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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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chapter 2 The thermostable Baeyer–Villiger monooxygenase (BVMO) phenylacetone mono-
oxygenase (PAMO) is used as a scaffold to introduce novel selectivities from other 
BVMOs or the metagenome by structure-inspired subdomain exchanges. This yields 
biocatalysts with new preferences in the oxidation of sulfides and the Baeyer–Villiger 
oxidation of ketones; all while maintaining most of the original thermo stability.

Abstract
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Introduction 
Baeyer–Villiger monooxygenases (BVMOs) represent a unique class of oxidative enzymes that are able 
to perform Baeyer–Villiger oxidations and sulfoxidations, often with high chemo-, regio-, and/or enan-
tioselectivity.1 In the last few years a number of novel BVMOs have been identified and studied for their 
use as biocatalysts. However, only one of the BVMOs employed was shown to be robust: phenylacetone 
monooxygenase (PAMO).2 PAMO is relatively thermostable, displays activity at a broad pH range, and 
tolerates various organic solvents and ionic liquids.3 Unfortunately, PAMO shows a narrow substrate 
specificity, only accepting small aromatic ketones, sulfides, amines and boron compounds.4 This is in 
contrast with the most thoroughly studied BVMO, cyclohexanone monooxygenase (CHMO) from Acine-
tobacter sp., for which hundreds of substrates have been reported.1,5 

Both CHMO and PAMO have been the subject of enzyme engineering studies to alter their substrate 
specificity and enantioselectivity.6 Crystal structures of PAMO and CHMO are available to guide these 
enzyme engineering efforts.7 These have revealed that mutations in a loop at the substrate binding site 
(residues 440–446) have profound effects on substrate specificity and enantioselectivity.6a,8 So far, engi-
neering attempts on PAMO have focused on the conversion of novel substrates by introducing a limited 
number of mutations close to the active site.

To expand the substrate range of PAMO, we set out to blend the substrate specificities of sequence-re-
lated BVMOs into PAMO. Steroid monooxygenase (STMO) and CHMO display a high degree of sequence 
similarity (53% and 39% sequence identity) with PAMO,9 while they accept a much wider substrate 
range. STMO converts small aromatic compounds like phenylacetone and thioanisole 1 but also the 
relatively bulky substrate such as progesterone 5. CHMO has been reported to act on a wide range of 
aliphatic compounds. As the sequence identities are too low for a classical gene shuffling approach,10 we 
decided to blend enzyme properties by performing structure-inspired subdomain exchanges. For this, 
the C-terminal part of PAMO was replaced by the respective subdomains of other BVMOs, including the 
440–446 loop and part of the second sphere residues (Fig. 1). 

Figure 1: Left: X-ray structure of PAMO with the exchanged C-terminal part in blue and the 440-446 loop residues 
as sticks around the pink MES molecule bound in the active site. FAD is shown in yellow and NADP+ in cyan. Right: 
a schematic view of the design of BVMO blends. PAMO is shown in green, the complementary BVMO subdomains in 
blue, yellow and magenta.
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By blending BVMOs in this way, a large part of the thermostable PAMO is conserved, while a signif-
icant part of the substrate binding site is exchanged with that of another BVMO. It was anticipated 
that PAMO, due to its inherent stability, could act as a stable scaffold to accommodate a subdomain of 
another BVMO. 

Scheme 1: Substrates tested in the biocatalyzed oxidations using different wild-type and chimeric Baeyer–Villiger 
monooxygenases.

Subdomains were exchanged by introducing a suitable restriction site in the PAMO gene, allowing liga-
tion-independent cloning.11 The single targeted crossover ensured an in-frame recombination while 
combining two genes with limited sequence identity. A limited set of chimeric BVMOs was created, 
allowing us to focus on the expansion of substrate specificity, instead of screening a large combinatorial 
library for conversions of a limited number of compounds. Specifically, the 106 C-terminal residues of 
PAMO were exchanged with the homologous regions of STMO or CHMO to create PASTMO and PACHMO, 
respectively. PASTPAMO was created by introducing 26 residues from STMO around the 440-446 loop 
in PAMO. Another created chimera, PAMEMO1, contained the C-terminal part of a putative BVMO 
(53% sequence identity with PAMO) for which the gene has been sequenced as part of a metagenome 
sequencing effort.12 The metagenome sequence database has so far hardly been exploited for novel 
biocatalysts and with this study we wanted to explore the potential of this source for BVMO activities. 
Several other chimeras were created using less similar metagenomic sequences, or using another BVMO 
as a scaffold and introducing the C-terminal part of PAMO. Unfortunately, these chimeric enzymes could 
not be expressed. All BVMO chimeras were fused to a thermostable and His-tagged phosphite dehydro-
genase (PTDH) at the N-terminus.13 This facilitated effective expression and purification of the created 
BVMO blends while the fused PTDH can be exploited for cofactor regeneration.14 
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Materials and methods
Materials 

