austria and iii) Dr. G. 
Ottolina, Istituto di Chimica del Riconoscimento Molecolare, Milan, Italy.  

The goals of the project in Groningen were to i) engineer two-in-one 2nd generation 
biocatalysts integrating the monooxygenases and an generic internal coenzyme 
recycling system in order to improve and simplify not only whole cell but also 
enzymatic processes and ii) offering a toolbox of various recombinant biocatalysts 
with a large range of selectivity. The (efforts and) results concerning these issues 
are described in this thesis. 

A review on Type I Baeyer-Villiger monooxygenases as valuable oxidative 
biocatalysts is described in Chapter 2. This chapter provides an overview of the 
developments concerning these special oxidative biocatalysts and sketches some 
future perspectives. 

In Chapter 3 the biocatalytic properties of two BVMOs acting on aromatic 
compounds are described. 4-hydroxyacetophenone monooxygenase (HAPMO) 
from Pseudomonas fluorescens ACB is shown to enantioselectively oxidize both 
phenyl and benzyl sulfides, whereas phenylacetone monooxygenase (PAMO) from 
Thermobifida fusca yields optically pure benzyl sulfoxides. Additionally, it is 
shown that the latter enzyme excepts a wide range of aromatic substrates. 

Inspired by the crystal structure of PAMO and a model of cyclopentanone 
monooxygenase (CPMO) from Comamonas sp. NCIMB 9872, the active site of 
PAMO was redesigned. In Chapter 4 the creation and characterization of three 
mutants is described, with a special focus on the M446G mutant which showed a 
different substrate specificity and enantioselectivity compared to wild type PAMO.  

A detailed steady-state and transient state-kinetic study on PAMO is reported in 
Chapter 5. The kinetic mechanism reveals that the overall rate is determined by a 
conformational change occurring prior to the final step in the catalytic cycle, which 
is NADP+ release. Additionally, the role of an active site arginine was investigated. 
This residue, which is strictly conserved in members of Type I BVMO family, was 
shown to be crucial for catalysis. PAMO mutants bearing an alanine or lysine on 
this position were unable of oxygenating phenylacetone and benzyl methyl sulfide, 
although the mutants were able to form and stabilize the reactive C4a-peroxyflavin 
intermediate. 
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Chapter 6 describes the engineering of self-sufficient BVMOs. Various BVMOs 
were covalently linked to a mutant of phosphite dehydrogenase (PTDH) from 
Pseudomonas stutzeri WM88 for effective regeneration of NADPH at the expense 
of the phosphite. These two-in-one biocatalysts were successfully applied for 
bioconversions using whole cells, cell-free extracts and purified enzymes. 

By fusing various BVMOs to a thermostable mutant of PTDH, a new generation of 
self-sufficient BVMOs was created. Chapter 7 shows that these new two-in-one 
biocatalysts are (thermally) more stable. With these fused biocatalysts higher 
conversions can be obtained.  

In Chapter 8, the work described in this thesis is summarized, discussed and some 
final conclusions are drawn.  
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Discovery, Redesign and Applications of Baeyer-Villiger Monooxygenases 

2.1   Abstract 
Baeyer-Villiger monooxygenases (BVMOs) represent valuable oxidative 
biocatalysts. A special feature of these atypical monooxygenases is that they do not 
only catalyze Baeyer-Villiger oxidations but also sulfoxidations and a number of 
other oxidation reactions. Except for this promiscuity in reactivity, BVMOs are 
often very enantio-, regio- and/or chemoselective while accepting a broad range of 
substrates. This chapter provides an overview of recent developments concerning 
these special oxidative biocatalysts and sketches some future perspectives. 

2.2   Baeyer-Villiger monooxygenases 
The Baeyer-Villiger oxidation reaction was discovered more then 100 years ago by 
Adolf von Baeyer and Victor Villiger.[1] By this reaction, ketones are converted 
into the corresponding esters. In organic chemistry, peracids are commonly used as 
catalyst to perform this atypical oxidation reaction that results in oxygen insertion 
into a carbon-carbon bond (Figure 2.1). 

 

Figure 2.1 The Baeyer-Villiger oxidation reaction. 

In 1948, Criegee proposed that this reaction involves the formation of a tetrahedral 
intermediate by the nucleophilic attack of the peracid onto the ketone.[2] This 
intermediate is often referred to as the Criegee-intermediate. A few years later, the 
exact mechanism of the oxygenation reaction was confirmed when a study on the 
Baeyer-Villiger oxidation of O18-labeled benzophenone showed that the labeled 
oxygen ended up as the carbonyl oxygen of the formed ester.[3] Around the same 
time it was recognized that also enzymes exist that catalyze Baeyer-Villiger 
reactions.[4] This was concluded from the observation that a biological Baeyer-
Villiger reaction occurred during the biotransformation of steroids by fungi. It took 
two decades until the first Baeyer-Villiger monooxygenases (BVMOs, EC 
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1.14.13.x), sometimes also referred to as Baeyer-Villigerases, were isolated and 
characterized.[5,6] From then on, a number of microbial BVMOs have been reported 
revealing several recurring biochemical characteristics (for a recent review see 
Kamerbeek et al.).[7] 

All characterized BVMOs contain a flavin cofactor that is crucial for catalysis 
while NADH or NADPH is needed as electron donor. An interesting observation is 
the fact that most reported BVMOs are soluble proteins. This is in contrast to many 
other monooxygenase systems that often are found to be membrane bound or 
membrane associated. In 1997, Willetts concluded from careful inspection of all 
available biochemical data on BVMOs that at least two classes of BVMOs exist.[8] 
The Type I BVMOs consist of only one polypeptide chain, contain FAD as tightly 
bound cofactor and are dependent on NADPH for activity. They contain two 
Rossmann sequence motifs, GxGxxG, indicating that these enzymes bind the two 
cofactors (FAD or NADPH) using separate dinucleotide binding domains.[9] The 
Type II BVMOs use FMN as flavin cofactor and NADH as electron donor and are 
composed of two different subunits. At the time of the initial classification, the 
respective N-terminal sequences did not provide any clue concerning the structure 
of these two-component monooxygenases. However, sequence data suggest a 
sequence relationship with the flavin dependent luciferases.[10] Therefore it is likely 
that Type II BVMO oxygenase subunits will also have a TIM-barrel fold. 

Recent findings hint to at least two other BVMO classes of which one also 
represents a group of flavoproteins (see Chapter 1). It was found that the bacterial 
flavoprotein monooxygenase MtmOIV is involved in the biosynthetic pathway of 
the antitumor drug mithramycin.[11] Sequence analysis indicates that it is related to 
subclass A flavoprotein monooxygenases that typically perform hydroxylation or 
epoxidation reactions.[10] Crystals of this monooxygenase have been reported.[12] A 
crystal structure would reveal what structural features separates this BVMO from 
the sequence related hydroxylases and epoxidases. Also a heme-containing BVMO 
has been reported belonging to the cytochrome P450 superfamily.[13] This plant 
enzyme was shown to convert a specific plant steroid. Earlier studies already 
suggested Baeyer-Villiger activity of other eukaryotic P450s.[14] Future studies will 
reveal whether these novel oxidative enzymes can be of use for biocatalytic 
applications. However, the first results suggest that these newly identified BVMOs 
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are dedicated to convert very specific and complex molecules suggesting a narrow 
substrate specificity. Nevertheless, the finding of these novel BVMO types 
indicates that during evolution several different enzymes have evolved into Baeyer-
Villiger monooxygenases. Therefore, more BVMO types may be discovered in the 
coming years. 

Most biochemical and biocatalytic studies have been performed with Type I 
BVMOs.[7] This is partly caused by the fact that they represent relatively 
uncomplicated monooxygenase systems. These monooxygenases are typically 
soluble and composed of only one polypeptide chain. Expression systems have 
been developed for a number of Type I BVMOs while no recombinant expression 
has been reported for a Type II BVMO. Cyclohexanone monooxygenase (CHMO) 
from an Acinetobacter sp. NCIMB 9871 was the only recombinant available 
BVMO for a long time as it was cloned and overexpressed already in 1988.[15] 
CHMO has been subjected to several sophisticated kinetic studies which have 
revealed that, also in BVMOs, catalysis is achieved by formation of a peroxy 
catalyst: a peroxyflavin (Figure 2.2).[16,17] 

 

Figure 2.2 Scheme of the catalytic mechanism of Type I BVMOs 
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Upon reaction with NADPH and molecular oxygen, the flavin cofactor is able to 
form this peroxygenated flavin intermediate. This reactive intermediate is 
equivalent to the peracids used in organic chemistry and will react with a ketone to 
form an ester. In fact, it is the ability of BVMOs to form and stabilize a negatively 
charged peroxyflavin intermediate that enables these enzymes to perform Baeyer-
Villiger reactions and other oxygenation reactions. The formation of the reactive 
oxygenated enzyme intermediate is not regulated by substrate binding which sets 
these BVMO mechanistically apart from other well studied monooxygenase 
systems. For instance, cytochrome P450s and flavin-containing hydroxylases will 
only form the equivalent reactive enzyme intermediate after binding of a substrate. 
The peroxyflavin in CHMO is stabilized by active site residues and the bound 
NADP+ coenzyme. Structural details concerning this enzyme complex are lacking 
as no CHMO structure is available. After its formation, the peroxyflavin enzyme 
intermediate is waiting until a suitable substrate enters the active site upon which 
oxygenation will take place. In the case that no suitable substrate is present, the 
peroxyflavin will decay to form hydrogen peroxide. However, this NADPH 
oxidase function of BVMOs is very inefficient (< 0.1 s-1) due to the effective 
stabilization of the peroxy-intermediate. This prevents intracellular formation of 
toxic hydrogen peroxide. A striking feature of the catalytic mechanism of CHMO 
is the fact that the coenzyme NADPH/NADP+ remains bound to the enzyme 
throughout the catalytic cycle. Only when the oxygenation reaction and the decay 
of the hydroxyflavin into oxidized flavin have occurred, NADP+ is released 
(Figure 2.2). This mechanistic feature was recently confirmed for another Type I 
BVMO: 4-hydroxyacetophenone monooxygenase (HAPMO).[18] By kinetic 
inhibition studies and ESI-MS experiments it could be demonstrated that the 
coenzyme remains bound during the whole catalytic cycle. Also with the newly 
identified phenylacetone monooxygenase (PAMO)[19] we have found that NADP+ 
is a competitive inhibitor with respect to NADPH (see Chapter 4), suggesting that 
NADP+ release is again the last step in the catalytic cycle. Another indirect proof 
for binding of NADP+ throughout the catalytic cycle came from two studies where 
artificial electron donors were tested.[20,21] This revealed that NADP+ binding is 
essential to maintain the enantioselectivity of PAMO, indicating that the bound 
coenzyme forms parts of the active site determining positioning of the substrate. It 
also indicates that, in vivo, BVMOs are virtually always occupied by NADP+ or 
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NADPH. This is in line with the observation that BVMOs are highly stabilized 
when NADP+ is bound.[18] 

2.3   Biocatalytic properties of available recombinant 
BVMOs 
The list of heterologously expressed Type I BVMOs has grown significantly in 
recent years (Table 2.1). Except for BVMOs primarily acting on small cyclic 
ketones (cyclopentanone and cyclohexanone),[22-24] also variants specific for larger 
cyclic ketones (cyclododecanone and cyclopentadecanone) have been 
discovered.[25,26] Additionally, BVMOs that readily accept aromatic ketones 
(4-hydroxyacetophenone and phenylacetone derivatives) have been described.[19,27] 
Also a BVMO acting on steroids has been reported.[28] Substrate profiling studies 
suggest that BVMOs have a rather broad specificity and often display overlapping 
substrate specificities. For example, bicycloheptenone and aromatic sulfides have 
been shown to be converted by several BVMOs. Illustrative for the broad substrate 
specificity of BVMOs is the fact that in 2002 it was reported that for CHMO from 
Acinetobacter sp. NCIMB 9871 over 100 different substrates had been reported.[29] 
Since that time, a number of other ketones have been shown to be converted by this 
monooxygenase extending the impressive list of CHMO substrates even further.[29-

33] 

Except for exploring its catalytic potential, CHMO from Acinetobacter has also 
been used as model system for upscaling BVMO-mediated biocatalysis. In recent 
years, the main focus has been on using whole cells expressing CHMO as a 
biocatalyst. By this, the problem of coenzyme usage by the enzyme can be 
circumvented as NADPH will be regenerated by the cellular machinery. During the 
years, problems related to e.g. product/substrate inhibition and oxygen sensitivity 
have been tackled.[34,35] An efficient methodology has been developed that is 
applicable on kilogram scale.[36] Using whole cells expressing CHMO in 
combination with resin-based in situ substrate feeding and product removal (SFPR) 
and a tuned oxygen supply, a highly productive process was developed yielding 
two nearly enantiopure (e.e. > 98 %) regioisomeric lactones in a good yield. This 
nicely illustrates that BVMOs can be applied on a scale that is relevant for 
synthesis of fine chemicals. 
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Table 2.1 List of BVMOs that have been overexpressed in E. coli and of which the isolated 
enzyme has been characterized to some extend.  

BVMO Acronym Primary substrate Origin Year of 
cloning 

Cyclohexanone 
monooxygenase CHMO 

 

Acinetobacter sp. 
NCIMB 9871 1988 [15,22] 

Steroid  
monooxygenase STMO 

 

Rhodococcus 
rhodochrous 1999 [28] 

4-Hydroxyacetophenone 
monooxygenase HAPMO 

 

Pseudomonas 
fluorescens ACB  2001 [27] 

Cyclododecanone 
monooxygenase CDMO 

 

Rhodococcus ruber 2001 [25] 

Cyclopentanone 
monooxygenase CPMO 

 
Comamonas sp. 
NCIMB 9872 2002 [23,24] 

Ethionamide 
monooxygenase  EtaA Physiological substrates 

unidentified 
Mycobacterium 
tuberculosis H37Rv 2004 [37] 

Phenylacetone 
monooxygenase PAMO 

 
Thermobifida fusca 2005 [19] 

Acetone  
monooxygenase ACMO 

 
Gordonia sp. TY-5 2006 [38] 

Alkyl ketone 
monooxygenase AKMO 

 

Pseudomonas 
fluorescence  
DSM 50106 

2006 [39] 

Cyclopentadecanone 
monooxygenase CPDMO 

 

Pseudomonas sp. 
strain HI-70 2006 [26] 
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While the substrate acceptance of a specific BVMO is often relaxed, catalytic 
efficiencies and regio- and/or enantioselectivities can differ significantly when 
comparing BVMOs. A number of CHMO and CPMO homologs (> 35 % sequence 
identity) have recently been identified and explored concerning their biocatalytic 
potential. These comparative biocatalytic studies using highly similar enzymes 
have revealed that, as expected, all studied CHMOs and CPMOs cover a similar 
substrate range.[33,40,41] However, regio- and/or enantioselectivities differ 
significantly. It was observed that CPMOs and CHMOs often display opposite 
enantioselectivities.[41] This illustrates the need for a large library of BVMOs to 
meet the demand for enantio- and/or regioselective oxidative biocatalysts. 
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Figure 2.3 Illustration of overlapping substrate specificities of 4 BVMOs; Cyclohexanone 
monooxygenase (CHMO), cyclopentanone monooxygenase (CPMO), 4-hydroxyaceto-
phenone monooxygenase and phenylacetone monooxygenase (PAMO). For each enzyme 
several typical substrates are shown.  
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Although BVMOs often display a broad substrate specificity, each BVMO has a 
certain preference for a specific type of substrate. While CHMO and CPMO are 
highly active with a range of (cyclic) aliphatic ketones, HAPMO and PAMO prefer 
aromatic substrates.[19,27,42-44] This is illustrated by Figure 2.3, in which the 
overlapping substrate specificities for several well-studied BVMOs are shown 
displaying several typical substrates for each BVMO. 

For several recombinant available BVMOs, no extensive substrate profiling studies 
have been performed. For steroid monooxygenase only steroid substrates have 
been tested while cyclododecanone and cyclopentadecanone monooxygenase have 
only been recently identified and await further exploration. Based on the first 
biocatalytic data obtained with cyclopentadecanone monooxygenase, it appears 
that this novel BVMO is attractive when relatively large compounds are 
targeted.[26] The enzyme proved to be effective in enantioselective Baeyer-Villiger 
oxidations of a range of bulky cycloketones. By this, it complements the substrate 
range that is covered by other known BVMOs. Quite recently, also BVMOs acting 
on linear aliphatic ketones have been discovered. From two Pseudomonas species 
BVMOs accepting long-chain aliphatic ketones as substrates were cloned and 
overexpressed in E. coli.[39,45] Additionally, Kotani and coworkers identified a 
novel BVMO that acts on a short-chain aliphatic ketone, i.e. acetone, thereby 
yielding methyl acetate. This enzyme is involved in the propane metabolism 
pathway of the bacterium Gordonia sp. strain TY-5.[38] 

2.4   Discovery of novel BVMOs 
While the number of available recombinant BVMOs has grown significantly over 
the last few years, there is still a demand for other BVMOs to expand the 
biocatalytic diversity. Most BVMOs that have been described are dedicated to 
convert efficiently cyclohexanone and related cyclic aliphatic ketones. To cover a 
broader range of substrate types and enantio- and/or regioselectivities, new 
BVMOs have to be discovered or engineered by enzyme redesign. This can be 
done in a number of ways. In the past, it was common practice to isolate new 
microbes that were able to grow on a target substrate after which the respective 
enzyme/gene was retrieved. This approach has been successful in obtaining most of 
the presently available BVMOs (Table 2.1).  
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Figure 2.4 An unrooted tree of Type I BVMO protein sequences. Sequences were retrieved 
from the NCBI and PEDANT sequence databases. All characterized BVMOs are indicated: 
CDMO, cyclododecanone monooxygenase from Rhodococcus rhodochrous; CPDMO, 
cyclopentadecanone monooxygenase from Pseudomonas HI-70; CPMOs, cyclopentanone 
monooxygenases from Comamonas sp. NCIMB 9872 and Brevibacterium sp. HCU; 
CHMOs, cyclohexanone monooxygenases from Acinetobacter sp. NCIMB 9871, 
Arthrobacter sp. BP2, Rhodococcus sp. Phi1 and Phi2, Brevibacterium sp. HCU and 
Xanthobacter autotrophicus Py2; STMO, steroid monooxygenase from Rhodococcus 
rhodochrous; PAMO, phenylacetone monooxygenase from Thermobifida fusca; HAPMO, 
4-hydroxyacetophenone monooxygenase from Pseudomonas fluorescens ACB; EtaA, 
ethionamide-activating monooxygenase from Mycobacterium tuberculosis H37Rv; AKMO, 
alkyl ketone monooxygenases from Pseudomonas fluorescence DSM 50106;ACMO, 
acetone monooxygenase from Gordania sp. strain TY-5; BVMOPput, monooxygenase from 
Pseudomonas putida KT2440; BVMOMtub1-5, other monooxygenases from Mycobacterium 
tuberculosis H37Rv.  
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Only PAMO, ethionamide monooxygenase and other M. tuberculosis BVMOs 
have been discovered via other methods.[19,37,46] However, the classical approach of 
isolating a specific microorganism, enzyme purification and subsequently cloning 
is laborious, time consuming and often unsuccessful. Frequently, the enzyme 
responsible for the observed reaction is difficult to purify and hence the respective 
gene can not be retrieved. Therefore, it is attractive to exploit other newly 
developed methods that circumvent these pitfalls. 

2.4.1   Exploring (meta)genomes for novel BVMOs 
Nowadays the genomes of a wide variety of organisms have been sequenced and 
are publicly available, offering a new and efficient way of retrieving BVMO genes. 
By having currently genome sequences available of approximately 1000 microbes 
(see http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), it is attractive to look 
directly into this pool of genes in silico without growing and isolating any 
microorganism. In addition to the database of partially and fully sequenced 
genomes, it is also informative to survey the database of sequenced environmental 
genomes. Especially the ‘Sargasso sea’ metagenome database is rich in new 
sequences.[47] Metagenomic databases contain a large number of unexplored genes 
(> 1 million sequences in the Sargasso database!). However, for an in silico 
genome mining approach it is fundamental to have bioinformatic tools that are able 
to identify with some certainty genes that encode BVMOs. By simply searching for 
sequences that show homology with known BVMOs, novel putative BVMO genes 
may be found. However, many sequence-related genes may represent flavoprotein 
monooxygenase that do not catalyze Baeyer-Villiger reactions. A more reliable 
identification of BVMO genes has become feasible since a Type I BVMO-specific 
motif (FxGxxxHxxxWD/P) was identified by comparing sequences of characterized 
BVMOs.[48] This allows an effective survey of all (meta)genome databases 
concerning the occurrence of Type I BVMOs (Figure 2.4 and Table 2.2; note that 
the table only includes completely sequenced genomes at the time of the survey: 
July 2006). The identification of new BVMO genes will obviously facilitate 
production of novel biocatalysts. Besides obtaining the new gene sequence of a 
specific BVMO, a thorough genome analysis may also provide more valuable 
information. As genes belonging to specific degradation pathways are often 
clustered on microbial genomes, analyzing the sequence regions flanking a BVMO 
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gene may give hints concerning the physiological role of the enzyme and 
accordingly provide clues for the corresponding substrate specificity. In fact, we 
have found that many BVMO genes are flanked by an esterase/hydrolase gene. The 
corresponding esterase or lactonase activity would hydrolyze the ester or lactone 
formed by BVMO activity. Such a co-localisation of a BVMO with an 
esterase/lactonase has also been observed in sequenced genome fragments 
containing a BVMO gene, e.g. in the case of the cyclohexanone monooxygenase, 
cyclopentanone monooxygenase, phenylacetone monooxygenase, 4-hydroxy-
acetophenone monooxygenase and cyclopentadecanone genes.[19,24,26,27,49,50] This 
suggests that BVMOs often play a role in a specific catabolic pathway and is in 
agreement with the fact that most described BVMOs are part of a degradation 
pathway. 

Table 2.2 Genomic occurence of BVMOs 

Source Number of screened 
genomes 

Number of putative 
BVMOs [a] 

Examples of genomes containing 
multiple BVMOs [b] 

Bacteria 293 138 
Mycobacterium marinum (15) 
Novosphingobium aromaticivorans (8) 
Rhodococcus RHA1 (20) 

Archaea 27 0 - 

Fungi [c] 28 36 
Aspergillus nidulans FGSC-4A (16) 
Gibberella zeae PH-1 (10) 
Magnaporthe grisea 70-15 (7) 

Other 
eukaryotes [d] 22 0 - 

Sargasso Sea - 32 - 

Total 370 206 - 

[a] Genomes were surveyed for the presence of putative Type I BVMOs by (1) searching for sequence 
homologs of phenylacetone monooxygenase and (2) filtering for sequences that contain the Type I 
BVMO-sequence motif.[48] 

[b] The number of BVMO genes for each genome is indicated in brackets. 
[c] 16 yeast and 12 fungal genomes have been screened: 33 BMVOs discovered in fungi and 3 in the 

yeast Candida albicans SC5314. 
[d] Other eukaryotes included Apis mellifera, Bombyx mori, Caenorhabditis elegans, Drosophila 

melanogaster, Homo sapiens, Mus musculus, Tetraodon nigroviridis. 
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In July 2006, a genomic trawl using the above-mentioned Type I BVMO motif as 
filter yielded 174 putative BVMO genes when searching all finished microbial 
genomes (Table 2.2). This indicates that Type I BVMOs are not very rare but are 
frequently utilized by microbes. All identified BVMO genes originate from 
bacteria or fungi while none could be found in archaebacteria, plants, animals or 
the human genome. On average, roughly one out of two (174/348) microbial 
genomes contain a BVMO gene. This suggests that at present ~ 400 novel Type I 
BVMOs genes are present in the genome sequence database (including the 
unfinished genomes). Strikingly, BVMO genes are unevenly distributed among 
microbial genomes with only a few microorganisms containing a large number of 
BVMOs while the majority of genomes are devoid of putative Type I BVMOs 
(Figure 2.5). In fact, the number of genomes containing only one BVMO is more 
or less equal to the number of genomes containing four or more BVMO genes. It is 
also worth noting that a relative large number of bacterial BVMO genes (80) were 
found in actinomycetes. This may suggest a role of BVMOs in the synthesis of 
secondary metabolites. Also the Sargasso metagenome database contains a 
significant number of BVMO genes indicating that also in the sea environment 
many microbes employ BVMOs for specific but yet unknown metabolic routes 
(Table 2.2). These genes can not simply be obtained using PCR techniques as the 
microbes from which the genes originate have not been isolated. However, by gene 
synthesis it is in principle feasible to explore also these newly identified putative 
biocatalysts. 

In contrast to the Type I BVMOs discussed above, Type II BVMOs have been 
explored to a limited extent. In fact, an in silico search for Type II BVMOs in the 
genome sequence database is hampered by the fact that only one Type II BVMO 
sequence (limonene monooxygenase, gi47116765) has been deposited in the 
database. A BLAST search with the limonene monooxygenase sequence at NCBI 
(www.ncbi.nlm.nih.gov) reveals that only 12 bacterial sequences show a relatively 
high sequence homology (> 40 % sequence identity). In addition to these sequence 
homologs also a large number of other sequences show limited sequence homology 
and appear to belong to the luciferase class of flavin dependent monooxygenases. 
This hints to an evolutionary relationship between Type II BVMOs and luciferases. 
In the Sargasso Sea database only five sequences can be found that display high 
sequence identity (> 40 %) with limonene monooxygenase. These findings suggest 



 

 

  53 
 
 
 
 
 
 
 
 

Discovery, Redesign and Applications of Baeyer-Villiger Monooxygenases 

that Type II BVMOs are less widespread than Type I BVMOs, explaining to some 
extent why these BVMOs have been reported in the literature less frequently. 

 

Figure 2.5 Distribution of putative Type I BVMO genes among bacterial and fungal 
genomes (see Table 2.2). 

Recently, several BVMOs have been reported in literature that had been found by 
genome mining. The first example concerned the discovery of a thermostable 
BVMO. The most well-studied BVMO, CHMO, is not a very robust biocatalyst. 
Often conversions using this biocatalyst suffer from enzyme inactivation. To 
circumvent this problem it was of interest to obtain a more (thermo)stable BVMO. 
As no BVMO genes have been identified in genomes of archaebacteria, genomes 
of (semi)thermophilic bacteria were surveyed. Using the above-mentioned BVMO 
sequence motif it was found that the genome of Thermobifida fusca contains two 
Type I BVMO genes. This actinomycete typically grows at 55 - 60ºC and therefore 
should yield thermostable biocatalysts. The two genes have been cloned and the 
corresponding enzymes have been overexpressed in Escherichia coli. Only one of 
the two expressed BVMOs could be purified and characterized and was shown to 
be primarily active on a range of aromatic ketones and sulfides. The highest 
catalytic efficiency has been obtained with phenylacetone and hence its name: 
phenylacetone monooxygenase (PAMO). The genes flanking the PAMO gene also 
suggest a role in degradation of aromatic compounds like phenylacetone. Except 
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for phenylacetone, a number of other ketones and sulfides are accepted by the 
enzyme (see Chapter 3).[19,42] With several aromatic prochiral ketones and sulfides, 
excellent enantioselectivity was observed. However, the enzyme is only marginally 
active with cyclic aliphatic ketones and therefore only has limited overlap in 
substrate specificity when compared with CHMO (Figure 2.3). The enzyme indeed 
proves to be of superior stability when compared with other known BVMOs as it is 
stable for days when stored at moderate temperatures (< 40 ºC). The enzyme is also 
active in the presence of organic solvents and, interestingly, it was found that 
organic solvents can tune the enantioselectivity.[51] 

More recently the group of Grogan reported on another genome mining project 
targeting BVMOs from Mycobacterium tuberculosis.[46] The genome of M. 
tuberculosis harbors six putative Type I BVMO genes. Also other mycobacterial 
genomes are relatively rich in BVMO genes with Mycobacterium marinum setting 
the record at the time of the survey: 15 BVMO genes. All six Type I BVMOs 
genes that are part of the genome of M. tuberculosis were cloned and four of them 
could be overexpressed in E. coli. Unfortunately, by using three test substrates, 
Baeyer-Villiger activity of only three mycobacterial BVMOs could be confirmed. 
One of them corresponds to ethionamide monooxygenase that has been shown to 
be involved in activation of commonly used antitubercular drugs.[52,53] In a previous 
study, Baeyer-Villiger activity of this monooxygenase had already been verified 
with a large number of ketones.[37] However, another overexpressed BVMO from 
M. tuberculosis exhibited exquisite enantioselectivity with racemic bicyclo-
[3.2.0]hept-2-en-6-one.[46] This bicyclic aliphatic ketone is often used to probe the 
biocatalytic potential of BVMOs. The chiral ketone is of high value for the 
synthesis of fine chemicals when available in its enantiomerically pure form. Also 
the chiral lactones formed from this ketone by Baeyer-Villiger oxidation are highly 
interesting for synthetic purposes. For this reason, CHMO has been exploited in 
several biocatalytic studies, as mentioned above.[34,36] Using whole cells containing 
the novel mycobacterial biocatalyst it was possible to perform a resolution of 
racemic bicyclo[3.2.0]hept-2-en-6-one yielding enantiomerically pure (1R, 5S)-(+)-
bicyclo[3.2.0]hept-2-en-6-one. This was not feasible with CHMO or any other 
available BVMO and demonstrates again the value of a genome mining approach. 
By exploring the catalytic properties of novel BVMOs identified by sequence only, 
new substrate specificities and regio- and/or enantioselectivities may be uncovered. 
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2.4.2   Screening the metagenome for novel BVMOs 
Except for exploring sequenced genomes, yet other interesting approaches for 
discovering novel BVMOs exist. A recent development in the area of biocatalyst 
discovery is the exploitation of metagenomic DNA libraries. By this methodology, 
DNA is directly isolated from a certain sample that is expected to contain a variety 
of microbes (e.g. soil). Subsequently, the obtained DNA is randomly fragmented 
and cloned into a suitable vector and expression host. The resulting gene library, 
containing a huge number of randomly cloned genome fragments, can then be 
screened for any desired biocatalytic activity. In this way, bacterial enzymes 
exhibiting specific activities can be found without the need of isolating or 
cultivating a specific bacterium. This culture-independent methodology has been 
shown to be very successful to uncover novel biocatalysts and has quickly become 
a standard approach at academic and industrial institutions. However, no BVMO 
discovered by metagenome screening has yet been reported. As shown above, 
BVMOs occur frequently in bacterial genomes and therefore metagenomic gene 
libraries should typically contain a multitude of BVMOs. 

However, it is not trivial to screen libraries for specific enzyme activities. 
Screening methods often rely on visualization of enzyme activity by color 
formation upon substrate conversion or growth that is triggered by the specifically 
desired enzyme activity. Several assays that can be used for screening cells for 
BVMO activity have been reported but none of them appears to be suited for 
generic screening of a massive number of clones.[54-56] The most commonly used 
assay to detect BVMO activity in vitro is measuring the depletion of NADPH 
which absorbs light at 340 nm. This approach can not be used when handling 
whole cells. Recently, several alternative methods have been reported to detect 
cells exhibiting BVMO activity. In one report it was shown that the BVMO-
associated ester/lactone product formation can be coupled to an esterase/lactonase 
which will result in a decrease of pH. By using pH indicators, this change of pH 
could be visualized.[57] A disadvantage of this approach is that it is limited by the 
substrate range of the hydrolytic partner enzyme and very sensitive to other 
activities that influence the pH. Another reported method for detecting BVMO 
activity is also dependent on hydrolysis of the formed product. It was shown that 
HAPMO readily catalyzes conversion of 3-acetylindole to indoxyl acetate. 
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Chemical or enzymatic hydrolysis of this product yields indoxyl which 
spontaneously reacts with molecular oxygen forming the blue colored compound 
indigo (Figure 2.6).[58] 

 

Figure 2.6 Chromogenic BVMO assay using 3-acetyl indole resulting in formation of 
indigo blue.[58] 

Recently also two fluorogenic assays were described that can be used for detecting 
BVMO activity.[54,55] However, these methods are biased towards specific 
chromogenic and fluorogenic substrates and will only yield enzymes that are active 
towards these and similar compounds. 

An effective and generic method of screening of BVMO activity is indispensable 
for screening metagenome libraries as these libraries are often in the range of 
100,000 - 1,000,000 clones. Therefore it is a challenge to develop a novel way to 
efficiently detect BVMO activity in gene libraries. This would facilitate discovery 
of a new set of BVMOs displaying novel biocatalytic properties and may also 
disclose new types of BVMOs. 

2.4.3   Redesign of BVMOs 
For enzyme redesign studies, structural information of a targeted biocatalyst is very 
valuable. However, at present, no structure of the most well-studied BVMO, 
CHMO, is available. In order to obtain a predictive structural model of the active 
site of CHMO, a cubic space model has been built based on the substrate 
acceptance of this biocatalyst.[59] While this model can predict to some extent the 
specificity and selectivity of CHMO, it is of little use for enzyme redesign studies. 
However, even if no structural information is available, it is still possible to exploit 
random mutagenesis methods in order to change specific biocatalytic properties of 
an enzyme. Such an approach of directed evolution has been performed with 
CHMO by the Reetz group.[60] By error-prone PCR, a library of CHMO mutants 
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was created. By using chiral GC analysis, a library of 10,000 mutants was screened 
for improved enantioselectivity using the prochiral substrate 4-hydroxy-
cyclohexanone. Upon Baeyer-Villiger oxidation by wild type CHMO, this ketone 
is converted into both corresponding lactone enantiomers (only 9 % e.e. for the 
(R)-enantiomer). The same library was also used to find mutants that show an 
improved enantioselectivity with methyl-p-methylbenzyl thioether. This sulfide is 
readily oxidized by wild type CHMO forming the (R)-sulfoxide in low 
enantiomeric excess (e.e. = 14 %). Although only a relatively small library of 
mutants was screened due to the limited screening efficiency (800 mutants/day), 
impressive results were obtained. For both reactions multiple improved mutants 
were found that could be improved even further in a second round of mutagenesis. 
For the Baeyer-Villiger reaction, the enantioselectivity could be improved from 9 
to 90 % e.e. while also mutants with the opposite enantioselectivity could be 
retrieved. For the sulfoxidation reaction, several mutants were found that showed 
an excellent enantioselective behavior (> 98 % e.e.). Interestingly, both screens 
yielded mutants with improved biocatalytic properties in which only one specific 
residue was replaced: F432. Most other retrieved mutants contained multiple 
mutations suggesting that multiple mutations (additive effects) are needed to 
improve enantioselectivity. Recently, a directed evolution study was also carried 
out on the alkyl ketone monooxygenase (AKMO) from Pseudomonas fluorescens 
DSM 50106.[39] In previous studies it was shown that this enzyme was able to 
enantioselectively oxidize different 4-hydroxy-2-ketones to their corresponding 
hydroxylalkyl acetates.[61] By first introducing random mutations using error-prone 
PCR and then recombining the beneficial mutations by site-directed mutagenesis, a 
double mutant (H51L/S136L) was obtained showing a higher conversion and 
enantioselectivity (E ~ 86) than WT using racemic 4-hydroxy-2-decanone as 
substrate.[62] Screening of this mutant library (> 3,500 clones) was performed using 
a coupled adrenalin assay in which an esterase hydrolyzes the formed (S)-ester 
which then reacts with NaIO4

 (Figure 2.7). The remaining NaIO4 can be back-
titrated with adrenalin resulting in the chromophore adrenochrome (λmax = 
485 nm).[63]  

In addition to the directed evolution study on CHMO and AKMO only a few other 
enzyme redesign studies on BVMOs have been reported. By sequence alignment of  
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Figure 2.7 Principle of the adrenaline assay for the detection of BVMO activity in the 
conversion of a 4-hydroxy-2-ketone. The ester formed by the Baeyer-Villiger oxidation is 
hydrolyzed by an esterase, resulting in the diol. Only the diol reacts with NaIO4 and the 
remaining NaIO4 is back-titrated with adrenaline yielding the chromophore adrenochrome 
(λmax = 485 nm).[62] 

BVMO sequences, residues have been identified as targets to change the coenzyme 
specificity of CHMO and HAPMO.[64] As mentioned above, most BVMOs are 
onlyactive with the relatively expensive coenzyme NADPH thereby compromising 
cost-effective biocatalytic applications. It would be advantageous to engineer 
BVMOs which are active with NADH. By site-directed mutagenesis, it was found 
that one specific residue (K326 in CHMO) is crucially involved in recognizing the 
2’-phosphate of NADPH. This lysine residue is conserved in nearly all BVMO 
sequences which is in line with the observation that all Type I BVMOs are 
NADPH specific. However, while it was possible to change the selectivity of both 
CHMO and HAPMO towards NADH, all prepared mutants showed a modest to 
low activity with NADH. This indicates that a more thorough enzyme redesign 
strategy is needed in which the presently available structural information could be 
exploited (see below). Another site-directed mutagenesis study was performed by 
Cheesman and coworkers in which all histidine residues in CHMO were replaced 
to probe their respective function.[65] This revealed that replacement of H59 
prevented expression while the H163Q mutant exhibited only 10 % activity. This 
latter observation is in line with the fact that H163 is part of the BVMO-specific 
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motif mentioned above. Replacing the corresponding histidine in HAPMO also 
strongly affected the activity of the respective enzyme.[48] 

Other sequence-function relationship data concerning a Type I BVMO come from 
studies that focused on elucidating the genetic basis of drug-resistance of M. 
tuberculosis isolates towards thioamides.[52,53] It was found that a range of point 
mutations in a specific gene, etaA, were associated with thioamide drug-resistance. 
The resulting drug-resistance can be ascribed to the inactivation of the 
corresponding enzyme: ethionamide monooxygenase. Future studies will reveal 
whether the reported mutations are fatal mutations for expression or result in 
inactive enzyme. Ethionamide monooxygenase represents a Type I BVMO and is 
able to convert a range of ketones into the corresponding esters.[37] Except for 
catalyzing Baeyer-Villiger oxidations, the enzyme is also able to oxidize the sulfide 
moieties of several antitubercular thioamide drugs. The oxidized drugs appear to be 
highly toxic for mycobacteria. This indicates that ethionamide monooxygenase acts 
as a prodrug activator. In vitro, ethionamide monooxygenase only displays a very 
low activity with all tested substrates. This low activity may be due to the fact that 
all tested substrates are unrelated to the (unknown) physiological substrate of 
ethionamide monooxygenase. However, it might also indicate that ethionamide 
monooxygenase needs other components to be fully active. 

The first BVMOs were already purified several decades ago. Subsequent 
biochemical studies have revealed that these enzymes are typically soluble and 
often easy to express at high levels in e.g. E. coli. These features suggest that 
BVMOs are perfect candidates for X-ray crystallography studies. However, 
crystallization of several Type I BVMOs has been attempted and proven to be 
difficult. Several groups have tried to crystallize the prototype BVMO: CHMO 
from Acinetobacter sp. NCIMB 9871. However, all attempts have been without 
success which is probably caused by the relative instability of this specific 
monooxygenase. This is in line with the observation that CHMO is sensitive to 
cysteine oxidation leading to enzyme inactivation.[66] Also ethionamide 
monooxygenase has been subjected to crystallization trials. Unfortunately, the 
recombinant enzyme withstands crystallization as it tends to aggregate in its pure 
form (unpublished results). We have successfully crystallized HAPMO resulting in 
large well-shaped yellow crystals. However, X-ray analysis of these crystals 
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revealed that the diffracting power was very poor with a resolution limit of 6 Å on 
a synchrotron source. As flexibility in N-termini has been shown to introduce 
heterogeneity in protein crystals, truncation could be a solution for the diffraction 
problem as HAPMO contains an extended N-terminus when compared with other 
BVMOs.[67] To test this, several truncated HAPMO mutants were also 
crystallized.[58] However, no improvement in diffraction properties was found. 

