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chapter 1
General introduction:  
mixing and bridging Baeyer- 
Villiger monooxygenases
Hugo L. van Beek and Marco W. Fraaije

Molecular Enzymology Group, Groningen Biomolecular  
Sciences and Biotechnology Institute, University of Groningen,  
Nijenborgh 4, 9747 AG, Groningen, the Netherlands



chapter 1

Baeyer-Villiger monooxygenases
History and discovery

In 1899 Adolf von Baeyer and Victor Villiger published about a reaction converting ketones in 
their corresponding esters [1]. This oxidation reaction inserts an oxygen atom between a carbonyl 
carbon and the neighboring carbon, usually using peracids as the oxidant [2]. The two-part 
mechanism of this reaction consists of a nucleophilic attack of a peroxy moiety on the carbonyl 
carbon to form a tetrahedral intermediate, and the subsequent concerted migration of one of 
the adjacent carbons to the oxygen. This mechanism was first proposed by Rudolf Criegee in 
1948, and the tetrahedral intermediate is now often referred to as the Criegee intermediate [3].  

Figure 1: Mechanism of the Baeyer-Villiger oxidation, including the tetrahedral “Criegee” intermediate.

Also in 1948, the degradation of cholesterol by Proactinomyces erythropolis was shown to proceed via 
ring opening at a carbonyl. This is generally believed to be the first report on a biological Baeyer-Villiger 
oxidation [4]. A few decades later the first Baeyer-Villiger monooxygenase (BVMO) was isolated [5], and 
the discovered cyclohexanone monooxygenase (CHMO) from Acinetobacter calcoaceticus is still used 
as the prototypical or reference BVMO [6]. Steroid monooxygenase (STMO), catalyzing the Baeyer-Vil-
liger oxidation of progesterone to progesterone acetate, was discovered 20 years later in Rhodococcus 
rhodochrous [7]. A thermostable BVMO, phenylacetone monooxygenase (PAMO) was discovered in the 
moderate thermophile Thermobifida fusca [8] using a BVMO-specific sequence motif [9]. Since then 
dozens of new BVMOs have been discovered, cloned and characterized, resulting in the large variety of 
BVMOs available at the moment, that are active on an extremely wide range of substrates [10,11].

Structure

BVMOs can be divided in three subclasses based on their biochemical properties [10]. Type 1 BVMOs 
consist of two nucleotide binding domains, one for NADP(H), the electron donor, and one for the cofactor 
FAD. Type 2 BVMOs consist of a separate reductase that uses NADH to reduce FMN, which is used by 
an oxygenase to perform the Baeyer-Villiger oxidation. The small number of Type O (“odd”) BVMOs do 
not fit in either class, structurally or sequence-wise. Almost all characterized BVMOs are classified as 
Type 1 BVMOs, including all BVMOs described in this thesis. 
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Figure 2: Structure of PAMO (2YLT) with FAD (yellow), NADP+ (cyan), and the weak inhibitor MES (red). The two 
Rossmann folds binding the two dinucleotide cofactors are shown in green (for NADP+) and blue (for FAD). The rest 
of the enzyme consists of a helical domain (yellow) and a C-terminal helical extension (pink). The sequence region 
of the BVMO fingerprint sequence is shown in red.
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PAMO was the first BVMO for which the structure was elucidated, giving insight about the residues 
essential for catalysis, cofactor binding, coenzyme specificity and substrate preference [12]. Currently 
multiple BVMO structures are available. Particularly the crystal structures of a CHMO homologue 
from Rhodococcus sp. HI-31 in open and closed conformations [13] and PAMO in additional conforma-
tions containing different nicotinamide coenzymes, flavin derivatives or inhibitors [14,15] have been 
instrumental in getting a better view on the catalytic mechanism employed by BVMOs. Also the struc-
ture of steroid monooxygenase, one of the earliest isolated BVMOs, is available [16], chapter 7. Addi-
tionally, the structures of several distantly related BVMOs have been elucidated. The Type 1 BVMO 
2-oxo-Δ(3)-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO) is structurally still very 
similar to PAMO and CHMO [17]. The structure and mechanism of the Type 2 BVMO MtmOIV is very 
different. Only one subdomain can be aligned with PAMO and MtmOIV accepts a vastly larger substrate 
(mythramycin) than PAMO [18,19]. 