Restriction enzymes were obtained from New England Biolabs. Oligonucleotides were synthesized 
by Sigma-Aldrich and sequencing of the created constructs was done at GATC-Biotech.  pCRE2-PAMO 
was mutated into pCRE2-PAMO-RsrII using site-directed mutagenesis, introducing a silent mutation 
in the codon for G436. The resulting plasmid was cut with PvuII/RsrII or RsrII/HindIII to create the 
backbone for the pCRE-xxx-PAMO and pCRE-PAMO-xxx chimeras respectively. Inserts were created 
using PCR, with 15 bp overlaps with the backbone to facilitate In-Fusion cloning (Clontech) with the 
cut vector, according to the manufacturer’s instructions. Plasmid and protein sequences are available 
upon request. The resulting constructs were transformed to CaCl2 competent E. coli TOP10 cells. For 
the chimeras based on metagenomic sequences, three pieces were synthesized by GeneArt, cut with 
RsrII/HindIII and ligated into the backbone using Quickligase. Overexpression and purification of the 
enzymes was done as previously described.2

Substrates 1-5, as well as all other reagents were purchased from Sigma-Aldrich, Acros or Alfa Aesar. 
Gas chromatography was carried out on a Hewlett-Packard 6890 Series using a flame ionization detector. 
For all the analyses, the injector temperature was 225 ºC and the FID temperature was 250 ºC. HPLC was 
performed on a Shimadzu LC-10ADVP equipped with a Shimadzu SPD-M10AVP diode array detector. 
UV-Vis spectra were obtained using a Hewlet-Packard HP 8543 FT spectrophotometer in a 1.0 cm quartz 
cuvette.

Racemic methyl phenyl sulfoxide and benzyl phenyl sulfoxide were prepared by treatment of the 
starting sulfides with H2O2 in methanol at room temperature (yields higher than 80%). Lactones were 
synthesized from the starting ketones by treatment with mCPBA in CH2Cl2 at 0 ºC (yields range: 56-81%). 
The absolute configurations of the final sulfoxides and lactones are based on literature data.6a, 15

General procedure for enzymatic oxidation

Unless otherwise state, substrates (5-10 mM) were dissolved in 50 mM Tris/HCl pH 7.5, containing 5% 
DMSO. Subsequently, 100 µM NADPH, 4 µM phosphite dehydrogenase, 10 mM sodium phosphite and 4 
to 10 µM BVMO was added. The mixture was shaken o/n at 250 rpm at room temperature. Reactions were 
stopped by extraction with ethyl acetate (2 × 0.5 mL) with 0.1% mesitylene as internal standard, and the 
organic layer was dried over MgSO4. Conversions and enantiomeric excesses of the oxidized products 
were determined by GC or HPLC. 

GC and HPLC analyses. The following columns were used for the determination of conversions and 
enantiomeric excesses of the sulfoxides by GC: A: GT-A (Alltech, 30 m x 0.25 mm x 0.25 µm), B: Hewlett 
Packard HP-1 (Agilent, 30 m x 0.32 mm x 0.25 µm) or C: Chiralsil Dex CB (Varian, 25 m × 0.32 mm × 0.25 
µm). 
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Table 1: Determination of conversion and enantiomeric excess values by GC.

Substrate Programa Column tR (min) substrates tR (min) products
1 40/5/10/200 A 7.3 13.6 (R); 15.6 (S)
2 100/5/5/200/5 B 23.1 28.9
3 35/0/5/130/0/15/200 A 9.7 16.9 (normal)

17.1 (abnormal)
3 130 isothermal C — 10.8 (1R,5S)-abnormal 

11.3 (1R,5S)-normal 
11.6 (1S,5R)-abnormal 
11.9 (1S,5R)-normal

4 40/10/3/180/5 A 23.5 (R)
23.6 (S)

30.6 (S)
30.9 (R)

5 190/1/4/235/5/30/300/3 B 19.4 18.9
 a Program: initial T (ºC)/ time (min)/ slope (ºC/min)/T (ºC)/ time (min).

For the determination of the enantiomeric excesses of the benzyl phenyl sulfoxide by HPLC, a Chiralcel 
OD (0.46 cm x 25 cm) column from Daicel was employed.

Table 2: Determination of enantiomeric excess values by HPLC.

Substrate Flow rate (mL min-1) T (ºC) Eluenta tR (min)
2 0.5 25 n-hexane-IPA 9:1 19.2 (R); 22.4 (S)

a The experiments were performed with isocratic eluent.

Kinetic measurements. Oxidation rates for the three wild type enzymes as well as for the three chimeric 
enzymes were determined by observing the depletion of NADPH, monitoring its absorbance at 340 nm 
in a solution containing 0.05 to 0.5 µM BVMO, 100 µM NADPH and 0 to 1 mM phenylacetone (employed as 
model substrate) dissolved in 50 mM Tris-HCl pH 7.5. Observed rates were fitted to the Michaelis-Menten 
equation, using the SigmaPlot software package.