Several BVMOs have been examined with respect to their stability. This has 
revealed that CHMO is not a very stable biocatalyst. The enzyme is rapidly 
degraded intracellularly when expressed in E. coli.[68] In its isolated form, the 
enzyme is also quite unstable: t½ = 24 hours at 25 ºC.[69] Additives, e.g. 
kosmotropic salts, have a stabilizing effect but are not desirable for biocatalytic 
applications. It was also reported that immobilization on a solid carrier is a more 
effective way to stabilize CHMO. HAPMO was shown to inactivate rapidly at 
elevated temperatures: t½ = 80 minutes at 36 ºC.[18] For this BVMO it was shown 
that the lifetime could be increased four fold by adding the FAD cofactor. Addition 
of a NADPH coenzyme analog resulted in a more drastic effect as the enzyme 
remained fully active for 120 min at 36 ºC. While the addition of a coenzyme 
analog will inhibit efficient catalysis, it can be used as additive when a BVMO has 
to be stored. In order to obtain a more robust BVMO, we decided to search for a 
BVMO gene from a thermophilic microorganism. While no BVMO genes could be 
identified in hyperthermophilic archaea (Table 2.2), we discovered two genes in 
the genome of the semi-thermophile Thermobifida fusca (see above). One of the 
identified BVMOs, PAMO, was found to be overexpressed in E. coli as a soluble, 
fully flavinylated and active enzyme.[19] As indicated above, the enzyme was found 
to be highly active on phenylacetone and is thermostable. Only at temperatures 
above 50 ºC it tends to inactivate (t½ = 24 hours at 52 ºC). Possibly due to its 
robustness, PAMO readily crystallizes yielding crystals with good diffraction 
properties (< 2 Å). This resulted in elucidation of its crystal structure in 2004.[70] 
The availability of the PAMO structure offers new possibilities for redesigning this 
or other BVMOs. One structure-inspired enzyme redesign study concerning PAMO 
has already been reported.[71] By sequence alignment of CHMO and PAMO it was 
deduced that PAMO contains an extended active site loop when compared with 
CHMO. It was probed whether, by deleting one or two loop residues, the substrate 
acceptance of PAMO could be altered. The designed mutants indeed brought about 
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significant changes in substrate acceptance. While wild type PAMO was unable to 
convert efficiently 2-phenylcyclohexanone, all deletion mutants readily accepted 
this ketone as substrate. All mutants also displayed a similar thermostability when 
compared with the parent enzyme. The most active mutant (deletion of S441 and 
A442) was used for examining its enantioselective properties. It was found that the 
mutant preferably formed the (R)-enantiomer of the corresponding lactone 
(E = 100). While CHMO also shows a similar enantioselective behavior, this 
PAMO deletion mutant is a better candidate for future applications due to its 
superior stability. This clearly demonstrates that PAMO can be used as parent 
enzyme to design thermostable BVMO variants, as is illustrated in Chapter 4. It 
also illustrates that the available crystal structure of PAMO will be of great help for 
BVMO redesign efforts. 

2.5   Conclusions and future directions 
As each BVMO is limited in substrate specificity, it is crucial to have a large 
collection of these oxidative biocatalysts available. Except for expanding the scope 
of possible reactions, a large toolbox of BVMOs would also increase the chance of 
being able to perform any wanted specific chemo-, regio- and/or enantioselective 
reaction. This contrasts with the present situation as only a relative small number of 
BVMOs can be exploited for biocatalytic purposes. Therefore, it is still crucial to 
discover or engineer BVMOs with novel biocatalytic properties. 

An obvious way to generate new BVMOs is taking advantage of the genome 
sequence information: genome mining. Table 2.2 illustrates that many putative 
BVMO genes can be identified which can be explored for their catalytic potential. 
Two examples of such a genome mining approach have already been reported 
yielding two novel BVMOs with interesting biocatalytic properties (see 
above)[19,46]. However, it also shows the risks of such an approach. Of the 6 
putative BVMOs genes from M. tuberculosis that were cloned, only 4 resulted in 
significant expression of the corresponding protein.[46] Of the 4 expressed proteins, 
only one showed an interesting enzymatic activity. These are complications 
inherent to genome mining. It is still impossible to predict if a gene can be easily 
expressed in a certain host nor what specific activities it will exhibit. Nevertheless, 
as hundreds of unexplored putative BVMO genes can be identified in the genome 
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database, it is attractive to delve into this wealth of sequence information. An 
effective way to clone novel BVMO genes from sequenced genomes is by using 
gene synthesis. This technology is becoming relatively inexpensive and allows e.g. 
codon optimization for specific hosts. It also circumvents the need to obtain a 
specific organism or its genomic DNA. By this, obtaining novel BVMOs from 
sequenced genomes will become more efficient and will yield new BVMOs in the 
near future. 

The recently developed methodology for enzyme discovery that is based on 
‘random’ DNA isolation and subsequent screening (metagenome mining) is not yet 
applicable for BVMO discovery. So far no screening method has been described 
that is effective enough to allow comprehensive analysis of large metagenomic 
gene libraries. As soon as this technological hurdle has been taken, the number of 
available biocatalytically relevant BVMOs will grow. 

Another more sophisticated way of obtaining novel BVMOs is to redesign a 
specific BVMO in order to tune catalytic properties. Such an approach would 
ideally yield biocatalysts tailor-made to perform any wanted reaction. Random 
mutagenesis methods have been very popular in the last decade to obtain enzyme 
variants with improved biocatalytic properties. However, these directed evolution 
methods typically involve creation of huge libraries of enzyme mutants that have to 
be screened for a newly introduced characteristic. As a consequence, efficient 
screening techniques are required to fully screen these libraries. However, methods 
enabling ultra high-throughput screening are often unavailable and as a result only 
relatively small mutant libraries are screened. This limits the extent by which 
enzyme properties can be changed. One can not expect that by introducing a few 
random mutations, enzymatic properties will fundamentally change.[72] The 
recently reported directed evolution study on CHMO nicely exemplifies these 
limitations. As discussed above, screening of a CHMO mutant library for mutants 
that exhibit altered enantioselective behavior is currently only feasible at low-
throughput (800 clones/day). A relatively small library (10,000 clones) was 
screened for CHMO mutants with altered enantioselectivity when converting a 
ketone or a sulfide.[60] The wild type enzyme already showed some enantio-
selectivity on both test compounds and therefore the desired change in enzyme 
reactivity is energetically seen a small change. Nevertheless, the approach was very 
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successful as several dozens of mutants were found displaying improved 
enantioselectivity. Several mutants were sequenced and allowed identification of 
the replaced residues. The mutants represented single, double and triple mutants, 
indicating effective error-prone PCR. One residue was found in both screens and 
suggests that this is a hotspot in tuning enantioselective Baeyer-Villiger oxidations 
and sulfoxidations. As presently a structure is available of a sequence related 
BVMO, PAMO (40 % sequence identity), it is now possible to build a homology 
model structure of CHMO and locate the observed random mutations. We have 
recently built such a CHMO model structure (unpublished results). Interestingly, 
inspection of the model reveals that most of the observed mutations are clustered in 
a specific part of the structure located at the re-side of the flavin cofactor (Figure 
2.8). 

 

Figure 2.8 Model structure of CHMO. The FAD cofactor is shown in sticks. Mutations 
observed in a directed evolution study resulting in altered enantioselectivities are 
highlighted (spheres).[60] Note that a number of mutations were found in double/triple 
mutants and can not be linked with certainty to the altered catalytic properties. Mutations in 
double/triple mutants that are on the surface were omitted. 
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When disregarding mutations of surface residues in double or triple mutants, only 
one mutation was found in the NADPH binding domain, 3 mutations were located 
in the helical domain while all other mutations (10) were part of the interior of the 
FAD binding domain. All the observed mutations in the FAD binding domain are 
in loops and are close to the predicted substrate binding pocket next to the 
flavin.[70] Mutations in the same structural region in PAMO introduced by Bocola 
and coworkers confirmed that this is a hotspot for affecting substrate specificity 
and enantioselectivity.[71] These results attest to the effectiveness of directed 
evolution to not only generate valuable new biocatalysts but also to identify 
residues or structural regions that are important for enzyme functioning. By 
combining the information obtained by mutagenesis studies and the available 
structure of PAMO, more directed enzyme redesign studies can be performed in 
the near future. Such structure-inspired enzyme redesign efforts should effectively 
generate BVMO variants performing reactions that are yet inaccessible. As CHMO 
and CPMO homologs are closely related to PAMO at the protein sequence level, it 
is feasible to build structural models of these biocatalysts. In addition to tuning 
substrate specificity or regio- and/or enantioselectivity it should also be possible to 
e.g. engineer mutant enzymes that accept NADH as coenzyme. By solving the 
structure of PAMO, also the residues interacting with the 2’-phosphate of NADPH 
have been identified. This could fuel biocatalytic applications that involve usage of 
isolated enzymes. Generation of a BVMO that can both use NADH or NADPH 
might also be beneficial for biocatalysis based on whole cells. 

Besides extending the toolbox of Type I BVMOs, it can also be worthwhile to 
explore other types of Baeyer-Villiger catalysts. As mentioned above, Type II 
BVMOs have hardly been explored and new types of BVMOs have been 
discovered in recent years. Furthermore, Baeyer-Villiger oxidation activity has also 
been introduced into enzymes that normally catalyze other (hydrolytic) 
reactions.[73] This indicates that the field of BVMO discovery and engineering is 
still expanding and it is expected that the number of biocatalytic applications based 
on these oxidative biocatalysts will grow accordingly. 
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3.1   Abstract 
4-hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas fluo-
rescence ACB and phenylacetone monooxygenase (PAMO) from Thermobifida 
fusca are Baeyer-Villiger monooxygenases that oxidize aromatic organic 
compounds such as ketones and sulfides. The products of these compounds are 
known to have various interesting properties for pharmaceutical applications. In 
this chapter we describe the biocatalytic properties of the newly identified PAMO, 
revealing its reactivity with a large range of sulfides and ketones. In addition, we 
studied the enantioselective oxidation of several prochiral compounds using 
PAMO and HAPMO. These enzymes were found to oxidize a number of phenyl 
sulfides with high enantioselectivity. In addition, HAPMO showed to be an 
excellent biocatalyst for the synthesis of enantiopure benzyl sulfoxides and an 
aromatic ester.   

3.2   Introduction 
Baeyer-Villiger monooxygenases (BVMOs) are flavin-containing enzymes that use 
NAD(P)H and molecular oxygen in order to catalyze the nucleophilic oxygenation 
of ketones and boron as well as the electrophilic oxygenation of various 
heteroatoms. In the last years, the use of BVMOs has been shown to be an 
excellent methodology in Baeyer-Villiger reactions, sulfoxidations, amine 
oxidations and epoxidations.[1-5] In many of these reactions, conversions occur with 
high enantio- and/or regioselectivity, while using environmentally friendly 
conditions. In general, the observed selectivities are difficult to achieve by 
chemical means.  

Products that can be obtained using BVMOs are of great value in organic 
chemistry. Recently, mono- and polycyclic lactones have received considerable 
attention as therapeutic agents and as intermediates in pharmaceutical synthesis.[6,7] 
These products are easily obtained by the Baeyer-Villiger oxidation of the 
corresponding cyclic ketones. Additionally, optically active sulfoxides have 
become a well-established interest in organic synthesis. The configurational 
stability of the sulfinyl group as well as their synthetic versatility has increased 
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their application in the synthesis of enantiomerically enriched materials. 
Nowadays, sulfoxides are applied as chiral auxiliaries in numerous asymmetric 
reactions such as Michael addition, C-C bond formation, Diels-Alder reaction and 
radical addition.[8,9] Many organic sulfoxides also possess biological activity. They 
play an important role as therapeutic agents displaying anti-ulcer (proton pump 
inhibition), antibacterial and antifungal properties. Furthermore, they can be used 
as psychotonics and vasodilators.[8-10] The oxidation of sulfides is the most 
straightforward method for the synthesis of these sulfoxides and a great number of 
(in)organic reagents are available for this reaction.[11,12] However, these are 
environmentally unfriendly approaches compared to the use of BVMOs or 
peroxidases for this type of oxygenations.[13-16]  

Only a limited number of BVMOs are available in recombinant form. In fact, until 
a few years ago, only cyclohexanone monooxygenase (CHMO, EC 1.14.13.22) 
from Acinetobacter sp. NCIMB 9871 had been extensively studied and applied in 
Baeyer-Villiger reactions and other selective oxidation processes.[17-22] In 2001 the 
first BVMO primarily active on aromatic compounds was isolated from 
Pseudomonas fluorescens ACB. Purification, characterization and overexpression 
of this enzyme showed that it oxidizes 4-hydroxyacetophenone to 4-hydroxy-
phenylacetate, hence its name 4-hydroxyacetophenone monooxygenase (HAPMO, 
EC 1.14.13.84).[23,24] This enzyme is a homodimer of 145 kDa with each subunit 
containing a tightly non-covalently bound FAD cofactor. Previous studies on 
substrate specificity have demonstrated that HAPMO prefers acetophenones and 
benzaldehydes bearing an electron-donating substituent at the para-position, 
although heteroaromatic and aliphatic substrates are also accepted.[25-28] A recent 
study has revealed that HAPMO can be used as a biocatalyst in aqueous and 
aqueous-organic media.[29]  

The recent recognition of a protein sequence motif that can be used to identify 
BVMOs has enabled mining of the genome database. Using this sequence motif, a 
large number of putative BVMO genes can be annotated including the previously 
mentioned CHMO and HAPMO.[30] Through this approach of enzyme discovery, a 
novel BVMO has been obtained from the thermophilic actinomycete Thermobifida 
fusca. The initial characterization of this biocatalyst has shown that it represents a 
thermostable and monomeric enzyme, containing FAD as a cofactor and being 
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NADPH dependent. Previous studies reported that the best substrate was 
phenylacetone and therefore the enzyme was named phenylacetone 
monooxygenase (PAMO, EC 1.14.13.92).[31] It was also demonstrated that the 
enzyme is able to oxidize other aromatic and aliphatic ketones and organic sulfides. 
PAMO represents the first BVMO of which the X-ray structure has been solved 
and this enables mechanistic and enzyme redesign studies (see Chapters 4 and 
5).[32] 

The main goal of this work was to explore the synthetic repertoire of HAPMO and 
PAMO by exploring the biocatalytic asymmetric oxidation of aromatic sulfides and 
a prochiral diketone. Furthermore, to improve our knowledge on the biocatalytic 
potential of the newly identified thermostable PAMO, the kinetic parameters of a 
set of ketones, sulfides, sulfoxides and tertiary amines in enzyme-catalyzed 
oxidations were also determined.  

3.3   Experimental 

3.3.1   General 
Recombinant HAPMO and histidine-tagged PAMO were overexpressed and 
purified according to previously described methods.[23,31] Oxidation reactions were 
performed using the purified enzymes. One unit of enzyme oxidizes 1.0 µmol of 
thioanisole 3.1 to methyl phenyl sulfoxide 3.1a per minute at pH 9 and 25 °C in the 
presence of NADPH. Glucose-6-phosphate dehydrogenase (G6PDH) from 
Leuconostoc mesenteroides was obtained from Fluka-BioChemika. Glucose-6-
phosphate and NADP(H) were purchased from Sigma-Aldrich-Fluka. 

Sulfides 3.1, 3.2, 3.4, 3.7, 3.8, 3.10, 3.13, 3.20, 3.21, 3.22, 3.23, thiantrene, p-tolyl 
disulfide, 1,3-dithiano; racemic sulfoxides (±)-3.1a, (±)-3.7a, (±)-3.13a, (–)-
nicotine 3.42,   phenylboronic acid (3.36), phenol (3.37), ketones 3.43-3.47, 3.49 
and 3.50 were purchased from Sigma-Aldrich-Fluka. Phenyl sulfides 3.12, 3.18, 
benzyl sulfides 3.24-3.25 and amine 3.41 were products from Lancaster. 
Compounds 3.6, 3.9, 3.11, 3.17, 3.19 and ketone 3.50 were from Acros-Organics. 
Diketone 3.38 was purchased by TCI Europe. (R)-1-Hydroxy-1-phenylacetone 3.40 
was a kind gift from Dr. M. Breuer (BASF). Sulfides 3.3[33], 3.5[33], 3.14[34], 3.15[35], 
3.16[36], 3.24-3.28[37], 3.29[33], 3.30[38], 3.31[39] 3.32[37], 3.33[33], 3.34[40], 3.35[33], 
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(±)-3.39[41] and compound (±)-3.40[41] were synthesized according to the literature. 
Sulfoxides were prepared by chemical oxidation from the corresponding sulfides 
and exhibited physical and spectral properties in agreement with those 
reported.[33,35-39,42-53] N,N-dimethyl benzylamine N-oxide 3.41a and cis-(S)-(–)-
nicotine N-1’-oxide 3.42a were obtained by chemical oxidation with 30 % H2O2. 
All other reactants and solvents were of the highest quality grade available, 
commercialized by Sigma-Aldrich-Fluka. 

IR spectra were recorded on a Jasco FTIR 610. Optical rotations were determined 
on a Perkin Elmer 141 polarimeter. Chemical reactions were monitored by 
analytical TLC, performed on Merck silica gel 60 F254 plates and visualized by UV 
irradiation. Flash chromatography was carried out with silica gel 60 (70-230 mesh, 
Merck). 1H- and 13C-NMR spectra at 300 MHz and 72.5 MHz were recorded on a 
Bruker AC-300. Mass spectra were performed on a GCMS-EI (Finnigan-Thermo). 
Chiral HPLC analyses were performed on a Jasco HPLC instrument (model 880-
PU pump, model 870-UV/Vis detector) equipped with a Chiralcel OD (Daicel), a 
Chiralcel OJ (Daicel) or a Chiralcel OB (Daicel) chiral column. Acetanilide was 
used as internal standard. Retention times of the chiral samples were in agreement 
with the purified racemic ones. Chiral and achiral GC analyses were performed on 
a Shimadzu GC17 instrument equipped with a FID-detector and a Chiraldex G-TA 
column (Alltech, 30 m × 0.25 mm × 0.125 mm) or a HP1 column (Agilent, 30 m × 
0.25 mm × 0.25 mm), respectively. The kinetic measurements were carried out 
with a Perkin Elmer Lambda Bio40 spectrophotometer. 

Unless otherwise stated, absolute configurations of chiral sulfoxides were 
established by comparison of the HPLC chromatograms with the patterns described 
in previous experiments for the known configurations. For sulfoxides 3.3a[33], 
3.4a[50], 3.5a[54,55], 3.7a[42], 3.10a[48], 3.18a[47], 3.19a[46] and 3.27a[37] absolute 
configuration was established by comparison of the specific rotation measured with 
the ones reported. Configuration of sulfoxide (R)-3.8a was established by 
comparison with a sample prepared from the chemical chlorination of (S)-methyl 
phenyl sulfoxide with N-chlorosuccinimide.[56] For sulfoxide (R)-3.9a the 
configuration was assigned by comparison with a sample prepared from treatment 
of (S)-phenyl vinyl sulfoxide with trimethylsilyl chloride.[57] Configuration of (R)-



 

 

  75 
 
 
 
 
 
 
 
 
 

BVMOs as Biocatalysts in the Synthesis of Optically Pure Sulfoxides 

3.39 was established by comparison with an authentic sample prepared from 
chemical acetylation of (R)-1-hydroxy-1-phenylacetone (R)-3.40. 

3.3.2   Typical procedure for the enzymatic oxidation of substrates 
Substrates (15-20 mM, except for 3.38, 2.5 mM) were dissolved in a buffer 
Tris/HCl (50 mM, pH 9.0, 1.0 mL, except for substrate 3.38, pH 7.5) buffer, 
containing glucose-6-phosphate (1.5 equiv.), glucose-6-phosphate dehydrogenase 
(10.0 units), NADP+ (0.02 mM), acetanilide (0.02 mg) as internal standard and 1.0 
unit of HAPMO or PAMO. The mixture was shaken at 250 rpm and 25 °C in a 
rotatory shaker for the times established. The reactions were then stopped, 
extracted with dichloromethane (3 × 0.5 mL), dried over Na2SO4 and analyzed by 
chiral HPLC to determine the conversion and the enantiomeric excesses of the 
sulfoxides obtained. Conversion and optical purity of (R)-3.39 were established by 
means of GC. Control experiments in absence of enzyme were performed for all 
substrates tested, and no reaction was observed. 

3.3.3   General procedure for the enzymatic oxidation at multimilligram scale 
by HAPMO 
The sulfides (50.0 mg, 0.30-0.36 mmol) were dissolved in a Tris/HCl buffer (50 
mM, pH 9.0, 25 mL) containing glucose-6-phosphate (1.2 equiv.), glucose-6-
phosphate dehydrogenase (125 units), NADP+ (0.02 mM), acetanilide (0.1 mg) and 
4-hydroxyacetophenone monooxygenase (12.5 units). Reactions were stirred at 
25 °C and 250 rpm in a rotatory shaker for 30 h (sulfides 3.5 and 3.10) or 40 h 
(sulfides 3.7 and 3.19). The reactions were then extracted with dichloromethane 
(4 × 15 mL) and the organic layers were dried over Na2SO4, filtered and evaporated 
under reduced pressure. The crude residues were purified by flash chromatography 
on silica gel (petroleum ether / ethyl acetate 9:1, except for substrate 3.19, 
petroleum ether / ethyl acetate 8:2) to afford the chiral sulfoxides: (S)-3.5a 
(colorless oil, 26.7 mg, 49  % yield), (S)-3.7a (colorless oil, 21.6 mg, 39  % yield), 
(R)-3.10a (colorless oil, 20.8 mg, 38 % yield) and (S)-3.19a (yellow pale oil, 17.6 
mg, 31 %). 
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(S)-n-Butyl phenyl sulfoxide, (S)-3.5a 
Determination of e.e. by HPLC analysis: Chiralcel OB, petroleum ether / i-
propanol (88:12), 1.0 mL.min-1, 254 nm, tR 11.9 (R) and 19.7 (S) min. [α]D

25 = 
-131.5 (c 0.98, acetone) e.e. 71 %. 

(S)-Allyl phenyl sulfoxide, (S)-3.7a 
Determination of e.e. by HPLC analysis: Chiralcel OB, petroleum ether / i-
propanol (85:15), 1.0 mL.min-1, 254 nm. tR 13.6 (S) and 17.9 (R) min. [α]D

25 = 
-164.8 (c 1.08, EtOH) e.e. 98 %. 

(R)-Chloromethyl phenyl sulfoxide, (R)-3.8a 
Determination of e.e. by HPLC analysis: Chiralcel OD petroleum ether / i-propanol 
(95:5), 1.0 mL.min-1, 254 nm. tR 14.8 (S) and 17.6 (R) min. [α]D

25 = -83.3 (c 0.73, 
acetone) e.e. 89 %.  

(R)-Chloroethyl phenyl sulfoxide, (R)-3.9a 
Determination of e.e. by HPLC analysis: Chiralcel OD petroleum ether / i-propanol 
(97:3), 1.0 mL.min-1, 254 nm. tR 27.9 (S) and 30.8 (R) min. [α]D

25 = -101.8 (c 1.39, 
acetone) e.e. 98 %.  

(R)-Methoxymethyl phenyl sulfoxide, (R)-3.10a 
Determination of e.e. by HPLC analysis: Chiralcel OD petroleum ether / i-propanol 
(9:1), 1.0 mL.min-1, 254 nm. tR 11.8 (S) and 14.6 (R) min. [α]D

25 = -207.1 (c 0.84, 
CHCl3) e.e. 97 %. 

(S)-4-Aminophenyl methyl sulfoxide, (S)-3.19a 
Determination of e.e. by HPLC analysis: Chiralcel OD, petroleum ether / i-
propanol (75:25), 1.0 mL.min-1, 254 nm. tR 20.3 (R) and 28.8 (S) min. [α]D

25 = 
-85.1 (c 0.82, EtOH) e.e. 95 %. 
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3.3.4   General procedure for the enzymatic oxidations at multimilligram scale 
by PAMO 
The sulfides (0.33 mmol for 3.3 and 3.4; 0.29 mmol for 3.18 and 0.30 mmol for 
3.27) were dissolved in a Tris/HCl buffer (50 mM, pH 9.0, 25 mL) containing 
glucose-6-phosphate (1.5 equiv.), glucose-6-phosphate dehydrogenase (2.5 units), 
NADPH (0.02 mM), acetanilide (0.5 mg) and phenylacetone monooxygenase (0.25 
units). The mixtures were shaken at 25 °C and 250 rpm during 48 hours for 
substrates 3.4 and 3.27, 60 hours for sulfide 3.3 and 72 hours for compound 3.18. 
Once finished, the reactions were extracted with dichloromethane (3 × 25 mL) and 
the combined organic layers were dried over Na2SO4, filtered and evaporated under 
reduced pressure. The residues were purified by flash chromatography on silica gel 
with petroleum ether/ethyl acetate 9:1 to afford the corresponding sulfoxides: (S)-
3.3a (colorless oil, 23.2 mg, 42 % yield), (S)-3.4a (colorless oil, 17.6 mg, 32 % 
yield), (R)-3.18a (yellow pale solid, 26.2 mg, 49 % yield) and (S)-3.16a (yellow 
pale oil, 25,8 mg, 48 % yield). 

(S)-Phenyl propyl sulfoxide, (S)-3.3a  
Determination of e.e. by HPLC analysis: Chiralcel OB, petroleum ether / i-
propanol (85:15), 1.0 mL.min-1, 254 nm. tR 13.4 (S) and 29.3 (R) min. [α]D

25 -51.8 
(c 0.88, CHCl3), e.e. 21 %. 

(S)-Cyclopropyl phenyl sulfoxide, (S)-3.4a 
Determination of e.e. by HPLC analysis: Chiralcel OD, petroleum ether / i-
propanol (95:5), 1.0 mL.min-1, 254 nm. tR 13.1 (R) and 17.3 (S) min. [α]D

25 +56.6 
(c 0.71, acetone), e.e. 48 %. 

(R)-Methyl p-nitrophenyl sulfoxide, (R)-3.18a 
Determination of e.e. by HPLC analysis: Chiralcel OB petroleum ether / i-propanol 
(75:25), 1.0 mL.min-1, 254 nm. tR 37.9 (S) and 51.0 (R) min. [α]D

25 +84.1 (c 1.30, 
CHCl3), e.e. 76 %. 
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(R)-Benzyl isopropyl sulfoxide, (R)-3.27a 
Determination of e.e. by HPLC analysis: Chiralcel OD, petroleum ether / i-
propanol (95:5), 1.0 mL.min-1, 254 nm. tR 26.8 (S) and 28.9 (R) min. [α]D

25 +53.7 
(c 1.29, EtOH), e.e. 41 %. 

3.3.5   Procedure for the determination of the kinetic parameters 
For determination of the steady-state kinetic parameters of PAMO with various 
ketones, sulfides and amines, the enzyme activity was determined by monitoring 
the decrease in NADPH concentration at 340 nm (ε340 = 6.22 mM-1.cm-1) or 370 nm 
(ε370 = 3.7 mM-1.cm-1). A reaction mixture of 1.0 mL usually contained 50 mM 
Tris/HCl, pH 7.5, 100 µM NADPH, 1 % (v/v) DMSO and 0.5 µM PAMO. The 
presence of 1 % DMSO resulted in only a slight decrease in PAMO activity 
(< 1 %), while a higher solubility of certain compounds could be obtained. The 
steady-state kinetic parameters were determined at 30 °C using air-saturated 
buffers. 

 

Scheme 3.1 General procedure for the enzymatic oxidation of organic sulfides. 

3.4   Results and Discussion 
The oxidation of a set of organic sulfides (3.1-3.35) to their corresponding 
sulfoxides by recombinant 4-hydroxyacetophenone monooxygenase[23] and 
phenylacetone monooxygenase[31] was coupled to an ancillary enzymatic reaction 
in order to regenerate NADPH (Scheme 3.1). As a NADPH regeneration system, 
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glucose-6-phosphate and glucose-6-phosphate dehydrogenase (G6PDH) were 
employed.[4,5] All oxidations were carried out in a Tris/HCl buffer at pH 9. The 
results obtained in the enzymatic catalyzed oxidation of different aromatic sulfides 
(Figure 3.1) are summarized in Table 3.1.  

3.4.1   Enantioselective sulfoxidations by HAPMO 
First, a set of phenyl sulfides (3.1-3.10) were analyzed as possible HAPMO 
substrates by determining their conversion and the enantiomeric excess of the 
products obtained. With some exceptions, high enantiomeric excesses (e.e. > 95 %) 
were achieved for the compounds tested, indicating an enzyme preference for this 
structure in terms of enantioselectivity. In all cases, oxygenation resulted in the 
same absolute configuration (Table 3.1). As previously described,[25] thioanisole 
oxidation was almost complete after 24 hours, resulting in the formation of 
enantiopure (S)-methyl phenyl sulfoxide 3.1a. Similar enantioselectivities were 
measured for sulfides with alkyl chains shorter than the cyclopropyl group 3.2-3.4. 
Butyl phenyl sulfide 3.5 led to the formation of (S)-3.5a with only moderate 
enantiomeric excess (e.e. = 71 %). Conversions were slightly decreased by 
increasing the size of the alkyl moiety of the sulfides. HAPMO is able to catalyze 
the enzymatic sulfoxidation of phenyl alkenyl sulfides into the corresponding (S)-
sulfoxides with excellent enantioselectivities. Both vinyl and allyl sulfides 3.6 and 
3.7 were oxidized into (S)-3.6a and (S)-3.7a with e.e. = 98 % and conversions 
close to 70 %. Phenyl alkyl sulfides containing a heteroatom in the alkyl chain 
were also tested. The presence of a chloride atom at two bond lengths from the 
sulfur atom affected negatively the enantioselectivity of the enzyme with respect to 
the corresponding non-chlorinated sulfide 3.1. (R)-Methylchloride phenyl sulfoxide 
(R)-3.8a was obtained with moderate enantiomeric excess (e.e. = 76 %) and 
conversion (56 %). When the chloride atom was placed further away from the 
sulfur atom (sulfide 3.9), both the conversion and the enantioselectivity measured 
for (R)-3.9a were slightly improved. In contrast, the oxidation of a sulfide 
containing an electron-donating atom in the alkyl chain (3.10), led to the formation 
of almost enantiomerically pure sulfoxide (R)-3.10a 

The bicyclic aromatic compound 2-naphthyl methyl sulfide 3.12 was oxidized to 
(S)-3.12a with high enantiomeric excess but low conversion. The low conversion 
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was probably due to the low solubility of the sulfide in the aqueous medium. The 
presence of a bulky aromatic system did not affect the enantioselectivity of the 
biocatalyst to a great extent. 

 

Figure 3.1 Aromatic sulfides used as substrates for enantioselective oxidation by 
4-hydroxyacetophenone and phenylacetone monooxygenase.  

When HAPMO was employed in the sulfoxidation of a set of benzyl alkyl sulfides, 
it was found that the absolute configuration of the products was strongly dependent 
on the size of the alkyl group. The (S)-enantiomer predominated in the case of 
small alkyl substituents 3.24 and 3.25. However, when the alkyl chain was 
relatively bulky, the corresponding (R)-sulfoxides 3.26a-3.28a were formed. The 
enantiomeric excesses of the benzyl alkyl sulfoxides obtained were in all cases 
close to 80 %, with exception of 3.26a (e.e. = 65 %). Furthermore, it was found 
that the measured conversions were between 44 % and 59 %, indicating that the 
catalytic efficiency of HAPMO is not very sensitive to the alkyl group variation of 
these substrates. Upon extending the alkyl chain between the sulfur atom and the 
phenyl moiety, there was a clear trend towards lower conversions and decreased 
enantioselectivity. For both 2-phenylethyl and 3-phenylpropyl methyl sulfides 3.33 
and 3.35, the corresponding (R)-sulfoxides were obtained with moderate enantio-
meric excesses (e.e. around 50 %) and conversions, especially in the case of 
compound 3.35 (c = 29%). 
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Table 3.1 Oxidation of aromatic sulfides catalyzed by HAPMO and PAMO.[a] 

Compound R 

 
time  
(h) 

HAPMO 
conv.  
(%) [b] 

e.e.   
(%) [b,c]  

time 
 (h) 

PAMO 
conv. 
(%)[b] 

e.e.  
(%) [b,c] 

3.1 CH3 24 96 99 (S)  24 94 44 (R) 
3.2 CH2CH3 24 86 99 (S)  24 79 33 (S) 
3.3 Propyl 24 85 97 (S)  24 56 21 (S) 
3.4 Cyclopropyl 24 74 97 (S)  24 67 48 (R) 
3.5 Butyl 24 61 71 (S)  n.d. n.d. n.d. 
3.6 CH=CH2 24 70 98 (S)  n.d. n.d. n.d. 
3.7 CH2CH=CH2 24 69 98 (S)  n.d. n.d. n.d. 
3.8 CH2Cl 24 56 76 (R)d  n.d. n.d. n.d. 
3.9 CH2CH2Cl 24 69 81 (R)d  n.d. n.d. n.d. 
3.10 CH2OCH3 24 63 98 (R)d  n.d. n.d. n.d. 
3.11 CH2COOH n.d. n.d. n.d.  48 ≤ 3 n.d. 

3.12 - 24 31 95 (S)  24 22 41 (S) 

3.13 CH3 24 77 99 (S)  24 68 10 (R) 
3.14 CH2CH2Cl n.d. n.d. n.d.  24 31 17 (S) 
3.15 Octyl n.d. n.d. n.d.  48 25 ≤ 3 (-) 
3.16 CH2COOCH2CH3 n.d. n.d. n.d.  24 12 ≤ 3 (-) 

3.17 p-CHO3 24 78 99 (S)  24 47 25 (R) 
3.18 p-NO2 24 32 87 (S)  24 27 76 (R) 

3.24 CH3 20 55 85 (S)  6 29 94 (S) 
3.25 CH2CH3 20 52 81 (S)  6 36 98 (S) 
3.26 Propyl 20 59 65 (R)  n.d. n.d. n.d. 
3.27 Isopropyl 20 44 82 (R)  8 36 41 (R) 
3.28 Butyl 20 57 77 (R)  18 32 28 (R) 
3.29 Isopentyl n.d. n.d. n.d.  18 21 17 (R) 
3.30 CH2COOCH3 n.d. n.d. n.d.  6 30 48 (n.d.) 
3.31 CH2CH2OAc n.d. n.d. n.d.  6 21 66 (n.d.) 

3.32 - n.d. n.d. n.d.  30 18 ≤ 3 (-) 

3.33 CH3 24 44 51 (R)  8 27 80 (R) 
3.34 CH2CH3 n.d. n.d. n.d.  6 23 83 (n.d.) 

3.35 - 24 29 57 (R)  8 21 70 (R) 
 

[a] For reaction details see the Experimental section. 
[b] Conversion and enantiomeric excess determined by HPLC. 
[c] Sign of specific rotation in parentheses. 
[d] Absolute configuration is reversed due to a change in the priority according to the sequence rules. 
n.d.: not determined. 
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Table 3.2 HAPMO catalyzed oxidation of thioanisole derivatives R-Ph-S-CH3 to the 
corresponding (S)-sulfoxides.[a] 

Compound R σ [b] Time (h) conv. (%) [c] e.e. (%) [c,d] 
3.19 p-NH2 -0.66 24 41 96 (S) 
3.17 p-OCH3 -0.27 24 78 99 (S) 
3.13 p-CH3 -0.17 24 77 99 (S) 
3.1 H 0 24 96 99 (S) 
3.21 p-Cl 0.23 24 37 44 (S) 
3.23 m-Cl 0.37 24 42 93 (S) 
3.20 p-CN 0.66 24 64 96 (S) 
3.18 p-NO2 0.78 24 32 87 (S) 
3.22 o-Cl n.a. 24 76 96 (S) 
 

[a] For reaction details see Experimental section. 
[b] Values taken from Hansch et al.[58]  
[c] Conversion and enantiomeric excess determined by HPLC. 
[d] Sign of specific rotation in parentheses. 
n.a.: not applicable 
 
 
In a previous report, it was established that the affinity of HAPMO for a set of 
para-substituted acetophenones depended on the electronic properties of the 
substituents.[25] The enzyme showed better conversions on ketones possessing an 
electron-donating group than on those with electron-withdrawing ones. Here, the 
effect of para-substitution has been studied on several derivatives of thioanisole 
3.1, which is the best sulfide substrate found for HAPMO so far (Scheme 3.1). The 
results obtained in the HAPMO catalyzed oxidation of different p-substituted-
phenyl methyl sulfides are summarized in Table 3.2. We examined the correlation 
between the conversion and the enantiomeric excess of the sulfoxide products and 
the parameter σ for the substituents, which represents a contribution of factors such 
as resonance and both field and inductive effects. For all the substrates tested, the 
(S)-enantiomer was mainly obtained. It was observed that on average, the sulfides 
with an electron-donating group (σ < 0; NH2, OCH3 and CH3) were oxidized with 
higher conversions and enantioselectivities that those bearing an electron-
withdrawing group (σ > 0; Cl, CN and NO2). Additionally, HAPMO shows the 
highest conversion with 3.1, indicating that the enzyme prefers no substituent on 
the phenyl ring. The position of the chloride substituent in the phenyl ring had only 
a marginal effect on the conversion and enantioselectivity, ortho being the best 
position (Table 3.2). 
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HAPMO has also been studied in kinetic resolution processes with a number of 
racemic sulfoxides. The biocatalyst was able to oxidize (±)-phenyl methyl 
sulfoxide 3.1a, (±)-benzyl isopropyl sulfoxide 3.27a and (±)-methyl phenylethyl 
sulfoxide 3.33a to the corresponding sulfones (30 %, 23 % and 14 % conversion 
after 20 hours, respectively), but showed no enantioselectivity (E ≈ 1 for the three 
compounds).[59] From this, it can be concluded that the enantiomeric excess of the 
sulfoxides obtained with HAPMO are only due to the asymmetric oxidations of the 
starting material, with no contribution from a kinetic resolution of the sulfoxides 
formed.  

As previously found for cyclohexanone monooxygenase,[54,55] HAPMO was also 
able to catalyze the nucleophilic oxidation of the boron atom, specifically of 
phenylboronic acid 3.36. This substrate was converted into phenol 3.37 (c = 24 % 
after 48 hours), in a process analogous to a Baeyer-Villiger oxidation. This is the 
first example of boron oxidation for this biocatalyst. 

 

Scheme 3.2 Biooxidation of 3-phenyl-penta-2,4-dione 3.38 

HAPMO was also tested as a biocatalyst in the oxidation of 3-phenyl-penta-2,4-
dione 3.38. Conversion of this diketone can lead to the formation of an interesting 
pharmaceutical intermediate, (R)-phenylacetylcarbinol (R)-3.40 (Scheme 3.2), a 
well-known precursor in the synthesis of ephedrine and pseudoephedrine.[60] 
Currently, this compound is produced by an enzymatic process on industrial scale, 
using pyruvate and benzaldehyde as starting compounds.[61,62] As shown in Scheme 
3.2, diketone 3.38 is indeed converted by HAPMO with almost complete 
selectivity (e.e. > 99 %) into (R)-1-acetoxy-phenylacetone (R)-3.39. Hydrolysis of 
this ester would yield (R)-3.40. The production of (R)-3.39 by an enzymatic 
Baeyer-Villiger oxidation shows the potential of HAPMO to convert prochiral 
phenyldiketones.  
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3.4.2   Enantioselective oxidations by PAMO 
A similar set of sulfides were analyzed as possible substrates for enantioselective 
oxidation by phenylacetone monooxygenase (Table 3.1). With alkyl sulfides 3.1-
3.4, low to moderate enantiomeric excesses were obtained. Oxidation of 
thioanisole led to the formation of (R)-3.1a with almost complete conversion after 
24 hours, but with moderate enantiomeric excess (e.e. = 44 %). Sulfides with a 
longer alkyl chain 3.2-3.3 yielded the (S)-sulfoxides instead of the (R) ones, with 
lower conversions and enantiomeric excess compared to substrate 3.1. Conversion 
of cyclopropyl phenyl sulfide 3.4 led to the preferential formation of the (R)-
enantiomer, with an enantiomeric excess of 48 %, close to that obtained with a 
methyl group. No oxidation was observed when a carboxylic acid group was 
present in the sulfide structure 3.11. As described before,[31] the oxidation of 3.13 
was not selective, leading to (R)-3.13a with low enantiomeric excess (e.e. = 10 %) 
and 68 % conversion after 24 hours. The enzyme also showed very low selectivity 
with the other p-tolyl sulfides tested (compounds 3.14 - 3.16; e.e. of the products ≤ 
17 %). The introduction a methoxy group as a para-substituted (compound 3.17) 
slightly decreased the (R)-selectivity (e.e. = 25 %) compared to 44 % for 
thioanisole 3.1. Surprisingly, when a strong electron-withdrawing group was 
located at the para-position 3.18, the enantiomeric excess of the obtained sulfoxide 
(R)-3.18a was higher (e.e. = 76 %) than the rest of the phenyl sulfides previously 
examined. Despite its bulkiness, 2-naphthyl methyl sulfide 3.12 was also converted 
by PAMO to yield (S)-3.12a with a similar selectivity compared to 3.1.  

The alkyl benzyl sulfides possessing a small alkyl chain appeared to be very good 
PAMO substrates in terms of selectivity. The oxidations carried out with 
compounds 3.24 and 3.25 led to the formation of the (S)-sulfoxides in high 
enantiomeric excesses (e.e. = 94 - 98 %) and good conversions (nearly 35 % after 6 
hours). It is interesting to note that the structure of these sulfides is very similar to 
phenylacetone, the best PAMO substrate reported so far. When the size of the alkyl 
chain for this kind of sulfide was larger than the ethyl group (isopropyl, butyl and 
isopentyl), the conversion and the enantiomeric excess of the sulfoxides decreased, 
as shown in Table 3.1 (3.27 - 3.29). For chain lengths longer than ethyl, a change 
from (S)- to the (R)-configuration of the products was observed. Introduction of an 
ester group in the alkyl moiety of benzyl sulfides 3.30 and 3.31 gave sulfoxides 
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3.30a and 3.31a with moderate enantiomeric excesses. Conversions for these 
reactions were very similar to those obtained with methyl or ethyl groups. 