Figure 3: Phylogenetic tree containing all 
BVMOs used for the screening in chapter 5. 
BVMOs with an available crystal structure 
are shown in bold. The sequences of OTEMO 
and MtmOIV were included to show their rela-
tion to the other BVMOs. Complete names 
and accession numbers can be found in the 
appendix.
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BVMO structures of the peroxyflavin intermediate or the substrate bound form are unfortunately still 
unavailable. A crystal structure of CHMO was recently published where a cyclohexanone molecule is 
supposedly bound in the same pocket that is partially occupied by NADP+ in other structures. However, 
the density is incomplete and there is no conclusive evidence for the presence of cyclohexanone in the 
protein crystal [20]. There is no crystal structure available yet for the prototypical and thoroughly char-
acterized CHMO from A. calcoaceticus, but a refined model structure was used successfully as a basis 
for the computational design approach in chapter 4. This illustrates that the CHMO from Rhodococcus 
sp. HI-31 closely resembles the CHMO from A. calcoaceticus

Figure 4: General catalytic mechanism for BVMOs. NADPH binds to the oxidized enzyme (1) and reduces FAD (2), 
which then reacts with molecular oxygen to form the peroxyflavin (3). The substrate is bound, and is converted 
into the ester via the tetrahedral Criegee intermediate (4). The release of the product leaves an enzyme with bound 
NADP+ (5). The release of NADP+ is the final step in the catalytic mechanism. In the absence of substrate, the peroxy-
flavin (3) decays forming hydrogen peroxide: the enzyme acts as an NADPH oxidase.
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Catalytic mechanism

The catalytic mechanism of BVMOs has been investigated in detail, especially for the widely studied 
and used CHMO from A. calcoaceticus [21] and the thermostable PAMO from T. fusca [22]. The reaction 
mechanism is relatively complex and consists of multiple steps, as shown in the catalytic mechanism 
in Figure 4. Most of the steps in the mechanism can be observed by (stopped-flow) spectrophotometry 
due to the presence of the FAD cofactor. The flavin cofactor displays a specific UV/Vis absorbance spec-
trum that changes when it is in different redox states and is sensitive to small changes in its microen-
vironment. Interestingly, the rate-limiting step for PAMO is a conformational change after formation of 
the product, making it independent of the substrate [22]. In CHMO the rate-limiting step is the release 
of NADP+ or a conformational step linked to that release [21]. The substrate independent rate limiting 
step gives these BVMOs a very similar kcat for different substrates as already shown in the initial 1976 
paper on CHMO [5] and in chapter 4. This leads to the suggestion that BVMOs are very adept at making 
a reactive oxygen species that will readily react with every substrate that can enter the active site [16]. 
The orientation of the substrate is tightly controlled by FAD, NADP+ and residues forming the active site 
pocket making it completely enantioselective in many cases.

Catalyzed reactions

The Baeyer-Villiger oxidation is a reaction that converts ketones into esters or cyclic ketones into 
lactones. BVMOs also catalyze the Baeyer-Villiger oxidation of aldehydes and epoxidations. Recently 
even the formation a carbonate by a double Baeyer-Villiger oxidation of a ketone was reported [23]. In 
addition, BVMOs can be used for the oxidation of heteroatom containing compounds. So far, various 
sulfur compounds, phosphates, selenides, amines, boronic acids and iodide compounds have been 
shown to be oxidized by BVMOs. Especially the production of enantiopure sulfoxides is of industrial 
interest, as some blockbuster pharmaceuticals are chiral sulfoxides, and they are usually difficult to 
produce in an enantiopure manner. 