ThermoFAD method.16 Experiments were performed using a BioRad RT-PCR machine and BioRad PCR 
plates using 5 µM enzyme. The excitation wavelength was set between 470 and 500 nm and a SYBR-
green filter (523–543 nm) was used for fluorescence emission. Unfolding curves were measured between 
20 °C and 95 °C (1 °C/min) with fluorescence intensity measured every 0.5 °C after a 10 s delay for 
temperature stabilization. The fluorescence intensity was plotted against the temperature to obtain a 
sigmoidal curve. The reported TM values were determined as the temperature with the steepest slope 
(the maximum of the derivative of this curve). 

Results and discussion 
Four  chimeric BVMOs were successfully overexpressed as soluble proteins. Purification revealed that 
all proteins contained the flavin cofactor, indicative of proper protein folding. To probe the stability of 
all created BVMO-blends, the ThermoFAD method was employed. Melting temperatures of the chimeric 
BVMOs were lower (49–58 °C) when compared to PAMO (61 °C), but significantly higher than those of 

27 Chapter 2 
Blending Baeyer–Villiger Monooxygenases

Chapter 2 
Blending Baeyer–Villiger Monooxygenases



STMO and CHMO (both 39 °C) (Table 3). This shows that the subdomain exchange yields stable BVMO 
variants, with the most stable chimera being the PASTPAMO mutant where of the exchanged part of 
26 residues only 15 residues are different compared to PAMO. Two other metagenome-based chimeras 
also suggest that homology is important, two fusions with 44% and 35% identity were not expressed, 
while the metagenomic chimera with 53% identity was expressed in significant quantities. The inverse 
chimeras, CHPAMO and STPAMO, were also created. However, these chimeric proteins could not be 
expressed, probably due to the relatively labile N-terminal scaffold. Finally, we created chimeric BVMOs 
based on PAMO and parts of the second BVMO from Thermobifida fusca and two BVMOs from Ther-
monospora curvata. Unfortunately these could not be expressed.

Table 3: Apparent melting points of the different BVMOs as determined by ThermoFAD, and catalytic constants 
employing phenylacetone as substrate.

Enzyme TM (°C) kcat (s-1) KM (µM)

PAMO 61 2.3 80

STMO 39 0.59 110

CHMO 39 1.5 630

PASTMO 49 0.58 160

PASTPAMO 58 1.2 250

PACHMO 55 n/aa n/aa

PAMEMO1 51 0.51 40
a Observed rate similar to the uncoupling rate (0.1 s-1).

Different compounds were used to compare the activity and specificity of the PAMO-based chimeric 
BVMOs with the parent enzymes (Scheme 1). The substrates were chosen in such a way that effects on 
substrate specificity, regio- and/or enantioselectivity could be assessed. All chimeric BVMOs prepared 
were shown to be active on most of the tested compounds (see Scheme 1). We used phenylacetone as a 
generally accepted substrate to determine enzyme activity (Table 3), and most purified enzymes were at 
least as active as the PTDH-STMO fusion enzyme, showing the chimeric enzymes were not only folded 
correctly as already shown by the ThermoFAD experiment, but also functional. Additionally, affini-
ties for phenylacetone were not significantly decreased in the blended enzymes, only PACHMO did not 
accept this substrate at all. 
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Table 4: Enantioselective sulfoxidation of thioanisole 1 catalyzed by wild type and chimeric BVMOsa 

Entry Biocatalyst Conv.b,c (%) eeb (%) Config.

1 PAMO 93 16 R

2 STMO 87 27 S

3 CHMO 70 ≥  99 R

4 PASTMO 79 62 S

5 PASTPAMO 28 6 S

6 PACHMO 45 60 R

7 PAMEMO1 82 60 S
a 5.0 mM substrate incubated with 10 μM BVMO at pH 7.5 and 24 °C. Reaction time 24 h. b Determined by GC. c Only 
small amounts of the sulfone overoxidation product (≤  5%) were observed.

Thioanisole 1 was used as a prochiral substrate to probe the enantioselectivity of native and chimeric 
BVMOs (Table 4). PAMO and CHMO preferentially form the (R)-sulfoxides with poor and excellent enan-
tioselectivity, respectively (entries 1 and 3). The enantioselectivity of the PAMO–CHMO hybrid behaves 
as a blend of the parent enzymes as it forms the (R)-sulfoxide with moderate enantioselectivity, as 
shown in entry 6. STMO is the only native BVMO which is able to form the (S)-enantiomer, albeit with 
moderate enantioselectivity. Interestingly, PASTMO and PAMEMO1 exhibited improved S enantioselec-
tivities respecting wild type STMO, showing that the exchanged subdomain plays a dominant role in 
the enzymatic selectivity.