Sulfides possessing the sulfur moiety further away from the aromatic ring were 
also converted with good selectivities. (R)-Methyl 2-phenylethyl sulfoxide (R)-
3.33a was obtained with 80 % e.e. and 27 % conversion after 8 hours using 3.33 as 
substrate. Furthermore, similar behavior was observed for the ethyl derivative 3.34 
as shown in Table 3.1 (e.e. = 83 %). When methyl 3-phenylpropyl sulfide 3.35 was 
used as PAMO substrate, moderate enantiomeric excess was achieved (e.e. = 70 %) 
with 21 % conversion after 8 hours. Besides the compounds listed in the Table 3.1, 
some disulfides with bulky chains such as p-tolyl disulfide or thiantrene were 
found not to be oxidized by PAMO, presumably because of steric hindrance. A 
nonaromatic disulfide such as 1,3-dithiane was also examined as enzyme substrate. 
However, after 48 hours only the racemic monosulfoxide was obtained with low 
conversion (c = 18 %). 

Based on the obtained results, we can deduce in terms of PAMO enantioselectivity 
for different sulfur positions in aromatic methyl sulfides, that the benzyl structure 
3.24 is preferred by PAMO. The 2-phenylethyl group 3.33 also led to good 
enantiomeric excesses. The enantiomeric excess of the sulfoxide obtained 
decreased when the sulfur atom was further away from the aromatic ring, as shown 
for compound 3.35. Finally, the presence of the sulfur atom next to the aromatic 
ring 3.1 seemed to have a marked negative effect on PAMO enantioselectivity. 
HAPMO displays opposite properties, as the phenyl structure is preferred by this 
enzyme in terms of enantioselectivity. These observations are in agreement with 
the physiological substrates of both enzymes: HAPMO is involved in the 
degradation of acetophenones, while PAMO is primarily active with 
phenylacetones. 

Previous studies carried out with CHMO revealed that the oxidation of the 
sulfoxide products to the corresponding sulfones was very slow and could not be 
exploited for kinetic resolution purposes.[18] Instead, an increase in the 
enantiomeric excess of the sulfoxide products as a function of time was observed in 
some of the PAMO catalyzed oxidations. This indicated that the enzyme was not 
only able to catalyze the asymmetric oxidation from sulfide to sulfoxide, but also 
the kinetic resolution of the sulfoxide to the sulfone. Table 3.3 summarizes the 
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results obtained in the kinetic resolution of a set of sulfoxides. Oxidation of both 
(±)-3.1a and (±)-3.18a occurred, but did not show any selectivity. More interesting 
results were obtained with the benzyl sulfoxides (±)-3.24a and (±)-3.25a, where the 
enantioselectivities (E)[59], especially in the case of the ethyl derivate (E = 110), 
were very high. This allowed the recovery of (S)-3.25a with high optical purity at 
conversions near 50 % in short reaction times. Instead, when the isopropyl or 
methylcarboxymethyl benzyl derivates (3.27a and 3.30a) were used, the reactions 
were slower and the selectivities were very low. Finally, the (S)-enantiomer of 
sulfoxide (±)-3.33a was selectively oxidized (E = 57) to sulfone, leaving the (R)-
enantiomer behind (e.e. = 95 %). The high enantiomeric excess of compounds (S)-
3.24a, (S)-3.25a and (R)-3.33a (Table 3.1) were the result of a combination of 
asymmetric oxidation of the starting sulfides and, in part, of the resolution process 
of the sulfoxides formed. The kinetic resolution of racemic sulfoxides by bacterial 
dimethyl sulfoxide reductases has been recently described and moderate to good 
enantioselectivities were found depending on the sulfoxide.[63] The resolution for 
these biocatalysts was based on the selective reduction of the starting sulfoxide to 
sulfides, not through their oxidation, as we described in this chapter by using 
PAMO. 

PAMO was also tested in the enzymatic oxidation of organic compounds 
possessing heteroatoms different from sulfur. Tertiary amine N-oxides play an 
important role in chiral catalysis and in biological processes.[64,65] These 
compounds are prepared by oxidation of the corresponding amines and have been 
synthesized by biocatalytic methods using CHMO.[66] Herein, N,N-
dimethylbenzylamine 3.41 was oxidized by PAMO to the corresponding N-oxide 
3.41a with a 73 % conversion after 48 hours. When a bulky tertiary amine such as 
(S)-(–)-nicotine (S)-3.42 was subjected to PAMO oxidation, the unaltered starting 
material was fully recovered after 2 days incubation. As described for HAPMO, we 
also tested phenylboronic acid 3.36 as PAMO substrate, which led to the formation 
of phenol 3.37 (c = 11 % after 24 hours). The same product can be formed by 
chemical oxidation.[67] This adds another type of oxidative reactivity to the broad 
catalytic repertoire of PAMO.  

Finally, the ability of PAMO to convert the aromatic prochiral diketone, 3-phenyl-
penta-2,4-dione 3.38, was investigated. Oxidation of this compound resulted in the 
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Table 3.3 Kinetic resolution of racemic sulfoxides catalyzed by PAMO at 25 °C.[a] 

Compound structure 
time 
(h) 

conv. 
(%)[b] 

e.e. 
(%) [b] E [c] config. 

(±)-3.1a 

         

24 52 ≤ 3 ~ 1 - 

(±)-3.18a 

 

24 21 ≤ 3 ~ 1 - 

(±)-3.24a 
          

4 39 60 53 S 

(±)-3.25a 
          

4 49 93 110 S 

(±)-3.27a 
          

6 25 30 17 R 

(±)-3.30a 
          

4 30 24 4.3 n.d. 

(±)-3.33a 

          

8 51 95 57 R 

 

[a] For reaction details see the Experimental section. 
[b] Conversion and optical purity determined by HPLC. 
[c] Enantiomeric ratio, E = ln[(1–c)(1–e.e.s)]/ln[(1–c)(1+e.e.s)].[59] 
n.d.: not determined. 
 

formation of (R)-acetoxy-phenylacetone (R)-3.39 with a good enantioselectivity 
(e.e. = 82 %) in a relatively fast process (c = 88 % after 90 minutes). However, the 
oxidation of this prochiral diketone by PAMO was not as enantioselective as the 
oxidation performed by HAPMO (see previous paragraph). Still, it shows the 
potential of PAMO to convert prochiral phenyldiketones in an enantioselective 
way. 
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3.4.3   Determination of the kinetic parameter of PAMO 
To obtain a better understanding on the catalytic efficiency of PAMO, the steady-
state kinetic parameters for various ketones (3.38, 3.43-3.50), sulfides (3.1, 3.24, 
3.25, 3.33) and their corresponding sulfoxides (3.1a, 3.24a, 3.25a, 3.33a) were 
determined using isolated enzyme (Table 3.4). The maximal catalytic rate (kcat) was 
found to be remarkably similar for all substrates (1.2-3.6 s-1). Only for some 
substrates, the exact value for kcat could not be determined due to solubility 
problems of those substrates. More variation was found for the KM values 
suggesting differences in substrate affinity, while the rate of catalysis is probably 
restricted by a common substrate-independent kinetic step. The oxidation of the 
sulfur atom at the α-position from the phenyl ring 3.1 occurred with a low catalytic 
efficiency (kcat/KM) due to a high KM. A shift of the sulfur atom to the β- or γ-
position (sulfides 3.24, 3.25, 3.33) resulted in a 30- to 50-fold increase in catalytic 
efficiency. This increase coincided with an increased enantioselectivity. The 
racemic sulfoxides turned out to be rather poor substrates due to relatively high KM 
values. It is interesting to note that sulfoxide 3.25a not only displayed a relatively 
high catalytic efficiency but also showed the highest enantioselectivity. 
Surprisingly, the sulfoxides showed a higher conversion in shorter times than the 
corresponding sulfides, while the catalytic efficiency of the sulfoxides was 
significant lower. A reason for this observation might be that the produced 
sulfoxides inhibited the conversion of the sulfides to a greater extent than the 
sulfones inhibit the oxidation of the sulfoxides. The latter statement is however not 
true for thioanisole 3.1, which showed a higher conversion than 3.1a with a lower 
catalytic efficiency.  

Comparison of the steady-state kinetic parameters of ketones 3.43 and 3.45 
indicated that the presence of an electron-withdrawing fluorine group at the para-
position of phenylacetone 3.45 enhanced the catalytic efficiency of the enzyme by 
increasing the rate of catalysis. When fluorine atoms were positioned close to the 
carbonylic function (3.46), a 50-fold lower catalytic efficiency was observed when 
compared with phenylacetone, resulting from an increase in KM. As mentioned 
above, PAMO also converted the prochiral diketone 3.38. Steady-state analysis 
showed that this substrate was oxidized with a reasonable catalytic rate while 
displaying a relatively large KM, suggesting a low affinity. The apparent affinity 
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Table 3.4 Kinetic parameters of PAMO for sulfides, sulfoxides and ketones. 

Compound Structure KM (mM) kcat (s-1) kcat/KM (M-1.s-1) 

3.1 
                  

≥ 2.5 [a] ≥ 0.12 47 

3.24 
                  

1.6 1.8 1,100 

3.25 
                  

1.3 2.3 1,800 

3.33 
                  

0.75 1.5 2,000 

(±)-3.1a 
                  

19.5 1.9 96 

(±)-3.24a 
                  

23.7 1.2 51 

(±)-3.25a 
                  

8.7 2.7 310 

(±)-3.33a 
                  

19 1.3 68 

3.38 
                  

6.9 1.4 200 

3.43 [b] 
                  

0.059 1.9 32,000 

3.44 [b] 

                  
0.36 1.8 5,000 

3.45 
              

0.056 3.6 65,000 

3.46 
              

4.0 2.3 580 

3.47 
                  

≥ 2.5 [a] ≥ 0.03 10 

3.48 
                 

≥ 5.0 [a] ≥ 0.06 10 

3.49 
                  

≥ 10.0 [a] ≥ 0.08 8 

3.50 
             

8.9 3.6 410 

 

[a] Due to limited solubilities of the compounds, the substrate concentration could not be increased upon the 
indicated values. 

[b] Values taken from Fraaije et al.[31] 
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decreased even further when larger and bulkier groups (3.47 - 3.49) were 
introduced, resulting in a very poor catalytic efficiency. Other substrates such as 
2-phenylcycloheptanone and 2-indanone also showed a low catalytic efficiency (28 
and 18 M-1.s-1, respectively) indicating that PAMO has difficulties accepting bulky 
aromatic ketones. Besides phenylacetone derivatives, p-hydroxybenzylacetone 3.50 
was also included in this study in order to compare with benzylacetone 3.44. The 
electron donating hydroxyl group at the para-position resulted in a ~ 10-fold lower 
catalytic efficiency. When also taking into account the above mentioned effect of a 
fluorine substituent, this indicates that the enzyme prefers electron-withdrawing 
para-substituents. However, the effect of the hydroxyl group could also reflect 
steric hindrance. Finally, the steady-state kinetic parameters of N,N-
benzyldimethylamine 3.41 were determined. However, by monitoring the 
consumption of NADPH in time, a catalytic rate of only 0.02 s-1 was measured. 

3.5   Conclusions 
4-Hydroxyacetophenone monooxygenase is able to catalyze the sulfoxidation 
reaction of a large number of aromatic sulfides. In general, phenyl sulfides seem to 
be the best substrates for the enzyme, yielding (S)-sulfoxides with high 
enantioselectivities. Low enantiomeric excesses were obtained with benzyl 
sulfides, and inversion of enantiopreference from (S) to (R) was observed for alkyl 
chains longer than ethyl. Reversal in enantiopreference, with moderate selectivities, 
was also found when the sulfur atom was located further away from the aromatic 
ring. With para-substituted phenyl methyl sulfides, the enzyme showed high 
selectivity for electron-donating groups, while strong withdrawing ones had a 
negative effect on selectivity and efficiency. The biocatalyst was not significantly 
affected in terms of selectivity by changing the location of the aromatic 
substituents. It was also found that HAPMO can oxidize aromatic sulfoxides but 
with no enantioselectivity. The enzyme is also able to convert 3-phenyl-penta-2,4-
dione with high enantiopreference and to catalyze the boron atom oxidation. This 
study and previous reports have shown that HAPMO can accept a number of 
substituents on the phenyl moiety as substrate. This indicates that this 
monooxygenase can be applied for a wide variety of selective oxidation reactions 
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resulting in formation of, for example, optically active sulfoxides or aromatic 
esters. 

Additionally, we described in this chapter the substrate acceptance and 
enantioselectivity of phenylacetone monooxygenase. This revealed that the enzyme 
is able to oxidize a wide range of sulfides and sulfoxides with varying degrees of 
selectivity, depending on the substrate structure. Interestingly, the enzyme 
complements HAPMO in terms of enantioselective oxidation of the sulfides tested; 
PAMO shows good enantioselectivity towards the benzyl sulfides, whereas 
HAPMO shows to be an excellent biocatalyst for the enantioselective oxidation of 
phenyl sulfides. In terms of enantioselectivity the enzymes seem to prefer 
substrates that resemble the physiological substrate of the corresponding enzyme, 
i.e. 4-hydroxyacetophenone for HAPMO and phenylacetone for PAMO. However, 
an exception has to be made for diketone 3.38, which is oxidized more 
enantioselectively by HAPMO. The broad substrate specificity and reactivity 
makes PAMO a valuable tool for performing selective oxidation of either the sulfur 
atom at the β- or γ-position from the phenyl ring, whereas oxidation at the α-
position was either rather poor or did not occur at all.[31] The low apparent affinity 
of PAMO towards the tested sulfoxides in comparison with their corresponding 
sulfides indicates that an oxygen atom adjacent to the sulfur is poorly accepted by 
the enzyme. Apart from this, the introduction of bulky groups in the phenylacetone 
derivatives 3.47-3.49 resulted in a large decrease of catalytic efficiency, indicating 
that PAMO has difficulties accepting bulky aromatic ketones. It was also 
established that PAMO prefers electron withdrawing para-substituents in the 
aromatic moiety in order to obtain high catalytic efficiencies. As described in the 
next chapter and by Bocola and coworkers, the substrate acceptance of this enzyme 
can be increased even further by the creation of various enzyme mutants.[32,68]     
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4.1   Abstract 
Of all presently available Baeyer-Villiger monooxygenases, phenylacetone 
monooxygenase (PAMO) is the only representative for which a structure has been 
determined. While it is an attractive biocatalyst because of its thermostability, it is 
only active with a limited number of substrates. By a structural comparison of the 
PAMO structure and a modeled structure of the sequence-related cyclopentanone 
monooxygenase, several active site residues were selected for a mutagenesis study 
in order to alter the substrate specificity. The M446G PAMO mutant was found to 
be active with a number of aromatic ketones, amines and sulfides for which wild 
type PAMO shows no activity. An interesting finding was that the mutant is able to 
convert indole into indigo blue: a reaction that has never been reported before for a 
Baeyer-Villiger monooxygenase. In addition to an altered substrate specificity, the 
enantioselectivity towards several sulfides was dramatically improved. This newly 
designed Baeyer-Villiger monooxygenase extends the scope of oxidation reactions 
feasible with these atypical monooxygenases. 

4.2   Introduction 
The number of processes in which biocatalysts are involved is steadily growing. 
Biocatalysts are frequently exploited for their exquisite regio- or enantioselectivity 
for synthesis of pharmaceutical building blocks while they are also increasingly 
explored for application in synthesis of low value chemicals. Alongside with this 
increase in biocatalyst implementation, more and more biocatalysts have become 
available. Due to the efforts of biocatalyst discovery and redesign in the last 
decade, a huge number of novel enzymes have emerged on the market. However, 
while the arsenal of hydrolytic enzymes is quite extensive nowadays, the number 
of applicable oxidative biocatalysts is lagging behind. To satisfy the growing 
demand for novel oxidative biocatalysts, we focus on the discovery and redesign of 
such enzymes. 

An interesting class of oxidative biocatalysts is represented by the Baeyer-Villiger 
monooxygenases (BVMOs).[1-4] Products obtained by BVMO-mediated 
biooxidations are of great value in organic synthesis and pharmaceutical 
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chemistry.[5-14] While only a few BVMOs were known and have been explored for 
biocatalytic purposes since the beginning of the 1970s, in recent years several other 
BVMOs have been reported in literature.[15-22] Biocatalytic studies on these 
BVMOs have revealed that these biocatalysts do not only catalyze Baeyer-Villiger 
oxidations but also are able to oxidize sulfides and other heteroatom containing 
compounds. Except for this promiscuity in reactivity, BVMOs are often very 
enantio-, regio- and/or chemoselective while accepting a broad range of substrates. 
Recently we have obtained a novel BVMO, phenylacetone monooxygenase 
(PAMO, EC 1.14.13.92), which offers several unique and attractive features: (1) it 
is thermostable and tolerant towards organic solvents,[23,24] (2) it has been shown to 
catalyze enantioselective Baeyer-Villiger oxidations and sulfoxidations,[25] and (3) 
it represents the only BVMO for which a crystal structure is available.[26] While a 
number of substrates, mainly aromatic, have been identified for phenylacetone 
monooxygenase from Thermobifida fusca, it shows poor or no activity with 
aliphatic compounds. This contrasts with the relaxed substrate acceptance profiles 
of cyclohexanone monooxygenase (CHMO, EC 1.14.13.22) from Acinetobacter sp. 
NCIMB 9871 [27] and cyclopentanone monooxygenase (CPMO, EC 1.14.13.16) 
from Comamonas sp. strain NCIMB 9872,[28] which are the most extensively 
studied BVMOs.[29-32] These enzymes efficiently convert a wide range of aliphatic 
ketones and are complementary in respect to their enantioselectivity towards 
several of these ketones. Unfortunately, CHMO and CPMO display a poor stability 
in comparison to PAMO.[33,34]  

While they display widely differing substrate specificities, CPMO and PAMO are 
closely related as they share 41 % sequence identity. This level of sequence 
homology has allowed us to build a structural model of CPMO. Inspection of the 
active site of CPMO revealed that most residues located at the re-face of the bound 
FAD cofactor (e.g. PAMO-residues N58, D66, S196, Q200, K336, R337, F389, 
Y495 and W501), forming the substrate binding pocket, are identical in both 
enzymes. Conservation of R337 is not surprising as it is the key active site residue 
which assists in catalysis (Chapter 5).[26] Only three residues were strikingly 
different: Q152, L153 and M446 in PAMO align with F156, G157 and G453 in 
CPMO (Figure 4.1). The F156 and G157 residues of CPMO have recently been 
confirmed as hotspots in tuning enantioselectivity of CPMO.[35]  
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Figure 4.1 Representations of the active sites of (A) phenylacetone monooxygenase from 
Thermobifida fusca and (B) cyclopentanone monooxygenase from Comamonas sp. strain 
NCIMB 9872.  

In this paper we report the change of PAMO substrate specificity and 
enantioselectivity by replacing M446: the M446G PAMO mutant. In addition to 
altered substrate specificity, the active site redesign results in improved 
enantioselective behavior. Furthermore, we applied a parallel screening 
methodology recently developed for the evaluation of whole-cells biocatalyst 
performance and stereoselectivity demonstrating that wild type and M446G PAMO 
can be exploited using whole cells.[36] 

4.3   Experimental 

4.3.1   Materials 
All chemicals and enzymes were obtained from ACROS Organics, Jülich Fine 
Chemicals, Roche Applied Sciences and Sigma-Aldrich. Oligonucleotide primers 
were obtained from Sigma Genosys. DNA sequencing was done at GATC 
(Konstanz, Germany). The figures have been prepared using the PyMol software 
(www.pymol.org). The CPMO model has been built using the CPH models server 
(www.cbs.dtu.dk/sevices/CPHmodels).[37] 



 

 

100 
 
 
 
 
 
 
 
 

Chapter 4 

 

4.3.2   Site-directed mutagenesis 
For mutagenesis, the previously constructed plasmid pPAMO was used as first 
template.[18] The plasmid contains the pamO gene (accession number YP_289549) 
which is controlled by the PBAD promoter. For preparation of the triple mutant, the 
single mutated plasmid pPAMO (M446G) was used as template. Mutants were 
constructed using the QuikChange® Site-Directed Mutagenesis Kit of Stratagene 
with pPAMO as template following the recommendations of the manufacturer. 
M446 was mutated to G with primer 5’-
GCGCTCAGCAACGGCCTGGTCTCTATC-3’ and its complementary primer. 
Q152 and L153 were mutated to F or G with primer 5’-
ATGGCCAGCGGCTTTGGCTCCGTCCCGCAG-3’ and its complementary 
primer. The mutated nucleotides are underlined. The resulting plasmids were 
transformed into Escherichia coli TOP10. 

4.3.3   Overexpression and purification of wild type PAMO and its mutants 
Wild type PAMO and the mutants were overexpressed in TB medium containing 
50 µg.mL-1 ampicillin and 0.2 % L-arabinose at a temperature of 37 °C. 
Purification of the PAMO mutants was performed as previously described for wild 
type PAMO.[18] 

4.3.4   Steady-state kinetics 
Enzyme concentrations were measured spectrophotometrically by monitoring the 
absorption of the FAD cofactor at 441 nm (ε441nm = 12.4 mM-1.cm-1). The activities 
of the purified enzymes were determined spectrophotometrically by monitoring the 
decrease of NADPH in time at 340 nm (ε340nm = 6.22 mM-1.cm-1). Formation of 
hydrogen peroxide was measured using horseradish peroxidase.[38] Formation of 
indigo blue was verified by measuring UV-Vis spectra in 50 % acetonitrile which 
revealed formation of typical absorbance maxima at 287, 337 and 611 nm.[39] The 
reaction mixture (1.0 mL) typically contained 50 mM Tris/HCl, pH 7.5, 100 µM 
NADPH, 1 % (v/v) DMSO, 0.05-1 µM enzyme and 2.0 mM of the substrate of 
interest (4.1 - 4.14). Kinetic measurements were performed on a Perkin-Elmer 
Lambda Bio40 spectrophotometer at a temperature of 25 °C. The obtained data 
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were fitted to the Michaelis-Menten equation by non-linear regression analysis 
(SigmaPlot version 10.0 for Windows). 

4.3.5   Enantioselective oxidations using purified enzyme 
Enzymatic conversion of substrates 4.7 - 4.10 by wild type PAMO and mutant 
M446G were performed at 30 °C in a 2 mL reaction mixture containing 50 mM 
Tris/HCl, pH 9.0, 100 µM NADPH, 1 % (v/v) DMSO, 5 mM glucose-6-phosphate, 
5 U glucose-6-phosphate dehydrogenase, 2.5 µM enzyme and 2.5 mM of the 
substrate of interest. After 90 minutes the reaction was stopped by extraction with 
ethylacetate, dried over MgSO4 and analyzed by gas chromatography. Chiral and 
achiral GC analyses were performed on a Shimadzu GC17 instrument equipped 
with a FID-detector and a Chiraldex G-TA column (Alltech, 30 m × 0.25 mm × 
0.125 mm) or a HP1 column (Agilent, 30 m × 0.25 mm × 0.25 mm), respectively. 
The absolute configuration of the sulfoxides was determined by comparison with 
the wild type PAMO catalyzed enantioselective oxidations.[25]  

4.3.6   Whole-cell biotransformation in multi-well plates 
Each well of 12-well plates was charged with 2 mL of LB medium containing 200 
µg.mL-1 ampicillin and inoculated with 1 % (v/v) of an overnight preculture of E. 
coli TOP10 cells bearing either the wild type or the M446G PAMO expression 
plasmids. The plates were incubated at 37 °C and 120 rpm on an orbital shaker. 
When appropriate OD590 was reached, L-arabinose was added (final concentration 
of 0.1 % w/v) together with the substrates 4.6, 4.15 - 4.18 (1 mg per 12-well 
format) and shaking continued at 37 °C. After 24 hours of cultivation, samples 
were taken, extracted with ethylacetate supplemented with an internal standard, 
dried over Na2SO4 and analyzed by chiral phase GC (ThermoFinnigan Trace GC 
2000 or Focus GC with a BGB 173 or BGB 175 column). The absolute 
configuration of the lactones was determined by comparison with the currently 
available literature for CHMO from Acinetobacter sp. NCIMB 9871 and CPMO 
from Comamonas sp. strain NCIMB 9872. 
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4.4   Results and Discussion 

4.4.1   Cloning, purification and characterization of PAMO mutants 
Based on the structural differences of the (predicted) active sites of CPMO and 
PAMO, we prepared a single, a double and a triple mutant of PAMO by means of 
site-directed mutagenesis: (i) M446G, (ii) Q152F/L153G and (iii) 
Q152F/L153G/M446G. Overexpression and purification of these mutants resulted 
in three soluble mutant proteins containing a tightly bound FAD cofactor. All 
mutants were tested for activity with several potential substrates (phenylacetone, 
cyclopentanone, cyclohexanone, norcamphor) by following the rate of NADPH 
consumption in time at 340 nm. 

The double and the triple PAMO mutants were found to be inactive with these 
ketones as only a slow conversion of NADPH was observed with concomitant 
production of hydrogen peroxide. This indicates that these mutants are still able to 
bind NADPH and reduce the flavin cofactor, while they have lost the ability to 
perform oxygenation reactions. As a result they merely act as NADPH oxidases 
with rates of 0.06 s-1 for the Q152F/L153G mutant and 0.6 s-1 for the 
M446G/Q152F/L153G mutant. A similar rate (0.05 s-1) of uncoupled NADPH 
consumption has been observed for wild type PAMO when no substrate is 
present.[18] Although the modeled active site of CPMO appears quite similar to that 
of PAMO, these results indicate that the Q/L → F/G substitutions in PAMO result 
in an active site architecture that is not effective in proper binding and/or 
positioning of these substrates. Improper positioning of substrates with respect to 
the flavin cofactor will hinder an effective nucleophilic attack of the peroxyflavin 
that is required for oxygenation of the substrate. A recent study has shown that the 
corresponding residues in CPMO can be varied to some extent thereby influencing 
the enantioselectivity (see Conclusions).[35,40] 

The M446G PAMO mutant showed significant activity towards phenylacetone 4.1 
while no activity was observed with cyclopentanone, cyclohexanone and 
norcamphor. The mutant displayed an identical uncoupling rate when compared to 
wild type PAMO. In the absence of a suitable substrate the mutant enzyme 
oxidized NADPH at a rate of 0.1 s-1. A hint for altered substrate specificity for the 
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M446G mutant was already obtained during growth of E. coli cells expressing the 
respective enzyme. During growth of M446G PAMO-expressing cells, the culture 
medium turned blue suggesting that indigo blue was formed during cultivation. 
Indigo production has been observed in E. coli before when expressing other types 
of mono- or dioxygenases.[39,41-44] This observation suggests that the endogenous 
indole 4.14, generated from tryptophan by tryptophanase in E. coli,[45] is oxidized 
by this specific PAMO mutant and subsequently undergoes spontaneous 
dimerization to yield indigo blue. Thus far, no other BVMO has been found which 
is able to form indigo blue from indole. 

4.4.2   Substrate specificity and steady-state kinetics of M446G PAMO 
Using isolated enzyme, the substrate acceptance profile of M446G PAMO was 
explored in comparison with wild type enzyme. This has revealed that, besides 
phenylacetone 4.1 and indole 4.14, M446G PAMO accepts a number of other 
organic substrates, including ketones/aldehydes, sulfides and amines. The steady-
state kinetic parameters for these substrates are shown in Table 4.1. Compared to 
wild type PAMO, the apparent affinity (KM) of the mutant enzyme towards the 
physiological substrate, phenylacetone 4.1, decreased 10-fold. The activity of the 
mutant enzyme was found to be identical to that of wild type PAMO: kcat = 3.0 s-1. 
Using phenylacetone as substrate the thermostability of the M446G mutant was 
tested at 50 ºC. A half-life time of 55 ± 6 hours was found which is comparable to 
that of wild type PAMO.[18] This shows that the mutation does not affect the 
thermostability. The catalytic efficiency towards several known PAMO substrates 
4.2, 4.5, and 4.9 was also not affected by the mutation. Interestingly, while some 
substrates accepted by wild type PAMO were not accepted by M446G PAMO 
(4-hydroxyacetophenone and N,N-dimethylbenzylamine), the PAMO mutant 
showed activity towards several aromatic substrates (4.3, 4.11, 4.13 and 4.14) that 
are not converted by wild type PAMO. 

We were also able to confirm that purified M446G PAMO is capable of forming 
indigo blue from indole 4.14 as substrate. The ability of this mutant to convert 
indole was unexpected as BVMO-catalyzed production of indigo blue from indole 
has not been observed before. Previous studies have shown that monooxygenases 
are able to produce indigo upon epoxidation or hydroxylation of indole.[39,41,42]  
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Table 4.1 Steady-state kinetic parameters of wild type and M446G PAMO. 

  wt PAMO [a,b] PAMO M446G [a] 

Compound Structure kcat  
(s-1) 

KM 
 (mM) 

kcat/KM 
(M-1.s-1) 

kcat  
(s-1) 

KM  
(mM) 

kcat/KM 
(M-1.s-1) 

4.1 
        

3.0 0.08 37,500 3.0 1.0 3,000 

4.2 
       

2.3 0.1 23,000 3.1 0.2 16,000 

4.3 
        

- - < 1 2.9 1.6 1,800 

4.4 
 

0.34 2.2 150 - - < 1 

4.5 

        

1.4 6.9 200 > 0.30 > 2.5 130 

4.6 
        

> 0.06 > 1.1 55 > 0.02 > 5.0 4 

4.7 
        

> 0.12 > 2.5 47 > 1.3 > 2.5 500 

4.8 
     

2.1 0.86 2,400 > 0.8 > 2.0 400 

4.9 
        

0.25 1.5 170 > 0.35 > 2.0 180 

4.10 
        

1.8 1.6 1,100 0.53 2.0 270 

4.11 
        

- - < 1 > 0.11 > 1.7 55 

4.12 
        

0.03 1.0 32 - - < 1 

4.13 
        

- - < 1 >0.30 >20 16 

4.14 
        

- 
- 

< 1 0.30 2.4 130 

 

[a] Due to solubility limitations, lower limits for kcat and KM are given in some cases.  
[b] Some of the kinetic parameters of wild type PAMO were taken from previous studies.[18,25] 
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However, BVMOs are not able to perform hydroxylations and are very poor 
epoxidation catalysts.[46] We also confirmed that wild type PAMO and M446G 
PAMO are unable to hydroxylate or epoxidize indole-related compounds: styrene, 
indene and cinnamyl alcohol were not oxidized. We concluded that indigo 
formation from indole is most likely the result of N-oxidation of indole, as has been 
previously suggested for a distantly related flavin-containing monooxygenase.[43] 
The formed indole N-oxide is expected to rearrange into indoxyl, which would 
yield indigo blue upon spontaneous dimerization. Such a rearrangement has also 
been observed for related N-oxides.[47] To our knowledge such a synthetic route 
towards indigo blue has not been described before and it may offer interesting 
alternative routes for synthesis of indigo derivatives. In addition to indole, also 
another secondary amine, N-methylbenzylamine 4.13, was accepted by M446G 
PAMO while this amine is not a substrate for wild type PAMO. In contrast, it was 
previously demonstrated that wild type PAMO oxidizes the tertiary amine, N,N-
dimethylbenzylamine 4.12,[25] while this amine is not accepted by M446G PAMO. 
This indicates that the engineered mutant readily accepts secondary amines. These 
results show that replacing M446 has dramatic effects on the substrate acceptance 
profile. 

4.4.3   Enantioselective sulfoxidations by purified M446G PAMO 
While it has been observed in previous studies that wild type PAMO efficiently 
oxidizes a wide range of aromatic sulfides (Table 3.1),[25] the enzyme mediated 
oxidation was often not very enantioselective. As can be seen in Table 4.1, the 
M446G PAMO also readily converts a number of aromatic sulfides. In fact, one 
sulfide was discovered that is not accepted by wild type enzyme while it is 
oxidized by the mutant. To determine the enantioselectivity of this oxidation, 2 mL 
reactions were performed using purified mutant enzyme in the presence of glucose-
6-phosphate dehydrogenase for regeneration of NADPH. Analysis of these 
conversions by chiral GC showed that the M→G mutation resulted in a substantial 
increase in enantioselectivity of several product sulfoxides (Table 4.2). The 
enantioselectivity with thioanisole 4.7 increased from a moderate (e.e.wt = 41 %) to 
an excellent enantioselectivity (e.e.M446G = 93 %). Even more impressive results 
were obtained for sulfides 4.8 and 4.9 for which the wild type enzyme displayed 
almost no enantioselectivity (e.e.wt = 6 %) while the mutant enzyme shows an 
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excellent enantioselectivity (e.e.M446G = 92 and 95 % respectively). With all three 
sulfides, the corresponding (R)-sulfoxides were predominantly formed. In contrast, 
conversion of benzyl methyl sulfide 4.10 yields mainly the (S)-sulfoxide. The 
enantioselectivity of mutant M446G towards this sulfide was found to be lower 
than that of wild type PAMO as the e.e. decreased from 98 % to 59 %. This 
demonstrates that the M446G mutant nicely complements the catalytic repertoire of 
the wild type enzyme. Interestingly, the M446G replacement mimics to some 
extent the effect of addition of methanol to wild type PAMO (see Conclusions).[24] 
The enantioselectivity of M446G PAMO towards phenyl sulfides complements 
that of wild type HAPMO, which was shown to be highly enantioselective yielding 
the (S)-sulfoxides (see Chapter 3 and Table 4.2). Unfortunately, M446G PAMO 
converted the prochiral diketone 4.5 with a similar enantioselectivity as wild type 
PAMO.  

Table 4.2 Enantioselective oxidations by wild type and M446G PAMO. 

  wt PAMO PAMO M446G wt HAPMO[b] 

Compound Structure conv. (%) e.e.[a] (%) conv. (%) e.e.[a] (%) e.e. [a] (%) 

4.7 
        

94 41 (R) > 99 93 (R) 99 (S) 

4.8 
    

69 6 (R) > 99 92 (R) 99 (S) 

4.9 
       

94 6 (S) > 99 95 (R) 99 (S) 

4.10 
       

> 99 98 (S) > 99 59 (S) 85 (S) 

4.5 

       

88 82 (R) 81 84 (R) > 99 (S) 

 

[a] The predominantly formed enantiomer is in parentheses. 
[b] Values taken from Chapter 3. 

4.4.4   Whole-cell Baeyer-Villiger oxidation of cycloketones 
To probe whether wild type and M446G PAMO can be exploited as whole-cell 
biocatalysts, biooxidation of several prochiral cycloketones was evaluated. 
Screening experiments were performed in multi-well plastic dishes and conversion 
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and enantioselectivity of the microbial reactions were evaluated by chiral GC 
analysis. It was found that both PAMO variants were effective as whole-cell 
biocatalysts. In general, wild type PAMO showed higher conversion of ketones but 
lower enantioselectivity. On the other hand, M446G PAMO oxidized ketones to 
the corresponding lactones with higher enantioselectivity, but conversions were 
poor to moderate in all cases. Data included in Table 4.3 represents a selection of 
results with striking variations in the biocatalytic performance of wild type PAMO 
and the M446G mutant. Interestingly, the M446G mutant was able to oxidize 4.6 
while wild type PAMO performed best with ketone 4.17. This demonstrates the 
subtle changes in substrate specificity as a result of replacing M by G on position 
446 of PAMO. 

Table 4.3 Conversions of prochiral cycloketones using wild type and M446G PAMO 
expressing cells. 

  wt PAMO PAMO M446G 

Compound Structure conv. 
(%) 

ratio [a] 

lactones 
e.e. [b] 
 (%)  

conv.  
(%) 

ratio [a] 

lactones  
e.e. [b] 
 (%)  

4.6 
 

-  - 4  28 (–) 

4.15 
 

23 %  5 (+) traces  10 (–) 

4.16 
 

35 %  11 (–) 12 %  65 (–) 

4.17 
 

65 % 50:50 92/50 Traces 70:30 > 99/45 

4.18 
 

63 % 90:10 71/96 3 % 87:13 97/48 

 

[a]  Ratio of “normal”/”abnormal” lactones. “Normal lactones are generated by migration of the most 
substituted carbon atom, whereas “abnormal” lactones resulted from the migration of the less 
substituted carbon atom.[48] 

[b]  Sign of specific rotation in parentheses, while e.e. is given for normal/abnormal lactone. 

4.5   Conclusion 
Expanding, altering, and fine-tuning the substrate specificity of previously 
characterized enzymes by mutagenesis is a well-accepted and often-used method in 
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the field of biocatalysis. By this approach, not only substrate specificities can be 
optimized, but also stability towards external factors such as temperature, organic 
solvents, salinity and pH can be improved. In recent years, it has become popular 
to employ random mutagenesis approaches (directed evolution) for enzyme 
redesign. However, such an approach is often not very efficient for changing the 
substrate specificity of a certain biocatalyst. [49] In fact, it appears that for 
effectively altering the substrate specificity of an enzyme one should preferentially 
target active site residues. Mutagenesis of these ‘first shell’ residues frequently 
often results in dramatic changes in substrate specificity and/or enantioselectivity. 
[49,50] However, such a structure-inspired approach is only feasible when a 
(modeled) structure of the targeted biocatalyst is available. For the current study, 
we exploited the recently determined crystal structure of PAMO. A comparison of 
the PAMO structure and a homology-built model structure of the sequence-related 
CPMO revealed that both active sites are remarkably similar. Most residues that 
surround the flavin cofactor, thereby forming the active site, were found to be 
identical. Only three residues could be identified as significantly different: Q152, 
L153 and M446. It was postulated that these ‘first shell’ residues determine to 
some extent the molecular basis for the two widely different substrate specificities 
of PAMO and CPMO. We replaced these residues in PAMO by the corresponding 
residues found in CPMO, thereby yielding three PAMO mutants. Surprisingly, two 
of these mutants were found to be inactive (Q152F/L153G and 
Q152F/L153G/M446G). These two mutant proteins were still able to bind NADPH 
and the bound FAD cofactor was also readily reduced by the electron donating 
coenzyme. Nevertheless, the mutants had lost the ability to perform oxygenation 
reactions. Apparently, the simultaneous mutation of Q152 and L153 resulted in an 
altered active site in which the organic substrates are not able to be oxidized by the 
peroxyflavin. In a recent mutagenesis study of CPMO these two homologous 
residues were randomly modified yielding several mutants with improved 
enantioselective behaviour.[35] However, without exception, all reported CPMO 
mutants were less active and/or stable when compared with wild type enzyme as 
evidenced by poor to moderate conversions using cells expressing these mutant 
enzymes. Cells containing wild type CPMO resulted in full conversion of most 
tested substrates. This indicates that there is a subtle interplay between ‘first shell’  
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Table 4.4 Inventory of observed mutations in BVMOs and the related improvements in 
enantioselectivity. The locations in the PAMO structure are shown in Figure 4.2. 

Effect on enantioselectivity [a] Enzymes / mutations [b] Hotspots (PAMO numbering) 

 CHMO  

9 % R → 34 % R [51] F432Y, K500R L443 

9 % R → 40 % R [51] L143F Q152 

9 % R → 49 % R [51] F432I L443 

9 % R → 54 % R [51] L426P, A541V A435 

9 % R → 18 % S [51] L220Q, P428S, T433A P437, S444 

9 % R → 46 % S [51] D41N, F505Y L516 

9 % R → 78 % S [51] K78E, F432S L443 

9 % R → 79 % S [51]  F432S L443 

9 % R → 90 % R [51]  L143F, E292G, L435Q, T464A Q152, M446 

14 % R → 99 % R [52]  D384H T393 

14 % R → 99 % R [52]  F432S L443 

14 % R → 98 % S [52]  K229I, L248P R258 

14 % R → 99 % S [52] Y132C, F246I, V361A, T415A I141, T256, V371, S424 

14 % R → 95 % S [52] F16L, F277S F26 

   
 CPMO  

5 % S → 59 % R [35]  G449S, F450Y * A442, L443 
5 % S → 90 % R [35]   F156N, G157Y * Q152, L153 
   
 PAMO  
E=1 → E=100 [53]  ∆S441, ∆A442 S441, A442 
6 % S → 95 % R c M446G M446 
 

[a] Improvements in enantioselectivity of specific oxidation reactions are given for the indicated 
mutants 

[b] Residues that are located on the protein surface are shown in italic and residues that are < 15 Ǻ 
from the isoallaxazine moiety of the FAD cofactor are shown in bold 

[c] This chapter 

and ‘second shell’ residues resulting in a balanced and suitable substrate binding 
pocket. 