 
 
 
 
 
 

 
 
Figure 5: Examples of reactions catalyzed by BVMOs. A: the BV oxidation of a ketone to the normal (nor.) or abnormal 
(abn.) product. B: the BV oxidation of a cyclic ketone to form a lactone. C: the oxidation of a prochiral sulfide to form 
a chiral sulfoxide. D: the oxidation of an amine to form the chiral N-oxide.
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Methods for measuring BVMO activity

To screen for BVMOs and enzyme variants that exhibit a certain activity, different methods to detect 
the activity have been developed. BVMO activity can be easily monitored by following the absorption 
of NAD(P)H that is used stoichiometrically by the enzyme. NAD(P)H depletion can be used as a general 
assay method because it is independent of the substrate [24]. However, NAD(P)H is also used by multiple 
cytosolic enzymes. Therefore this method suffers from a large background unless isolated enzymes 
are used. Recently a more sophisticated method to efficiently monitor BVMO activity has been devel-
oped that makes it possible to screen mutant libraries or collections of BVMOs quickly for any substrate 
without having to use purified enzyme [25]. This method is based on the peripasmic expression of 
BVMOs and the indirect measurement of NADPH consumption. In this assay the enzyme is exported via 
the twin arginine translocation pathway avoiding cytosolic background activity. The method employs 
a second enzyme (phosphite dehydrogenase) that regenerates NADPH using phosphite and generating 
phosphate [26]. The thus formed phosphate can be detected by a colorimetric assay. In addition, chro-
matographic (HPLC / GC) methods are available for hundreds of substrates [10] as well as several color-
imetric [27-29] or fluorescence based assays [30,31]. 

Substrate specificity

The substrate specificity of several BVMOs has been investigated in detail. Much of the data generated 
over the years with CHMO and homologues has been summarized recently [10,11]. In addition to all the 
information, a method for quantitative comparison for all this data is available [6]. A recent example 
of extensive data generation concerning substrate profiles of BVMOs is the discovery of 22 new BVMOs 
from Rhodococcus jostii, and the testing of these enzymes with 40 substrates [24,32]. In this study 
the known BVMO-specific sequence motif has also been refined, making it possible to identify more 
BVMO-encoding genes in the sequenced genomes that are continuously added to public databases. 

Enzyme engineering
Applications and opportunities

Enzymes are diverse and powerful catalysts [33]. The potential of enzymes has been recognized for 
decades, and they are increasingly used to produce chemicals ranging from commodities such as 
ethanol to complex active pharmaceutical ingredients or intermediates [33]. In addition, enzymes are 
used in various other applications, mostly in the food, feed and laundry industries. However, most 
enzymes have evolved to perform a very specific role, in an intracellular environment that does not 
resemble typical process conditions. This means that for a lot of potential biocatalytic applications, an 
enzyme with the optimal properties does not exist in nature and an existing enzyme has to be modified 
before application [34].

Advances in molecular biology and analytical methods now allow the adaptation of enzymes for 
particular needs [35]. A variety of methods are available [36], in which roughly three approaches can 
be distinguished. The first is directed evolution which makes use of methods that also occur in nature 
to introduce variation. For example, random point mutations are introduced or homologous genes are 
recombined. The best variants are then selected and subjected to further rounds of mutation and selec-
tion. The second method is rational design, a data-driven approach that uses x-ray structures, experi-
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mental data on homologues, sequence data or molecular dynamics and computational design to make 
educated guesses about which variations will improve the enzyme. And the third is a semi-rational 
approach, acknowledging the limitations of our understanding of enzymes and introducing limited 
variety in locations predicted to be important for enzyme function. Not all rational predictions will be 
correct but rational design can significantly improve rate of occurrence of improved variants in a library 
[37]. These three approaches are discussed in more detail below.