The bulkier compound benzyl phenyl sulfide 2 was also tested to probe the effect of BVMO blending. 
While this sulfide was not accepted by both STMO and CHMO, incubation with PAMO led to poor conver-
sion and selectivity (7% (R)-sulfoxide with 36% enantiomeric excess (ee) after 48 h). Chimera PASTMO 
did not convert this substrate. Conversion by PACHMO resulted in 14% of predominantly the (R)-en-
antiomer with a good enantioselectivity (70% ee). Intriguingly, oxidation of 2 by PAMEMO1 resulted 
in the most effective conversion (39% sulfoxide formed), generating the opposite S enantiomer with a 
moderate optical purity (56% ee).

In view of the promising results in the sulfoxidation processes, we analyzed different racemic ketones. 
Bicyclic ketone (±)-bicyclo[3.2.0]hept-2-en-6-one 3 has often been used to investigate the stereoselec-
tivity of BVMOs because four distinct chiral products can be formed from this compound. The so-called 
normal lactones are formed when the oxygen is inserted next to the tertiary carbon, as opposed to 
the secondary carbon for the abnormal lactones. This gives two chemically distinct products for both 
the (1S,5R)- and (1R,5S)-enantiomers. This conversion provides information about differences in regio- 
and enantioselectivities of the different biocatalysts. The three chimeric BVMOs were found to be just 
as effective as the native BVMOs in converting 3 (Table 5, entries 1–3). PASTMO shows an interme-
diate enantioselectivity when compared with the parent enzymes, while retaining the regioselectivity 
of STMO. Interestingly, PASTPAMO showed even higher enantioselectivity, not found in both of the 
parents or the PASTMO chimera and also the highest normal to abnormal ratio. PACHMO displays the 
opposite behavior: it has a small preference for the abnormal lactone, something that is not observed 
with any of the parent BVMOs. Both major enantiomers are obtained with complete enantioselectivity. 
The introduction of the metagenomic gene fragment renders a PAMO variant, PAMEMO1, which shows 
novel properties by forming predominantly the normal lactone with excellent selectivity (entry 7). These 
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data show that by the design of chimeric BVMOs, thermostable PAMO variants can be made that display 
novel catalytic properties when compared with native BVMOs.

Table 5: Baeyer-Villiger oxidation of 3 employing wild type and chimeric enzymesa 

Entry Biocatalyst Conv.b (%) Ratio norm./abn. ee (1S,5R)  
normalb (%)

ee (1R,5S)  
abnormalb (%)

1 PAMO 60 50:50 ≥  29 ≥  99
2 STMO 58 65:35 ≥  79 ≥  07
3 CHMO 69 50:50 ≥  97 ≥  99
4 PASTMO 75 66:34 ≥  76 ≥  62
5 PASTPAMO 51 88:12 ≥  99 ≥  77
6 PACHMO 38 39:61 ≥  99 ≥  99
7 PAMEMO1 58 76:24 ≥  99 ≥  49

a 5.0 mM substrate incubated with 10 μM BVMO at pH 7.5 and 24 °C. Reaction time 24 h. b Determined by GC.

For a further exploration of the created BVMO blends, also the racemic ketone (±)-2-phenylcyclohexa-
none 4 was tested (Table 6). The corresponding enantiomerically pure lactones formed represent attrac-
tive building blocks in organic chemistry. It has been shown before that CHMO is capable to form the 
(R)-lactone with excellent optical purity (entry 3). In contrast, we found that STMO does not act on 
this ketone while PAMO forms the (S)-enantiomer with poor selectivity (entry 1). The use of chimeric 
enzymes PASTMO and PASTPAMO led to the formation of the (S) lactones with good enantioselectivi-
ties, as observed in entries 4 and 5, while PACHMO and PAMEMO1 created the (R)-lactones with excel-
lent enantioselectivity (entries 6 and 7). Conversions achieved with the chimeric enzymes are equal to 
or higher than that obtained with wild type PAMO.

Table 6: Enzymatic oxidation of racemic ketone 4 by chimeric and wild type enzymesa 

Entry Biocatalyst Conv.b (%) ee lactoneb (%) Config.
1 PAMO ≥   11 ≥  22 S 
2 STMO ≤  03 — —
3 CHMO ≥  42 ≥  99 R 
4 PASTMO ≥  30 ≥  70 S 
5 PASTPAMO ≥  18 ≥  87 S
6 PACHMO ≥   11 ≥  99 R 
7 PAMEMO1c ≥  24 ≥  99 R 

a 10.0 mM substrate incubated with 4 μM BVMO at pH 7.5 and 24 °C. Reaction time 24 h. b Determined by GC. c Reac-
tion performed with a substrate concentration of 5.0 mM and 10 μM BVMO. 

Finally, progesterone 5 was tested as substrate of different BVMOs. This compound was oxidized by 
STMO with a high conversion (90% after 24 hours), while neither PAMO nor CHMO was capable of 
oxidizing this steroid. Incubation of 5 with PACHMO and PAMEMO1 led to the recovery of the starting 
material, while PASTMO afforded the final lactone with a moderate conversion (19% after 24 hours). 
PASTPAMO did even better with 36% conversion, showing again that the behavior of the enzymes is 
not a blend of both parent’s behavior, but new properties can emerge. The results with 4 and 5 indicate 
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that hybrid enzymes can show improved conversions or enantioselectivities compared to PAMO while 
retaining its thermostability.