In this work we present an extended and more comprehensive repertoire of 
substrates accepted by wild type PAMO. Furthermore, in order to broaden the 



 

 

110 
 
 
 
 
 
 
 
 

Chapter 4 

 

catalytic scope of this thermostable BVMO, we have redesigned PAMO in such a 
way that the resulting mutant, M446G PAMO, shows several interesting novel 
catalytic features while retaining its thermostability. While the mutation appears 
mild, it has a dramatic effect on the substrate specificity and enantioselectivity. 
Several new compounds were identified as substrate for this PAMO variant (e.g. 
indole and benzaldehyde). The mutant displayed a higher specificity towards 
substrates containing the carbonyl group or the heteroatom in close proximity to 
the aromatic ring. A different positioning of the substrate’s aromatic ring in the 
active site might cause this observed shift in regioselectivity. Furthermore, an 
altered substrate binding pocket also explains the substantial changes in 
enantioselectivity observed towards sulfides and ketones. This confirms the role of 
this specific amino acid residue in modulating the substrate binding pocket. 
Interestingly, the active site of mutant M446G is mimicking to some extent the 
effect of addition of methanol to wild type PAMO. Recently, we have shown that 
usage of up to 30 % methanol is tolerated by PAMO and also affects the 
enantioselectivity.[23] Whether the organic solvent specifically binds in the active 
site or induces structural changes in wild type PAMO, ultimately resulting in an 
altered substrate binding pocket, is still disputable. The fact that replacement of 
M446 can already result in dramatic changes in substrate specificity and 
enantioselectivity suggests that specific interaction of one or two methanol 
molecules in the active site may explain the observed solvent effect. While the 
exact binding mode of substrates in PAMO is uncertain due to the lack of a crystal 
structure containing a bound substrate or product, mutagenesis studies deliver clues 
about the residues involved in forming the substrate binding pocket. In the last few 
years several random and directed mutagenesis studies have been performed with 
PAMO, CHMO and CPMO.[35,40,51] An inventory of all mutants that display an 
alteration of enantioselectivity shows that many targeted residues are part of the 
first shell of the proposed substrate binding pocket of PAMO. As can be seen in 
Figure 4.2, most of these residues align a pocket at the re-face of the flavin 
cofactor. It is also striking to note that most of the observed mutations are located 
in the FAD binding domain and the neighbouring helical subdomain while no 
mutation has occurred in the NADPH binding domain.[26] The identification of 
residue M446 to be crucially involved in determining the substrate specificity and 
enantioselectivity complements the known hotspots that influence the specificity of 
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Figure 4.2 Structure of PAMO in which the FAD cofactor and the crucial active site R337 
(See Chapter 5) are shown in sticks. Observed mutations that effect enantioselectivity of 
BVMOs are shown by spheres (see Table 4.4). The mutations reported in this chapter are 
shown by numbered spheres. Residues that are within 15 Å from the isoalloxazine moiety 
of the FAD cofactor are in dark grey, more distant residues are in light grey.  
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BVMOs (Table 4.4). Future mutagenesis studies can exploit the localisation of 
these hotspots by simultaneously mutating the respective residues that determine 
the plasticity of the substrate binding pocket of BVMOs. By this, novel valuable 
BVMOs can be created that extend the catalytic potential of these enzymes and 
may ultimately combine substrate promiscuity with thermal stability. 
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The Kinetic Mechanism of PAMO from Thermobifida fusca 

5.1   Abstract 
Phenylacetone monooxygenase (PAMO) from Thermobifida fusca is a FAD-
containing Baeyer-Villiger monooxygenase (BVMO). To elucidate the mechanism 
of conversion of phenylacetone by PAMO, we have performed a detailed steady-
state and pre-steady-state kinetic analysis. In the catalytic cycle (kcat = 3.1 s-1), rapid 
binding of NADPH (Kd = 0.7 µM) is followed by a transfer of the 4(R)-hydride 
from NADPH to the FAD cofactor (kred = 12 s-1). The reduced PAMO is rapidly 
oxygenated by molecular oxygen (kox = 870 mM-1.s-1), yielding a C4a-peroxy-
flavin. The peroxyflavin enzyme intermediate reacts with phenylacetone to form 
benzylacetate (k1 = 73 s-1). This latter kinetic event leads to an enzyme intermediate 
which we could not unequivocally assign and may represent a Criegee intermediate 
or a C4a-hydroxyflavin form. The relatively slow decay (4.1 s-1) of this 
intermediate yields fully reoxidized PAMO and limits the turnover rate. NADP+ 
release is relatively fast and represents the final step of the catalytic cycle. This 
study shows that the kinetic behavior of PAMO is significantly different when 
compared with that of sequence-related monooxygenases, e.g., cyclohexanone 
monooxygenase and liver microsomal flavin-containing monooxygenase. 
Inspection of the crystal structure of PAMO has revealed that residue R337, which 
is conserved in other BVMOs, is positioned close to the flavin cofactor. The 
analyzed R337A and R337K mutant enzymes were still able to form and stabilize 
the C4a-peroxyflavin intermediate. However, the mutants were unable to convert 
either phenylacetone or benzyl methyl sulfide. This demonstrates that R337 is 
crucially involved in assisting PAMO-mediated Baeyer-Villiger and sulfoxidation 
reactions. 

5.2   Introduction 
During the past few decades, a number of microbial monooxygenases have been 
described that are able to perform the insertion of an oxygen atom in (a)cyclic 
ketones, yielding the corresponding esters or lactones. Most of these Baeyer-
Villiger monooxygenases (BVMOs) are sequence-related and have been classified 
as Type I BVMOs. Biochemical studies have shown that these monooxygenases 
are also able to oxidize sulfur, nitrogen and boron atoms.[1] For the oxidation of 
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organic substrates, Type I BVMOs employ FAD as a prosthetic group, NADPH as 
an electron donor, and molecular oxygen as an oxidant. So far, the most 
extensively studied BVMO is cyclohexanone monooxygenase (CHMO, EC 
1.14.13.22) from Acinetobacter sp. NCIMB 9871.[2-7] An initial kinetic study of 
this enzyme was performed in the early 80s, followed by a more detailed study in 
2001 by Sheng and co-workers.[8,9] On the basis of these and other studies on 
BVMOs, it has become clear that the ability to catalyze a Baeyer-Villiger oxidation 
relies on the formation and stabilization of a C4a-peroxyflavin during the catalytic 
cycle. This strong oxidant is formed by NADPH-mediated reduction and 
subsequent oxygenation of the FAD cofactor. The C4a-peroxyflavin is proposed to 
perform a nucleophilic attack on the carbonyl group of the substrate. This yields a 
Criegee adduct in which the substrate is covalently bound to the flavin cofactor. 
Spontaneous rearrangement of this flavin intermediate eventually results in the 
formation of the Baeyer-Villiger product and a C4a-hydroxyflavin intermediate. 
Dehydration of the latter flavin intermediate produces the oxidized flavin and 
completes the catalytic cycle.  

For CHMO, it has been shown that the C4a-peroxyflavin intermediate can be 
formed and stabilized in the absence of an organic substrate. Only in a relatively 
slow process does this reactive enzyme intermediate decay to form hydrogen 
peroxide.[8] Thus, in the absence of a suitable substrate, BVMOs act as inefficient 
NADPH oxidases. Until recently, the mechanism by which BVMOs elicit 
formation of the C4a-peroxyflavin and are able to stabilize this labile intermediate 
has remained enigmatic as no structural information for CHMO or a related 
monooxygenase was available. By 2005, however, phenylacetone monooxygenase 
(PAMO, EC 1.14.13.92) from Thermobifida fusca has been discovered.[10] The 
enzyme is sequence-related to several other BVMOs, e.g., cyclohexanone 
monooxygenase and ethionamide monooxygenase.[4,11] PAMO contains a tightly 
bound FAD as cofactor and uses NADPH as an electron donor. The best substrate 
identified so far is phenylacetone which undergoes a Baeyer-Villiger oxidation 
yielding benzylacetate. Other ketones and aldehydes are also accepted by the 
monooxygenase. Moreover, it is able to catalyze (enantioselective) sulfoxidations 
and N-oxidations (see Chapter 3).[12] Features that makes this BVMO particularly 
interesting for biotechnological applications are its thermostability and tolerance 
toward high concentrations of organic solvents.[13] Remarkably, the use of specific 
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solvents can even increase the enantioselectivity of the enzyme.[14] The elucidation 
of the crystal structure of PAMO, as yet representing the only available BVMO 
structure, has revealed structural details of this monooxygenase.[15] The active site 
is located between two domains, an FAD binding domain and a NADPH binding 
domain. On the basis of the structure it has been proposed that during catalysis the 
active site residue R337 adopts several conformations while domain 
rearrangements are also predicted to play a role. The PAMO structure has triggered 
several structure-inspired enzyme redesign studies on PAMO and sequence-related 
BVMOs.[16-19] 

 

Figure 5.1 Representation of the active site of phenylacetone monooxygenase. Besides the 
FAD cofactor, other active site residues and water molecules are highlighted (in sticks and 
spheres, respectively). For R337, both side chain orientations that are observed in the 
crystal structure are shown (PDB: 1W4X). Hydrogen bonds around the flavins are indicated 
in dashed lines. The figure was prepared using the PyMol software (www.pymol.org). 

Now that the crystal structure of PAMO is available, it is possible to identify 
residues that may assist in catalysis. One of these residues is R337, which is 
located near the bound FAD cofactor with its guanidinium side chain only 3.7 Å 
from the re-face of the planar aromatic system of the cofactor (Figure 5.1).[15] 
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Amino acid sequence alignment of (putative) Type I BVMOs shows that this 
arginine is strictly conserved.[20] Replacement of the corresponding arginine in 
4-hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas fluo-
rescens ACB resulted in the inactivation of the enzyme.[21,22] It has been suggested 
that R337 in PAMO is involved in the stabilization of the negatively charged C4a-
peroxyflavin.[15] In this paper, we report the investigation of the kinetic properties 
of PAMO with the goal of improving our understanding of BVMO-mediated 
catalysis. A detailed steady-state and pre-steady-state kinetic analysis of wild type 
PAMO and two mutants, R337A and R337K, is presented here. 

5.3   Materials and methods 

5.3.1   Materials 
(R)-NADPD was prepared using a NADP+-dependent alcohol dehydrogenase from 
Thermoanaerobacter brockii.[23] On the basis of an A260/A340-ratio of 2.8, the purity 
of the deuterated coenzyme was estimated to be > 80 %. All chemicals and 
enzymes were obtained from ACROS Organics, Jülich Fine Chemicals, Roche 
Applied Sciences or Sigma-Aldrich. Oligonucleotide primers were obtained from 
Sigma Genosys. DNA sequencing was done at GATC (Konstanz, Germany). 

5.3.2   Site-directed mutagenesis 
For mutagenesis, the previously constructed plasmid pPAMO was used.[10] The 
plasmid contains the pamO gene (accession number YP_289549) under control of 
the PBAD promoter. Mutants were constructed using the QuikChange® Site-Directed 
Mutagenesis Kit of Stratagene with pPAMO as the template following the 
recommendations of the manufacturer. R337 was mutated to an alanine or lysine 
with primers 5’-TTCGGCACCAAGGCCCTCATCCTGGAA-3’ or 5’ 
TTCGGCACCAAGAAACTCATCCTGGAA-3’ and their complementary primers, 
respectively. The mutated codons are shown underlined. 

5.3.3   Growth of bacterial cells and enzyme purification 
Wild type His-tagged PAMO was expressed in Escherichia coli TOP10 cells and 
purified as described previously.[10] Both PAMO mutants were also expressed in E. 
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coli TOP10 cells using the same conditions that were used for wild type PAMO but 
purified by means of the following procedure. E. coli TOP10 cells from a 500 mL 
culture were harvested by centrifugation and resuspended in 20 mL 50 mM 
Tris/HCl, pH 7.5. After sonication, FAD was added to a final concentration of 50 
µM and the ruptured cells were incubated at 50 °C for 1 hour and subsequently 
centrifuged. All further steps were carried out at 4 °C. The resulting supernatant 
was applied to a Q-sepharose column (50 mL; Amersham Biosciences). The 
protein was eluted using a linear gradient increasing from 0 to 1 M KCl (in 50 mM 
Tris/HCl, pH 7.5). The mutant enzymes were further purified by means of size-
exclusion chromatography using a Superdex 200 column (330 mL; Amersham 
Biosciences). The concentration of wild type PAMO was determined by measuring 
the absorbance at 441 nm using an extinction coefficient of 12.4 mM-1.cm-1.[10] The 
extinction coefficients of both mutants were determined by comparing the flavin 
spectrum of the purified enzymes with the flavin spectrum obtained after unfolding 
with 0.1 % SDS. This resulted in the extinction coefficients for PAMO R337A 
(ε441nm = 12.8 mM-1.cm-1) and PAMO R337K (ε440nm = 12.1 mM-1.cm-1). 

5.3.4   Steady-state kinetics 
The activities of the purified enzymes were determined spectrophotometrically by 
monitoring the decrease in level of NADPH over time at 340 nm (ε340nm = 
6.22 mM-1.cm-1). The reaction mixture (1.0 mL typically contained 50 mM 
Tris/HCl, pH 7.5, 100 µM NADPH, 1.0 mM phenylacetone, 1 % (v/v) DMSO and 
0.05 - 1 µM enzyme. The inhibition constant of NADP+ toward wild type PAMO 
was determined by performing steady-state kinetic experiments in the presence of 
0 - 8 µM NADP+. These kinetic measurements were performed on a Perkin-Elmer 
Lambda Bio40 spectrophotometer. The steady-state kinetic parameters with 
oxygen were determined by measuring the oxygen depletion in a 1 mL stainless 
steel stirred vessel equipped with an optical MOPS-1 oxygen sensor (Compte, 
Hannover, Germany) and fitting the obtained depletion curve with Equation 5.1 by 
means of numerical integration (Micromath Scientist, version 2.0).  

The relative flavin absorbance of wild type PAMO and the mutants during steady-
state catalysis was determined by monitoring the absorbance at 441 nm over time 
using an Applied Photophysics SX17MV stopped-flow apparatus. For this, 8 µM 
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enzyme was aerobically mixed with 800 µM NADPH, 2 mM phenylacetone, 2 % 
(v/v) DMSO in either 50 mM PIPES buffer (pH 6 - 7) or 50 mM Tris/HCl buffer 
(pH 7 - 9). As a reference, the absorbance of fully oxidized PAMO was set at 100 
%, while the absorbance of anaerobically reduced PAMO was set at 0 %. 

]O[
]O[]E[]O[

2M

20cat2

+
=

K
k

dt
d   (Equation 5.1) 

5.3.5   Pre-steady-state kinetics 
Both the reductive and oxidative half-reactions of PAMO and the mutants were 
analyzed using the stopped-flow apparatus. All experiments described below were 
performed at 25 °C in 50 mM Tris/HCl, pH 7.5. Anaerobic conditions were 
achieved by flushing the system and solutions with N2 and removing traces of 
oxygen upon addition of 10 mM glucose and a catalytic amount of glucose oxidase.  

Reduction of PAMO by NADPH or (R)-NADPD was assessed anaerobically at 
various concentrations of the nicotinamide coenzyme using a photodiode array 
detector. The obtained spectra were analyzed by means of numerical integration 
methods using Pro-K (Applied Photophysics Ltd.), yielding the observed rate 
constants. The binding and oxidation of NADPH or (R)-NADPD were assessed by 
following the fluorescence (εex = 340 nm, band pass filter WG 375 nm) over time 
under anaerobic conditions. The obtained data could be fitted using Equation 5.2.  

Single-wavelength studies at 380 nm were used to determine the rate of 
oxygenation of the reduced enzymes. For this, PAMO was anaerobically reduced 
using equimolar amounts of NADPH outside the stopped-flow apparatus in the 
presence of 36 µM NADP+. The reoxidation of the C4a-peroxyflavin intermediate 
in the absence and presence of phenylacetone was measured using a photodiode 
array detector. Reduced PAMO, prepared as described for the single-wavelength 
studies, was mixed with aerated buffer containing various concentrations of 
phenylacetone (0 - 4 mM). As for the solution containing reduced PAMO, 36 µM 
NADP+ was added to maintain a constant [NADP+] after mixing, thereby 
preventing possible release of NADP+. The reoxidation of the C4a-peroxyflavin 
intermediate at various pH values was carried out by mixing it with either 50 mM 
PIPES (pH 6 - 7) or 50 mM Tris/HCl (pH 7 - 9) buffer containing 2 mM phenyl-
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acetone, 36 µM NADP+ and 2 % (v/v) DMSO. Analysis of the obtained spectra 
was performed as described above for the reduction of PAMO by the coenzyme. 

The affinity for NADP+ (Kd, NADP+) was determined by measuring the change in the 
flavin absorbance spectrum upon titration of 66 µM PAMO with 0 - 514 µM 
NADP+. 

5.3.6   Product identification 
To determine whether the PAMO mutants were able to convert phenylacetone or 
benzyl methyl sulfide, the reaction was analyzed by means of gas chromatography. 
For product identification, reaction mixtures contained 2.5 mM substrate, 100 µM 
NADPH, 5 mM glucose-6-phosphate, 2.5 U glucose-6-phosphate dehydrogenase 
and 0.5 µM enzyme.[12,24] 

 

Scheme 5.1 Scheme of reduction of PAMO by NADPH. 

5.3.7   Data analysis 
Stopped-flow fluorescence traces of the nicotinamide coenzyme binding and 
enzyme reduction were fitted using non-linear regression analysis to a double- 
exponential equation, resulting in two different observed rates (kobs1 and kobs2) for 
different coenzyme concentrations. 

cebeaF tktk obs ++= −− obs21                         (Equation 5.2) 

The individual rate constants in Scheme 5.1 were obtained by fitting Equations 5.3 
and 5.4 to the experimental kobs values using non-linear regression analysis 
(SigmaPlot version 10.0 for Windows).[25] 
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appd,

red
roxobs2 ]NADPH[

]NADPH[
K

kkk
+

+= , in which
on

red
NADPHd,appd, k

kKK +=     (Equation 5.4) 



 

 

124 
 
 
 
 
 
 
 
 

Chapter 5 

 

Fitting the absorbance traces of the oxygenation reaction to a single exponential 
equation, resulted in kobs values for different oxygen concentrations. By fitting 
Equation 5.5 to the experimental kobs values, the individual rate constant for 
oxygenation of the reduced enzyme (kox) was obtained. 

ceaF tk += − obs1                                  (Equation 5.5) 

The experimental observed rates for the first reoxidation step using phenylacetone 
as substrate increased hyperbolically with increasing substrate concentration and 
could be fitted with Equation 5.6 using non-linear regression analysis (SigmaPlot 
version 10.0 for Windows). 

1
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PA

[PA]
[PA]

kk
K
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+

                              (Equation 5.6) 

5.3.8   Derivation of steady-state parameters from kinetic constants 
Mathematica 5.2 software was used to derive rate equations from the kinetic 
scheme (Scheme 5.2) by applying the determinant method (see Appendix 1 for 
details).[26] The kinetic parameters kcat, KM,NADPH, KM,oxygen and KM,PA can be 
calculated according to the following equations. 
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These equations could be simplified by calculating the catalytic efficiency (kcat/KM) 
of the enzyme for substrates NADPH and phenylacetone: 
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cat 1

M,PA PA

kk
K K

=                                  (Equation 5.7f) 

Additionally, the relative absorbance at 441 nm during steady-state could be 
derived mathematically from the concentrations of the various enzyme species 
obtained by the determinant method. 

     ox1 2 3 4ox,total red per,total
441, SS

1 2 3 4 total

A [E ] A [E ~NADP ] A [E ] A [E ~NADP ]
A (A A A A ) [E ]
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=

+ + + ⋅
, 

(Equation 5.7g) 

in which A1, A2, A3 and A4 represent the relative absorption of each enzyme 
species. 

5.4   Results 

5.4.1   Steady-state kinetics 
The steady-state kinetic parameters of wild type PAMO were determined in aerated 
50 mM Tris/HCl, pH 7.5, at 25 °C. Using phenylacetone and NADPH as 
substrates, PAMO showed a typical Michaelis-Menten behaviour, yielding the 
catalytic (kcat) and Michaelis constants (KM) for both substrates. By measuring the 
depletion of molecular oxygen in a closed reaction vessel, we could also obtain the 
kinetic parameters of the enzyme toward this third substrate (Table 5.1). In a 
stopped-flow apparatus, the relative absorbance of the flavin cofactor (A441) during 
catalysis was monitored. In the presence of saturating concentrations of NADPH, 
oxygen and phenylacetone, this absorbance was found to be 68 % of the fully 
oxidized flavin absorbance during steady-state catalysis. This indicates that most of 
the enzyme is present in an oxidized state. 

The inhibitory effects of the products benzylacetate and NADP+ were also 
determined. Benzylacetate was found to show no inhibition when used at 
concentrations of up to 5.0 mM. On the other hand, the oxidized nicotinamide 
coenzyme (NADP+) caused strong competitive inhibition (KI, NADP+ = 2.7 ± 1.0 µM, 
Figure 5.2). Similar results were previously found for CHMO, in which NADP+ 
also acted as a competitive inhibitor and the oxygenated product ε-caprolactone did 
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not affect the activity of the enzyme.[8] NADP+ is also a competitive inhibitor of 
hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas fluorescence 
ACB. [27] For this enzyme, recent mass spectrometry measurements provided direct 
proof that NADP+ remains bound during catalysis. Also the crystal structure of 
PAMO has revealed that the enzyme contains a binding pocket which can 
accommodate NADPH or NADP+. 

 

Figure 5.2 Lineweaver-Burke plots of the observed initial rates constants at different 
[NADPH], in the presence of (●) no NADP+, (○) 3 µM, (▼) 5 µM and (∆) 8 µM NADP+.  

In the absence of phenylacetone, PAMO consumed NADPH at a rate that was 
found to be 150-fold lower than the catalytic rate (0.02 s-1). During this non-
productive form of catalysis, also referred to as the uncoupling reaction, only 
NADPH and molecular oxygen are consumed, thereby yielding NADP+ and 
hydrogen peroxide (H2O2). 

To gain additional insight into the mechanism of reduction of flavin by NADPH, 
we performed additional steady-state kinetic studies using deuterated coenzyme 
(R)-NADPD. Compared the reduction with the non-deuterated coenzyme, the 
Michaelis constant was found to be hardly affected (Table 5.1). On the other hand, 
kcat measurements showed that deuteration of the coenzyme resulted in a significant 
kinetic isotope effect (KIE = 3.4). This indicates that the (R)-hydrogen of NADPH 
is transferred as a hydride to the flavin cofactor. Furthermore, it was found that the 
enzyme was predominantly (80 %) present in the oxidized state, compared to 68 % 
when using NADPH as the coenzyme. This further indicates that the overall rate of 
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catalysis becomes largely determined by the rate of deuteride transfer upon 
replacement of NADPH by (R)-NADPD as the coenzyme. 

Table 5.1 Steady-state kinetic parameters wild type PAMO 

 Measured Calculated[a] 

NADPH as coenzyme  

kcat (s-1) 3.1 ± 0.2 3.0 

KM, coenzyme (µM) 0.7 ± 0.1 0.1 

KM, PA (µM) 80 ± 6 30 

KM, oxygen (µM) 10 ± 4 3.4 

KI, NADP+ (µM) 2.7 ± 1.0 n.d. 

KI, BA (µM) > 5000 n.d. 

A441 (%) 68 71 
   

(R)-NADPD as coenzyme  

kcat (s-1) 0.9 ± 0.2 1.5 

KM, coenzyme (µM) 0.4 ± 0.1 0.4 

A441 (%) 80 85 
 

[a] Kinetic parameters were calculated using the determinant method (see Appendix 1) 
n.d.: not determined 

5.4.2   Reductive half-reaction 
Flavoprotein oxidoreductases are enzymes that catalyze redox reactions and their 
mechanism of action can be subdivided into two half-reactions; a reductive and an 
oxidative half-reaction. In the case of Type I BVMOs, the reduction of the FAD 
cofactor by NADPH is considered as the reductive half-reaction. To determine 
individual rate constants for this half-reaction, the stopped-flow technique was 
used with PAMO. The anaerobic reduction of 8 µM wild type PAMO by 50 µM 
NADPH was monitored over time using the stopped-flow apparatus equipped with 
a photodiode array detector. The collected spectral scans could be fitted best with a 
two-step model (A ⇄ B → C). The typical oxidized flavin absorbance spectrum 
disappeared over time during the first phase, which represents the reversible 
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reduction of the enzyme. This occurred with rate constants of 11.8 ± 0.1 s-1 (flavin 
reduction) and 1.4 ± 0.3 s-1 (flavin reoxidation). The second process (1.6 ± 0.3 s-1) 
exhibited less pronounced spectral changes (Figure 5.3) and the difference between 
the spectra of species B and C suggests formation of a small amount of a 
peroxyflavin species. We propose that this reflects the slow reaction of reduced 
flavin with small quantities molecular oxygen that is still present in the system 
(from the kox mentioned below, it was estimated that ~ 1 µM O2 was still present in 
the system). The observed rates for the reduction and reoxidation of the flavin 
(A ⇄ B) were found to be independent of the concentration of coenzyme in the 
range of 25 to 100 µM NADPH. Additionally, no changes in the amplitude and 
spectral properties of the deconvoluted enzyme intermediates were observed. This 
suggests that the Kd, NADPH is well below 25 µM and that flavin reduction (kred) and 
reoxidation (krox) occur at rates of 11.8 ± 0.1 s-1, respectively 1.4 ± 0.3 s-1. No step 
prior to enzyme reduction was observed, indicating that the binding of NADPH is 
fast (> 500 s-1 in the presence of 25 µM NADPH) and/or has hardly any effect on 
the flavin absorption spectrum. Furthermore, by performing these experiments in 
the presence of phenylacetone (up to 1 mM), we observed that the rate of reduction 
was not affected by the organic substrate. 

 

Figure 5.3 (A) Some selected flavin absorbance spectra observed during anaerobic 
reduction of 8 µM wild type PAMO by 50 µM NADPH (50 mM Tris/HCl, pH 7.5 at 
25 °C). Of all 1600 recorded spectra, only spectra recorded at the indicated times are 
shown. (B) Spectra of the deconvoluted enzyme species. By means of numerical integration 
(Pro-K software, Applied Photophysics Ltd.), the spectra were fitted using a two-step 
kinetic model. 
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To study the binding of NADPH to the enzyme, we measured this process by 
exploiting the fluorescence properties of NADPH which make it possible to 
perform stopped-flow experiments at low enzyme concentrations. Reducing 0.12 
µM PAMO with various concentrations of NADPH (0.6 - 4 µM) under anaerobic 
conditions resulted in fluorescence traces consisting of two phases which were 
completed within 2 seconds of mixing (Figure 5.4A). The observed rates for the 
fast phase increased linearly with increasing coenzyme concentration and varied 
from 68 to 330 s-1 (Figure 5.4B). The high rates of the fast phase observed in the 
fluorescence traces, which are up to 28-fold higher than the reduction rate 
described above, suggest that this fast process represents the binding of NADPH to 
the enzyme, yielding the Eox~NADPH complex (Scheme 5.1) in which the 
fluorescence of the coenzyme is quenched. Linear fitting of these kobs values with 
Equation 5.3 yielded the individual rate constants for the association 
(kon = 74 µM-1.s-1) and dissociation (koff = 32 s-1) of NADPH (Table 5.2). The 
values confirm the high affinity of PAMO for NADPH, as the calculated binding 
constant (Kd,NADPH) is 0.4 ± 0.2 µM. The observed rates for the second and slower 
phase displayed a hyperbolic NADPH concentration dependence with rates ranging 

 

Figure 5.4 Kinetic analysis of the fluorescence traces obtained after anaerobic mixing of 
wild type PAMO and NADPH (50 mM Tris/HCl, pH 7.5 at 25 °C). (A) The observed 
fluorescence trace upon mixing 0.12 µM PAMO with 1.25 µM NADPH. The solid line 
shows the fit using a double exponential equation, yielding kobs1 and kobs2. (B) The solid 
dots (●) and the solid line (–) show the observed rates (kobs1) of the first step at various 
[NADPH] and the corresponding linear fit (koff = 32 ± 12 s-1, kon = 74 ± 5 µM-1.s-1). The 
open dots (○) and the dashed line (--) show the observed rates of the second step (kobs2) at 
various [NADPH] and the corresponding fit. The maximum rate (kred) was determined to be 
11.8 ± 0.9 s-1. 
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from 4 to 10 s-1. This indicates that the second process is most likely the oxidation 
of NADPH to NADP+ coupled with reduction of the flavin. This is in agreement 
with a decrease in fluorescence. Fitting the observed rates of the second phase with 
Equation 5.4 yielded an apparent affinity (Kd,app) of 0.9 ± 0.2 µM and a maximum 
rate of 11.8 ± 0.9 s-1. This is in line with the Kd, NADPH being below 1 µM, as 
calculated using the association and dissociation constants (see above). 

5.4.3   Kinetic isotope effect on the reductive half-reaction 
As mentioned above, the use of (R)-NADPD the as coenzyme resulted in a 
significant decrease in the overall catalytic rate. To measure the KIE on the rate of 
reduction, 8 µM PAMO was anaerobically reduced by 50 µM (R)-NADPD using 
the stopped-flow instrument equipped with a photodiode array detector. This 
resulted in a relatively slow reduction of the enzyme. As described above for 
reduction with NADPH, the absorption data could be fitted best using a two-step 
model in which the first step is reversible (Figure 5.5). This resulted in 
deconvoluted enzyme intermediates with the same spectral properties as shown in 
Figure 5.3B. Reduction and reoxidation of the FAD cofactor were found to occur at 
a rate of 2.1 ± 0.1 s-1 and 0.5 ± 0.1 s-1, respectively. The second process was again 

 

Figure 5.5 (A) Some selected flavin absorbance spectra observed during anaerobic 
reduction of 8 µM wild type PAMO by 50 µM (R)-NADPD in 50 mM Tris/HCl, pH 7.5 at 
25 °C. Of all 1600 recorded spectra, only spectra recorded at the indicated times are shown. 
(B) Spectra of the deconvoluted enzyme species. By means of numerical integration (Pro-K 
software, Applied Photophysics Ltd.), the spectra were fitted using a two-step kinetic 
model. 



 

 

  131 
 
 
 
 
 
 
 
 

The Kinetic Mechanism of PAMO from Thermobifida fusca 

relatively slow (< 0.1 s-1) and was ascribed to the presence of small amounts of O2 
in the mixing chamber. The 6-fold decrease in the reduction rate using (R)-NADPD 
instead of NADPH as the coenzyme confirms that PAMO preferably accepts the 
4(R)-hydrogen of the coenzyme. A low kred is also in agreement with the previously 
determined increase in A441 during steady-state turnover using (R)-NADPD, which 
reflects the fact that a larger fraction of the enzyme is present in the oxidized state 
during catalysis. 

 

Figure 5.6 Kinetic analysis of the fluorescence traces obtained after anaerobic mixing of 
wild type PAMO and (R)-NADPD (50 mM Tris/HCl, pH 7.5 at 25 oC). (A) The observed 
fluorescence trace upon mixing 0.12 µM PAMO with 1.13 µM (R)-NADPD. The solid line 
shows the fit using a double exponential equation, yielding kobs1 and kobs2. (B) The solid 
dots (●) and the solid line (–) show the observed rates (kobs1) of the first step at various 
[NADPH] and the corresponding linear fit (koff = 35 s-1, kon = 47 µM-1.s-1). The open dots 
(○) and the dashed line (--) show the observed rates of the second step (kobs2) at various 
[NADPH] and the corresponding fit. The maximum rate (kred) was determined to be 2.0 s-1.  

The change in (R)-NADPD fluorescence over time showed traces similar to those 
obtained with NADPH. Anaerobic reduction of 0.12 µM PAMO by 0.9 - 3.0 µM 
(R)-NADPD revealed again a decrease in fluorescence consisting of two phases 
(see Figure 5.6). As for the reductive half-reaction with NADPH, the observed 
rates for the fast phase increased linearly with an increase in coenzyme 
concentration, resulting in similar rate constants for association (kon= 47 µM-1.s-1) 
and dissociation (koff= 35 s-1) of (R)-NADPD, yielding a Kd,NADPD of 0.7 µM. The 
obtained rates for the relatively slow phase were found to increase slightly with an 
increasing in coenzyme concentration. In contrast to the experiments carried out 
with NADPH, no clear hyperbolic dependency was observed although a trend is 
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visible. This is in line with the fact that lowest measured concentration of NADPD 
(0.9 µM) was below the calculated Kd,NADPD (0.7 µM). The maximum rate observed 
for the second phase was 2.0 ± 0.1 s-1. This rate corresponds nicely with the 
reduction rate determined by monitoring the decrease in flavin absorbance (2.1 ± 
0.1 s-1, see above). 

5.4.4   Binding of NADP+ to oxidized PAMO 
The steady-state inhibition experiments with NADP+ mentioned earlier indicated 
that the release of the oxidized coenzyme is the ultimate step in the catalytic cycle 
of PAMO as it acts as a competitive inhibitor. To gain insight into the process of 
NADP+ release, we monitored the reverse reaction, i.e. the binding of the oxidized 
coenzyme to oxidized PAMO, by measuring spectral changes of the flavin upon 
titration of 66 µM PAMO with 0 - 514 µM NADP+ (Figure 5.7A). Binding of 
NADP+ results in a more resolved flavin spectrum, exhibiting more prominent 
absorbance shoulders next to the maximum at 441 nm. Such a spectral effect hints 
about a more hydrophobic microenvironment around the flavin and is in line with 
the bound nicotinamide ring shielding the flavin from water. The largest decrease 

 

Figure 5.7 (A) The flavin absorbance spectra of 66 µM PAMO upon titration with NADP+ 
(25 °C in 50 mM Tris/HCl, pH 7.5). The concentration of NADP+ was varied from 0 to 514 
µM. Inset: The difference spectra of PAMO upon titration with NADP+ using the spectrum 
of PAMO with no NADP+ as reference. (B) NADP+-binding affinity for wild type PAMO. 
The relationship between the concentration of formed PAMO~NADP+-complex and free 
NADP+ using different initial concentrations of NADP+ indicate a high binding affinity. 
Non-linear regression of the ∆A387-data using Figure 5.7A indicated that wild type PAMO 
has an apparent binding affinity towards NADP+ of 3.3 ± 0.3 µM, which is equal to the 
inhibition constant for NADP+ (KI, NADP+). 
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in absorbance was observed at 387 and 480 nm. At 387 nm the decrease in 
absorption due to the formation of the Eox~NADP+ complex (∆A387) was 
1830 M-1.cm-1. This value was used to calculate the concentrations of the 
Eox~NADP+-complex and free NADP+. By plotting the concentration of these two 
components against each other and fitting the data with Equation 5.8 by means of 
linear regression, the binding affinity towards the oxidized coenzyme was 
determined (Kd, NADP+ = 3.3 ± 0.3 µM, Figure 5.7B). This value is similar to the 
inhibition constant of NADP+ (KI, NADP+ = 2.7 ± 1.0 µM).  

ox
d

ox free free

[E ~NADP ]
[E ] [NADP ]

K
+

+=
+

                       (Equation 5.8) 

Kinetic analysis of the binding of NADP+ by rapid mixing could not be carried out, 
as the absorption changes occurred within the dead time of the stopped-flow 
apparatus (< 2 ms) using 5 µM PAMO and 25 µM NADP+. This indicates that 
binding of NADP+ to the oxidized enzyme is a fast process (> 500 s-1). In view of 
the binding constant, the rate of NADP+ release also must be high (kon·Kd, NADP+ = 
koff > 66 s-1), when compared with the steady-state turnover rate (kcat = 3.1 s-1). 

5.4.5   Oxidative half-reaction 
To monitor the reactions of reduced PAMO with molecular oxygen, 36 µM 
reduced PAMO was rapidly mixed with aerated buffer containing 36 µM NADP+. 
This resulted in the formation of a spectral intermediate within 10 ms which 
displays an absorption maximum at ~ 380 nm (Figure 5.8A). Such spectral features 
are in line with formation of a C4a-peroxyflavin enzyme intermediate. As not 
enough data points could be acquired using the photodiode array detector for an 
accurate kinetic analysis, formation of the oxygenated enzyme intermediate was 
subsequently monitored using single-wavelength absorption measurements at 
380 nm. The rate of C4a-peroxyflavin formation was measured using buffer 
containing 36 µM NADP+ and several oxygen concentrations (250, 750 and 1250 
µM). The observed rates, obtained by fitting the exponential absorption traces with 
Equation 5.5, increased linearly with increasing concentrations of molecular 
oxygen. The pseudo-first-order rate constant describing the oxygenation of reduced 
PAMO (kox) was found to be 870 ± 35 mM-1.s-1 (Table 5.2). From this, it can be 
inferred that in aerated buffer (250 µM O2) the C4a-peroxyflavin intermediate is 
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formed at a rate of about 220 s-1, which is 70-fold higher than the kcat. This 
indicates that during steady-state catalysis oxygenation of the reduced enzyme is 
not a rate-limiting step. In the absence of a suitable substrate, the formed C4a-
peroxyflavin slowly decayed, yielding oxidized PAMO with a rate of 0.01 s-1. This 
rate is similar to the previously obtained uncoupling rate (kunc) and suggests that the 
rate of NADPH consumption in the absence of a suitable substrate is mainly 
determined by the decay of the C4a-peroxyflavin intermediate. 

The enzymatic Baeyer-Villiger oxidation has been suggested to occur by the 
nucleophilic attack of the C4a-peroxyflavin on organic substrates, yielding the so-
called Criegee-adduct. Thereafter, a rearrangement occurs, resulting in the 
formation of an ester/lactone product and the C4a-hydroxyflavin intermediate. 
Dehydration of the C4a-hydroxyflavin intermediate regenerates the oxidized flavin. 
To examine the spectral properties of the reaction intermediates and the rates at 
which they are formed, 36 µM anaerobic NADPH-reduced PAMO was mixed with 
aerated buffer containing phenylacetone (0.5 - 4 mM) as a substrate in the presence 
of 36 µM NADP+ (Figure 5.8). Analysis of the obtained spectral scans revealed 
that the data could be fitted best with an irreversible three-step model 

 

Figure 5.8 (A) Spectra of the reaction of NADPH reduced wild type PAMO and aerated 
buffer containing 1 mM phenylacetone (final concentration in the cell). The spectra shown 
were recorded at the indicated times. (B) Spectra of the deconvoluted enzyme species. By 
means of numerical integration (Pro-K software, Applied Photophysics Ltd.), the spectra 
were derived using a three-step kinetic model (A → B → C → D), in which the first step 
corresponds to oxygenation of the reduced enzyme (110 s-1, fixed), the second step 
represents the phenylacetone-dependent reoxidation of the enzyme (45 s-1) and the third 
step presumably represents a conformational step (4.1 s-1). 
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(A → B → C → D). The spectral scans also showed that during the first step there is 
a rapid formation of an enzyme species with isosbestic points at 340 and 420 nm 
and an absorption maximum at 380 nm. This step represents the oxygenation of the 
reduced flavin and the corresponding rate is equal to the rate of oxygenation of 
reduced PAMO in the absence of phenylacetone (870 mM-1.s-1, see above). The 
formed peroxyflavin enzyme species is subsequently converted to the oxidized 
enzyme in two sequential steps. The observed rate of this kinetic event step 
increases hyperbolically with an increase in phenylacetone concentration. Fitting 
the experimental kobs values with Equation 5.6 reveals that this step occurs 
irreversibly at a rate (k1) of 73 ± 1 s-1

 and shows a half-saturation constant (KPA) of 
730 ± 50 µM. The last step is independent of the phenylacetone concentration and 
occurs at a constant rate of 4.1 ± 0.1 s-1 (k2). This rate is similar to the catalytic rate 
of the enzyme (kcat = 3.1 s-1) and is most likely rate-limiting. The spectral properties 
of the final enzyme species resemble those of oxidized PAMO with bound NADP+ 
(cf. Figure 5.7A), indicating that the final and relatively slow kinetic event (from C 
to D) does not involve the release of the oxidized coenzyme as it still remains 
bound to the enzyme. This is in agreement with the kinetic data on NADP+ binding 
report above. 

The oxidative half-reaction was also performed at various pH values (pH 6 - 9), in 
the presence of molecular oxygen and 1 mM phenylacetone. At all pH values that 
were measured, the obtained spectral data could be fitted best using the same three-
step model (A → B → C → D). The deconvoluted spectra of A (reduced flavin), B 
(peroxyflavin) and D (oxidized flavin) were shown not to be dependent on pH. 
This indicates that the pKa of the peroxyflavin in PAMO falls outside the measured 
pH regime. Also the rates of all transitions were hardly affected by pH. Only at pH 
6 - 7 was the rate of decomposition of intermediate C was found to decrease 
significantly (up to 4-fold). This is in line with the pH optimum for the activity of 
PAMO (> 80 % activity at pH 7 - 9).[10] Interestingly, the spectral characteristics of 
intermediate (C) were found to be highly dependent on pH (see Discussion). At 
low pH the absorbance spectrum of the observed intermediate resembles that of a 
C4a-hydroxyflavin intermediate,[28,29] while at high pH it resembles that of fully the 
oxidized enzyme with bound NADP+ (Figure 5.9). In addition, the pH dependence 
of the absorption at 441 nm of this intermediate showed a pKa of 7.3 (Figure 5.9, 
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inset). These data suggest that at lower pH values the “C4a-hydroxy-FAD species” 
is relatively stable and accumulates during catalysis. A similar situation has been 
reported for eukaryotic flavin-containing monooxygenases (FMO), where a kinetic 
analysis has shown that dehydration of the C4a-hydroxyflavin intermediate is rate-
limiting.[30] Monitoring the A441 of PAMO during steady-state turnover at different 
pH values revealed a trend that was similar to the trend in the relative absorbance 
of intermediate C; the A441

 during steady-state turnover was found to increase with 
an increase in pH. At pH 7.0 the absorption was found to be 43 % of that of the 
fully oxidized enzyme, while at pH 8.5 this was 79 %. These results are in line with 
the accumulation of intermediate C during catalysis, indicating that its 
decomposition is rate-limiting.  