Directed evolution
Directed evolution is a random, iterative approach that focuses on the creation of a large number gene 
variants, by generating mutations in the target enzyme, by recombination of genes or by a combination 
of both. Subsequently a screening method with a large capacity is used to find the mutants that have 
enhanced properties [36]. This approach is useful to improve enzyme properties that can be screened 
for in high-throughput assays, for example by growth selection or color formation on agar plates, cell 
sorting techniques, microfluidics or automated plate-based assays. The success of a directed evolution 
approach also depends on the quality of the library; it should contain a sufficient degree of variation, 
and be unbiased to avoid screening the same mutant multiple times. 

The commonly used error-prone PCR method is simple and robust, but is severely biased towards silent 
or conservative mutations [36]. This makes it unlikely to find certain mutants in a library, effectively 
limiting the search to a subset of all possible single mutations. Several adaptations of the error-prone 
PCR protocol are available to reduce or change these biases. An example of a nucleotide analog based 
approach that is unaffected by the polymerase bias while efficient in introducing random mutations is 
the SESAM method [38].

Recombination based approaches have been introduced in protein engineering in the 1990s [39], and 
are used to combine mutations or shuffle homologous genes. As with error-prone PCR, a simple shuf-
fling protocol has a huge bias; DNA will preferentially recombine at locations with a large number of 
identical bases. This leads to libraries where two mutations from two different mutants that are far 
apart from each other in sequence are preferentially recombined over two mutations that are closer 
together. Several methods have been proposed and developed to remove this bias, while at the same 
time allowing the non-homologous recombination of genes, regardless of their sequence [36].
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The SCHEMA method is one example of a recombination method where a limited number of crossover 
mutants can be designed in silico that are predicted to stay folded by preserving local contacts, using 
information derived from the crystal structure [40]. As the result of this method consists of sequences 
that do not occur in nature, complicated DNA manipulation or expensive DNA synthesis in required. 
Therefore, less directional, random methods have been proposed. Some of these methods never passed 
the proof of principle stage, while in other cases genes were successfully subjected to non-homologous 
recombination to yield an enzyme that was more stable or more active than the parent enzymes [36].

The massive screening effort required in directed evolution to find beneficial mutations often leads to 
the use of surrogate substrates that do not correspond with the desired substrate, or conditions that do 
not resemble process conditions, for example agar plate-based screening, FACS screening or growth 
selection. On the other hand, little knowledge of the enzyme is required, the sequence space that can 
be accessed is massive, and possible mutations that improve enzyme function will be found if the 
screening effort is large enough. Multiple rounds of screening, selection and recombination often lead 
to greatly improved enzyme variants. 

Rational approaches
A rational enzyme engineering approach focuses on the design of specific mutant enzymes with 
predicted improved properties. The design of the mutations is usually based on mechanistic or struc-
tural information, but also sequence information and the effect of similar mutations in homologous 
enzymes can be used. The advantage of this approach is that, in contrast to directed evolution, screening 
is not necessary. 

Rational enzyme engineering is a powerful approach specifically in the cases where two enzymes that 
are very similar have different properties. A combined analysis of the structure to locate potentially 
important residues and the sequence to find the residues that differ between the two enzymes could 
lead to a very limited number of proposed mutants that have to be tested. A successful example for 
BVMOs is the M446G mutant in PAMO [41]. In this case the mutation was designed based on structure 
analysis of PAMO and sequence comparison with cyclopentanone monooxygenase. However, in spite 
of a large number of successful examples, the chance of success using rational approaches is still quite 
low. A reason for this is the fact that our understanding of enzymes is still quite limited, especially 
concerning protein dynamics during catalysis, which cannot be inferred from just crystal structures. 

Combinations of rational  
design and directed evolution 
Predicting the effect of mutations on enzyme properties is often difficult, even when a large amount of 
biochemical information is available, or when substantial computing power is used. A hybrid approach 
combining rational design and directed evolution is often used to increase the chance for success. 
This approach reduces the sequence space to be searched based on available knowledge. For example 
random libraries are created, targeting only a limited number of residues based on structural informa-
tion. Combinatorial active-site saturation testing (CASTing) where combined mutations are made at the 
active site of the enzyme, and iterated saturation mutagenesis (ISM) are two of these approaches [42]. By 
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focusing on a smaller part of the sequence containing the residues that are most likely to be involved in 
substrate binding, the chance to find a functional or improved mutant is greatly enhanced over massive 
combinatorial libraries.