The data above show that exchange of the C-terminal subdomain of PAMO is an effective approach to 
generate BVMOs that are relatively robust while exhibiting novel catalytic properties. This method of 
generating novel BVMOs by blending a robust BVMO with gene fragments of other BVMOs is different 
from the commonly employed methodologies of enzyme engineering or discovery. PAMO appears to be 
a very suitable scaffold for such a subdomain exchange approach as it allows the exchange of sequences 
with only 39% sequence identity while retaining thermostability, even after replacing more than 10% of 
its residues. All purified chimeras were more thermostable than the parent BVMO from which the C-ter-
minal subdomain originated. The method also allows blending of gene fragments from genes that can 
be selected by an in silico search of (meta)genome sequence databases, exploring untapped sequence 
space. This permits a very rapid and relatively cheap access to new BVMO activities as such short gene 
fragments can be easily prepared by modern DNA synthesis protocols.

The substrate specificity of the BVMO blends was found to be at least partially based on the introduced 
C-terminal part. All chimeras show novel catalytic behaviour, especially concerning enantioselectivity. 
Not all activities from the parent BVMOs could be introduced in the chimeras. For example, conversion 
of cyclohexanone was not observed for PACHMO. On the other hand some of the chimeras show unan-
ticipated behaviour by converting substrates with a higher yield or enantiomeric excess than either of 
both parent enzymes. Thus, PASTMO shows a better conversion and enantioselectivity with the rela-
tively bulky ketones 3 and 4 when compared to the parent enzymes. The results obtained show that the 
catalytic properties of chimeras are not just the average of those of the parents, but that new proper-
ties can be introduced, not present in either of the parents. This represents a starting point to expand 
the possibilities for BVMO-catalyzed biocatalysis, by creating a portfolio of BVMO blends with suitable 
stability and expression, and with varying substrate specificities and regio- and/or enantioselectivities.
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chapter 3
The thermostable Baeyer-Villiger monooxygenase (BVMO) phenylacetone monooxy-
genase (PAMO) and the promiscuous cyclohexanone monooxygenase (CHMO) were 
combined to create a large set of chimeric BVMOs. In a previous study part of  the ther-
mostability of PAMO and  part of the substrate specificity of CHMO were combined in 
one chimeric enzyme containing only one crossover. Here multiple crossover posi-
tions were chosen to create many variants. This was done to determine if the cross-
over was made at the optimal position and to determine if better chimeras could 
be obtained by using multiple crossover positions. The designed library contained 
nine crossover positions, leading to 1024 possible chimeric enzymes. The library 
was screened using two methods. An assay detecting residual ketone was used to 
discover a chimeric enzyme capable of converting cyclohexanone while containing a 
large part of PAMO. A headspace-GC assay was used to discover a chimeric enzyme 
creating methyl propanoate and containing different parts of PAMO.  
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Introduction
Baeyer-Villiger monooxygenases (BMVOs) are unique enzymes that insert an oxygen atom next to a 
ketone to create the corresponding esters or lactones [1,2]. In addition, BVMOs catalyze the enantioselec-
tive oxidation of sulfides and are also able to perform other heteroatom oxidations. Many BVMOs were 
discovered and cloned in recent years, and BVMOs with vastly different substrate ranges are available. 
Besides finding new BVMOs, new activities can also be accessed by engineering existing BVMOs. One 
of the prime targets for engineering is phenylacetone monooxygenase (PAMO) from Thermobifida fusca 
[3]. This is one of the few available thermostable BVMOs. It is well expressed, but has a substrate scope 
that is limited to aromatic ketones. Expanding its substrate range to include alicyclic ketones has been 
the goal of several studies [4-10]. While most of these studies were reasonably successful, the active 
site has to be adapted extensively to achieve reasonable rates with non-natural aliphatic substrates [8].

Previously the C-terminal domain of PAMO was exchanged with that of another BVMO converting 
different substrates [10]. This resulted in several stable chimeric BVMOs with different substrate pref-
erences, often with enhanced enantioselectivity. These chimeras were made by creating a crossover at 
a single position, resulting in a single mutant enzyme for every combination of parent enzymes. This 
study was carried out to determine if this crossover was created at the optimal position and if one cross-
over was sufficient. Increased stability or a greater effect on the substrate range might be achieved by 
changing the crossover position or the number of crossovers. A library was designed containing 9 cross-
over positions resulting in 1024 combinations of PAMO and cyclohexanone monooxygenase (CHMO) 
from Acinetobacter calcoaceticus. CHMO is a prototypical BVMO with a wide substrate range consisting 
of predominantly alicyclic compounds [1]. 