 

Figure 5.9 Spectra of the deconvoluted enzyme species observed during reoxidation of 
wild type PAMO at various pH values. As previously shown in Figure 5.8, the bold solid 
lines represent the spectra of the flavins C4a-peroxide intermediate and the reoxidized 
flavin with bound NADP+, respectively. Some selected spectra of deconvoluted enzyme 
species C that were obtained at different pH values (pHs 6.0, 7.0, 8.0, 9.0) are shown as 
thin lines. The absorbance of this intermediate increased with an increase in pH, showing a 
pKa of 7.3 (inset).  

5.4.6   Mutants R337A and R337K 
To elucidate the role of R337 in catalysis, we also investigated the kinetic 
properties of mutants R337A and R337K. The flavin absorption spectra of both 
mutants are somewhat different from that of wild type PAMO with maxima at 370 
and 441 nm for R337A, and at 372 and 440 nm for R337K (Figure 5.10). In 
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addition, mutant R337A shows a more pronounced shoulder at 460 nm. These 
results confirm that R337 is located near the isoalloxazine ring of the bound flavin 
cofactor, as suggested by the crystal structure of PAMO.[15] Intriguingly, the 
spectral changes upon replacement of the arginine with an alanine closely resemble 
those changes induced upon binding of NADP+ to wild type PAMO, suggesting a 
more hydrophobic microenvironment around the flavin cofactor (Figure 5.10, 
inset).  

Both R337 PAMO mutants showed a maximum NADPH consumption rate of 
0.01 s-1 in aerated buffer in the presence of 10 mM phenylacetone. This rate is 
more than 300-fold lower than the catalytic rate of wild type PAMO and also 
5-fold lower than the uncoupling rate of wild type PAMO. In the absence of 
phenylacetone, similar rates were obtained. Product analysis by means of gas 
chromatography revealed that no benzylacetate is formed using these PAMO 
mutants. When using benzyl methyl sulfide as a substrate, also no product 
formation was observed. This indicates that both mutants are unable to carry out 
Baeyer-Villiger oxidations or sulfoxidations. In contrast to wild type PAMO, the 
A441 values of both mutants during steady-state were very low (< 1 % of that of the 
fully oxidized enzyme), pointing to the accumulation of a reduced enzyme species. 

 

Figure 5.10 Flavin spectra of 17 µM wild type PAMO (solid line), mutant R337A (dotted 
line) and mutant R337K (dashed line). The spectra were recorded in 50 mM Tris/HCl, pH 
7.5 at 25 °C. Inset: The difference spectra of both arginine mutants using wild type PAMO 
as reference. 
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Pre-steady-state kinetic studies of the reductive half-reaction of the R337A enzyme 
showed that this mutant has a relatively low reduction rate (Table 5.2). A similar 
low rate of flavin reduction was found for mutant R337K. NADPH fluorescence 
measurements showed that the R337A mutant has a similar affinity towards the 
nicotinamide coenzyme when compared with the wild type enzyme with similar 
association and dissociation constants. These results show that replacement of the 
arginine at position 337 results in a drastic decrease of the reduction rate while the 
binding of NADPH is not affected. 

Table 5.2 The individual kinetic rate constants and dissociation constants describing the 
catalytic cycle of wild type PAMO, mutants R337A and R337K. 

 Wild type PAMO     
Reductive half-reaction Oxidative half-reaction 

 kon (µM-1.s-1) 74 ± 5  kox (mM-1.s-1) 870 ± 35 

 koff (s-1) 32 ± 12  KPA (µM) 730 ± 50 

 Kd, NADPH (µM) 0.7 ± 0.3  kBV (s-1) 73 ± 1 

 kred (s-1) 11.8 ± 0.1  kc (s-1) 4.1 ± 0.1 

 krox (s-1) 1.4 ± 0.3  kunc (s-1) 0.014 

 Kd,NADP+ (µM) 3.3 ± 0.3    

PAMO R337A     

Reductive half-reaction Oxidative half-reaction 

 kon (µM-1.s-1) 145 ± 30   kox (mM-1.s-1) 46 ± 2 

 koff (s-1) 57 ± 20  kunc (s-1) 0.001 

 kred (s-1) 0.12 ± 0.01    

PAMO R337K     

Reductive half-reaction Oxidative half-reaction 

 kon (µM-1.s-1) n.d.  kox (mM-1.s-1) 51 ± 2 

 koff (s-1) n.d.  kunc (s-1) 0.002 

 kred (s-1) 0.07 ± 0.01    
n.d.: not determined. 
 
The ability of both mutants to react with molecular oxygen after reduction by 
NADPH was also investigated. Mixing NADPH-reduced R337A PAMO with 
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aerated buffer resulted in a rapid increase in absorption at 380 nm, which was 
observed for wild type PAMO. By fitting the absorption traces with a single-
exponential equation (Equation 5.5), we obtained rates that increased linearly with 
an increase in O2 concentration resulting in a pseudo-first-order rate constant 
describing the oxygenation process. This indicates that R337 is not essential for the 
formation of the C4a-peroxyflavin intermediate. However, the oxygenation rate 
(kox, R337A) was found to be 20-fold lower than that of the wild type, suggesting that 
R337 plays an important role in the formation of the C4a-peroxyflavin 
intermediate. Again, similar results were found for mutant R337K. This shows that 
a lysine does not replace the functionality of the conserved R337. Decay of the 
peroxyflavin occurred at a rate of 0.001 s-1 for R337A and at a rate of 0.002 s-1 for 
R337K. These rates are in agreement with the observed rates of NADPH 
consumption under steady-state conditions. 

5.5   Discussion 
Recent studies have shown that many bacterial and fungal genomes contain one or 
more BVMO genes.[20,31] This contrasts with the number of biochemically 
characterized BVMOs. BVMOs are often involved in degradation routes of 
aromatic or aliphatic ketones, while in some cases, they catalyze a crucial step in 
biosynthesis of a secondary metabolite. Biochemical studies on BVMOs have been 
limited by their limited availability, poor stability and/or reluctance toward 
purification. For this reason, only CHMO has been studied in detail with respect to 
its catalytic and kinetic properties.[8,9,32,33] Unfortunately, it has proven to be 
impossible to obtain crystals of CHMO, prohibiting insight into the structural 
details of this BVMO. Recently, PAMO was identified by a genome database 
mining effort. The enzyme originates from a thermophilic bacterium, which 
explains the (thermo)stability of this enzyme, and it can be well expressed in E. 
coli.[10] These features have triggered a number of biocatalytic studies that have 
shown that PAMO represents an interesting enzyme with respect to its potential use 
in synthetic chemistry.[12-14,34] Elucidation of the crystal structure of PAMO has 
provided valuable structural insight as it represents the only available BVMO.[15] 
The identification of residues that form the active site cavity has enabled enzyme 
engineering studies that resulted in the design of several PAMO mutants that 
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display significantly altered substrate specificities.[16,19]  By performing steady-state 
and pre-steady-state kinetic studies, we have now elucidated the kinetic mechanism 
of PAMO. The next paragraphs highlight the observed features of the individual 
kinetic steps (Figure 5.11). 

Reduction of the flavin cofactor: Our study shows that PAMO binds the reduced 
NADPH coenzyme with high affinity (Kd, NADPH = 0.7 µM) after which reversible 
reduction of the bound flavin cofactor takes place (kred = 11.8 s-1, krox = 1.4 s-1). By 
using deuterated NADPH, it was established that for reduction of PAMO, the 
nicotinamide (R)-hydrogen is transferred as a hydride from NADPH. Although 
such a specific hydride transfer was previously shown to occur in sequence-related 
FMOs, [35] thus far no evidence was found that BVMOs reduce their cofactor by an 
enantioselective hydride transfer. This illustrates that binding and positioning of 
NADPH in PAMO are very specific, with the nicotinamide (R)-hydrogen in the 
proximity of the flavin cofactor. In contrast to several other flavin-containing 
monooxygenases, e.g. p-hydroxybenzoate hydroxylase,[36] binding of 
phenylacetone is not required for effective reduction of the flavin cofactor by 
NADPH. This could indicate that binding of substrate occurs after reduction which 
is in line with the substrate concentration-dependent rate of oxygenation. Replacing 
the strictly conserved R337 with an alanine or lysine residue drastically reduces the 
rate of flavin reduction, while the affinity for NADPH is not altered. This indicates 
that R337 is involved in, for example, proper alignment of the reduced 
nicotinamide moiety with respect to the isoalloxazine moiety of the flavin cofactor 
and/or may modulate the redox properties of the flavin cofactor. 

Oxygenation of the reduced flavin cofactor (peroxyflavin formation): BVMOs owe 
their oxygenating activity to the fact that they can generate and stabilize the 
reactive C4a-peroxyflavin intermediate. As shown previously for CHMO and liver 
microsomal FMO,[9,37]  we have also found that PAMO is able to form and stabilize 
such a flavin intermediate using the stopped-flow technique. The formation of the 
C4a-peroxyflavin intermediate (species 5.4 in Figure 5.11) upon oxygenation of 
reduced PAMO is a relatively fast process (kox = 870 mM-1.s-1). However, it is 
worth noting that this rate is still considerably lower when compared with the rate 
of oxygenation of reduced CHMO, a closely related BVMO, which is oxygenated 
at a rate of ≥ 5,000 mM-1.s-1 at 4 ºC.[9] With CHMO, it was observed that upon 
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oxygenation initially a peroxyflavin form is formed which exhibits an absorbance 
maximum at 366 nm. Only in a relatively slow process (3.3 s-1) a species was 
formed that absorbs mostly at 383 nm. It was concluded that the 366 nm species 
reflects the C4a-peroxyflavin species which can be protonated to form the C4a-
hydroperoxyflavin intermediate. With PAMO, such a biphasic process is not seen: 
the peroxyflavin form is formed in a monophasic process and displays an 
absorption maximum at 380 nm. This suggests that in this case the C4a-
hydroperoxyflavin intermediate is directly formed upon the reaction with 
molecular oxygen. This would imply that the pKa of the peroxyflavin in PAMO is 
well above pH 7.5. 

In the absence of substrate, the peroxy form of PAMO only slowly decays 
(0.01 s-1) to form oxidized PAMO and hydrogen peroxide and thereby acts as an 
NADPH oxidase. The R337 mutants were also shown to be able to form the 
peroxyflavin, albeit with a decreased (~ 17-fold) oxygenation rate. Moreover, the 
mutants were able to stabilize this oxygenated enzyme intermediate even better as 
only a relatively slow decay (0.001 - 0.002 s-1) was observed. While it has been 
suggested that R337 would facilitate peroxyflavin formation and stabilization,[15] 
this study shows that this active site residue is clearly not an absolute requirement 
for this. It appears that R337 is required to promote formation of a productive 
substrate–C4a-peroxyflavin complex. A similar role of an active site arginine in 
another flavoprotein monooxygenases has recently been reported.[38] Elucidation of 
the crystal structure of 4-hydroxyphenylacetate 3-monooxygenase from Thermus 
thermophilus HB8 (a subclass D flavoprotein monooxygenase)[39] has revealed that 
an arginine (R100) is involved in positioning the aromatic substrate, while it also is 
predicted to interact with the peroxy moiety of the C4a-hydroperoxyflavin. 
Whether R337 in PAMO is also involved in proper positioning of the reactants 
(including the bound NADP+), formation of the Criegee-adduct, and/or triggering 
of a conformational change, remains to be established. An interesting observation 
is the striking resemblance between the flavin spectrum of mutant R337A and that 
of wild type PAMO with bound NADP+. It suggests that upon binding of NADP+, 
the conserved arginine moves away from the flavin, perhaps due to positive charge 
repulsion, creating an environment around the flavin that resembles that of mutant 
R337A. In line with this, alternate positions of the side chain of R337 have been 
observed in the crystal structure of PAMO.[15]  
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Oxidation of phenylacetone by the peroxyflavin intermediate: The reaction of the 
peroxyflavin intermediate with phenylacetone is a relatively fast and substrate-
dependent process (KPA = 730 µM, k1 = 73 s-1) while a kinetic event following this 
oxygenation reaction is relatively slow (k2 = 4.1 s-1) and limits the rate of catalysis. 
The spectral features of the enzyme intermediate that is formed upon oxygenation 
of phenylacetone are unusual. The exact nature of this intermediate could not be 
verified and awaits future study. However, the kinetic and spectral data suggest that 
the intermediate represents an oxygenated flavin intermediate. In fact, two possible 
scenarios for the observed intermediate are given in Figure 5.11: route A, in which 
the Criegee intermediate is observed, and route B, in which the hydroxyflavin 
intermediate is observed.  

As formation of the unidentified enzyme intermediate is observed upon mixing 
reduced PAMO with substrate and oxygen, a likely candidate for this intermediate 
is the Criegee intermediate (route A, intermediate 5.6a in Figure 5.11). Such an 
intermediate is predicted to be formed in any Baeyer-Villiger reaction. The kinetic 
data would suggest that the slow decay of this intermediate (k2 = 4.1 s-1), with 
concomitant product release, would determine the rate of catalysis. It was found 
that the spectral properties of the intermediate are strongly pH-dependent (pKa of 
7.3). Changing the pH did, however, not affect the rates of the observed events 
during the oxidative half-reaction nor did it change the spectral features of the 
initially observed C4a-peroxyflavin enzyme intermediate. At pH 7.5, the 
unassigned intermediate spectrum resembles that of a mixture of an oxidized flavin 
and an oxygenated flavin species, while at high pH, the spectrum resembles that of 
fully oxidized flavin. These spectral features and the fact that no product inhibition 
is observed argue against the assumption that the observed intermediate is in fact 
the Criegee intermediate, as it is unlikely that the Criegee intermediate would 
exhibit a flavin spectrum that is almost indistinguishable from oxidized flavin. 

An alternative, and in our view a more likely interpretation of the data, is indicated 
as route B in which the observed intermediate mainly represents a C4a-
hydroxyflavin PAMO species at low pH (Figure 5.9). We propose that the pH-
dependent spectral behaviour reflects the protonation state of a residue in the active 
site of PAMO which is located close to the hydroxyl moiety of the C4a- 
hydroxyflavin form (5.6b in Figure 5.11). At low pH, the C4a-hydroxyflavin is 
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stabilized to a great extent, yielding a spectrum which is similar to that of the C4a-
hydroperoxyflavin. At high pH, a deprotonated active site residue destabilizes the 
C4a-hydroxyflavin intermediate, yielding oxidized PAMO in such a conformation 
that the formed water molecule is sequestered in the active site. Only a slow and 
pH-independent conformational change (k2 = 4.1 s-1) will result in formation of 
oxidized PAMO which is able to release the NADP+ coenzyme. Such a 
conformational change would be in line with slight changes observed between the 
spectrum of the enzyme intermediate at high pH and the flavin spectrum of 
oxidized PAMO (Figure 5.9). 

 

Figure 5.11 Proposed catalytic cycle for PAMO. The numbers in bold indicate the different 
observed flavin intermediates. The catalytic cycle starts with oxidized PAMO (5.1), which 
after binding NADPH (5.2) is reduced yielding NADP+ (5.3). The reduced enzyme is then 
oxygenated by molecular oxygen, resulting in the flavin C4a-peroxide intermediate (5.4). 
Binding of phenylacetone (5.5) leads to conversion into benzylacetate. During the oxidation 
reaction, an enzyme intermediate is observed which may represent a Criegee intermediate 
(5.6a, route A), or a C4a-hydroxyflavin intermediate (5.6b, route B). A slow decay of the 
unassigned enzyme intermediate yields oxidized PAMO complexed with NADP+ (5.7). 
Release of NADP+ completes the catalytic cycle. The individual rate constants and binding 
affinities are mentioned besides the arrows. 
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The rate constants derived from this kinetic study indicate that the decay of the 
unassigned enzyme intermediate (k2) sets a limit for the kcat value. NADP+ binding 
measurements revealed that release of the oxidized coenzyme is a fast process 
(koff, NADP+ > 66 s-1). Comparison of the determined steady-state kinetic parameters 
with the calculated steady-state kinetic parameters (see Appendix 1) also shows a 
good correlation (Table 5.1). Previous studies with PAMO have shown that for a 
wide variety of organic substrates, similar kcat values (1.2 - 3.6 s-1) are measured.[12] 
This suggests that the kinetic event associated with k2 is not related to the chemical 
nature of the substrate or product. For the sequence-related liver microsomal FMO, 
it has been reported that the catalytic activity was determined by the slow 
decomposition of the C4a-hydroxyflavin intermediate, which is formed after the 
oxygenation of the organic substrate. In fact, also for this sequence-related 
monooxygenase, the decay of the peroxyflavin was found to occur in two 
phases.[28] Also for CHMO, the oxidative half-reaction has been found to involve 
several phases. In this study, we show that reoxidation of PAMO occurs in two 
sequential steps, eventually yielding the oxidized enzyme complexed with NADP+. 
The latter observation is in line with the high affinity of the enzyme for NADP+ 
under the conditions in which the experiments were carried out. 

Steady-state kinetic analysis of PAMO revealed that NADP+ acts as a competitive 
inhibitor. This indicates that the oxidized nicotinamide coenzyme stays bound 
throughout the catalytic cycle. Such a tight enzyme–coenzyme interaction has also 
been observed for other sequence-related flavin-dependent monooxygenases 
(FMOs) and BVMOs.[9,27,30] This suggests that the oxidized coenzyme might play a 
role in formation of one or more enzyme intermediates. In fact, it has been shown 
for PAMO that the bound coenzyme is required for enantioselective oxygenations. 
This suggests that the bound NADP+ is involved in the proper positioning of the 
flavin cofactor and/or organic substrate.[40,41] By studying the binding of NADP+ to 
CHMO, Sheng and co-workers showed that a conformational change occurring 
prior to NADP+ release is the rate-limiting step.[9]  However, for PAMO, we did 
not observe any kinetic behaviour that would hint to a conformational change 
during coenzyme binding or release. This again shows that the kinetic mechanism 
of PAMO clearly differs from CHMO while both enzymes show a significant level 
of sequence identity (40 %). 
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In this study, we have shown that the catalytic rate of PAMO is limited by a kinetic 
event occurring in the penultimate step of the oxidative half-reaction. The observed 
spectral and kinetic data suggest that it reflects a conformational change in which 
the direct environment of the flavin cofactor is affected. Such a mechanism, which 
involves alternating conformations, resembles recurrent mechanistic features 
observed for other flavin-dependent monooxygenases.[39] For aromatic 
hydroxylases and two-component monooxygenases, conformational dynamic 
events have been shown to be involved in the catalytic mechanism. It may reflect 
the way such enzymes have been able to combine several chemical reactions 
(flavin reduction, oxygenation of the flavin, oxygenation of an organic substrate 
and dehydration of the flavin) in one or two active sites. A conformational change 
during the catalytic cycle of PAMO was also previously predicted based on its 
crystal structure.[15]  In addition, we have identified the role of a crucial active site 
residue, which is essential for the catalytic activity of PAMO: R337. This arginine, 
which is conserved in all other Type I BVMOs, is required not only for proper 
reduction and oxygenation of the flavin cofactor but also for the reaction of the 
C4a-peroxyflavin intermediate with organic substrates 
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6.1   Abstract 
Baeyer-Villiger monooxygenases (BVMOs) require stoichiometric amounts of 
NADPH as electron donor for the oxygenation of various organic compounds as 
ketones, sulfides and amines. However, due to the expensive nature of the reduced 
nicotinamide coenzyme, it is too costly to apply these enzymes on a large scale. In 
this chapter we describe the engineering of 2-in-1 biocatalysts by covalently fusing 
these NADPH-dependent Baeyer-Villiger monooxygenases to a phosphite 
dehydrogenase for efficient coenzyme regeneration. The latter enzyme reduces 
NADP+ at the cost of phosphite, thereby yielding phosphate as side-product. These 
fusion enzymes, also referred to as self-sufficient BVMOs, were successfully 
applied for bioconversions using whole cells, cell-free extracts and purified 
enzyme.  

6.2   Introduction 
Over the past few years, industrial interest in biocatalysts that perform selective 
oxidative reactions has increased significantly.[1-3] Baeyer-Villiger monooxy-
genases (BVMOs) have been identified as a highly versatile class of enzymes for 
the efficient catalysis of chemo-, regio- and/or enantioselective oxygenations.[4-10] 
Although the most prominent transformation catalyzed by these biocatalysts is a 
enantioselective variant of the classical Baeyer-Villiger reaction,[11-16] the 
oxygenation of heteroatoms and epoxidation reactions have also been 
reported.[17-21] Stoichiometric amounts of O2 and NADPH are required for these 
reactions. A complication for the large-scale application of these reactions is the 
expensive nature of the reduced nicotinamide coenzyme.[22] To overcome this 
problem, several electrochemical and photochemical approaches have been 
explored.[23-25] However, the efficiency of these approaches is typically poor. 
Furthermore, it has been shown that BVMOs require NADP+ for stability and 
enantioselective catalysis.[26-28] 

An efficient and commonly used method for coenzyme regeneration employs 
whole cells, especially in combination with recombinant expression of the required 
biocatalysts.[29] This strategy has been implemented in BVMO-mediated 
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biotransformations with wild type strains[30-32] and has proven to be particularly 
successful with recombinant overexpression systems.[33-38] The approach avoids 
laborious enzyme purification steps and exploits the coenzyme regeneration 
capacity of the host. Although whole cells have been shown to be effective 
catalysts for Baeyer-Villiger oxidation,[39-45] they also exhibit limitations, such as 
cellular toxicity, enzyme inhibition by the substrate/product, degradation of the 
product, and poor oxygen-transfer rates.[46-48] Coenzyme regeneration by using 
isolated enzymes has also been studied extensively in the past few years.[49-51] 
Well-known examples of such NADPH-regenerating enzymes are alcohol 
dehydrogenase, glucose(-6-phosphate) dehydrogenase and formate 
dehydrogenase.[52-55] Recently, a phosphite dehydrogenase (PTDH, EC 1.20.1.1) 
was also identified as a novel effective enzyme for coenzyme regeneration.[56-58] 
The favorable thermodynamic equilibrium constant drives the oxidation of 
phosphite to a nearly irreversible process.[59] The exquisite selectivity of PTDH for 
phosphite also precludes any side reaction, such as those that can occur, for 
example, when an alcohol dehydrogenase is used. These characteristics make 
PTDH an ideal candidate for use as coenzyme regenerating enzyme (CRE) in 
combination with BVMOs or other NAD(P)H-dependent enzymes. 

 

Figure 6.1 Schematic representation of coenzyme regeneration by CRE/BVMO fusion 
enzymes. 

In this chapter, we report on a novel approach to the combination of the catalytic 
activity of redox-biocatalysts with concomitant coenzyme recycling in a single 
fusion enzyme (Figure 6.1). During the last decade, a number of fusion protein tags 
have been developed. These tags are used intensely in life-science-related research 
and commercial activities. Although the fusion of proteins is a widely applied 
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strategy in, for example, enzyme purification protocols (e.g. the use of glutathione 
S transferase (GST) tags) [60,61] and subcellular visualization of target proteins (e.g. 
with a green fluorescent protein (GFP) tag),[62-64] this concept is hardly ever 
encountered in context of synthetic applications. Only a few isolated examples in 
literature provide evidence that the fusion of separate enzymes can result in 
improved biocatalytic properties.[65-67] 

We report herein on the engineering of a number of representative BVMOs that are 
covalently linked to the soluble NADPH-regenerating phosphite dehydrogenase, 
which contains two mutations compared to the wild type PTDH (E175A and 
A176R).[59] This enabled us to use phosphite as a cheap and sacrificial electron 
donor for biooxidations using cell extracts and purified enzyme. It was the 
particular goal to design a self-sufficient two-in-one redox biocatalyst that does not 
require an additional catalytic entity for coenzyme recycling. 

6.3   Experimental 

6.3.1   General Methods 
Unless otherwise noted, all chemicals and enzymes were obtained from ACROS 
Organics, Jülich Fine Chemicals, Riedel-de Haën Fine Chemicals, Roche Applied 
Sciences, New England Biolabs and Finnzymes and used without further 
purification. Oligonucleotide primers were obtained from Sigma Genosys. DNA 
sequencing was done at GATC (Konstanz, Germany).  

Harvesting of cells was realized by centrifugation using a Eppendorf 5804R 
centrifuge, Beckmann J2-21M/E centrifuge (JA-10 rotor) or Sigma 6K15 
centrifuge (rotor 372/C). Centrifugations for removal of cell debris were realized 
on a Beckmann J2-21M/E centrifuge (JA-17 rotor) or a Sigma 3K30 (rotor 19777). 

Bacterial cultures were grown in incubators (Thermoshake, Gerhardt). Conversions 
containing cell-free extracts were shaken in an incubator (Heidolph Titramax 
1000). 

Enantiomeric excess was determined by gas chromatography using a BGB 175 
column (30 m × 0.25 mm ID, 0.25 µm film) on a ThermoQuest Trace GC 2000 
with FID detection (240 °C), or using a BGB 173 column (30 m × 0.25 mm ID, 
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0.25 µm film) on a Thermo Finnigan Focus GC with FID detection (240°C). 
General conversion control and examination of products were performed with a 
standard capillary column DB5 (30 m × 0.32 mm ID, 1.0 µm film) on a GC-MS 
Voyager 8000 Top. 

Ultrasonication was realized using a Bandelin Sonoplus HD 3200 (KE 76 probe). 

Ketones for screening experiment were obtained from a substrate library of VUT 
and their synthesis was described previously elsewhere. 

6.3.2   Cloning Strategy 
Cloning vectors pCRE–X and pX–CRE were created by digestion of the pBADNK 
vector[68] with NdeI/XhoI, respectively PvuII/HindIII and ligation of the amplified 
double mutated ptxD gene containing complementary DNA overhangs. The 
following forward and reverse primers were used for (a) pCRE–X and (b) pX–
CRE; (a) 5’-ATTAACATATGCTGCCGAAACTCGTTATA-3’, respectively 
5’-ATCATCTCGAGCATGCGGCAGG-3’ and (b) 
5’-CTGGTATGCTGCCGAAACTCGTTATA-3’, respectively 
5’-AGTTAAGCTTCAACATGCGGCAGG-3’. Subsequently, pPAMO–CRE was 
created by digestion of the pX–CRE vector with NdeI/XhoI and ligation of the 
amplified pamO gene with complementary DNA overhangs. The forward and 
reverse primers used were 5’- ATTAACATATGGCCGGGCAGACGAC-3’, 
respectively  5’- ATCATCTCGAGGTGAGGACGAAACCTTC-3’. In a similar 
way, expression vectors pCRE–PAMO, pCRE–CHMO and pCRE–CPMO were 
constructed by digestion of the pCRE–X vector with PvuII/HindIII and ligation of 
the amplified pamO, chnB and cpnB genes, respectively. The forward and reverse 
primers used for amplification of these genes were 5’-CTGGTATG(N)n-3’, 
respectively 5’-TAAGTTAAGCTTCAG(N)n-3’, in which n = 14-26 and comple-
mentary to the gene of interest, depending on the gene itself. HindIII restriction 
sites within the chnB and cpnB genes were removed prior to cloning by silently 
mutating one nucleotide using the QuikChange® Site-Directed Mutagenesis Kit of 
Stratagene with primers (a) 5’-ATTGCACAGAAGCTCATGCCACAGGAT-3’ 
and it’s complementary primer for the chnB gene or (b) 5’-
GTCAATGACAAGCTCGACGTTTTGCTC-3’ and it’s complementary primer for 
the cpnB gene. The mutated nucleotides are underlined.  
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6.3.3   Overexpression and fusion enzyme purification 
The bifunctional PAMO–CRE and CRE–PAMO enzymes were overexpressed in 
Escherichia coli TOP10 at 30 °C in TBamp medium supplemented with 0.2 % (w/v) 
L-arabinose. CRE–CHMO and CRE–CPMO were overexpressed in E. coli TOP10 
at 24 °C, respectively 17 °C in the same broth. Purification of the fusion enzymes 
was performed using a Q-sepharose anion exchange column and a Superdex 200 
size-exclusion column. The fusion enzymes were stored at −80 ºC in 50 mM Tris-
HCl, pH 7.5. PAMO and the PTDH mutant E175A/A176R were overexpressed and 
purified as described previously.[59,69] 

6.3.4   Determination of kinetic parameters and conversion using isolated 
enzymes 
Activities of the purified enzymes were determined spectrophotometrically by 
monitoring the increase or decrease of NADPH in time at 340 nm. The reaction 
mixture (1 mL) typically contained 50 mM Tris/HCl, pH 7.5, 100 µM coenzyme, 
2 mM ketone or 5 mM Na2HPO3, 1 % (v/v) DMSO (not for CRE–CHMO) and 
0.05 - 1 µM enzyme at 25 °C. Kinetic parameters were obtained by fitting the 
obtained data as described previously.[5] Conversions of phenylacetone by either 
PAMO–CRE or PAMO in the presence of PTDH were carried out in a 100 mL 
Erlenmeyer flask at 30 °C and 200 rpm containing 25 mL 50 mM Tris/HCl, 
pH 7.5, 2.5 mM phenylacetone, 1 % (v/v) DMSO, 20 mM Na2HPO3, 0.13-0.6 µM 
enzyme and 0.2-100 µM NADP+. During 3 hours, samples of 1 mL were taken, 
extracted and analyzed by gas chromatography.[69] 

6.3.5   General protocol for whole-cell screening experiments 
Plates with either 12 or 24 wells were utilized. Each well was charged with LBamp 
medium (5.0 g peptone, 2.5 g yeast extract, 5.0 g sodium chloride, 500 mL 
deionized water, 2 mL of ampicillin stock solution of 50 mg.mL-1) (2 mL or 1 mL 
respectively) and inoculated with 1 % of an overnight preculture of recombinant E. 
coli overexpressing BVMOs. A plate was incubated at 120 rpm at 37 °C on an 
orbital shaker for 2 hours. L-arabinose was added (final concentration of 0.02 % 
(w/v)) together with substrate (final concentration of 3 - 6 mM). The plate was 
shaken at RT. After 24 hours samples for GC measurement were taken (700 µL of 
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culture were centrifuged and the supernatant was extracted with 700 µL of 
ethylacetate supplemented with methylester of benzoic acid as internal standard). 

6.3.6   Fusion enzyme cell-free extract (CFE) 
Fresh LBamp medium (200 mL) was inoculated with 1 % of an overnight preculture 
of recombinant E. coli TOP10 overexpressing pCRE–CHMO or pCRE–CPMO in a 
baffled 1 L Erlenmeyer flask. The L-arabinose was added to a final concentration 
0.02 % (w/v) and culture was incubated at 120 rpm at 24 ºC on an orbital shaker 
for 24 hours. Cells were harvested by centrifugation (6000 × g, 10 min, 4 ºC, 
Sigma centrifuge). The cell pellets were resuspended in 10 mM PBS buffer, pH 7.4 
(double volume of the cell pellet) and disintegrated by ultrasonication using a 
Bandelin Sonoplus HD 3200 (KE76 probe, 50 % amplitude, 5 s on and 30 s off, 12 
cycles, 4 ºC). Cell debris was removed by centrifugation (15000 × g, 20 min, 4 ºC, 
Sigma). The resulting lysate, also referred to as cell-free extract (CFE), was 
divided into 0.5 mL aliquots and stored at –20 ºC until needed.Protein 
concentration of the cell-free extract was estimated by the Bradford method using 
Protein Assay (Bio-Rad). Bovine serum albumin was used as standard for the 
calibration curve. 

6.3.7   General protocol for CFE biotransformations 
Biotransformations using cell-free extract were realized in regular 96-well plates. 
Each well was charged with 100 µL of CFE with a total protein concentration of 
approximately 20 mg.mL-1. To determine optimal concentration of sodium 
phosphite, Na2HPO3 was added in different concentrations in the range between 0 - 
1000 mM. Substrate was added in the range between 5 - 50 mM for substrate 
inhibition studies. The mixture was incubated at 700 rpm at 24 °C in a multi-well 
plate incubator (Heidolph Titramax 1000). In time, samples were taken, extracted 
by ethylacetate supplemented with an internal standard (1 mM of methyl ester of 
benzoic acid) and analyzed by gas chromatography. 

6.4   Results and discussion  
As model BVMOs, we selected the thermostable phenylacetone monooxygenase 
(PAMO) from Thermobifida fusca,[69] the well-studied cyclohexanone monooxyge- 
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(A)          Vector for N-terminal fusion   
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pX–CRE multiple cloning site: 

(B)          Vector for C-terminal fusion 
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XhoI
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ptxD E175A/A176R

rrnB

Ampicillin

pBR322

AraC Orf

pCRE–X multiple cloning site: 
                                      -35  C   
CCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTGACGCTTTTTA 
                  I1 and I2 region 
              -10  s                                  RBS  a 
TCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTGGGCTAACAGGAGG 
 
        NdeI a         XhoI         PvuII    ptxD E175A/A176R 
AATTACATATGATCCGAGCTCGAGATCTGCAGCTGGTATGCTGCCGAAAC 

 
 

  ptxD E175A/A176R               PvuII                EcoRI a 
CGAGCCTGCCGCATGCTCGAGATCTGCAGCTGGTACCATATCGGAATTCG 
        I1       XhoI               KpnI 
HindIII                  myc epitope               a  
AAGCTTGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGC 
 
               6x His-tag     f    
CGTCGACCATCATCATCATCATCATTGAGTTTAAACGGTCTCCAGCTTGG 
                              stop 

Figure 6.2 Plasmid maps of the expression vectors (A) pX–CRE and (B) pCRE–X. The 
nucleotide sequence of the multiple cloning sites is indicated below each plasmid map. The 
cloning of a BVMO gene with PvuII/HindIII in pCRE–X or with NdeI/XhoI in pX–CRE 
results in an amino acid linker consisting of the following six amino acids: SRSAAG.  

nase (CHMO) from Acinetobacter sp. NCIMB 9871[70] and cyclopentanone 
monooxygenase (CPMO) from Comamonas sp. strain NCIMB 9872.[71,72] First we 
constructed the expression vectors pX–CRE and pCRE–X by cloning the double 
mutated ptxD gene into the pBADNK vector[68] using the NdeI/XhoI and 
PvuII/HindIII restriction sites, respectively. The plasmid maps of these expression 
vectors are shown in Figure 6.2. By cloning the BVMO genes into the pX-CRE 
vector using the NdeI/XhoI restriction sites or into the pCRE–X vector using the 
PvuII/HindIII restriction sites, the genes were fused to the mutated ptxD gene. In 
both cases, this results in a short linker peptide consisting of 6 amino acids 
(SRSAAG) between the C-terminus of one enzyme and the N-terminus of the 
other. PAMO was linked to both the N- and C-terminus of the NADP+-dependent 
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phosphite dehydrogenase, respectively, whereas CHMO and CPMO were only 
linked to this dehydrogenase at their N-terminus. All four bifunctional enzymes 
showed excellent expression levels when E. coli TOP10 was used as the host. The 
CRE/BVMOs were purified by column chromatography to yield 10-50 mg pure 
and soluble CRE/BVMO from 1 L culture broth, with the exception of 
CRE−CPMO, which has never been purified successfully from a recombinant 
host.[72] Steady-state kinetic analysis of the CRE/BVMO enzymes revealed that the 
fusion of the BVMOs with PTDH hardly affected their respective catalytic 
properties (Table 6.1). The catalytic rates (kcat) of the BVMO subunits were similar 
to those obtained for the separate enzymes. The only significant effect observed 
was a decrease in affinity (~ 13x higher KM) of PTDH for phosphite when fused to 
a BVMO. Nonetheless, the observed kinetic parameters should allow efficient 
conversions. 

Table 6.1 The kinetic parameters of the bifunctional fusion enzymes. The relative kinetic 
parameters of the native enzymes are shown in parentheses.[59,69,70] 

 PAMO−CRE CRE−PAMO CRE−CHMO 

kcat, BVMO 1.9 s-1 (70 %) 2.9 s-1 (100 %) 14 s-1 (100 %) 
KM, ketone 52 µM (70 %) 53 µM (70 %) 3.5 µM (50 %) 
KM, NADPH < 1 µM (100 %) < 1 µM (100 %) 4 µM (60 %) 
kcat, PTDH 4.3 s-1 (225 %) 6.5 s-1 (340 %) 2.6 s-1 (140 %) 
KM, phosphite 285 µM (1400 %) 317 µM (1500 %) 228 µM (1100 %) 
KM, NADP+ 12 µM (340 %) 15 µM (430 %) 12 µM (340 %) 

 

No inhibition of the activity of either the BVMO or PTDH by the substrate or 
product of the other subunit was observed. Activity measurements at elevated 
temperatures showed that the PAMO and PTDH domains have similar 
thermostabilities compared to the separate isolated enzymes.[59,69] Moreover, we 
determined the NADPH-regeneration efficiency of PAMO−CRE by following the 
conversion of 2.5 mM phenylacetone (PA) in time. In the presence of NADP+ at a 
concentration of only 5 µM, the bifunctional fusion enzyme converted effectively 
phenylacetone to benzylacetate (79 % conversion after 3 hours). Control 
experiments in which an equal amount of units of each of the individual enzymes 
PAMO and PTDH were added in place of the fusion enzyme yielded similar results 
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(Table 6.2). In similar experiments carried out recently with PAMO in combination 
with an alcohol dehydrogenase (ADH) in a two-liquid-phase system, lower 
turnover frequency (TF) and total turnover number (TTN) values were found in the 
presence of 125 µM NADP+.[50] Strikingly, even in the presence of equimolar 
amounts of NADP+ and PAMO (0.2 µM), 13 % conversion was observed, with a 
TTN of 1750 with respect to the regeneration of the coenzyme. Unfortunately, we 
observed a decrease in catalytic activity with time, probably as a result of the 
instability of the enzyme at low concentrations of NADP+. 

Table 6.2 Conversion of phenylacetone (PA) by either PAMO−CRE (0.2 µM ) or PAMO 
(0.13 µM) in the presence of PTDH upon incubation at 30 °C for 3 hours. 

 [PA] 
(mM) 

[NADP+] 
(µM) 

TF [a] 

(h-1) 
TTN [b] 

(PAMO) 
TTN [b] 

(NADP+) 

PAMO−CRE 2.5 5 3.3 × 103 9.9 × 103 395 

PAMO & PTDH 2.5 5 4.5 × 103 1.4 × 104 360 

PAMO & ADH 2.5 125 98 4.7 × 103 12 
 

[a] Turnover frequency as described by Hollmann et al.[73] 
[b] Total turnover number with respect to biocatalyst or coenzyme, as described by Hollman et al.[73] 
[c] Adapted from Schulz et al.[50] 
 

Additionally, we studied the applicability of these two-in-one biocatalysts in whole 
cells and in cell-free extracts by performing (enantioselective) conversions with 
CRE−CHMO and CRE−CPMO. Initial screening experiments to investigate 
possible effects of the additional PTDH domain on the stereoselectivity of the 
reaction catalyzed by the bifunctional fusion enzyme were carried out according to 
a previously introduced protocol based on miniscale whole-cell 
biotransformations.[74] We examined the desymmetrization of prochiral substrates, 
which enables control over up to six stereogenic centers in a single step (Figure 
6.3), as well as regiodivergent biooxidations of fused racemic cyclobutanones 
(Figure 6.4), one of the most remarkable transformations promoted by BVMOs that 
oxidize cycloketones (Table 6.3 and 6.4). 

We observed essentially no adverse influence from the fusion of the two catalytic 
entities. In the majority of cases, the efficiency of the biotransformation remained 
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similar to that of the equivalent transformation catalyzed by the original unfused 
enzymes (as indicated by comparable conversions within the standardized reaction 
times). The stereoselectivity of the fused biocatalysts was also largely comparable 
to that of the individual enzymes, and in some cases (formation of 6.21 with 
CRE−CHMO and 6.24 with CRE−CPMO) the product lactones were formed with 
even better enantioselectivities in the presence of the fusion enzymes. Only in very 
few cases, erosion of optical purity was observed in the formation of the lactones 
(e.g. 6.12 with both CRE−CHMO and CRE−CPMO); however, the absolute 
configuration of the products remained unchanged. A more pronounced effect was 
found with the series of prochiral cyclobutanones. We attribute this to the largely 
different conformational energies on this ring system compared to structurally 
better defined cyclopentanones and -hexanones, as recently outlined.[75] 
Remarkably, we observed two cases in which the substrate range of the original 
BVMO was extended as a consequence of the fusion process (the formation of 6.10 
with CRE−CHMO and 6.28 with CRE−CPMO). Although in both cases the 
catalytic efficiency was limited, recently described strategies could be applied to 
further improve performance.[76] 

 

Figure 6.3 Product lactone types obtained in stereoselective desymmetrization reactions by 
CRE/BVMOs. 
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Table 6.3 Biooxidation of functionalized prochiral ketones by E. coli whole cells 
expressing CRE−CHMO or CRE−CPMO. 