A great example where the knowledge of the enzyme is used in combination with several random 
approaches is ProSAR-driven enzyme evolution [43]. In this method different ways to create diversity 
are used during multiple rounds of evolution: random point mutations, homologous recombination and 
rationally designed mutants. Additionally, sequence-activity data from the experiment are analyzed 
to improve the design of subsequent enzymes. By building a statistical model, beneficial mutations 
can be discovered from enzyme variants all containing different combinations of mutations, without 
having to screen variants containing the single mutations. During 18 rounds of directed evolution 
the original enzyme was improved 4000-fold to a variant that could be used in an industrial process.  

Computational approaches
Enzyme stabilization

Enzyme (re)design can also be approached by purely computational design. Two approaches to stabilize 
enzymes can be distinguished. In one approach random mutations are screened in silico and selected for 
their effect on the overall folding energy of the protein. Differences in the folding energy created by the 
introduced mutation are calculated by energy functions that are specifically designed to predict these 
differences. In the other approach, computational tools are used to improve specific stabilizing features 
such as hydrophobic networks, disulfide bonds or surface charges. These tools then use an energy func-
tion that evaluates the whole protein. Improvements in algorithms, force-fields and constraints make 
computational design an increasingly viable way to improve enzymes. In this thesis it has specifically 
been used to stabilize CHMO [44], chapter 4. 

Both approaches lead to small sets of promising mutations that can be tested in vitro or in vivo. This 
makes it possible to stabilize enzymes for which no high-throughput screening assays are available, 
or achieve results similar to combinatorial methods that are based on little to no data using a greatly 
reduced screening effort. Computational methods rely on the structure of the targeted enzyme being 
known, but new structures are continually elucidated. In addition, improved methods to create reliable 
model structures make a computational design approach viable for more and more enzymes. In fact, 
chapter 4 is an example of a successful computational approach based on a model structure. 

Enzyme catalysis engineering

Computational design can also be used to adapt enzymes to accept new substrates, or to de novo design 
enzymes that catalyze a specific reaction [44]. These are much harder challenges than stabilizing one 
state of the enzyme. For during catalysis the protein has to bind the substrate, stabilize the transition 
state and release the product. The general approach for the creation of new activities is to define an 
active site that is expected to perform the catalysis. Subsequently sequences and conformations are 
selected based on the minimal potential energy calculated by using a suitable molecular mechanics 
function. These functions are similar to those used in the computational design of stabilizing mutants, 
but certain adaptations are made to accommodate for the different conformations of the substrate and 
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required flexibility in the active site. Two examples of de novo designed enzymes catalyzing non-nat-
ural reactions are Diels-Alderases [45] and Kemp-eliminases [46]. The adaptation of the cleavage speci-
ficity of an endonuclease is a great example where the active site of an enzyme is altered using compu-
tational design [47]. 

Applications and engineering of BVMOs
To find out more about the roles of different residues in BVMOs, several mutagenesis studies have been 
carried out. Multiple residues thought to be essential for catalysis and coenzyme specificity have been 
mutated to obtain more insight, but also to adapt the enzyme to accept alternative substrates. The argi-
nine at position 337 in PAMO was found to be essential for its ability to oxidize ketones or sulfides 
[22], while the aspartate at position 66 is important in catalyzing the oxidation of NADPH and thereby 
reducing the FAD cofactor [14]. Other residues were shown to be involved in cofactor specificity [48], 
and several residues in a loop forming part of the active site have been the subject of mutagenesis 
studies with interesting results [41,49-52]. These publications, showing the importance of the residues 
in this loop, led us to redesign the whole loop at once in chapter 2. More engineering studies on BVMOs 
have been carried out, leading to a collection of BVMO variants capable of accepting a wide range of 
substrates [11].