Phosphorothioate-based DNA recombination was used to create the designed crossover library. This 
method combines different PCR fragments using overhangs created by the chemical digestion of phos-
phorothioate bonds present in the primers [11,12]. Subsequently, the digested pieces are hybridized in 
one pot to create DNA that can be used directly for efficient transformation. 12 base pair overhangs 
are used. These 12 base pairs will be identical in all possible products. This makes the method almost 
homology independent, because no restrictions exist for the templates that can be used. Crossover posi-
tions can be adapted to fit any combination of templates.

The resulting library was screened using two methods. The goal of this study was to create an enzyme 
with two properties: activity towards aliphatic ketones, and increased stability compared to wild-type 
CHMO. Initial screening was done to find active mutants. Chimeras that used a relatively unstable 
BVMO as a scaffold were not expressed previously [10]. Thus we expect that a screening method based 
on activity will select for functionally expressed mutants with reasonable stability. 
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Figure 1: Proposed reaction mechanism of cyclohexanone with 3,5-dinitrobenzoic acid in the presence of a strong 
base. The purple-colored putative Janovsky-product is shown between brackets, as its structure has not been 
confirmed.

A screening method based on the derivatization of the substrate to form a colored product was employed. 
The assay described by Linares-Pastén was used [14], where cyclic ketones react with a nitroaromatic 
compound to form a colored product. This method was only described for simple cyclic ketones. Here 
we expand the assay to work on other ketones such as (±)-bicyclo[3.2.0]hept-2-en-6-one (BCH), dihydro-
carvone and 2-phenyl cyclohexanone. Additionally the assay was optimized to give a bigger response 
while retaining linearity.

Figure 2: Baeyer-Villiger oxidation of 2-butanone to the normal, expected product ethyl acetate and the abnormal, 
unexpected product methyl propanoate.

Headspace GC is the second screening method that was employed. GC was used to detect products 
after the conversion of 2-butanone (chapter 5). While this method does not have a high throughput like 
the assay mentioned above as it cannot be performed using microtiter plates, it can be used to detect 
mutants with very low activity. The assay can be used with whole cells, where enzymes are gener-
ally more stable, while the detection limit is less than 10 µM. As 2-butanone can be converted into two 
different products, ethyl acetate and methyl propanoate, this method immediately identifies mutants 
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that have divergent regioselective behavior. PAMO does not convert 2-butanone at all, but CHMO always 
creates partially the so-called abnormal product methyl propanoate instead of the normal product ethyl 
acetate. 

Upon screening the library, two hits were discovered. One using the ketone derivatization assay and 
another using the headspace-GC assay. Both mutants contained several crossovers, showing that a 
chimeric enzyme built from multiple parts is still active. However, both mutants were not expressed in 
large enough quantities or were not stable enough to be purified. Further characterization was carried 
out with whole cells, which showed that both mutants show a preference to create the normal product 
from BCH without preference for a single enantiomer.

Materials and methods
Reagents and enzymes

Chemicals were obtained from Sigma-Aldrich, TCI Europe, ABCR, Biosynth, Oriental Yeast Co. or Merck 
and used as supplied. Primers were obtained from Eurofins MWG Operon, Phusion polymerase from 
Finnzymes, the PfuUltra master mix from Agilent and dNTPs from Clontech. E. coli TOP10 electrocom-
petent cells were obtained from Invitrogen. 

Design of the library

Based on a sequence alignment between the protein sequences of PAMO and CHMO, crossover positions 
were chosen. The aim of the design was to divide the enzyme sequence in 10 parts, and to construct the 
library in two steps. The starting point was chosen based on previous mutagenesis work, and consists 
of a small region around the 440-446 loop of PAMO. The rest of the sequence was divided in roughly 
equally sized parts, with crossover position locations guided by local identity between the two enzymes. 
All crossover sites were chosen in such a way that at least 3 out of 4 residues on the crossover position 
were conserved between PAMO and CHMO. The PAMO DNA sequence was used as a template for the 
12-bp overhangs. Further bases aligning either with PAMO or CHMO were added to obtain primers with 
an average TM of 69 °C, as determined by the primerdigital.com java applet.
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Figure 3: Sequence alignment of PAMO and CHMO. Secondary structure elements based on PAMO (1W4X) are 
shown above the alignment. Crossover positions are indicated by black boxes. In the case of non-identical crossover 
positions the sequence of the PAMO gene was chosen, even if this would lead to residue changes. 