CRE−CHMO CHMO CRE−CPMO CPMO 
Lactone R/R’ e.e.[a] 

(%) 
conv. 
(%) 

e.e.[a] 
(%) 

conv. 
(%) 

e.e.[a] 
(%) 

conv. 
(%) 

e.e.[a] 
(%) 

conv. 
(%) 

6.1a Me 98 (–) 100 >98 (–) 83 [33] 48 (+) 100 46 (+) 68 [72] 

6.2a OH [b] 12 (–) 100 10 (–) 61 [77] 51 (+) 100 85 (+) 73[78] 

6.3a Cl 93 (–) 100 95 (–) 56 [78] 34 (+) 100 34 (+) 64 [78] 

6.4a Br 97 (–) 100 97 (–) 63 [79] 70 (+) 100 64 (+) 70 [78] 

6.5a I 99 (–) 100 97 (–) 60 [79] 90 (+) 100 82 (+) 65 [78] 

6.6a COOEt 96 (–) 50 93 (–) 15 [78] 65 (+) 100 64 (+) 83 [78] 

6.7a Me, Me’ n.a. 100 n.a 61 [79] n.a. 100 n.a. 45 [80] 

6.8a Me, Et’ 79 (–) 100 75 (–) 91 [79] 27 (–) 100 21 (–) 56 [80] 

6.9a Me, OH’ [b] 86 (–) 100 86 (–) 48 [81] 80 (+) 100 76 (+) 54 [81] 

6.10a Me, Ph’ 42 (–) 25  n.c.[80,82]  n.c.  n.c. [80] 

6.11a H(X=C) 98 (–) 100 99 (–) 65 [83] 81 (+) 100 91 (+) 58 [83] 

6.12a =CH2(X=C) 83 (+) 100 92 (+) 54 [83] 73 (–) 100 99 (–) 63 [83] 

6.13a cyclopropyl(X=C) >99 (+) 100 99 (+) 57 [83]  n.c.  n.c. [83] 

6.14a trans-OH(X=C) 97(+) 100 96 (+) 80 [83]  n.c.  n.c. [83] 

6.15a X=O 99 (–) 100 99 (–) 80 [84,85]  n.c.  n.c.[84,85] 

6.16a Ph 38 (–) 100 43 (–) 70 [86] 11 (+) 100 37 (+) 66 [75] 

6.17a 4-Cl-Ph 62 (+) 100 85 (+) 88 [87] 6 (+) 53 44 (+) 78 [75] 

6.18a Bn 72 (–) 100 82 (–) 57 [88] 28 (–) 100 31 (–) 37 [75] 

6.19a 3,4-(OCH2O)-Bn 96 (–) 100 95 (–) 83 [86] 41 (–) 100 40 (–) 56 [75] 

6.20a butyl 15 100 17 62 [75] 76 (–) 100 76 (–) 72 [75] 

6.21a endo>CHCl 98 (–) 58 80 (–) 75 [89] 46 (+) 100 60 (+) 79 [89] 

6.22a   n.c.  n.c. [81] 97 (+) 58 95 (+) 70 [81] 

6.23a -C3H6- n.d. 23[c] 97 (+)[d] 80 [90]  n.d.  n.d. 

6.24a -C4H8- 85 (–) 100 97 (–) 63 [74] 90 (+) 100 57 (+) 83 [74] 

6.25a -C3H6- 96 (–) 100 97 (–) 47 [74] 78 (+) 100 91 (+) 45 [74] 

6.26a -COOMe  n.c.  n.c. [91]  n.c.  n.c. [91] 

6.27a 
 

90 (–) 100 98 (–) 49 [91]  n.c.  n.c. [91] 

6.28a - n.a. 100 n.a. 100 [91] n.a. 34  n.c. [91] 

 

[a] Sign of specific rotation in parentheses. 
[b] Isolated as rearranged product (see Taschner et al.).[77] 
[c] Conversion based on GC/MS analysis. 
[d] Bioooxidation utilizing isolated enzyme. 
n.a.: not applicable, n.c.: no conversion, n.d.: not determined. 
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Figure 6.4 Regiodivergent CRE/BVMO mediated oxidation of fused bicyclic ketones. 

The behaviour of the original biocatalysts was also very similar to that of the fused 
CRE/BVMO enzymes for the regiodivergent oxidation of fused cyclobutanones 
(Figure 6.4, Table 6.3). Whereas CRE−CHMO yielded equimolar amounts of the 
“normal” and “abnormal” lactones in high optical purities in most cases, 
CRE−CPMO produced predominantly “normal” lactones, but with low 
stereoselectivity. 

Table 6.4 Regiodivergent biooxidation by whole cells of E. coli expressing CRE−CHMO 
or CRE−CPMO 

CRE−CHMO CHMO CRE−CPMO CPMO 
Ketone conv. (%)/ 

ratio[a] 
e.e.[b] 

(%) 
yield (%)/ 

ratio[a] 
e.e.[b] 

(%) 
conv. (%)/ 

ratio[a] 
e.e.[b] 

(%) 
yield (%)/ 

ratio[a] 
e.e.[b] 

(%) 
6.29 100 81 74 [93] 95 100 0 61 [81] 0 

 55:45 99 51:49 > 99 98:2 99 97:3 > 99 

6.30 100 77 78 [93] > 99 100 89 79 [94] 94 

 70:30 > 99 65:35 96 54:46 96 51:49 96 

6.31 100 73 85 [94] 60 100 15 80 [94] 0 

 44:56 > 99 45 :55 > 99 94 :6 > 99 96:4 > 99 

6.32 100 39 84 [94] 44 100 10 89 [94] 14 

 70:30 98 70:30 > 99 87:13 97 87:13 > 99 
 

[a] Ratio between normal and abnormal lactone. 
[b] Value of abnormal lactone is given in italics. 
 

With respect to facile and rapid application of these new and self-sufficient 
CRE/BVMOs in stereoselective synthesis, we prepared a cell-free extract (CFE) 
from recombinant E. coli producing CRE−CHMO. The optimum concentrations of 
both phosphite and 4-methyl cyclohexanone as model substrate were determined 
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(Figure 6.5), and the fusion biocatalyst as CFE was demonstrated to completely 
convert the ketone (5 mM) into the chiral lactone. A particularly interesting aspect 
in the utilization of CRE/BVMOs as CFE is the fact that the preparative-scale 
biotransformations outlined above were performed without addition of NADP+, 
taking advantage of the coenzyme present in E. coli cells (~200 µM).[92] Our 
observation that a relatively low concentration of NADP+ is sufficient for catalysis 
suggested that the amount of the nicotinamide coenzyme liberated upon cell 
breakage should indeed enable effective conversion with cell extracts containing 
expressed CRE/BVMO (cell pellet volume / incubation volume = 1/2; total protein 
concentration approx. 20 mg.mL-1). By using a cell extract we were also able to 
confirm that unsaturated bicycloketone 6.23 is a substrate for CRE−CHMO. This 
biooxidation was previously reported using isolated CHMO, but when we tried to 
repeat the experiment by using a recombinant whole cell strain, only starting 
material was recovered.[91] This result underscores a major advantage of employing 
bifunctional fusion enzymes: our CRE/BVMO concept in combination with the 
simple application protocol as cell extract offers a facile method to establish 
substrate-acceptance profiles for enzymes with a minimum of effort in terms of 

 

Figure 6.5 (A) Conversion of 4-methyl cyclohexanone (10 mM) with CFE of E. coli 
TOP10 expressing CRE−CHMO in the presence of 0 – 1000 mM sodium phosphite. (B) 
Conversion of 4-methyl cyclohexanone (5 – 30 mM) with CFE of E. coli TOP10 
expressing CRE−CHMO in the presence of 100 mM sodium phosphite.  
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enzyme purification and maximum simplicity with respect to coenzyme 
regeneration. 

6.5   Conclusions 
We have created a self-sufficient redox biocatalyst by fusing two independent 
enzymes to form a new bifunctional biocatalyst. The present study demonstrated 
the feasibility of this novel concept for coenzyme regeneration with three distinct 
Baeyer-Villiger monooxygenases and a phosphite dehydrogenase for orthogonal 
coenzyme recycling. The fused BVMOs are complementary in their substrate 
profiles (PAMO accepts aromatic ketones, CHMO and CPMO convert aliphatic 
cycloketones) as well as in their stereoselectivity (CHMO and CPMO display 
production of antipodal lactones in a large variety of examples). The three 
monooxygenases are sufficiently different in sequence and phylogenetic 
relationship to suggest general applicability of this coenzyme regeneration concept 
at least among the family of BVMOs. Considering the diverse reactivity of novel 
members of this family,[81,95-103] our work may contribute to the further proliferation 
of this highly interesting biotransformation platform. Presently, we are conducting 
additional studies to further optimize the efficiency of these newly developed self-
sufficient BVMOs for ultimate application in large-scale production of chiral 
intermediates for the synthesis of bioactive compounds. 
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7.1   Abstract 
In this chapter we report on a new generation of self-sufficient fusion BVMOs 
(CRE2/BVMOs). Three BVMOs (phenylacetone monooxygenase (PAMO) from 
Thermobifida fusca, cyclopentanone monooxygenase (CPMO) from Comamonas 
sp. NCIMB 9872, cyclohexanone monooxygenase (CHMO) from Acinetobacter 
sp. NCIMB 9871) have been fused with an improved phosphite dehydrogenase 
(PTDH) mutant (CRE; coenzyme regeneration enzyme). Compared with the 
previously reported CRE/BVMOs, a more thermostable PTDH variant (16 
additional mutations) has been used while the fused enzymes also contained an N-
terminal histidine tag to facilitate the purification of these bifunctional biocatalysts. 
Additionally, the nucleotide sequence of the mutant ptxD gene was codon 
optimized for better expression in E. coli. The (thermal) stability of these new self-
sufficient CRE2/BVMOs was shown to be improved in comparison to the previous 
generation. For example, the His-tagged PTDH fused to PAMO showed a t½, 50 °C of 
39 hours. Moreover, due to their increased stability, more efficient bioconversions 
were achieved with these CRE2/BVMOs.  

7.2   Introduction 
Type I Baeyer-Villiger monooxygenases (BVMOs) are part of an exclusive family 
of flavin-containing enzymes that catalyze the transformation of aldehydes and 
(a)cyclic ketones to their corresponding esters and lactones.[1-3] Additionally, these 
enzymes are also known to oxidize heteroatoms and to perform epoxidation 
reactions.[4-8] BVMOs utilize FAD as cofactor and NADPH as electron donor to 
activate molecular oxygen and generate a reactive C4a-peroxyflavin intermediate. 
This enzyme intermediate reacts with the organic substrate which results in 
formation of H2O and the oxygenated product.[9-11] BVMOs have been shown to 
carry out these oxidative reactions in a highly regio-, stereo- and enantioselective 
manner, indicating that these enzymes are interesting candidates for various 
biocatalytic applications.[12-16] As these enzymes require stoichiometric amounts of 
the expensive NADPH, methods to regenerate the reduced coenzyme have been 
studied in the past.[17-20] Of the available methods, regeneration of NADPH using a 



 

 

170 
 
 
 
 
 
 
 
 

Chapter 7 

 

second enzyme (either in whole cells or in isolated form) has been shown to be the 
most efficient.[21-24]  

As discussed in Chapter 1, nicotinamide coenzymes can be regenerated by 
applying NAD(P)+-dependent dehydrogenases. Well-studied examples of these 
enzymes are alcohol dehydrogenase (ADH) from Thermoanaerobium brockii and 
formate dehydrogenase (FDH) from Candida boidinii.[25-27] In the last few years 
several studies have been performed on a dehydrogenase that accepts phosphite as 
only substrate.[20,28] This phosphite dehydrogenase (PTDH, EC 1.20.1.1) was 
identified to play a role in the biochemical pathway for oxidation of 
(hypo)phosphite in Pseudomonas stutzeri WM88.[29] Purification and 
characterization of recombinant PTDH showed that it strongly prefers NAD+ as 
coenzyme.[30] The efficiency towards NADP+ was increased 1000-fold upon 
introduction of two mutations (E175A and A176R). Unfortunately, both the wild 
type and mutant dehydrogenase showed a moderate thermostability.[31] By random 
and rational mutagenesis, 5 mutations were introduced that resulted in a PTDH 
variant with an increased activity and soluble expression (also referred to as parent 
PTDH).[32] After three additional rounds of directed evolution 12 thermostabilizing 
mutations were identified. By combining these mutations, the thermostability of the 
mutant enzyme (12x PTDH) was increased significantly.[33] Another round of 
random mutagenesis followed by comprehensive saturation mutagenesis yielded a 
new PTDH variant with 100-fold higher thermostability at 62 °C than 12x 
PTDH.[34] 

Recently, the potential of PTDH to act as an effective NAD(P)H regenerating 
enzyme was investigated. By covalently fusing a set of BVMOs to the NADP+-
dependent double mutant of PTDH for coenzyme regeneration, so-called 
CRE/BVMOs were created (CRE; coenzyme regenerating enzyme).[35] These self-
sufficient BVMOs were successfully applied for the bioconversions of a wide 
variety of substrates using whole cells, cell-free extracts and purified enzyme. 
Interestingly, biooxidations using cell-free extracts could be performed without the 
addition of NADPH/NADP+. This can be explained by the fact that sufficient 
amounts of coenzyme are released for catalysis upon rupture of the E. coli cells. 
However, the activity of the self-sufficient BVMOs decreased in time due to the 
(thermal) instability of the PTDH fusion partner. It was recently reported that for 
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the enzymatic synthesis of xylitol and (R)-phenylethanol by xylose reductase, 
respectively alcohol dehydrogenase, a thermostable variant of PTDH (12x-A176R 
PTDH) was successfully applied. In an enzyme membrane reactor, continuous 
production of these compounds could be achieved (> 60 % conversion) during 160 
hours.[36] 

In this chapter we report on the fusion engineering of a new generation of self-
sufficient BVMOs, in which a thermostable variant of PTDH is used as fusion 
partner for effective coenzyme regeneration. The sequence of this ptxD gene was 
codon optimized for overexpression in E. coli. Thereby, the dehydrogenase will 
also function as an expression tag. Initial results show that the newly generated 
chimeric biocatalysts have an improved (thermal) stability compared to the 
previous generation of self-sufficient BVMOs (see Chapter 6). 

7.3   Experimental 

7.3.1   General Methods 
Unless otherwise noted, all chemicals and enzymes were obtained from ACROS 
Organics, Sigma-Aldrich, Jülich Fine Chemicals, Riedel-de Haën Fine Chemicals, 
Roche Applied Sciences, New England Biolabs and Finnzymes and used without 
further purification. Oligonucleotide primers were obtained from Sigma Genosys. 
DNA sequencing was done at GATC (Konstanz).  

7.3.2   Codon optimization and gene synthesis of 12x-A176R PTDH for 
overexpression in Escherichia coli  
The synthetic gene encoding the 18-fold mutant of phosphite dehydrogenase from 
Pseudomonas stutzeri WM88 was designed using Gene Designer.[37] The 
nucleotide sequence of this mutant was optimized using this software tool for 
optimal codon usage in Escherichia coli. In addition, a 6x histidine tag was added 
upstream of the synthetic gene for future enzyme purification. Furthermore, 
recognition sites for the restriction enzymes NcoI, NdeI and XhoI were introduced 
to facilitate cloning, whereas PvuII and HindIII restriction sites were avoided. 
Synthesis of the gene was performed by DNA 2.0. Additional information 
concerning the synthetic construct can be found in Figure 7.1. 
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7.3.3   Cloning Strategy  
For the creation of pCRE2−PAMO, a modified pBADNK vector was used in 
which the NdeI site was replaced by the original NcoI site. Subsequent cloning of 
the gene encoding the 12x-A176R mutant of phosphite dehydrogenase with N-
terminal histidine-tag (from pJ36/12x-A176R PTDH) and the pamO gene using 
NcoI/XhoI, respectively PvuII/HindIII, yielded expression vector pCRE2−PAMO 
(see Figure 7.2). Expression vectors pCRE2−CHMO and pCRE2−CPMO were 
created by subcloning the chnB and cpnB genes from previously described pCRE-
vectors.[35] For this purpose, restriction enzymes PvuII and HindIII were used. 

7.3.4   Overexpression and fusion enzyme purification 
A pre-culture was started by inoculating 5 mL of LBamp with transformants from a 
glycerol stock. The culture was incubated overnight at 37 ºC. The next day, the pre-
culture was diluted in 0.5 L TBamp medium. Fusion enzymes CRE2−PAMO and 
CRE2−CHMO were overexpressed in Escherichia TOP10 at 24 ºC for 36 hours in 
TBamp medium supplemented with 0.02 % (w/v) L-arabinose. After harvesting and 
breaking the cells, these fusion enzymes were purified using a Ni-NTA column. 
Excess of imidazole was removed using an Econo-PAC 10DG desalting column 
(BioRad). The fusion enzymes were stored at −80 º C in 50 mM Tris/HCl, pH 7.5. 
In the case of CRE2−CHMO, 50 mM Tris/HCl buffer was supplemented with 0.5 
mM DTT and 10 % (w/v) glycerol.  

7.3.5   Determination of kinetic parameters of isolated enzymes 
Activities of the purified enzymes were determined spectrophotometrically by 
monitoring the increase or decrease of NADPH in time at 340 nm. The reaction 
mixture (1 mL) typically contained 50 mM Tris/HCl, pH 7.5, 100 µM coenzyme, 
2 mM ketone or 5 mM Na2HPO3, 1 % (v/v) DMSO (not when using CRE−CHMO) 
and 0.05 - 1 µM enzyme at 25 ºC. Kinetic parameters were obtained by fitting the 
obtained data as described previously.[35] The thermostability of the enzymes was 
determined by incubating approximately 30 µM enzyme at 37 ºC or 50 ºC, after 
which their remaining activity was determined at 25 ºC. 
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7.3.6   General protocol for cell-free extract (CFE) biotransformations 
Fresh TBamp medium (0.2 or 0.5 L) was inoculated with 1% of an overnight 
preculture of recombinant E. coli TOP10 overexpressing CRE2−PAMO, 
CRE2−CHMO or CRE2−CPMO a baffled 1 or 2.5 L Erlenmeyer flask, 
respectively. L-arabinose was added to a final concentration 0.02 % (w/v) and the 
culture was incubated at 120 rpm at 24 ºC on an orbital shaker for 24 or 40 hours, 
depending on the total volume. Cells were harvested by centrifugation (6000 × g, 
10 min, 4 ºC, Sigma 3K30 centrifuge, rotor 19777). The cell pellets were 
resuspended in 10 mM PBS buffer, pH 7.4 (double volume of cells) containing 
0.1 % (v/v) PMSF and disintegrated by ultrasonication using a Bandelin Sonoplus 
HD 3200 (KE76 probe, 50 % amplitude, 5 s on and 30 s off, 12 cycles, 4 ºC). Cell 
debris was removed by centrifugation (15000 × g, 20 min, 4 ºC, Sigma 6K15 
centrifuge, rotor 372/C). The CFE was divided into aliquots of 0.5 mL and stored 
at –20 ºC until needed. Protein concentration of the cell-free extract was estimated 
by Bradford method using Protein Assay (Bio-Rad).  

Biotransformations using CFE were realized in either regular 96-well or 12-well 
plates. The total reaction volume in each well was 150 µL or 2 mL, respectively, 
and contained approximately 8 mg.mL-1 protein and 100 mM Na2HPO3 (final 
concentrations). Substrate inhibition studies were performed using 4-methylcyclo-
hexanone (5 - 30 mM). Other biotransformations were carried out using 5 or 
20 mM racemic bicyclo[3.2.0]hept-2-en-6-one as substrate. The mixture was 
incubated at 700 rpm at 24 °C in a multi-well plate incubator (Heidolph Titramax 
1000). All biotransformations that were carried out at elevated temperatures 
(37 and 50 °C) were supplemented with 10 µM FAD (final concentration). In time 
samples were taken, extracted with ethylacetate including internal standard (1 mM 
of methyl ester of benzoic acid) and analyzed by gas chromatography.  

7.4   Results and discussion 

7.4.1   Constructing a thermostable phosphite dehydrogenase 
As mentioned above, the (thermal) stability of phosphite dehydrogenase from 
Pseudomonas stutzeri WM88 and its resistance towards organic solvents has been 
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improved by a number of random and site-directed mutations.[32-34,36] At the time 
we started this study, the most thermostable and NADP+-specific PTDH variant 
contained 18 amino acid mutations in comparison to the wild type enzyme (Table 
7.1).[36] To boost the expression of this thermostable PTDH mutant, we optimized 
the codon usage of the PTDH mutant gene for overexpression in E. coli using Gene 
Designer.[37] This resulted in a nucleotide sequence of the mutant ptxD gene after 
codon optimization which differs by 18% when compared with the original ptxD 
gene sequence.  

Table 7.1 Overview of the amino acid mutations that were introduced into 12x-A176R 
PTDH. 

Mutation Codon optimized 
mutation  Mutation Codon optimized 

mutation 
D13E GAT → GAA  Q215L CAG → CTG 
M26I ATG → ATT  R275Q CGG → CAG 
V71I GTC → ATT  L276Q CTG → CAG 

E130K GAG → AAA  I313L ATC → CTG 
Q132R CAG → CGC  V315A GTA → GCG 
Q137R CAG → CGC  A319E GCG → GAG 
I150F ATC → TTC  A325V GCG → GTG 
E175A GAG → GCG  E332N GAG → AAC 
A176R GCG → CGT  C336D TGT → GAC 

 

Additionally, we designed the synthetic DNA fragment in such a way that it is 
possible to express the PTDH mutant with an N-terminal His-tag. This affinity 
purification tag facilitates the purification of the new self-sufficient 
CRE2/BVMOs. Restriction sites required for subcloning the synthetic mutant ptxD 
gene were also included (see Figure 7.1 and 7.2). 

7.4.2   Expression, purification and characterization of new self-sufficient 
CRE2/BVMOs 
For this study, three typical BVMOs were selected and fused to the C-terminus of 
the thermostable PTDH variant; cyclopentanone monooxygenase (CPMO) from 
Comamonas sp. NCIMB 9872,[38,39] the well-studied cyclohexanone 
monooxygenase (CHMO) from Acinetobacter sp. NCIMB 9871,[40] and the 
thermostable phenylacetone monooxygenase (PAMO) from Thermobifida fusca.[41] 
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   NcoI                  6x His                               NdeI 
5452 CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCTGC 
 

                               # 
5384 CGAAACTGGTCATCACCCATCGTGTGCACGAAGAAATCCTGCAACTGCTGGCTCCGCATTGCGAACTGA 
   

   #                    
5315 TTACCAATCAGACCGACAGCACTCTGACCCGTGAAGAAATTCTGCGTCGCTGCCGTGACGCACAGGCAA 
 

                                                                     # 
5246 TGATGGCGTTTATGCCTGATCGTGTGGATGCTGATTTCCTGCAGGCTTGTCCGGAACTGCGCGTAATTG 
 

           
5177 GCTGCGCGCTGAAAGGTTTCGACAATTTCGACGTTGATGCGTGTACTGCTCGTGGCGTGTGGCTGACCT 
 

 
5108 TCGTTCCGGACCTGCTGACTGTGCCGACTGCGGAACTGGCTATCGGCCTGGCGGTTGGTCTGGGCCGTC 
 

                                       #     #              # 
5039  ACCTGCGTGCAGCAGACGCGTTTGTTCGTTCTGGTAAATTTCGCGGCTGGCAGCCTCGCTTTTACGGTA 
   

                            # 
4970 CCGGTCTGGACAACGCGACCGTGGGCTTCCTGGGTATGGGTGCAATCGGTCTGGCGATGGCTGATCGTC 
 

                                   # ## 
4901 TGCAGGGTTGGGGCGCTACCCTGCAATACCACGCGCGTAAAGCTCTGGATACGCAAACGGAACAACGCC 
 

                                   
4832 TGGGTCTGCGTCAAGTGGCTTGCAGCGAGCTGTTCGCTTCTAGCGACTTCATTCTGCTGGCTCTGCCGC 
 

                 # 
4763 TGAACGCAGATACCCTGCACCTGGTCAACGCGGAACTGCTGGCGCTGGTACGTCCGGGCGCACTGCTGG 
  

                 
4694 TTAACCCGTGCCGTGGCTCTGTGGTCGACGAAGCCGCAGTTCTGGCGGCTCTGGAACGCGGTCAACTGG 
 

                                                           #  # 
4625 GCGGCTACGCGGCGGACGTGTTTGAGATGGAAGATTGGGCGCGTGCTGATCGTCCGCAGCAGATTGATC 
 

   
4556 CAGCCCTGCTGGCGCACCCGAACACGCTGTTTACTCCGCACATCGGTTCTGCAGTACGTGCGGTTCGTC 
 

                                    #    #           # 
4487 TGGAGATCGAGCGTTGTGCGGCTCAGAACATTCTGCAGGCGCTGGCGGGCGAGCGTCCGATCAACGCAG 
 

  #                   # #         ### XhoI 
4418 TGAATCGCCTGCCGAAAGCCAACCCTGCGGCTGACTCGAG 
 

  

Figure 7.1 Nucleotide sequence of the synthetic gene. Silent mutations as result of codon 
optimization for overexpression in Escherichia coli are shown in bold. Site-specific 
mutations resulting in a modified polypeptide are shown with #.  
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Figure 7.2 Plasmid map of (A) synthetic construct pJ36/12x-A176R PTDH and (B) pBAD 
expression vectors for second generation self-sufficient PAMO. The self-sufficient PAMO 
(CRE2−PAMO) includes a histidine tag at the N-terminus of the 12x-A176R PTDH 
variant. 

All BVMOs were covalently fused to the thermostable PTDH variant containing an 
N-terminal histidine tag (Figure 7.2). The linker between the PTDH and BVMO 
subunits remained unaltered, i.e. SRSAAG. All three self-sufficient BVMOs were 
overexpressed in E. coli TOP10 and showed excellent expression levels. 
CRE2−PAMO and CRE2−CHMO were purified using a Ni-NTA column. 
However, CRE2−CPMO could not be purified this approach, as the enzyme 
denatured upon binding on the Ni-NTA column. Previous attempts that aimed at 
purifying CPMO from a recombinant host also failed,[35,39] indicating that this 
enzyme might be unstable in its pure form. The kinetic parameters of the fused 
12x-A176R PTDH mutant as fusion partner were found to be comparable to those 
reported for the fused double mutant of PTDH.[35] A 4-fold higher catalytic activity 
was observed when the dehydrogenase was linked to PAMO instead to CHMO, 
whereas the affinity for NADP+ and ketones were hardly affected.[35] In comparison 
to the non-fused 18-fold PTDH mutant, the affinity towards NADP+ and phosphite 
were found to be 3- to 8.5-fold higher, while the catalytic activity of the PTDH 
subunit of CRE2−CHMO was not affected.[36] As described for the previous 
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generation of self-sufficient BVMOs, the kinetic parameters of fused PAMO and 
CHMO were hardly affected. The most remarkable difference was a 3-fold increase 
in KM, ketone observed for CRE2−PAMO (Table 7.2). Activity measurements at 
elevated temperatures showed that 12x-A176R PTDH fused to PAMO had a half-
life time of 39 hours at 50 °C, which is less that 2-fold lower than the half-life time 
of a 17x PTDH mutant (t½, 50 °C = 64 hours).[34] This latter mutant does not contain 
the A176R mutation that is required for a higher specificity towards NADP+.[31,36] 
At 37 °C, the 18-fold PTDH mutant fused to CHMO showed no decrease in 
catalytic activity during 25.5 hours, whereas CHMO had a half-life time of 95 
minutes. This indicates that the PTDH subunit remains fully active and is not 
affected by the thermal inactivation of the fused CHMO subunit in this time frame.  

Table 7.2 The kinetic parameters of the second generation self-sufficient Baeyer-Villiger 
monooxygenases (CRE2/BVMOs). 

 First generation Second generation 
 CRE−PAMO [a] CRE−CHMO [a] CRE2−PAMO CRE2−CHMO 

kcat, BVMO 2.9 s-1  14 s-1 2.6 s-1 13 s-1 
KM, ketone 53 µM  3.5 µM 140 µM 5.5 µM 
KM, NADPH < 1 µM 4 µM 3.5 µM 4 µM 
kcat, PTDH 6.5 s-1 2.6 s-1 6.2 s-1 1.5 s-1 
KM, phosphite 317 µM 228 µM 255 µM 350 µM 
KM, NADP+ 15 µM 12 µM 17 µM 16 µM 
 

[a] Values obtained from Torres Pazmiño et al.[35]  
 

7.4.3   Biotransformations using cell-free extracts 
Previously we showed that the first generation self-sufficient BVMOs could be 
applied for bioconversions using whole-cells, CFE and purified enzyme. In whole 
cells, these CRE/BVMOs showed higher conversions with a wide range of cyclic 
ketones in comparison to their non-fused equivalents, although addition of 
phosphite to the reaction media had no effect on the conversion.[42] On the other 
hand, 4-methylcyclohexanone (7.1) was efficiently converted by CFE containing 
CRE−CHMO in the presence of phosphite. As mentioned above, no addition of 
NADP(H) was required, since sufficient coenzyme was released from the E. coli 
cells upon sonication in order for CRE−CHMO to be catalytically active. 
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Unfortunately, we also observed that the bifunctional enzyme was inactivated in 
time, mainly due to the instability of the PTDH subunit.[35]  

 

Figure 7.3 Cell-free extract biotransformations of (A) 4-methylcyclohexanone by CRE2–
CHMO and (B) racemic bicyclo[3.2.0]hept-2-en-6-one by CRE2/BVMOs. 

As mentioned above, the new self-sufficient CRE2/BVMOs contain a thermostable 
12x-A176R mutant of phosphite dehydrogenase for coenzyme regeneration. In 
order to determine whether the (thermal) stability of these new self-sufficient 
CRE2/BVMOs was improved, we repeated the bioconversion of 7.1 at various 
substrate concentrations (see Chapter 6) using CFE of E. coli TOP10 containing 
CRE2−CHMO. As can be seen in Figure 7.4, the CRE2−CHMO efficiently 
converted 7.1 to 7.1a in the presence of 100 mM sodium phosphite. In comparison 
to CRE−CHMO, the thermostable variant of this self-sufficient BVMO shows no 
inactivation within the shown time frame, thereby resulting in high conversions 
using 10 and 20 mM substrate. Even at high substrate concentration (30 mM), 
CRE2−CHMO showed 13 % conversion, while hardly any conversion was 
observed when CHMO was fused to the relatively thermolabile double mutant of 
PTDH.[35] This experiment confirms that the instability of PTDH in the previously 
generated self-sufficient CRE/BVMOs was the limiting factor for efficient 
bioconversions using cell-free extracts.  

In order to study the biocatalytic activity of all CRE2/BVMOs using CFE, we 
chose a more general “BVMO substrate”, i.e. bicyclo[3.2.0]hept-2-en-6-one (7.2). 
As shown in Figure 2.3, this racemic bicyclic ketone is converted by CHMO, 
CPMO and PAMO. Initially, we studied the effect of substrate concentration on the 
rate of biooxidation by the CRE2/BVMOs at 24 °C.  
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Figure 7.4 Conversion of 5 – 30 mM 4-methyl cyclohexanone (7.1) with CFE of E. coli 
TOP10 expressing CRE2–CHMO in the presence of 100 mM sodium phosphite at 24 °C. 

At low substrate concentrations (5 mM), CRE2−CHMO and CRE2−CPMO 
efficiently converted 7.2, whereas only 24 % of product formation was observed 
with CRE2−PAMO (Figure 7.5). At higher substrate concentrations (20 mM), 
CRE2−CHMO fully converted the bicyclic ketone within 24 hours, while hardly 
any conversion was observed with CRE2−CPMO, indicating that the CPMO 
subunit suffers from substrate inhibition. In comparison to the conversions carried 
out using 5 mM substrate, CRE2−PAMO showed a somewhat higher conversion in 
the same time when using 20 mM 7.2 as substrate. This observation is in agreement 
with a low affinity of native PAMO towards this compound (KM = 15 mM).[41] 

 

Figure 7.5 Conversion of racemic bicyclo[3.2.0]hept-2-en-6-one (7.2) with CFE of E. coli 
TOP10 expressing CRE2–CHMO, CRE2–CPMO or CRE2–PAMO in the presence of 100 
mM phosphite. The biotransformations were carried out using (A) 5 mM and (B) 20 mM of 
substrate.  
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Additionally, we followed the conversion of 5 mM 7.2 at elevated temperatures in 
time (Figure 7.6). In order to stabilize the BVMO subunit to some extent, we 
supplemented the reaction mixture with 10 µM FAD. Despite the moderate 
thermostability of the CHMO subunit (t½, 37 °C = 95 minutes), CRE2−CHMO was 
still able to fully convert 5 mM bicyclic ketone within 3 hours at 37 °C. At 50 °C, 
however, this bifunctional enzyme appears to be inactivated within 20 minutes, as 
no additional product formation is observed thereafter. Compared to the reaction 
performed at 24 °C, CRE2−PAMO showed better conversions at elevated 
temperatures. Even at 50 °C, the biotransformation of 7.2 continued, indicating that 
regeneration of NADPH at relatively high temperatures is still possible with the 
12x-A176R PTDH variant. Unfortunately, hardly any conversion was observed by 
CRE2−CPMO at these temperatures. This observation is in agreement with the 
reports in literature which indicate that CPMO is a labile biocatalyst.[39] 

 

Figure 7.6 Conversion of 5 mM racemic bicyclo[3.2.0]hept-2-en-6-one (7.2) with CFE of 
E. coli TOP10 expressing CRE2–CHMO, CRE2–CPMO or CRE2–PAMO in the presence 
of 100 mM phosphite at elevated temperatures. Biotransformations were carried out at (A) 
37 °C and (B) 50 °C.  

The results described in this chapter concerning the biocatalytic activity and 
(thermo)stability of newly generated self-sufficient BVMOs (CRE2/BVMOs) 
indicate that we have engineered bifunctional biocatalysts that contain a 
thermostable coenzyme regenerating enzyme (CRE). To demonstrate the 
biocatalytic value of these CRE2/BVMOs, we plan to carry out a set of 
CRE2/BVMO-catalyzed oxidations on a preparative scale in the near future. An 
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interesting candidate for such studies is CRE2−PAMO, as the native enzyme can 
cope with organic solvents and has been shown to perform interesting sulfoxidation 
reactions.[43-45] Additionally, we would like to expand our library of 
CRE2/BVMOs. Interesting candidates include M446G PAMO,[46] ethionamide-
activating monooxygenase (EtaA) from Mycobacterium tuberculosis H37Rv,[47] 
cyclopentadecanone monooxygenase (CPDMO) from Pseudomonas HI-70,[48] and 
cyclohexanone monooxygenase (CHMOXantho) from Xanthobacter sp. ZL5.[49-51]  

7.5   Conclusions 
In this chapter we report on the design, production and evaluation of a new 
generation of self-sufficient Baeyer-Villiger monooxygenases (CRE2/BVMOs). In 
comparison to the previously reported generation of CRE/BVMOs,[35] these 
CRE2/BVMOs contain a mutant of phosphite dehydrogenase which has been 
shown to display a high thermostability.[36] Additionally, we introduced a histidine 
tag at the N-terminus of this mutant PTDH to facilitate purification. Indeed, both 
CRE2−CHMO and CRE2−PAMO could be easily purified using a Ni-NTA 
column. CRE2−CPMO could not be purified, as the enzyme denatured upon 
binding to the column. The purified bifunctional biocatalysts were shown to have 
similar kinetic parameters as the non-fused enzymes. As expected, the 12x-A176R 
PTDH subunit showed a higher thermostability (t½, 50 °C

 = 39 hours) than the double 
mutant PTDH subunit of the previous generation CRE/BVMOs.[35] Furthermore, 
when these new self-sufficient BVMOs were applied as CFEs in the bioconversion 
of 4-methylcyclohexanone or bicyclo[3.2.0]-hept-2-en-6-one, they showed to be 
more (thermal) stable. Even at elevated temperatures, CRE2−CHMO and 
CRE2−PAMO showed moderate to excellent activity. Based on these results, we 
conclude that with the 12x-A176R mutant of PTDH as fusion-CRE partner we can 
generate (thermo)stable self-sufficient BVMOs that have the potential to be applied 
in a biocatalytic process.  
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8.1   Introduction 
Enzymes are known to perform highly chemo-, regio- and enantioselective 
reactions and therefore can be applied in the (industrial) preparation of a.o. food 
and pharmaceutical products. Nowadays, a wide variety of amino acids, carboxylic 
acids, amines, alcohols and epoxides can be produced using enzymes in 
biotechnological processes.[1,2] 

Enzymes that have received quite some attention in the last few years are 
oxygenases.[3] Members that belong to this subgroup perform oxidative reactions 
using molecular oxygen as oxidant and incorporate either one or two oxygen atoms 
in an organic substrate. Monooxygenases are enzymes that catalyze the insertion of 
a single oxygen atom from O2. In order to perform this type of reaction, these 
enzymes need to activate molecular oxygen to overcome the spin-forbidden 
reaction of O2 with the organic substrate. For this, monooxygenases often require 
(in)organic cofactors.  

Monooxygenases can be subdivided based on the type of cofactor that is used, as 
described in Chapter 1. The majority of these enzymes contain either a heme or a 
flavin as cofactor,[4,5] but also copper-, pterin- and non-heme iron-dependent 
monooxygenases have been identified.[6-8] Additionally, enzymes have been found 
that catalyze the insertion of a single oxygen atom without utilizing a cofactor.[9] 
Monooxygenases are able to catalyze a wide variety of reactions, e.g. 
hydroxylations, epoxidations, Baeyer-Villiger oxidations, (de)halogenations, 
heteroatom dealkylations and sulfoxidations (Figure 8.1).  

Besides molecular oxygen, monooxygenases require two electrons to reduce their 
cofactor. In most cases, these electrons are provided by reduced nicotinamide 
coenzymes, i.e. NADH and NADPH. However, as stoichiometric amounts of these 
expensive coenzymes are required, the biotechnological application of 
monooxygenases is limited by the impact of coenzyme costs on the production 
costs. Various methods have been developed to regenerate reduced nicotinamide 
coenzymes.[10-13] Of all available methods, the regeneration of NAD(P)H using 
either isolated enzymes or whole cells is the most appealing, as this process is quite 
cost-effective, selective and efficient.  
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Figure 8.1 Examples of reactions that are catalyzed by monooxygenases. 

8.2   Baeyer-Villiger monooxygenases 
Baeyer-Villiger monooxygenases (BVMOs) represent valuable oxidative 
biocatalysts (for a review, see Chapter 2). A special feature of these atypical 
monooxygenases is that they do not only catalyze Baeyer-Villiger oxidations, i.e. 
the conversion of a ketone to an ester, but also sulfoxidations and a number of 
other oxidation reactions. Except for this promiscuity in reactivity, BVMOs are 
often very chemo-, regio- and/or enantioselective while accepting a broad range of 
substrates. These monooxygenases can be subdivided into at least four subclasses, 
of which Type I BVMOs are by far the most abundant.[14]  

Type I BVMOs consist of a single polypeptide chain, contain FAD as tightly bound 
cofactor, and utilize NADPH as electron donor. They contain two Rossmann-fold 
motifs, GxGxxG, which indicates that these enzymes bind NADPH and FAD using 
separate dinucleotide binding domains. In addition, these monooxygenases contain 
a BVMO-specific sequence motif (FxGxxxHxxxWD/P), which has been used to 
identify novel Type I BVMOs in (meta)genome databases.[15] So far, all identified 
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(putative) BVMO genes originate from bacteria or fungi while none have been 
found in archaea and higher eukaryotes. On average, roughly one out of two 
microbial genomes contains a BVMO gene. This suggests that at present ~ 400 
novel Type I BVMOs genes are present in the genome sequence database. While 
analyzing the sequence regions flanking a BVMO gene, we found that many of 
these genes are flanked by an esterase/hydrolase gene. This suggests that BVMOs 
often play a role in a catabolic pathway, which is in agreement with the fact that 
most reported BVMOs are involved in such pathways.[16] 

Over the past years the list of heterologously expressed Type I BVMOs has 
increased significantly. Besides for BVMOs acting on small cyclic ketones 
(cyclopentanone and cyclohexanone),[17-19] variants that are active with larger 
cyclic ketones (e.g. cyclopentadecanone),[20,21] aromatic ketones (4-hydroxy-
acetophenone),[22] aliphatic ketones [23-25] and steroids have been discovered.[26] 
Substrate profiling studies indicate that these enzymes have a broad substrate range 
and often display overlapping substrate specificities. The best-studied BVMO is 
cyclohexanone monooxygenase from Acinetobacter sp. NCIMB 9871 (CHMO, 
EC 1.14.13.22).[17] This enzyme has not only been subjected to various substrate 
profiling studies (over 100 substrates are accepted),[27-31] but also to site-directed 
mutagenesis and directed evolution studies.[32-34] In addition, pre-steady-state 
kinetic studies have elucidated the mechanism of action of this BVMO.[35,36] Other 
well-studied Type I BVMOs include cyclopentanone monooxygenase from 
Comamonas sp. NCIMB 9872 (CPMO, EC 1.14.13.16), 4-hydroxyacetophenone 
monooxygenase from Pseudomonas fluorescence ACB (HAPMO, EC 1.14.13.81) 
and phenylacetone monooxygenase from Thermobifida fusca (PAMO, 
EC 1.14.13.92).[18,19,22,37] The latter enzyme was successfully purified and 
crystallized, resulting in the first and so far only three-dimensional structure of a 
Type I BVMO.[38] This structure has triggered several structure-inspired enzyme 
redesign studies on PAMO and sequence-related BVMOs.[39-42] 

Racemic bicyclo[3.2.0]hept-2-en-6-one is often used to probe the biocatalytic 
potential of BVMOs, as both the enantiopure ketones and the corresponding 
enantiopure lactones are highly interesting for synthetic purposes. As indicated in 
Figure 8.2, various lactones can be obtained when applying different BVMOs as 
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biocatalysts.[37,43-45] These lactones can be used as chiral starting materials for 
preparation of e.g. prostaglandins.  