Figure 6: Oxidation of sulfide 1 to the chiral sulfoxide esomeprazole using CHMO. 

In the last decade a large step towards practical applicability of BVMOs has been made. The thermo-
stable and solvent tolerant PAMO has been discovered, and its stability made it a prime target for protein 
engineering studies. On the other hand several large scale conversions have been carried out with wild-
type CHMO variants or closely related BVMOs giving interesting enantiopure products, for example 
for the fragrance industry [53]. A patent application was filed in 2006 for the application of PAMO to 
produce modafinil, a wakefulness-promoting drug [54]. PAMO is able to form the right enantiomer of 
this sulfoxide when offered the sulfide precursor as substrate. For the production of the proton pump 
inhibitor esomeprazole by a heavily engineered variant of CHMO a patent was filed in 2011 by Codexis 
[55]. Also for this application, a BVMO is exploited for the enantioselective sulfoxidation of a prochiral 
sulfide. 
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Figure 7: Baeyer-Villiger oxidation of 2-butanone to the normal, expected product ethyl acetate and the abnormal, 
unexpected product methyl propanoate.

 
The work in this thesis also shows an example of a possible industrial application in chapter 5. The 
respective BVMO-based process producing methyl propanoate from 2-butanone has been patented by 
Lucite [56]. This shows that not only the use of BVMOs to create high-value pharmaceuticals is of indus-
trial interest. Also the use of BVMOs for the production of lower value compounds that are produced on 
a much larger scale is being considered by manufacturers.
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In chapter 2 the construction of several crossover mutants consisting of a stable 
PAMO scaffold and parts of other BVMOs is described. The enzyme redesign study 
specifically targeted the important 440-446 loop in PAMO. It was shown that the 
created chimeric enzymes are stable enzymes that display different enantioselec-
tive behavior than both parent enzymes. After the successful creation of chimeric 
BVMOs in chapter 2, in chapter 3 chimeric BVMOs containing multiple parts 
of PAMO and CHMO are created using a ligation independent cloning approach. 
This novel method utilizes phosphorothioate bonds in the primers to create the 
required PCR fragments. 10 pieces of each gene were recombined, creating a 
library with 1024 possible mutant enzymes. Two mutants were discovered that 
showed interesting activities, and both were shown to be chimeras containing 
multiple crossover positions. 

In chapter 4 an in silico design approach is used to stabilize the relatively 
unstable CHMO from A. calcoaceticus by introducing disulfide bonds. A model 
structure based on the crystal structure of CHMO from Rhodococcus sp. HI-31 
was used, because a crystal structure of the prototype CHMO is not available. 
A mutant containing a disulfide bridge spanning only one residue was found 
to stabilize the enzyme by 6 °C. The mutation also resulted in a 12-fold longer 
half-life at 30 °C. This mutant was characterized in more detail, and most of the 
altered behavior could be linked to the presence of the designed disulfide bond.

Chapter 5 describes the use of a BVMO to create the abnormal product from 
2-butanone. The product methyl propanoate is used on a large scale to produce 
polymethyl methacrylates. Several CHMOs and cyclopentadecanone monoox-
ygenase (CPDMO) were shown to produce up to 40% of the abnormal product 
methyl propanoate. The normal product ethyl acetate is still the preferred 
product, and is the only product formed by most of the 55 tested BVMOs. 

To facilitate easy shipping, storage and handling of BVMOs, stable formulations 
for lyophilization were determined in chapter 6. The concentration of additives 
was optimized using CHMO as a model enzyme. The results could be success-
fully expanded to other monooxygenases, the BVMO CPDMO and the heme-con-
taining enzyme P450 BM3.

The structure of STMO is described in chapter 7, showing that the NADP+ cofactor 
is bound in several distinct conformations during the catalytic cycle. Several 
mutations around the active site were made, and kinetic parameters were deter-
mined. STMO was shown to behave similar to PAMO in the presence of meth-
anol, while it is also relatively solvent tolerant compared to BVMOs with the same 
apparent melting temperature. 

Aim and outline
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