.                        TT1W4X
1       10        20        30         40        50        60

1W4X M                D  V G GF GLYA   LR EL   V     A DV G WYWNRYPGA  D E  A                VL V         L R          V         V            I S  GQTTVDSRRQPPEEV      A  S     Y   .  GRS H IET G  G           RC
CHMO M                D  V G GF GLYA   LR EL   V     A DV G WYWNRYPGA  D E  S                AI I         V K          A         T            T T  ..........QKMDF      G  G     K   D  ELK Q FDK T  A           LS

                                                                  TT1W4X
70        80        90       100       110       120       130

1W4X   YCYS   E LQ       Y   P    Y   VA K DL     F T V  A   EA   W V T  GD          V  E     R AS   I R IN        R   T   T TA  F       TIE    FSE     WNWTE    Q E L    F  D F   SGI  H      A D  TNT   D NH
CHMO   YCYS   E LQ       Y   P    Y   VA K DL     F T V  A   EA   W V T  GD          L  S     K VQ   V K LQ        K   Q   A QS  Y       EHL    WDK     LEIKK    G D R    Q  E H   KSY  N      H N  DAL   T EY

1W4X
140       150       160       170       180       190       200

1W4X    AR LI A G LS P LPN  G   F G L HT  WP   V F G RVGVIGTGS G QV    A  AR R  Y         V Q      L                    S Q         S I  S QI I      M S Q        FP  KD A N Y  GN  HEP D                   P   KQ 
CHMO    AR LI A G LS P LPN  G   F G L HT  WP   V F G RVGVIGTGS G QV    A  AK T  F         A N      I                    E K         T V  I AV Y      T L L        IK  NQ K E H  SR  DD. S                   T   PL 

1W4X
210       220       230       240       250       260       270

1W4X   L VFQR     VP  N PL  E     K  Y        N             A  VS EE     E         T  FA  A         L  L          S  T       Q     LE       ET  RAE F     PH     R A  DP F AD  KR AEFREE R  PGGTHRY GPKS     D  LV  L
CHMO   L VFQR     VP  N PL  E     K  Y        N             A  VS EE     E         S  YS  I         V  I          V  S       E     MS       AV  KKH T     AQ     G D  SE D KK  DN DKIWDG W  ALAFGLN STVP     A  RK  F

1W4X
280         290       300       310       320       330       340

1W4X  WQ GG          DI     AN     FI  KI   V DP  A  L P       KR      YY   E        AAY    R      RVA   R     T R  EV ER   K     T   I  IY     ..PDIL   R  L DRD  E   E   N  RN           V  GYPFG   L LE D  EM
CHMO  WQ GG          DI     AN     FI  KI   V DP  A  L P       KR      YY   T        ETF    T      EAQ   K     I K  AI QK   Q     A   L  SA     GFRFMF   G  A NME  I   N   G  AE           M  ..DLY   P CD G  NT

   TT     TTT .1W4X
350       360       370        380       390       400       410

1W4X FNRDNV L D    PI  IT  GV        ELD L  ATGFDA  G     DI G    A K  W  G        V T S   ET      R S   Y      V       L     K   R    V L     A       H    L A      PR   T ERE .   S  L       T ALF I    VGN    EK A
CHMO FNRDNV L D    PI  IT  GV        ELD L  ATGFDA  G     DI G    A K  W  G        E V A   VE      K E   F      I       V     R   Q    L M     E       R    K N      EN   L NGD V   M  C       D NYV M    KNG    DY K

         TT TT      TT1W4X
 420       430       440       450       460       470       480

1W4X P  Y G      PN F   GP  P    N   SIE  VEW  D I Y   N     EA  E E  W RT L LST  F  L  I         S M     Q    VT   A      LTRS  V     E VE         AG     F A  GS SAL   LV    H      H   MFK G       L K D    HV
CHMO P  Y G      PN F   GP  P    N   SIE  VEW  D I Y   N     EA  E E  W SS M VTV  Y  M  V         T L     S    IS   Q      VESI  T     Q TQ         NN     M L  NG ..F   PP    Q      T   TVE N       K A E    TC

                     TT1W4X
 490       500       510       520       530       540

1W4X   IA  TL P   SW  GAN PGK      Y GG   YR          YEGF        Y  TA       V     V    V    R  QI             LTNE  DE    M    YT       PR FML    FH     CDEVAAKG    V  ............
CHMO   IA  TL P   SW  GAN PGK      Y GG   YR          YEGF        F  AQ       I     T    L    E  SA             IQAN  EM    K    IF       KN VYF    LK     LANCKNHA    D  LQRSDIKQPANA

β1 α1 β2 α2

α3 α4 η1 β3 β4 β5

β6 η2 β7 η3 α5

β9 β10 α6 α7 α8

η4 α9 α10 β11 α11

β12 β13 β14 β15 β16 α12 β17 η5 α13

η6 α14 β19 α15

η7 η8 α16 β20

1

2

3 4

5

6

7

8 9
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Construction of pBAD-TAT-CHMO and pBAD-TAT-PACHMO

The entire CHMO encoding gene was inserted in the pBAD-Tat-PAMO plasmid to create pBAD-Tat-CHMO 
using In-Fusion cloning. An RsrII restriction site was inserted into the pBADTatPAMO plasmid [13] and 
subsequently a piece of CHMO was inserted using In-Fusion cloning as previously described [10] to 
create the pBAD-TAT-PACHMO plasmid. 