 

Figure 8.2 BVMO-catalyzed Baeyer-Villiger oxidation of racemic bicyclo[3.2.0]hept-2-en-
6-one. 

Studies on the applicability of BVMO-mediated catalysis on a large scale have thus 
far only been performed with CHMO from Acinetobacter as model system. The 
main focus has been on using whole cells expressing CHMO. By this approach the 
problem of NADPH usage by the enzyme can be circumvented. In combination 
with resin-based in situ substrate feeding and product removal (SFPR) and a tuned 
oxygen supply, a highly productive process was developed. By this method, one 
kilogram of bicyclo[3.2.0]hept-2-en-6-one was converted into two nearly 
enantiopure regioisomeric lactones in a good yield. This example nicely illustrates 
that BVMOs can be applied on a scale that is relevant for synthesis of fine 
chemicals.[46] 

8.3   Synthesis of optically pure sulfoxides using BVMOs 
HAPMO and PAMO are Type I BVMOs that act on aromatic ketones and sulfides, 
e.g. 4-hydroxyacetophenone and benzyl methyl sulfide. Some enantiopure products 
that are obtained upon oxidation are known to have various interesting properties 
for pharmaceutical applications and therefore the activity and selectivity of these 
enzymes towards such compounds were studied (Chapter 3). 

HAPMO is able to catalyze the sulfoxidation reaction of a large number of 
aromatic sulfides. In general, phenyl sulfides seem to be the best substrates for the 
enzyme, yielding (S)-sulfoxides with high enantioselectivities. Low enantiomeric 



 

 

  191 
 
 
 
 
 
 
 
 

Summary and outlook 
 

excesses were obtained with benzyl sulfides, and inversion of enantiopreference 
from (S) to (R) was observed for benzyl sulfides with alkyl chains longer than 
ethyl. Reversal in enantiopreference, with moderate selectivities, was also found 
when the sulfur atom was located further away from the aromatic ring. With para-
substituted phenyl methyl sulfides, the enzyme showed high selectivity for 
substrates bearing electron-donating groups on the aromatic ring, while electron-
withdrawing ones had a negative effect on the enantioselectivity. The biocatalyst 
was not significantly affected in terms of selectivity by changing the position of the 
chloro-substituent on the aromatic ring. It was also found that HAPMO can oxidize 
aromatic sulfoxides but with no enantioselectivity. Finally, the enzyme is also able 
to convert 3-phenyl-penta-2,4-dione with high enantiopreference and to catalyze 
the oxidation of phenylboronic acid. This shows that HAPMO can be applied for a 
wide variety of selective oxidation reactions resulting in formation of, for example, 
optically active sulfoxides or aromatic esters.  

By studying the biocatalytic properties of PAMO, we revealed the enzyme’s 
activity with a large range of aromatic ketones, sulfides and sulfoxides. 
Remarkably, the catalytic activity of the enzyme towards these substrates was 
rather constant (kcat = 1.2 - 3.6 s-1). On the other hand, more variation was found in 
the KM values, suggesting differences in affinity, while the rate of catalysis is 
probably restricted by a common substrate-independent kinetic step. Interestingly, 
the enzyme complements HAPMO in terms of enantioselective oxidation of the 
sulfides tested; PAMO shows good enantioselectivity towards the benzyl sulfides, 
whereas HAPMO shows to be an excellent biocatalyst for the enantioselective 
oxidation of phenyl sulfides. The broad substrate range and reactivity makes this 
biocatalyst a valuable tool for performing selective oxidations at either the β- or γ-
position of phenyl compounds, whereas oxidation at the α-position was either 
rather poor or did not occur at all. The low apparent affinity of PAMO for the 
tested sulfoxides in comparison with their corresponding sulfides indicates that a 
substrate with an oxygen-substituted sulfur is poorly accepted by the enzyme. In 
addition, PAMO has difficulties accepting bulky aromatic ketones. 
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8.4   Mutagenesis of PAMO for an altered substrate 
specificity and enantioselectivity 
A comparison of the PAMO structure and a homology-built model of CPMO 
revealed that the active sites are remarkably similar. Indeed, most residues that 
surround the flavin cofactor and form the active site are identical. Only three 
residues could be identified as different: residues Q152, L153 and M446 in PAMO 
align with residues F156, G157 and G453 in CPMO. It was postulated that these 
‘first shell’ residues determine the two widely different substrate specificities of 
PAMO and CPMO. We replaced these residues in PAMO by the corresponding 
residues found in CPMO, thereby yielding three PAMO mutants (Chapter 4). 
Surprisingly, two of these mutants were found to be inactive (Q152F/L153G and 
Q152F/L153G/M446G). Although the bound FAD cofactor in these two mutants 
was readily reduced by NADPH, they had lost the ability to perform oxygenation 
reactions. Apparently, the simultaneous mutation of Q152 and L153 resulted in an 
altered active site in which substrates are not able to be oxidized by the C4a-
peroxyflavin.  

The third PAMO mutant (mutant M446G) showed several interesting novel 
catalytic features while retaining the thermostability of the wild type enzyme. 
Although the mutation appears mild, it has a dramatic effect on the substrate 
specificity and enantioselectivity. Several new compounds were identified as 
substrate for this PAMO variant (e.g. indole and benzaldehyde). The mutant was 
more selective towards substrates containing the carbonyl group or the heteroatom 
in close proximity to the aromatic ring. A different positioning of the substrate’s 
aromatic ring in the active site might cause this observed shift in regioselectivity. 
Such an altered substrate binding pocket also explains the substantial changes in 
enantioselectivity observed towards sulfides and ketones. This confirms the role of 
M446 in modulating the substrate binding pocket. Surprisingly, the changes in 
enantioselectivity observed for this mutant are similar to those observed for wild 
type PAMO in the presence of 30 % methanol (Figure 8.3).[47] The identification of 
residue M446 to be crucially involved in determining the substrate specificity and 
enantioselectivity complements the known hotspots that influence BVMO 
specificity.[40,41] 
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Figure 8.3 Enantioselective sulfoxidations by (A) wild type PAMO, (B) wild type PAMO 
in the presence of 30 % (v/v) methanol and (C) PAMO M446G. 

8.5   Kinetic studies on PAMO 
As mentioned above, elucidation of the crystal structure of PAMO has provided 
valuable structural insight as it represents the only available BVMO structure. This 
structure shows that a strictly conserved arginine in Type I BVMOs (residue R337 
in PAMO) adopts two alternate conformations (Figure 8.4). It is proposed that the 
arginine shifts conformations upon domain rotation in order to facilitate 
catalysis.[38] By performing steady-state and pre-steady-state kinetic studies on wild 
type PAMO and two arginine mutants, R337A and R337K, we have elucidated the 
kinetic mechanism of this BVMO (Chapter 5). 

Reductive half-reaction: Our study shows that PAMO binds NADPH with high 
affinity (Kd, NADPH = 0.7 µM) after which reduction of the flavin cofactor takes place 
by transfer of the nicotinamide (R)-hydrogen (kred = 12 s-1). This illustrates that 
binding and correct positioning of NADPH in PAMO is crucial. Replacing the 
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strictly conserved R337 by an alanine or lysine residue drastically reduces the rate 
of flavin reduction (kred, mutants ~ 0.1 s-1), while the affinity for NADPH is not 
altered. This indicates that R337 is involved in e.g. proper alignment of the reduced 
nicotinamide moiety with respect to the isoalloxazine moiety of the flavin cofactor 
and/or may modulate the redox properties of the flavin cofactor. 

Oxidative half-reaction: The stopped-flow experiments also showed that the 
formation of the C4a-peroxyflavin intermediate upon oxygenation of reduced 
PAMO is a relatively fast process (kox = 870 mM-1.s-1). The reaction of the 
peroxyflavin intermediate with phenylacetone is also relatively fast (k1 = 73 s-1, 
KPA = 730 µM) while a kinetic event following this oxygenation reaction is 
relatively slow and limits the rate of catalysis (k2 = 4.1 s-1). The spectral features of 
the enzyme intermediate that is formed upon oxygenation of phenylacetone are 
unusual. The exact nature of this intermediate could not be verified and awaits 
future study. Two possible scenarios for the observed intermediate are suggested 
(Figure 5.11); the peroxyflavin intermediate reacts with phenylacetone and yields a 
Criegee intermediate. Thereafter, rearrangement of this intermediate results in the 
oxygenated product (benzylacetate), water and oxidized flavin cofactor (route A). 
Alternatively, a hydroxyflavin intermediate is formed and observed, yielding 
benzylacetate in the first step. Subsequently, this hydroxyflavin intermediate 
decays and water is formed in the rate-limiting step (route B). NADP+ release is 
relatively fast and represents the final step of the catalytic cycle. In the absence of 
substrate, the peroxy form of PAMO slowly decays to yield oxidized PAMO and 
hydrogen peroxide (kunc = 0.01 s-1). Additionally, we identified that the conserved 
active site arginine, R337, is essential for the catalytic activity of PAMO. This 
residue is required for not only proper reduction and oxygenation of the flavin 
cofactor (kred ~ 0.1 s-1 and kox ~ 50 mM-1.s-1 for both mutants), but also for the 
reaction of the C4a-peroxyflavin with organic substrates. Surprisingly, the arginine 
was not required for the stabilization of the formed C4a-peroxyflavin, which was 
found to have a 10-fold longer life-time than wild type in the absence of a 
substrate. Replacement of the conserved arginine in HAPMO also resulted in 
inactivation of the enzyme.[48] 
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8.6   Bifunctional BVMOs 
BVMOs require stoichiometric amounts of NADPH as electron donor for the 
oxygenation of various organic compounds. However, due to the expensive nature 
of the reduced nicotinamide coenzyme, it is too costly to apply these enzymes on a 
large scale. To overcome this problem, several (electro)chemical and 
photochemical approaches have been explored.[10-12] However, the efficiency of 
these approaches is typically poor. Furthermore, it has been shown that BVMOs 
require NADP+ for stability and enantioselective catalysis.[47,49] An efficient and 
commonly used method for coenzyme regeneration employs whole cells or isolated 
enzymes.  

We have engineered self-sufficient redox biocatalysts by fusing two independent 
enzymes to form a new bifunctional biocatalyst. These self-sufficient BVMOs are 
also referred to as CRE/BVMOs (CRE; coenzyme regeneration enzyme). Chapter 
6 demonstrates the feasibility of this novel concept for coenzyme regeneration with 
three distinct BVMOs and a phosphite dehydrogenase (PTDH, EC 1.20.1.1) from 
Pseudomonas stutzeri WM88 for orthogonal coenzyme recycling.[50,51] As model 
BVMOs, we selected the thermostable PAMO and the well-studied CHMO and 
CPMO. The genes of these enzymes were cloned in modified pBAD vectors 
containing the ptxD gene. PAMO was linked to both the N- and C-terminus of 
PTDH, respectively, whereas CHMO and CPMO were only linked to this 
dehydrogenase at their N-terminus. All four bifunctional enzymes showed 
excellent expression levels when E. coli TOP10 was used as expression host. The 
bifunctional enzymes PAMO−CRE, CRE−PAMO and CRE−CHMO were purified 
by column chromatography to yield 10-50 mg pure and soluble fusion enzymes 
from 1 L culture broth. 

The fusion enzymes were successfully applied for bioconversions using whole 
cells, cell-free cell extracts and purified enzyme. They are complementary in their 
substrate profiles (PAMO accepts aromatic ketones, CHMO and CPMO convert 
aliphatic cycloketones) as well as in their stereoselectivity (CHMO and CPMO 
display production of antipodal lactones in a large variety of examples). The three 
monooxygenases are sufficiently different in sequence and phylogenetic 
relationship to suggest general applicability of this coenzyme regeneration concept 
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at least among the family of BVMOs. Considering the diverse reactivity of novel 
members of this family, our work may contribute to the further proliferation of this 
highly interesting biotransformation platform.  

However, the application of the above-mentioned bifunctional BVMOs as 
biocatalysts was limited by the instability of the PTDH subunit.[52] Therefore, we 
choose to create a new generation of these self-sufficient fusion BVMOs by 
replacement of the current PTDH subunit by a thermostable variant of this 
dehydrogenase (Chapter 7).[53] Compared to the first generation of bifunctional 
BVMOs (CRE/BVMOs), a thermostable PTDH mutant with 16 additional 
mutations was used, while the fused enzymes also contained an N-terminal 
histidine tag to facilitate purification of these new bifunctional biocatalysts 
(CRE2/BVMOs). Additionally, the nucleotide sequence of the mutant ptxD gene 
was codon optimized for better expression in E. coli. The stability of these 
CRE2/BVMOs was indeed shown to be significantly improved. Moreover, due to 
their increased stability, more efficient bioconversions were achieved with these 
CRE2/BVMOs. Presently, we are conducting additional studies to further optimize 
the efficiency of these newly developed self-sufficient BVMOs for ultimate 
application in large-scale production of chiral intermediates for the synthesis of 
bioactive compounds. Additionally, we are expanding our biocatalyst library of 
CRE2/BVMOs by fusing other members of the Type I BVMO family to the 
thermostable His-tagged PTDH.  

8.7   Outlook 
The work presented in this thesis concerns a special family of oxidative enzymes; 
Type I Baeyer-Villiger monooxygenases. These enzymes are considered to be 
interesting biocatalysts, as they perform oxidative reactions using mild conditions 
in comparison to the traditional chemical approaches. Until recently, the 
application of these enzymes in biocatalytic processes was mainly limited due to 
the poor availability, the instability of known BVMOs, and the fact that these 
enzymes require stoichiometric amounts of the costly reduced nicotinamide 
coenzyme NADPH. Additionally, no dedicated enzyme redesign studies could be 
performed, as no three-dimensional structure of a Type I BVMO was available.  
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The latter limitation was overcome in 2005, when the X-ray crystal structure of the 
thermostable phenylacetone monooxygenase from Thermobifida fusca was 
elucidated.[37,38] Although various structure-inspired mutagenesis studies have been 
performed on this BVMO,[39,52,54] still little is known of the exact mode of substrate 
binding in PAMO. Active site residues of PAMO that have been subjected to these 
studies are shown in Figure 8.4. Active PAMO mutants obtained so far, contain 
only mutations on or near the active site loop, i.e. residues 441 – 446. As described 
in Chapter 4, mutant M446G accepts indole and benzaldehyde as new substrates 
and shows a higher enantioselectivity towards phenyl sulfides. Other active 
mutants contain deletions of one or two residues of this active site loop. Best 
results were obtained with mutant ∆S441/∆A442, which efficiently converts the 
bulky substrate 2-phenylcyclohexanone with high enantioselectivity.[39] This 
indicates that the binding of the organic substrate is 

  

Figure 8.4 Representation of the active site of phenylacetone monooxygenase. Active site 
residues that have been subjected to the various mutagenesis studies are shown in sticks, 
while also the FAD cofactor is highlighted. For R337, both side chain orientations that are 
observed in the crystal structure are shown (PDB: 1W4X). The figure was prepared using 
the PyMol software (www.pymol.org). 
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coordinated by these residues. In order to expand the substrate specificity and 
change the enantioselectivity of PAMO, it will be necessary to understand the role 
of these and other active site residues. For this, it would be informative to solve the 
three-dimensional structure of this enzyme with one or more bound ligands. In 
particular, a structure of PAMO complexed with NADP(H) should shed some light 
on active site residues that are involved in substrate binding and catalysis. By 
redesigning the active site, thermostable PAMO mutants with high affinity towards 
new substrates, e.g. bridged ketones, can be obtained and its enantioselectivity 
towards these and other substrate can be fine-tuned. Alternatively, a novel structure 
of a Type I BVMO with a bound ligand should also provide some indication of 
active site residues that are involved in substrate binding. 

By engineering a set of self-sufficient BVMOs, we have shown that BVMOs can 
be used as efficient biocatalysts that require only catalytic amounts of the 
expensive coenzyme. Obviously, we would like to expand our library of self-
sufficient BVMOs by fusing other members of the Type I BVMO family to 
phosphite dehydrogenase. Candidate BVMOs with interesting biocatalytic 
properties are HAPMO,[22] M446G PAMO,[42] ethionamide-activating 
monooxygenase (EtaA, EC 1.14.13.92) from Mycobacterium tuberculosis 
H37Rv,[55] cyclopentadecanone monooxygenase (CPDMO) from Pseudomonas HI-
70,[21] methylethylketone monooxygenase (MekA) from Pseudomonas veronii 
MEK700,[56] cyclohexanone monooxygenase (CHMOXantho) from Xanthobacter sp. 
ZL5.[57-59] As PTDH can accept both NAD+ and NADP+, it can also function as a 
coenzyme regeneration partner for other NAD(P)H-dependent enzymes (e.g. 
flavin-dependent monooxygenases, Type II BVMOs, alcohol dehydrogenases). 
Furthermore, by fusing these NAD(P)H-dependent enzymes to the C-terminus of 
PTDH containing an N-terminal His-tag, the dehydrogenase can also function as an 
expression and purification tag for (novel) enzymes. Analysis of the genomes of 
Rhodococcus RHA1,[60] Thermobifida fusca [61] and Nocardia farcinica IFM 10152 
[62] has shown that these microorganisms contain a wide variety of putative 
NAD(P)+-dependent enzymes and are excellent targets for exploration. Future 
studies on the engineered CRE2/BVMOs will reveal whether these bifunctional 
enzymes can be effectively applied in biocatalytic processes on a large scale, like 
for instance the synthesis of (-)-modafinil (a psychostimulant drug) by the 
thermostable CRE2−PAMO.[63]  
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Overall, the data reported in this thesis shows that Type I BVMOs form a family of 
oxidative enzymes with interesting biocatalytic properties. While still many 
challenges lie ahead, e.g. enzyme redesign, these enzymes show to be promising 
oxidative biocatalysts that can be applied in future biotechnological processes.  
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Calculation of steady-state kinetic parameters using the determinant method 

We used the determinant method for obtaining the steady-state rate equations of the 
proposed mechanism (Scheme A1). From these rate equations the steady-state 
kinetic parameters were calculated.  

 

Figure A1 Proposed kinetic scheme of phenylacetone monooxygenase (PAMO) from 
Thermobifida fusca. The Baeyer-Villiger substrate and product are indicated by PA 
(phenylacetone) and BA (benzylacetate). 

To solve the steady-state rate equation for the proposed mechanism, the steady-
state concentrations of all enzyme species need to be solved. Because of the rapid 
equilibria, the following enzyme species are lumped; 

(i)  Eox, Eox~NADPH and Eox~NADP+ =  Eox, total 

(ii) Eper~NADP+ and Eper~NADP+~PA = Eper ,total. 

  

This yields: 
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Concentrations of the various enzyme species can be obtained from the following 
matrix: 
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From this matrix the concentration for Eox, total is obtained by deleting the first row 
and first column and then calculating the determinant of the remaining smaller 
matrix. In a similar way the concentrations of the remaining enzyme species can be 
obtained.[1] These values can then be used to write down the steady-state rate 
equation in the form of a Michaelis-Menten equation: 
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Calculation of steady-state kinetic parameters using the determinant method 

 

From this rate equation the kinetic parameters kcat, KM,NADPH, KM,oxygen and KM,PA can 
be derived. As no NADP+ is initially present, Kd,app can be simply replaced by 
Kd, NADPH. Under saturating conditions ([NADPH] > Kd, NADPH and [PA] > KPA), 
these kinetic parameters are: 

red BV 2 ox 2
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These equations could be simplified by calculating the catalytic efficiency of the 
enzyme for substrates NADPH, oxygen and phenylacetone: 
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Biotechnologie 
Al eeuwenlang worden (micro)biologische materialen en technieken toegepast voor 
veel verschillende doeleinden. Voorbeelden van deze vorm van klassieke 
biotechnologie zijn het bereiden van voedingsmiddelen (yoghurt, kaas, bier en 
wijn) en de productie van penicilline met behulp van bacteriën, schimmels en 
gisten. Deze micro-organismen bevatten één of meerdere enzymen die bepaalde 
gewenste reacties kunnen uitvoeren. De afgelopen 50 jaar heeft de industrie grote 
belangstelling getoond in biotechnologie en is onderzoek binnen dit brede 
vakgebied explosief gegroeid. Een van de grootste doorbraken in het vakgebied 
was de opheldering van de structuur van DNA door Francis Crick, James D. 
Watson en collega’s in 1953.[1] Aan de hand van deze structuur hebben deze 
onderzoekers allerlei modellen opgesteld die de replicatie van DNA en het vertalen 
van DNA naar eiwitten en enzymen konden beschrijven. Met deze ontdekking was 
de weg naar de moderne biotechnologie geopend.  

Tegenwoordig wordt de moderne biotechnologie voornamelijk onderverdeeld in 
drie verschillende categoriën; rood, groen en wit. Rode biotechnologie houdt zich 
bezig met het ontwikkelen en produceren van medicijnen en vaccins, terwijl de 
groene biotechnologie zich richt op de landbouw, voedselproductie en biologische 
afbraak van afvalstoffen. Het toepassen van de biotechnologie in industriële 
processen wordt ook wel witte biotechnologie genoemd. In deze tak van de 
biotechnologie worden micro-organismen en enzymen gebruikt om op een 
“natuurlijke” wijze potentieel waardevolle chemicaliën te produceren. In 
vergelijking met traditionele chemische processen worden industriële biotechno-
logische processen onder mildere, milieuvriendelijke condities toegepast. Zo is het 
gebruik van schadelijke organische oplosmiddelen overbodig en vinden deze 
processen plaats in waterige oplossingen bij normale druk, zuurgraad en 
temperatuur.  

Enzymen als industriële biokatalysatoren 

Enzymen zijn grote biomoleculen die bestaan uit één of meerdere polypeptide 
ketens. Deze ketens zijn opgebouwd uit 20 verschillende aminozuren en kunnen 
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meer dan 1000 aminozuren bevatten. Mede door hun drie-dimensionale structuur 
zijn enzymen in staat om reacties heel specifiek te katalyseren. Daarbij is het ook 
van belang dat enzymen onderscheid kunnen maken tussen substraten die op elkaar 
lijken (bijvoorbeeld tussen twee enantiomeren) en dat enzymen chirale producten 
opleveren. Omdat de (industriële) biotechnologie geïnteresseerd is in verschillende 
soorten reacties, is er ook een grote variëteit aan enzymen nodig. De meerderheid 
van de enzymen die tegenwoordig worden toegepast in de industriële 
biotechnologie voert hydrolytische reacties uit.[2,3] Voorbeelden van enzymen die 
dit type reactie katalyseren, zijn lipases, esterases, peptidases en amidases. In de 
natuur zijn dit soort enzymen betrokken bij het afbreken van koolhydraten, eiwitten 
en vetmoleculen. Het enzym thermolysine is een bekend voorbeeld van een 
hydrolytisch enzym dat industrieel wordt toegepast. Thermolysine wordt gebruikt 
voor de enzymatische productie van de zoetstof aspartaam (ook bekend als 
E951).[4]  

In de afgelopen jaren heeft de industrie ook steeds meer interesse getoond in 
enzymen die andere types reacties kunnen katalyseren, zoals enzymen die 
verbindingen tussen twee koolstofatomen (C–C) of een koolstof- en stikstofatoom 
(C–N) kunnen vormen en afbreken.[2,3] Ook is er veel onderzoek verricht aan 
enzymen die reducties en oxidaties kunnen uitvoeren.[5] Deze zogenaamde redox 
reacties zijn reacties waarbij de overdracht van elektronen plaatsvindt tussen twee 
moleculen; het molecuul dat elektronen afstaat, wordt geoxideerd en het molecuul 
dat de elektronen opneemt, wordt gereduceerd.  

Monooxygenases 

Enzymen die recentelijk veel aandacht hebben gekregen, zijn monooxygenases. 
Deze enzymen katalyseren oxidatie reacties, waarbij één zuurstofatoom van 
moleculair zuurstof (O2) wordt ingebouwd in een organisch molecuul. Het andere 
zuurstofatoom wordt gereduceerd tot water en als bijproduct afgescheiden. Om een 
dergelijke reactie te kunnen katalyseren, moeten monooxygenases moleculair 
zuurstof activeren zodat deze met een organisch molecuul kan reageren. Hiervoor 
hebben monooxygenases in de meeste gevallen (an)organische cofactoren nodig. 
Afhankelijk van het type cofactor dat wordt gebruikt, kunnen monooxygenases 
worden onderverdeeld in verschillende categoriën (Hoofdstuk 1). De meerderheid 
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van deze enzymen hebben een heem of een flavine als cofactor,[6,7] maar er zijn ook 
monooxygenases geïdentificeerd die koperatomen, pterin of niet-heem ijzeratomen 
gebruiken voor hun activiteit.[8-10] Daarnaast zijn er ook enkele monooxygenases 
bekend die een zuurstofatoom kunnen inbouwen zonder dat ze een cofactor nodig 
hebben.[11] Deze enzymen gebruiken het substraat als cofactor om zuurstof te 
activeren.  

Coenzym regeneratie 

Behalve moleculair zuurstof, hebben monooxygenases twee elektronen nodig om 
de cofactor te reduceren, zodat de gereduceerde cofactor O2 kan activeren. In de 
meeste gevallen worden deze elektronen geleverd door de gereduceerde 
nicotinamide coenzymen NADH en NADPH. Omdat er voor de oxidatie van elk 
organische molecuul één duur coenzym molecuul nodig is, wordt de 
biotechnologische toepassing van dit type enzymen beperkt door de doorwerking 
van de hoge kosten van het coenzym op de productiekosten. Om dit probleem te 
omzeilen, zijn er in de loop der jaren verschillende methodes ontwikkeld waarbij 
NAD(P)H kan worden geregenereerd.[12-15] Een overzicht van de beschikbare 
methodes kan worden gevonden in Hoofdstuk 1. Van deze methodes is de 
enzymatische regeneratie van NAD(P)H met behulp van hele cellen of geïsoleerde 
enzymen het meest aansprekend, omdat deze toepassing goedkoop, selectief en 
efficiënt is. Andere minder aansprekende methodes gebruiken chemicaliën, 
elektriciteit of licht om NAD(P)H te regenereren. 

Baeyer-Villiger monooxygenases 

Monooxygenases kunnen verscheidene type reacties katalyseren waarbij een 
zuurstofatoom wordt ingebouwd, zoals hydroxylaties, epoxidaties, sulfoxidaties, 
(de)halogenaties en Baeyer-Villiger oxidaties. Centraal in dit proefschrift staan 
monooxygenases die voornamelijk de laatstgenoemde reactie uitvoeren. Deze 
zogenaamde Baeyer-Villiger monooxygenases (BVMOs) katalyseren de insertie 
van een zuurstofatoom naast een carbonylgroep, waarbij de aanwezige binding 
tussen twee koolstofatomen wordt verbroken en een ester wordt gevormd 
(Hoofdstuk 2). De reactie is vernoemd naar Adolf von Baeyer en Victor Villiger, 
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die meer dan 100 jaar geleden de transformatie van een keton naar een ester hebben 
ontdekt. Naast Baeyer-Villiger oxidaties kunnen BVMOs ook epoxidaties, 
sulfoxidaties en N-oxidaties uitvoeren. Tot dusver zijn er tenminste 4 subklassen 
BVMOs ontdekt, waarbij de Type I BVMOs verreweg het meest voorkomen.[16] 

Type I BVMOs bestaan uit een polypeptide keten, bevatten een stevig gebonden 
flavine adenine dinucleotide (FAD) als cofactor en gebruiken NADPH als elektron 
donor. Deze BVMOs bevatten twee Rossmann-fold motieven (GxGxxG), wat 
aangeeft dat deze enzymen NADPH en FAD binden in verschillende domeinen. 
Verder bevatten ze een BVMO-specifiek motief (FxGxxxHxxxWD/P) dat wordt 
gebruikt om Type I BVMOs te identificeren in (meta)genoom databanken.[17] Tot 
dusver zijn er alleen Type I BVMOs geïdentificeerd in bacteriën en schimmels. 
Gemiddeld bevat één op de twee genomen van alle micro-organismen een gen dat 
een Type I BVMO codeert. Dit geeft aan dat er tegenwoordig honderden Type I 
BVMOs aanwezig zijn in de genoom sequentie databank. Analyse van andere 
genen rondom de BVMO genen heeft uitgewezen dat veel van deze genen worden 
geflankeerd door genen die coderen voor een esterase/hydrolase. Dit suggereert dat 
deze Type I BVMOs vaak betrokken zijn bij afbraakroutes van een micro-
organisme.[18]  

In de afgelopen jaren is de lijst met Type I BVMOs die zijn gekarakteriseerd 
aanzienlijk gegroeid. Naast BVMOs die kleine cyclische ketonen kunnen omzetten 
(bv. cyclohexanon, C6),[19-21] zijn er ook enzymen die actief zijn met grotere 
cyclische ketonen (bv. cyclopentadecanon, C15),[22,23] aromatische ketonen 
(4-hydroxyacetofenon),[24] lineaire ketonen [25-27] en steroïden.[28] Verschillende 
studies hebben uitgewezen dat deze enzymen een breed substraatbereik 
hebben.[29-33] Het best bestudeerde Type I BVMO is cyclohexanon monooxygenase 
uit Acinetobacter sp. NCIMB 9871 (CHMO, EC 1.14.13.22). Dit enzym is niet 
alleen uitvoerig getest op zijn substraatbereik, maar er zijn ook verschillende 
mutagenese studies op verricht.[34-36] Daarnaast zijn er kinetische studies verricht 
die het mechanisme van dit enzym hebben opgehelderd.[37,38] Andere goed 
bestudeerde Type I BVMOs zijn cyclopentanon monooxygenase uit Comamonas 
sp. NCIMB 9872 (CPMO, EC 1.14.13.16), 4-hydroxyacetofenon monooxygenase 
uit Pseudomonas fluorescence ACB (HAPMO, EC 1.14.13.81) en fenylaceton 
monooxygenase uit Thermobifida fusca (PAMO, EC 1.14.13.92).[20,21,24,39] De 
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laatstgenoemde BVMO is met succes gezuiverd en gekristalliseerd, met als 
resultaat dat het de eerste en tot nu toe enige drie-dimensionale structuur van een 
Type I BVMO die bekend is.[40] Deze structuur heeft geleid tot meerdere structuur-
geïnspireerde enzym herontwerp studies op PAMO en sequentie gerelateerde 
BVMOs.[41-44]  

Het racemische keton bicyclo[3.2.0]hept-2-en-6-on wordt vaak gebruikt om de 
biokatalytische potentie van BVMOs in kaart te brengen, aangezien beide 
enantiozuivere ketonen en de gerelateerde enantiozuivere lactonen (cyclische 
esters) interessant zijn voor synthetische doeleinden (bv. voor het bereiden van 
prostaglandines). Tot dusver is de toepasbaarheid van BVMOs op productieschaal 
alleen getest met CHMO uit Acinetobacter. Daarbij is de nadruk gelegd op het 
gebruik van hele cellen die CHMO kunnen produceren, waarmee ook meteen 
NADPH kan worden geregenereerd. Door een resin-gebaseerde in situ “substrate 
feeding and product removal” (SFPR) techniek te combineren met 
geoptimaliseerde zuurstof aanvoer, kan op kilogram schaal racemisch bicyclo-
[3.2.0]hept-2-en-6-on efficiënt worden omgezet in twee enantiozuivere lactonen. 
Dit voorbeeld laat zien dat BVMOs kunnen worden toegepast op een 
productieschaal die relevant is voor de synthese van chemicaliën.[45]  

Synthese van optisch zuivere sulfoxides m.b.v. BVMOs  
HAPMO en PAMO zijn Type I BVMOs die aromatische ketonen en sulfides 
oxideren, bv. 4-hydroxyacetofenon en benzylmethyl sulfide. In Hoofdstuk 3 is er 
gekeken naar de activiteit en selectiviteit van deze twee enzymen. 

Uit deze studie is gebleken dat HAPMO in staat is om de oxidatie van 
verschillende aromatische sulfides te katalyseren. In het algemeen zijn fenyl- 
sulfides de beste substraten voor dit enzym. Deze sulfides worden met hoge 
enantioselectiviteit omgezet tot (S)-sulfoxides. Afhankelijk van de substituent op 
de para-positie van de aromatische ring, worden para-gesubstitueerde 
fenyl-sulfides met redelijk tot hoge enantioselectiviteit geoxideerd. Elektron-
zuigende groepen op deze positie hebben een negatief effect op de 
enantioselectiviteit, terwijl elektron-stuwende groepen juist voor een hoge 
enantioselectiviteit zorgen. Benzylsulfides worden met een lagere enantio-
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selectiviteit omgezet, waarbij er ook inversie van enantioselectiviteit (S) naar (R) 
plaatsvind wanneer benzylsulfides met alkylketens worden gebruikt die langer zijn 
dan twee koolstofatomen. Sulfides die meer dan één koolstofatoom tussen het 
zwavelatoom en de aromatische fenylring hebben, worden ook tot het (R)-sulfoxide 
geoxideerd. Ook is gebleken dat HAPMO het prochirale diketon 3-fenyl-penta-2,4-
dion met hoge enantioselectiviteit kan oxideren. Dit geeft aan dat HAPMO kan 
worden toegepast als biokatalysator voor verschillende type oxidaties, waarbij 
enantiomeer zuivere sulfoxides of esters kunnen worden verkregen.  

Verder heeft deze studie aangetoond dat PAMO naast aromatische sulfides ook 
aromatische ketonen kan oxideren. Dit enzym heeft nagenoeg dezelfde katalytische 
snelheid met alle substraten (kcat varieerde tussen 1,2 en 3,6 s-1). Meer variatie is er 
gevonden bij de Michaelis-Menten constante (KM). Dit geeft aan dat de affiniteit 
van het enzym voor de geteste substraten verschillend is, terwijl de snelheid 
waarschijnlijk wordt bepaald door een substraat-onafhankelijke stap in de 
katalytische cyclus van het enzym. In tegenstelling tot HAPMO laat PAMO zien 
dat fenylsulfides minder enantioselectief worden omgezet, terwijl benzylsulfides 
juist met hoge enantioselectiviteit worden geoxideerd. Dit geeft aan dat ook PAMO 
als biokatalysator kan worden gebruikt voor de enantioselectieve oxidatie van 
sulfides.  

Mutagenese van PAMO voor een ander substraat specificiteit 
en enantioselectiviteit 

Door de drie-dimensionale kristalstructuur van PAMO te vergelijken met een 
model van het verwante CPMO, is gebleken dat het actieve centrum van beide 
enzymen veel op elkaar lijkt. De meeste aminozuren die om het gebonden flavine 
liggen, zijn identiek. Alleen drie amiozuren blijken anders; aminozuren Q152, 
L153 en M446 in PAMO komen overeen met aminozuren F156, G157 en G453 in 
CPMO. Dit impliceert dat deze aminozuren van groot belang zijn voor het 
vormgeven van het actieve centrum van beide enzymen en dat ze cruciaal zijn voor 
de verschillende substraat specificiteit van beide enzymen. PAMO oxideert 
aromatische substraten, terwijl CPMO met alifatische substraten reageert. Met het 
doel om PAMO met alifatische substraten te laten reageren, zijn de drie 
aminozuren in PAMO vervangen door de overeenkomstige aminozuren van CPMO 
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(Hoofdstuk 4). Van de drie mutanten die zijn gemaakt, zijn er twee niet actief 
gebleken. De mutanten PAMO Q152F/L153G en PAMO Q152F/L153G/M446G 
kunnen nog wel FAD als cofactor binden en NADPH gebruiken om de cofactor te 
reduceren, maar zijn niet meer in staat om een zuurstofatoom in te bouwen in een 
organisch molecuul. 

De derde mutant, PAMO M446G, heeft interessante, nieuwe katalytische 
eigenschappen terwijl de stabiliteit van het enzym nagenoeg hetzelfde is als het 
oorspronkelijk enzym, wild type PAMO. De mutatie heeft wel een groot effect op 
de substraat specificiteit en enantioselectiviteit van het enzym. Nieuwe substraten 
zoals indool en benzaldehyde worden omgezet door de mutant. Daarnaast heeft 
PAMO M446G een hogere affiniteit voor aromatische ketonen en sulfides die de 
carbonylgroep of het zwavelatoom dicht bij de aromatische ring hebben. Deze 
waargenomen verandering in regioselectiviteit kan een gevolg zijn van een andere 
positionering van het substraat in het actieve centrum. Een veranderde 
bindingsplaats voor het substraat verklaart ook de geobserveerde verandering in 
enantioselectiviteit van de mutant. In tegenstelling tot wild type PAMO, oxideert 
deze mutant fenylsulfides met hoge enantioselectiviteit. De waargenomen 
veranderingen in enantioselectiviteit komen overeen met de veranderingen uit een 
eerdere studie, waarbij sulfides werden geoxideerd met wild type PAMO in een 
30 % methanol oplossing. Dit geeft aan dat wild type PAMO onder deze condities 
een soortgelijk actieve centrum heeft als PAMO M446G. Met deze studie hebben 
we een nieuw aminozuur geïdentificeerd dat betrokken is bij de substraat-
specificiteit en enantioselectiviteit van PAMO M446G.[42,43]  

De katalytische cyclus van PAMO  
De kristalstructuur van PAMO laat zien dat een geconserveerde arginine in alle 
Type I BVMOs (R337 in PAMO) twee verschillende posities inneemt. Er wordt 
aangenomen dat deze arginine wisselt van positie om zodoende katalyse mogelijk 
te maken.[40] Door zogenaamde “steady-state” en “pre-steady-state” kinetische 
studies uit toe voeren aan PAMO en twee arginine mutanten, R337A en R337K, 
hebben we de katalytische cyclus van PAMO opgehelderd (Hoofdstuk 5). 
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Reductieve half-reactie: Onze studie laat zien dat PAMO het coenzym NADPH 
met hoge affiniteit bindt (Kd, NADPH = 0.7 µM), waarna reductie van de gebonden 
FAD cofactor plaatsvindt door de elektronenoverracht tussen NADPH en FAD 
(kred = 12 s-1). Hierbij vindt specifiek overdracht van het (R)-waterstof atoom van 
de nicotinamide van NADPH naar FAD plaats. Dit illustreert dat de binding en 
juiste positionering van NADPH in PAMO cruciaal is. Door het vervangen van 
R337 met een alanine of lysine neemt de reductiesnelheid drastisch af (kred, mutanten ~ 
0.1 s-1), terwijl de affiniteit van het enzym voor NADPH niet verandert. Dit geeft 
aan dat R337 betrokken is bij de positionering van NADPH ten opzichte van de 
flavine cofactor. Daarnaast is het mogelijk dat de arginine ook de redox 
eigenschappen van FAD beïnvloedt. 

Oxidatieve half-reactie: Ook is het aangetoond dat het reactieve C4a-peroxyflavine 
intermediair wordt gevormd, waarbij de gereduceerde cofactor snel met moleculair 
zuurstof reageert (kox = 870 mM-1.s-1). De daaropvolgende reactie van dit 
intermediair met fenylaceton, het standaard substraat voor PAMO, blijkt ook snel 
te zijn (k1 = 73 s-1, KPA = 730 µM). Het kinetisch proces dat volgt op de oxygenatie 
van fenylaceton blijkt echter langzaam en snelheidsbepalend te zijn (k2 = 4.1 s-1). 
De spectrale eigenschappen van het enzym intermediair dat gevormd wordt na de 
oxygenatie van fenylaceton zijn ongewoon. De exacte aard van dit intermediair kon 
niet worden achterhaald en toekomstige studies zullen dit moeten ophelderen. Wel 
hebben we twee mogelijke scenario’s voorgesteld; het peroxyflavine intermediair 
reageert met fenylaceton en resulteert in de vorming en observatie van het Criegee 
intermediair, waarna herschikking van dit intermediair plaatsvindt en benzylacetaat 
(het product), water en geoxideerd FAD worden gevormd (route A). Een andere 
mogelijkheid is dat een hydroxyflavine intermediair wordt gevormd als fenylaceton 
wordt geoxideerd tot benzylacetaat en dat dit intermediar wordt waargenomen. 
Daarna vervalt dit enzym intermediair waarbij water wordt gevormd (route B). Als 
laatste stap van de katalytische cyclus wordt NADP+ losgelaten, waarna het enzym 
een nieuwe cyclus in kan gaan. In de afwezigheid van een organisch substraat 
vervalt het peroxyflavine intermediair langzaam (kunc = 0.01 s-1) en wordt 
waterstofperoxide als bijproduct gevormd. Ook hebben we aangetoond dat R337 
essentieel is voor de oxidatieve half-reactie van PAMO. Dit aminozuur blijkt niet 
alleen nodig te zijn voor de reductie en oxygenatie van de flavine cofactor 
(kox, mutanten ~ 50 mM-1.s-1), maar ook voor de reactie van het peroxyflavine 
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intermediair met organische substraten. Opmerkelijk genoeg blijkt de arginine niet 
noodzakelijk te zijn voor de vorming en stabilisatie van het C4a-peroxyflavine 
intermediair.  

Bifunctionele BVMOs  
Voor elk molecuul dat geoxygeneerd wordt door BVMOs, is er één molecuul 
NADPH nodig. Door de kostbare aard van dit coenzym is het te duur om BVMOs 
toe te passen op productieschaal. Zoals eerder vermeld, zijn er (elektro)chemische 
en fotochemische methodes bekend om het nicotinamide coenzym te 
regenereren.[12-14] Deze methodes zijn echter niet efficiënt en daarom worden vaak 
enzymen of hele cellen van micro-organismen gebruikt om NADPH te 
regenereren.  

Om de regeneratie van NADPH te kunnen realiseren gedurende katalyse, hebben 
we bifunctionele BVMOs gemaakt door drie verschillende BVMOs apart te fuseren 
met het enzym fosfiet dehydrogenase uit Pseudomonas stutzeri WM88 (PTDH, EC 
1.20.1.1).[46,47] Dit enzym oxideert fosfiet tot fosfaat, waarbij per molecuul fosfiet 
één molecuul NADP+ wordt gereduceerd tot NADPH. De vorming van NADPH 
ten koste van fosfiet is erg aantrekkelijk, aangezien de kosten van fosfiet per 
kilogram ongeveer 10.000 keer lager liggen in vergelijking met die van NADPH. 
Daarnaast heeft de oxidatie van fosfiet tot fosfaat een gunstig thermodynamisch 
evenwicht. Als model BVMOs hebben we gekozen voor het thermostabiele PAMO 
en de uitvoerig bestudeerde CHMO en CPMO. Door middel van DNA technologie 
hebben we een gen geproduceerd dat codeert voor het gefuseerde enzym. PAMO is 
aan het begin (N-terminus) of aan het eind (C-terminus) van PTDH gefuseerd, 
terwijl CHMO en CPMO alleen met het eind van PTDH zijn verbonden. Tussen de 
twee enzymen is er een verbindingsstuk (linker) van 6 aminozuren toegevoegd. Dit 
heeft geresulteerd in zogenaamde CRE/BVMOs (CRE staat voor Coenzym 
Regenererend Enzym). Uiteindelijk is voor alle vier CRE/BVMOs activiteit 
aangetoond en zijn er drie gezuiverd (Hoofdstuk 6) 

De gefuseerde enzymen zijn succesvol toegepast voor verschillende omzettingen 
waarbij ze zijn gebruikt in hele E. coli cellen, als celvrij extract en als gezuiverd 
enzym. Het substraatbereik en selectiviteit is vergelijkbaar met de niet-gefuseerde 
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BVMOs; PAMO accepteert aromatische ketonen, CHMO en CPMO alifatische 
ketonen. Omdat de aminozuur sequentie en phylogenetica van deze drie BVMOs 
zodanig zeer verschillend zijn, zou dit concept ook voor andere (Baeyer-Villiger) 
monooxygenases kunnen worden toegepast. 

De toepassing van deze bifunctionele BVMOs wordt echter beperkt door de 
instabiliteit van de PTDH eenheid; na ongeveer 6 uur werd er geen activiteit meer 
waargenomen bij kamertemperatuur. Hierom hebben we gekozen om een nieuwe 
generatie van deze bifunctionele BVMOs te construeren, door het huidige PTDH 
enzym te vervangen door een thermostabielere variant van dit dehydrogenase 
(Hoofdstuk 7).[48] In vergelijking met de eerst generatie CRE/BVMOs, is een 
mutant van PTDH gebruikt die 16 extra mutaties heeft. Daarnaast bevat dit 
thermostabiel enzym een histidine staart aan zijn N-terminus die kan worden 
gebruikt om de nieuwe bifunctionele BVMOs (CRE2/BVMOs) eenvoudiger te 
zuiveren. Ook hebben we de DNA sequentie die de PTDH mutant codeert 
geoptimaliseerd voor de productie van het enzym in het micro-organisme E. coli. 
Deze studie heeft uitgewezen dat de (thermo)stabiliteit van de CRE2/BVMOs 
aanzienlijk beter is dan die van de vorige generatie. Hierdoor vinden er onder 
andere efficiëntere enzymatische oxygenaties plaats en kan de reactietemperatuur 
zelfs worden opgevoerd tot 50 °C. Momenteel zijn we bezig met nieuwe studies 
om de efficiëntie van de nieuwe CRE2/BVMOs verder te optimaliseren, zodat deze 
bifunctionele enzymen toegepast kunnen worden voor de synthese van bioactieve 
moleculen op productieschaal. Daarnaast wordt momenteel onze bank met 
CRE2/BVMOs verder uitgebreid door andere Type I BVMOs te fuseren aan de 
thermostabiele PTDH.  
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Biotecnología 
Desde hace muchos siglos se emplean microorganismos para diferentes usos. 
Ejemplos de estas aplicaciones clásicas de la biotecnología son la preparación de 
productos alimenticios (yogurt, queso, cerveza y vino) o la producción de 
penicilina con la ayuda de bacterias, hongos y levaduras. Estos microorganismos 
contienen enzimas que pueden catalizar ciertas reacciones deseadas. En los últimos 
50 años la industria ha mostrado gran interés en la biotecnología y la investigación 
en esta disciplina ha crecido enormemente. Uno de los más grandes 
descubrimientos en este campo fue la elucidación de la estructura del ADN por 
Francis Crick, James D. Watson y colegas en 1953.[1] En base a esta estructura 
estos investigadores propusieron una serie de modelos que describían la réplica del 
ADN y su traducción en proteínas y enzimas. Una vez logrado esto, el camino a la 
biotecnología se abrió. 

En la actualidad la biotecnología moderna se encuentra dividida principalmente en 
tres categorías diferentes: roja, verde y blanca. La biotecnología roja se ocupa del 
desarrollo y producción de medicinas y vacunas, mientras que la biotecnología 
verde se ocupa de la agricultura, producción de alimentos y descomposición 
biológica. La aplicación de la biotecnología en los procesos industriales es también 
conocida como biotecnología blanca. En esta rama de la biotecnología se usan los 
microorganismos y las enzimas de una manera “natural” para producir químicos 
valiosos. Comparados con los procesos químicos tradicionales, los procesos en 
biotecnología industrial se realizan bajo condiciones benignas y favorables para el 
ambiente. De esta manera se obvia el uso de disolventes orgánicos dañinos, y en su 
lugar se realizan los procesos en medio acuosos y temperaturas normales.  

Enzimas como bio-catalizadores industriales 

Las enzimas son grandes biomoléculas que se forman a partir de una o más cadenas 
de polipéptidos. Estas cadenas contienen 20 aminoácidos diferentes y pueden tener 
hasta más de 1000 aminoácidos. Debido a su estructura tridimensional, las enzimas 
pueden catalizar reacciones específicas, razón por la cual es importante distinguir 
entre aquellos sustratos similares (por ejemplo entre dos enantiómeros) y las 
enzimas que ofrecen productos quirales. Debido a que la biotecnología (industrial) 
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esta interesada en diferentes tipos de reacciones, se requiere una gran variedad de 
enzimas. La mayoría de las enzimas que en la actualidad se aplican en la 
biotecnología industrial catalizan reacciones de hidrólisis.[2,3] Ejemplos de enzimas 
que catalizan este tipo de reacciones son lipasas, esterasas, peptidasas y amidasas. 
En la naturaleza este tipo de enzimas está involucrado en la degradación de 
carbohidratos, proteínas y moléculas de grasa. La enzima termolisina es un ejemplo 
conocido de una enzima hidrólitica que se aplica industrialmente. La termolisina se 
emplea para la producción enzimática del edulcorante aspartame (conocido 
también como E951).[4] 

En los últimos años la industria ha mostrado más interés en enzimas que pueden 
catalizar otro tipo de reacciones, tales como enzimas que pueden formar o romper 
un enlace entre dos átomos de carbono (C–C) o un átomo de carbono y un átomo 
de nitrógeno (C–N). [2,3] Asimismo, existe mucha investigación sobre enzimas que 
pueden producir reducciones u oxidaciones.[5] Estas reacciones, comúnmente 
llamadas reacciones redox, permiten la transmisión de electrones entre dos 
moléculas, la molécula que cede el electrón se oxida y la molécula que recibe el 
electrón, se reduce. 

Monooxigenasas 

Las monooxigenasas son enzimas que han recibido mucha atención últimamente. 
Estas enzimas pueden catalizar reacciones oxidantes, en de las cuales se utiliza 
oxigeno molecular (O2) para incorporar un átomo de oxigeno en una molécula 
orgánica. El otro átomo de oxigeno se reduce a agua y se desecha como producto 
secundario. Para poder realizar una reacción de estas, las monooxigenasas deben 
activar el oxigeno molecular para que pueda reaccionar con la molécula orgánica. 
Para esto, en la mayoría de los casos, las monooxigenasas necesitan un cofactor 
(in)orgánico. Dependiendo del tipo de cofactor que se utiliza, se pueden dividir las 
monooxigenasas en diferentes categorías (Capitulo l). La mayoría de estas 
enzimas tienen un grupo hemo o una flavina como cofactor,[6,7] pero también se han 
identificado monooxigenasas que necesitan átomos de cobre, pterina o átomos de 
hierro “no hemo” para realizar su actividad.[8-10] Además también existen otras 
monooxigenasas que pueden incorporar un átomo de oxigeno sin que tengan que 
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recurrir a un cofactor.[11] Estas enzimas utilizan el sustrato como cofactor para 
activar el oxigeno molecular. 

Regeneración de la coenzima 

Además del oxigeno molecular, necesitan las monooxigenasas dos electrones para 
reducir el cofactor de manera que el cofactor reducido pueda activar O2. En la 
mayoría de los casos estos electrones son producidos por las coenzimas reducidas 
nicotinamida NADH y NADPH. Debido a que para la oxidación de cada molécula 
orgánica se necesita una costosa molécula de coenzima, la aplicación 
biotecnológica de monooxigenasas se ve limitada por el alto costo de la coenzima 
en los costos de producción. Para aliviar este problema, en los últimos años se han 
desarrollado varios métodos por los cuales el NAD(P)H se regenera.[12-15] Un 
resumen de los métodos disponibles se encuentra en el Capitulo 1. Dentro estos 
métodos, el más atractivo es la regeneración enzimática de NAD(P)H con la ayuda 
de células integras o de enzimas aisladas, ya que su aplicación es económica, 
selectiva y eficiente. Otros métodos menos atractivos utilizan agentes químicos, 
electricidad o luz para regenerar NAD(P)H . 

Baeyer-Villiger monooxigenasas 

Las monooxigenasas pueden catalizar diferentes tipos de reacciones en cuales un 
átomo de oxigeno se incorpora, como hidroxilaciones, epoxidaciones, 
sulfóxidaciones, (de)halogenaciones y oxidaciones de Baeyer-Villiger. Como 
punto central en esta tesis están justamente las monooxigenasas que producen la 
reacción indicada anteriormente. Estas enzimas denominadas Baeyer-Villiger 
monooxigenasas (BVMOs) catalizan la inserción de un átomo de oxigeno vecino 
de un grupo carbonilo, por medio del cual el enlace presente entre dos átomos de 
carbono se descompone y se forma un éster. (Capitulo 2). La reacción lleva el 
nombre de Adolf von Baeyer y Victor Villiger, quienes hace más de 100 anos 
descubrieron la transformación de una cetona a un éster. Además de oxidaciones de 
Baeyer-Villiger, BVMOs pueden también producir epoxidaciones y N-oxidaciones. 
Hasta el momento se han descubierto por lo menos 4 subclases de BVMOs, de los 
cuales el Tipo I es el más común.[16] 
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Los Tipo I BVMOs se componen de una sola cadena polipéptidica, contienen FAD 
como cofactor y utilizan NADPH como donor de electrónes. Estos BVMOs 
contienen dos plegamientos de Rossmann (GxGxxG), lo que representa que estas 
enzimas fijan NADPH y FAD en diferentes dominios. Además contienen un 
motivo específico de BVMO (FxGxxxHxxxWD/P) que se utiliza para identificar las 
Tipo I BVMOs en bases de datos (meta)genoma.[17] Hasta el momento sólo se han 
identificado Tipo I BVMOs en bacterias y hongos. En promedio, uno de cada dos 
genomas de todos los microorganismos contienen un gen que codifica un Tipo I 
BVMO. Esto indica que actualmente hay cientos de Tipo I BVMOs presentes en la 
base de datos de secuencia genómica. Un análisis de otros genes alrededor de 
BVMO demuestra que varios de estos genes están acompañados por otros que 
codifican una esterasa/hidrolasa. Esto sugiere que Tipo I BVMOs están 
frecuentemente involucrados en las rutas de descomposición de un 
microorganismo.[18] 

En los últimos años la lista de Tipo I BVMOs que están caracterizados, ha crecido 
inmensamente. Además de BVMOs que pueden convertir cetonas cíclicas (por 
ejemplo ciclohexano, C6),[19-21] hay también enzimas que convierten cetonas 
cíclicas mayores (por ejemplo ciclopentadecano, C15),[22,23] cetonas aromáticas 
(4-hidroxiacetofenona),[24] cetonas lineales [25-27] y compuestos esteroideos.[28] 
Varios estudios han demostrado que estas enzimas tienen un amplio rango de 
sustrato.[29-33] El Tipo I BMVO más analizado es la ciclohexano monooxigenasa 
proveniente de Acinetobacter sp. NCIMB 9871 (CHMO, EC 1.14.13.22). Esta 
enzima no solamente ha sido extensamente probada en su alcance de sustrato, sino 
que asimismo se han realizado varios estudios mutagénicos.[34-36] Además se han 
realizado estudios cinéticos que han ayudado a explicar el mecanismo de esta 
enzima.[37,38] Otros Tipo I BMVOs que han sido analizados son la ciclopentano 
monooxigenasa proveniente de Comamonas sp. NCIMB 9872 (CPMO, EC 
1.14.13.16), 4-hidroxiacetofenona monooxigenasa proveniente de Pseudomonas 
fluorescence ACB (HAPMO, EC 1.14.13.81) y fenilacetona monooxigenasa 
proveniente de Thermobifida fusca (PAMO, EC 1.14.13.92).[20,21,24,39] La última 
monooxigenasa ha sido purificada y cristalizada con éxito, siendo hasta el 
momento la primera y única estructura tridimensional conocida de un Tipo I 
BMVO.[40] Esta estructura ha servido de plataforma para el desarrollo de más 
estudios mutagénicos sobre PAMO y BVMOs secuencialmente relacionados.[41-44]  
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La cetona racémica bicyclo[3.2.0]hept-2-en-6-on también es utilizada 
frecuentemente para presentar la potencia biocatalítica de los BVMOs, en vista de 
que tanto los enantiómeros puros de la cetona, como las lactonas (ésteres cíclicos) 
resultan interesantes para la preparación de compuestos químicos (por ejemplo para 
la preparación de prostaglandinas). Hasta el momento la aplicación de BVMOs en 
escala productiva se ha probado solamente con CHMO proveniente de 
Acinetobacter. Consecuentemente, la atención se ha centrado en el uso de células 
íntegras que puedan producir CHMO, y que a su vez también puedan regenerar 
inmediatamente NADPH. Si, por medio de la técnica in situ “substrate feeding and 
product removal” (SFPR) en base de resina, se combina con una provisión de 
oxigeno, se logra convertir eficientemente 1 kilogramo de bicyclo[3.2.0]hept-2-en-
6-on en dos lactonas ópticamente puras. Este ejemplo ilustra que los BVMOs se 
pueden aplicar a escala productiva, lo cual es relevante para la síntesis de 
compuestos químicos.[45] 

Síntesis de sulfóxidos ópticamente puros usando BVMOs 

HAPMO y PAMO son Tipo I BVMOs que oxidan cetonas y sulfuros aromáticos, 
por ejemplo 4-hidroxiacetofenona y bencilmetil sulfuro. El Capitulo 3 trata sobre 
la actividad y selectividad de estas dos enzimas. 

De este estudio se deduce que HAPMO puede catalizar la oxidación de diferentes 
sulfuros aromáticos. En general son los fenil sulfuros los mejores sustratos para 
esta enzima. HAPMO convierte estos sulfuros con una alta enantioselectividad en 
(S)-sulfoxidos. Dependiendo del sustituyente en la posición para del anillo 
aromático, los sulfuros feniles son oxidados con relativamente alta enantio-
selectividad. Si el sustituyente es electrón atractor, la enantioselectividad de la 
enzima baja con estos substratos, mientras si el sustituyente es electrón donor la 
sulfóxidacion ocurre con una enantioselectividad alta. HAPMO convierte bencil 
sulfuros con una enantioselectividad baja. También se observo inversión de 
enantioselectividad de (S) a (R) cuando se utilizaron sulfuros benciles con cadenas 
de alkyl que eran más largos que dos átomos de carbono. Sulfuros con más de un 
átomo de carbono entre el átomo de azufre y el anillo aromático también fueron 
oxidados al (R)-sulfóxido. Además se deduce que HAPMO puede oxidar con alta 
enantioselectividad la dicetona proquiral 3-fenyl-penta-2,4-diona. Esto indica que 
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HAPMO puede ser aplicado como biocatalizador para diferentes tipos de 
oxidaciones, por las cuales se puede obtener sulfóxidos y ésteres enantiopuros.  

Asimismo, este estudio demuestra que PAMO, además de oxidar sulfuros 
aromáticos también puede oxidar cetonas aromáticas. Esta enzima tiene una 
velocidad catalítica similar con todos los sustratos (kcat varía entre 1,2 y 3,6 s-1). 
Mayor variación se encontró con la constante de Michaelis-Menten (KM). Esto 
indica que la afinididad de la enzima con los sustratos probados varia, mientras que 
la velocidad probablemente esta definida por un paso en el ciclo catalítico de la 
enzima que es independiente del substrato. Al contrario que a HAPMO, con 
PAMO se demuestra que los fenil sulfuros se convierten con menor enantio-
selectividad, mientras que la oxidación de bencil sulfuros ocurre con una alta 
enantioselectividad. Esto indica que PAMO también se puede utilizar como 
biocatalizador para la oxidación enantioselectiva de sulfuros. 

Mutagénesis de PAMO para cambiar la especificidad de 
substrato y la enantioselectividad 

Al comparar la estructura tridimensional de PAMO con un modelo de su pariente 
CPMO, se deduce que el centro activo de ambas enzimas se parece. La mayoría de 
los aminoácidos que están posicionados cerca de la flavina, son idénticos. 
Solamente se diferencian en tres aminoácidos: Q152, L153 y M446 en PAMO se 
parecen a F156, G157 y G453 en CPMO. Esto implica que estos aminoácidos son 
de gran importancia para la formación del centro activo de ambas enzimas y por lo 
tanto cruciales para la especificidad del sustrato tanto de PAMO como de CPMO. 
PAMO oxida substratos aromáticos, mientras que CPMO justo reacciona con 
sustratos alifáticos. Con el objeto de cambiar la especificidad de substrato de 
PAMO, los tres aminoácidos de esta enzima fueron reemplazados por los 
correspondientes aminoácidos de CPMO (Capitulo 4). De los tres mutantes que se 
crearon, dos no fueron activos. Los mutantes PAMO Q152F/L153G y PAMO 
Q152F/L153G/M446G sí pudieron fijar FAD como cofactor y utilizar NADPH 
para reducir el cofactor, pero no pudieron incorporar un átomo de oxigeno en una 
molécula orgánica. 
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El tercer mutante, PAMO M446G, muestra nuevas características catalíticas muy 
interesantes, mientras que la estabilidad de la enzima es bastante similar a la de la 
enzima original, PAMO salvaje. La mutación tiene un gran efecto en la 
especificidad del sustrato y la enantioselectividad de la enzima. Nuevos sustratos, 
tales como indol y benzaldehído, son oxidados por el mutante. Además PAMO 
M446G tiene una afinidad mayor por cetonas aromáticas y sulfuros que tienen el 
grupo carbonil o el átomo de azufre más cerca del anillo aromático. Estos cambios 
observados en la regioselectividad podrían ser el resultado de una colocación 
diferente del sustrato en el centro activo. El cambio del lugar de asociación del 
sustrato en la enzima explica asimismo los cambios observados en la 
enantioslectividad del mutante. Al contrario que PAMO salvaje, este mutante oxida 
fenil sulfuros con elevada enantioselectividad. Los cambios observados en la 
enantioselectividad se asemejan a los cambios resultantes de un estudio anterior, 
donde los sulfuros se oxidaron con el PAMO salvaje en una solución 30% metanol. 
Esto indica que PAMO salvaje tiene un centro activo similar al de PAMO M446G 
bajo estas condiciones. Con este estudio se ha identificado un nuevo aminoácido 
asociado con la especificidad del sustrato y la enantioselectividad de PAMO 
M446G.[42,43] 

El ciclo catalítico de PAMO 
La estructura cristalina de PAMO muestra la existencia de una arginina conservada 
en todos los Tipo I BVMOs (R337 en PAMO) que asume dos posiciones 
diferentes. Se ha visto que esta arginina cambia de posición para facilitar así la 
consecuente catalización.[40] Gracias a los estudios cinéticos de “steady-state” y 
“pre-ready-state” realizados con PAMO salvaje y dos mutantes de arginina, R337A 
y R337K, el ciclo catalítico de PAMO ha quedado aclarado. (Capitulo 5). 

Media-reacción Reductiva: Nuestro estudio muestra que PAMO fija con alta 
afinidad la coenzima NADPH (Kd, NADPH = 0.7 µM), después de lo cual ocurre la 
reducción de la flavina por medio de la transferencia de nicotinamida (R)-
hidrógeno (kred = 12 s-1). Esto ilustra que la fijación y posicionamiento correcto de 
NADPH en PAMO es crucial. La sustitución de la estrictamente conservada R337 
por una alanina o lisina reduce drásticamente la velocidad de reducción de la 
flavina (kred, mutantes ~ 0.1 s-1), mientras que la afinidad por NADPH no se ve 
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alterada. Esto indica que R337 tendría incidencia en el alineamiento apropiado de 
la parte nicotinamida reducida del NADPH con respecto a la parte isoalloxazina de 
la flavina y/o puede modular las propiedades redox del cofactor flavina. 

Media-reacción Oxidativa: Asimismo, se demuestra que la formación del 
intermedio reactivo C4a-peroxiflavina, como resultado de la oxigenación del 
PAMO reducido es un proceso relativamente rápido (kox = 870 mM-1.s-1). La 
reacción de la peroxiflavina intermedia con la fenilacetona también es 
relativamente rápida (k1 = 73 s-1, KPA = 730 µM), mientras que un evento cinético 
posterior a la reacción de oxigenación es relativamente lento y limita la velocidad 
de la catálisis (k2 = 4.1 s-1). Las características espectrales de la enzima intermedia 
que se forma a través de la oxigenación del fenilacetona son poco comunes. La 
naturaleza exacta de este intermediario no se pudo verificar y será motivo de 
estudio futuro. Se asumen dos posibles escenarios para el intermediario observado, 
la peroxiflavina reacciona inmediatamente con fenilacetona y forma un 
intermediario de Criegee. Subsecuentemente, una reorganización de este 
intermediario resulta en el producto oxigenado (bencilacetato), agua y cofactor 
flavina oxidado (ruta A). Alternativamente, se observa la formación de un 
intermediario hidroxiflavina cuando se oxida la fenilacetona. Subsecuentemente, 
este intermediario hidroxiflavina se descompone y se forma agua en la etapa 
limitante (ruta B). La emisión de NADP+ es un paso relativamente rápido y 
representa la última etapa del ciclo catalítico. En ausencia de un sustrato orgánico 
la forma peroxidada de PAMO se descompone lentamente para dar PAMO oxidado 
y peróxido de hidrógeno (kunc = 0.01 s-1). Adicionalmente se ha demostrado que 
R337 es esencial para la media-reacción oxidativa de PAMO. Este residuo parece 
ser necesario no solamente para la reducción y oxigenación de la flavina (kox, mutantes 
~ 50 mM-1.s-1), sino también para la reacción del peroxiflavina intermediaria con 
sustratos orgánicos. Sorprendentemente no se requirió la arginina para crear y 
estabilizar el C4a-peroxiflavina intermediario. 

BVMOs bi-funcionales 
Por cada molécula que se oxida por medio de BVMOs es necesario usar una 
molécula de NADPH. Debido al valor tan alto de esta enzima resulta demasiado 
costoso aplicar BVMOs en escala productiva. Tal como se indicó anteriormente, 



  

 

  233 
 
 
 
 
 
 
 
 

Síntesis Español 

 
 

existen métodos electroquímicos y fotoquímicos para regenerar la coenzima 
nicotinamida.[12-14] Estos métodos, sin embargo, no son eficientes y por esa razón a 
menudo se utiliza enzimas o células íntegras de microorganismos para regenerar 
NADPH. 

Para realizar la regeneración de NADPH durante la catálisis, se ha creado BMVOs 
bi-funcionales por medio de la fusión de tres diferentes BVMOs con la enzima 
fosfito dehidrogenasa proveniente de Pseudomonas stutzeri WM88 (PTDH, EC 
1.20.1.1).[46,47] Esta enzima oxida el fosfito a fosfato y por cada molécula de fosfito 
una molécula de NADP+ se reduce a NADPH. La formación de NADPH utilizando 
fosfito es una opción atractiva, ya que el coste del fosfito por kilo es más o menos 
10.000 veces menor que el de NADPH. Además, la oxidación del fosfito a fosfato 
tiene un equilibrio termodinámico favorable. Como modelo de BVMO hemos 
escogido a PAMO (termoestable) y las extensamente estudiadas CHMO y CPMO. 
Utilizando la tecnología de ADN hemos producido un gen que codifica para la 
enzima fusionada. PAMO se ha fusionado al inicio (N-terminus) o al final (C-
terminus) de PTDH, mientras que CHMO y CPMO solamente esta unidos con 
PTDH al final. Entre las dos enzimas se ha agregado un enlace de 6 aminoácidos. 
Esto dio como resultado el denomidado CRE/BVMOs (CRE simboliza Enzima que 
Regenera Coenzima). Finalmente se muestra la actividad de todos los cuatro 
CRE/BVMOs y tres fueron purificados (Capitulo 6). 

Las enzimas fusionadas se aplicaron exitosamente en bioconversiones, las cuales se 
utilizan en células íntegras de E. coli, como extracto libre de células y como 
enzima purificada. El alcance de sustrato y selectividad se compara con la de los 
BVMOs que no están fusionados; PAMO acepta cetonas aromáticas, CHMO y 
CPMO cetonas alifáticas. Debido a que la secuencia y la filogenética de estos tres 
BVMOs es bastante diferente, este concepto se puede aplicar a otras (Baeyer-
Villiger) monoxigenasas. 

Sin embargo, la aplicación de estos BVMOs bi-funcionales se ve limitada por la 
inestabilidad de la unidad PTDH; después de 6 horas no se observo más actividad a 
24 °C. Por esta razón, hemos preferido crear una nueva generación de BVMOs bi-
funcionales cambiando la actual enzima PTDH por una variante de esta 
dehidrogenasa que es más termoestable (Capitulo 7).[48] En comparación con la 
primera generación de CRE/BVMOs, se utilizo un mutante de PTDH que tiene 16 
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mutaciones extras. Además, esta enzima termoestable contiene una cola de 
histidina en el extremo N-terminal del PTDH, lo cual se puede utilizar para 
purificar mas fácilmente los nuevos BVMOs funcionales (CRE2/BVMOs). 
Asimismo optimizamos la secuencia de ADN que codifica el mutante PTDH para 
la producción de la enzima en el microrganismo E. coli. Este estudio ha mostrado 
que la estabilidad (térmica) de CRE2/BVMOs es significativamente mejor que la 
de las generaciones anteriores. Con esto se da lugar a otras oxigenaciones 
enzimáticas más eficientes y más aun la temperatura de reacción puede realizarse 
hasta en 50 °C. Actualmente, estamos realizando nuevos estudios para optimizar 
aún más la eficiencia de los nuevos CRE2/BVMOs, de manera que estas enzimas 
bi-funcionales se puedan aplicar para la síntesis de moléculas bioactivas en escala 
productiva. Además, estamos ampliando nuestra librería de CRE2/BVMOs 
fusionando más Tipo I BVMOs con la PTDH termoestable.  
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‘Groningen is gewoon een groot dorp, weet je wel zeker dat je daar wilt studeren? 
Verder valt daar toch niets te beleven? En het is zo geïsoleerd van alles!’ Dit en 
andere soortgelijke opmerkingen kreeg ik 10 jaar geleden te horen toen ik besloot 
om scheikunde te studeren aan de RuG. Ik trok me daar weinig van aan en ging vol 
enthausiasme naar de “studentenstad’ Groningen. Al snel begon ik de charme, 
levendigheid en gezelligheid van deze stad te ontdekken en binnen ‘no time’ 
voelde ik me er in uitstekend thuis. Als ik nu terugkijk op mijn periode in 
Groningen, heb ik absoluut geen spijt van de keuze die ik toen heb gemaakt. Ik heb 
niet alleen een leuke en (sociaal) actieve studietijd gehad, maar ook gedurende 
mijn promotieonderzoek beviel me met het leven in Groningen meer dan prima (al 
moet ik wel toegeven dat ik de laatste tijd steeds minder in Groningen ben). Deze 
leerzame, interessante en leuke tijd in Groningen zou niet mogelijk zijn geweest 
zonder een aantal mensen en hierbij wil ik hun graag bedanken.  

Allereerst wil ik beginnen met het bedanken van mijn promotores Prof. dr. ir. 
M.W. Fraaije en Prof. dr. D.B. Janssen. Marco, ik heb de afgelopen vier jaar met 
heel veel plezier samen met je gewerkt. Ik heb in deze periode veel van je geleerd, 
zowel op wetenschappelijk gebied als op andere vlakken. Vanaf dag één heb ik het 
gevoel dat ik er niet alleen voor stond. Ik kon altijd op je rekenen, of het nou ging 
om een korte uitleg of het snel nakijken van manuscripten. Je nam altijd tijd om 
mijn vragen (uitvoerig) te beantwoorden, om ideeën uit te wisselen en strategieën 
te bespreken. Daarnaast gaf je me ook de mogelijkheid om 2 maanden naar Wenen 
te gaan om daar mijn ‘wetenschappelijke horizon’ te verbreden. Ik vind dat je een 
echte ‘people’s manager’ bent en ik hoop dat je dat ook zo blijft, want dat is een 
kwaliteit die niet veel mensen beschikken. Bedankt voor alles! Dick, hoewel ik als 
promovendus niet direct onder je viel, kon je altijd in je drukke schema tijd voor 
me vrijmaken. We hebben veel interessante discussie gehad, voornamelijk over 
hoofdstuk 5. Uiteindelijk heeft dit ook geresulteerd in een mooie publicatie! Ook jij 
bedankt voor je hulp, steun en begeleiding. 

Ten tweede wil ik de leescommissie, bestaande uit Prof. dr. L. Dijkhuizen, Prof. dr. 
B. Dijkstra en Prof. dr. ir. A.J. Minaard, bedanken voor de snelle correcties van het 
manuscript. Additionally, I would like to thank Prof. Dr. M.D. Mihovilovic for 
making it possible to develop the excellent cooperation these past years and letting 
me visit his lab for two months. It was nice to practice some organic chemistry 
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again and I am glad that I could help out with a new wooden floor in your office. 
Furthermore, I would like to thank dr. G. Ottolina and dr. V. Alphand for the many 
fruitful discussions we had during the many CERC3 meetings. Vero, merci pour 
votre aide et pour exercer le français avec moi. Radka, it was nice to work with you 
and I hope I was also able to teach you one or two things about molecular biology. 
Florian, thanks for getting me familiarized again with organic chemistry. I wish the 
both of you good luck with your academic careers. Additionally, I would like to 
thank the other members of Marko’s lab for a good time in Vienna. Daniela y 
Darío, muchas gracias por la compañía y la ayuda. Gonzalo y Cristina, quiero 
agradecerles por la buena cooperación que tuvimos en los años pasados. Cristina, 
muchas gracias por la ayuda con la síntesis en español. Que a los cuatro les vaya 
bien en el futuro. 

Daarnaast zou ik graag mijn studenten Bert-Jan Baas en Jon de Lange willen 
bedanken voor hun bijdrage aan mijn promotieonderzoek. Bert-Jan, je hebt zowel 
je Bachelor- als Masteronderzoek bij mij gedaan op twee verschillende 
onderwerpen. Ik ben blij dat je je hoofdvak weer bij mij hebt gedaan, want tijdens 
je 14-weeks liet je zien dat je een goede onderzoeker bent. Dat blijkt ook al uit het 
feit dat je bij hebt gedragen aan twee hoofdstukken van mijn proefschrift. Bedankt 
voor je bijdrage en succes met je promotieonderzoek bij Gerrit. Jon, ook met jou 
heb ik prettig kunnen samenwerken op het lab. Je hebt laten zien dat je een goede, 
zelfstandige onderzoeker bent. Ik hoop dat ik je enthousiast heb kunnen maken 
voor het vak en ik wens je succes met het vervolg van je studie! 

Furthermore, I would like to thank my (former) colleagues, with whom I have had 
a good time both at and outside the lab. I really enjoyed the many ‘borrels’, sport 
events, lab outings and work-related discussions. A special thanks goes to my 
flavin-colleagues Niek (success met de laatste loodjes), Chris, Jianfeng (you 
prepare delicious Chinese food), Remko, Edwin and the new members of the 
“monooxygenase” subgroup Anette and Hanna, with whom I met weekly to discuss 
flavins. Not less important to me were my other colleagues. Bert (success met je 
academische carrière), Esther, Nanne, Jeffrey, Erik, Lixia (thank you for teaching 
many things about molecular biology), Martijn (bedankt voor de vele 
wetenschappelijke discussies), Gerrit, Gerard, Simon (lekkere cocktails!), Isabel, 
Ghannia, Jaap, Peter, Sandra, Hilda, Ingrid, Piet en Nico (jullie zijn onmisbaar op 
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het lab), Chiara (your cakes were not bad at all!), Roga, Ciprian, Wu, Marcus (next 
time I’ll beat you with running), Hasan, Irfan, Alja, Ite, Jan, Nuria, Christiaan, 
Anett, Jantien, Nicole, Ghufrana, Wiktor and all students: thanks, gracias, merci, 
danke, grazie, obrigado, dziekuje, mersi, terima kasih, 谢谢, أشكر  en bedankt! 

Verder wil ik ook het bestuur en deelnemers van de SBE bedanken dat ik met de 
studiereis mee kon naar Chili. Het was een mooie ervaring.  

Uiteraard wil ik nog de andere mensen bedanken waarmee ik veel leuke feesten, 
etentjes, weekendjes-weg, spelavonden, voetbalavonden (zowel voor de tv als in 
het stadion), BBQ’s, whisky- en pokeravonden heb meegemaakt. Carlo (¡la 
próxima vez si te visitaré en Madrid!), Edwin, Frank, Geartruda, Hans, Harold, 
Hinke, Jan Pieter, Jantina (en Luuk), Jarno, Johan, Maaike H. (de BBQ’s waren 
elke keer geweldig!), Maaike M., Maarten, Michel, Renee, Roelf, Lichting ‘96+, 
wel te verstaan Agnes, Anja, Annet, Bas, Boelo, Dirk, Dorothee, Jaap, Edje, Joep, 
Joost, Mark, Martha, Martijn, Michel (2 m), Michel (rhodium), Niek, Philana, 
Renske, Robert, Ronald, Ronny, Ruben, Sepp, Suzan, Tieme, Werner, Wesley (en 
iedereen die ik ben vergeten). Daarnaast wil ik ook mijn Homies bedanken voor de 
supertijd die we (voornamelijk in Groningen) hebben gehad; Andrew (succes met 
de sprong van je leven), Arjan (goed gevoel voor humor, houden zo), Bas (zorg 
goed voor je dames!), Diana (manten a Floris metido en tu puño☺), Gerlof (geen 
‘terroristen’ meer opleiden, he), Irna (wereldreizigster, waar gaat je nu heen?), Jet 
(hou dat spelfanatisme erin!), Lotte (je bent een topfotografe in spe), Kitty 
(samenwonen... wat nu??), Maren (hou Arjan goed in toom), Mirjam (succes met je 
eerste bevalling), Sven (gefeliciteerd met je welverdiende baan bij DSM), Thomas 
(succes met het afronden van je promotieonderzoek, go kick some ass!), Thomas 
(verwacht niet al te veel van PSV komend jaar) en Willem (reageer eens op mail!).  

Erik en Floris, ik ben uitermate blij dat jullie mijn paranimfen zullen zijn. Ik heb 
met jullie het nodige meegemaakt de afgelopen jaren en daar ben ik ook dankbaar 
voor. Erik, je was niet alleen mijn congres-buddy (we hebben wel het een en ander 
afgereisd), maar we konden het zowel op het lab als daarbuiten het goed met elkaar 
opschieten. Ik zal de vele tennispotjes, cocktails & feestjes missen. Succes met het 
afronden van je promotie en met je baan bij de TU Delft. Floris, samen hebben we 
veel genoten van het mooiste spel allertijden: voetbal. Of het nou in vivo, in vitro 
of in silico was, het maakte ons niet uit. Hoe dan ook, je was er altijd erg fanatiek 
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in! Vind het wel jammer dat we deze zomer het EK/WK werkschema niet kunnen 
aanhouden. Bedankt voor alle gezelligheid van de afgelopen 10 jaar! Succes met je 
carrière bij AKZO, ik weet dat je het ver gaat schoppen! 

Además me gustaría agradecer a mi familia por el apoyo que recibí los años 
pasados. Abuelita, Nastenka, Carlos Andrés y el resto de la familia que vive en 
Ecuador y los Estados Unidos; es una gran pena que no nos podamos ver tan 
frecuentemente. Siempre he disfrutado de todos los momentos que hemos estados 
juntos. Nunca me olvidare los pocos días que casi toda la familia estuvo aquí en 
Holanda por el aniversario del abuelo, quien fue como un segundo padre para mi. 
Este y otros momentos siempre se quedarán conmigo. Espero que nos podamos ver 
mas seguido en el futuro próximo. Dutch, Olgui, Andre, Mindy, Anna & Alan, I 
would like to thank you for all the nice time we spent together and I hope that we 
still be keeping in touch and visiting each other despite the distance.  

Anton, Cora, Arjen, opa, oma en de rest van de Costerus clan, bedankt voor alle 
steun en gezelligheid de afgelopen jaren. Anton en Cora, ik verheug me enorm op 
onze vakantie in de VS en Canada. Broertje, we hebben samen al heel wat 
meegemaakt en ik hoop dat we ook in de toekomst nog meer leuke en gezellige 
dingen zullen doen! Bedankt voor alles! Adriaan, ik ken je nog niet zo heel lang, 
maar je bent een prima kerel en ik hoop dat je een mooie toekomst tegemoet gaat 
met Javier. Madre, muchas gracias por todo el amor y soporte que siempre me has 
dado y por toda la paciencia que has tenido con mi. Espero que los últimos anos en 
los Estados Unidos te la pasen bien y que después puedas regresar a Europa para 
que puedas pasar más tiempo con tus hijos.  

Dit boekwerk was niet tot stand gekomen zonder Hester. Mi amor, door de jaren 
heen heb je me altijd gesteund en daar ben ik je eindeloos dankbaar voor. 
Voornamelijk door jouw steun, begrip, geduld en liefde ben ik in staat geweest om 
mijn promotieonderzoek te voltooien. Ik kan me niet voorstellen hoe het zou zijn 
geweest zonder jou. Ik ben enorm blij dat je na je studie naar Groningen bent 
teruggekomen om hier in de buurt je carrière voor te zetten. Nu dat ik binnenkort 
mijn promotie afrond, kunnen we plannen waar we samen verder gaan. Ik ben erg 
benieuwd naar waar de toekomst ons gaat leiden. Pero lo más importante es que sé 
que lo voy a pasar contigo. ¡Te quiero con toda mi vida! 