Construction of the library

Five intermediate genes were created in the first round of library creation. Four specifically mixed 
mutants to obtain every possibility at each of the 5 first-round crossover positions and CHMO including 
the introduced mutations at the 5 crossover positions (Table 1). In the second step, 20 different pieces 
were amplified. Each piece overlaps with a part of sequence before a crossover generated in the first step 
and a part after the crossover position (Table 1). This resulted in 5 sets of 4 sequences, PAMO/PAMO, 
CHMO/CHMO, PAMO/CHMO and CHMO/PAMO, which were used to create the final library, containing 
45 (=1024) possibilities.

Table 1: Overview of the created PCR products and intermediate plasmids in the construction of the library. Between 
brackets are the templates that are used and the crossover positions that are used as a start and end for the fragment. 
For the plasmids, between brackets are the fragments that were used to construct it. 

Step 1 PCR products
P1 (PAMO 1-3) P2 (PAMO 3-5) P3 (PAMO 5-7) P4 (PAMO 7-9) P5 (PAMO 9-1)
C1 (CHMO 1-3) C2 (CHMO 3-5) C3 (CHMO 5-7) C4 (CHMO 7-9) C5 (CHMO 9-1)

Step 1 plasmids
IM1 (P1C2P3C4P5) IM2 (C1P2C3P4C5) IM3 (C1C2C3C4C5) IM4(P1P2P3P4C5) IM5(C1C2C3C4P5)

Step 2 PCR products
PP6 (PAMO 2-4) PP7 (PAMO 4-6) PP8 (PAMO 6-8) PP9 (PAMO 8-10) PP10 (PAMO 10-2)
PC6 (IM1 2-4) PC7 (IM2 4-6) PC8 (IM1 6-8) PC9 (IM2 8-10) PC10 (IM5 10-2)
CP6 (IM2 2-4) CP7 (IM1 4-6) CP8 (IM2 6-8) CP9 (IM1 8-10) CP10 (IM4 10-2)
CC6 (IM3 2-4) CC7 (IM3 4-6) CC8 (IM3 8-10) CC9 (IM3 8-10) CC10 (IM3 10-2)

Step 2 plasmids
Complete library containing 1024 variants

Before amplification of the fragments, templates were linearized using SacII (for amplifications including 
the plasmid backbone) or BspHI (for amplifications of part of the genes). The templates were purified 
using a Qiagen PCR cleanup kit and used for PCR. The PCR mix consisted of GC buffer, 3% (v/v) DMSO, 
0.5 µM primers, 200 µM dNTPs, 200 ng template and 1 U Phusion polymerase in a total volume of 100 
µL. The following PCR cycle was used: initial denaturation at 98 °C for 30 s, 35 cycles of denaturation at 
98 °C for 10 s, annealing at 66 °C (for fragments C6, C7, C10) or 72 °C for 15 s and extension at 72 °C for 15 
s (short fragments) or 2.5 min (long fragments), and a final extension step at 72 °C for 10 min. PCR of the 
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templates gave an a-specific product of ~1000 bp, this problem was solved by isolating the product with 
the correct size from gel. Products were treated with DpnI to digest template DNA and purified using a 
PCR cleanup kit. Overhangs were created by incubating 4 µL of the products with 0.25 M Tris-HCl pH 9.0, 
30 mM I2 and 30% (v/v) ethanol at 70 °C for 5 min. Treated PCR products were combined and annealed 
by incubating at 70 °C and cooling down the mixture to 20 °C in 5 minutes using a PCR machine. 10 µL 
of the mixture was subsequently transformed to 100 µL chemically competent E. coli TOP10 cells. Colo-
nies were picked, grown in 300 µL LBAmp in deep-well microtiter plates and stocks containing 20% (v/v) 
glycerol were stored at 80 °C until used. 

Ketone derivatization assay

300 µL LBAmp was inoculated with cells and grown o/n at 37 °C. 80 µL of this preculture was added to 720 
µL LBAmp and grown for 3 h at 37 °C. Cells were induced with 0.2% (w/v) L-arabinose and the reaction was 
started by the addition of 20 mM substrate. After 24 h at 24 °C the cells were removed by centrufigation. 
70 µL of the supernatant was mixed with 70 µL of a 20 mM 3,5-dinitrobenzoic acid solution in ethanol. 5 
minutes after the addition of 70 µL 2M KOH in H2O the absorbance was measured at 550 nm.

Conversions for headspace GC and analysis

1 mL of LBAmp was inoculated with 50 µL preculture in a 20 mL headspace vial. The cells were grown at 
24 °C for 2 h and expression was induced by the addition of 0.02 % (w/v) L-arabinose and the reaction 
was immediately initiated by adding 10 mM 2-butanone. After 24 h at 24 °C, the samples were analyzed 
by headspace GC. GC analysis was carried out on a Shimadzu GC-QP2010 gas chromatograph with a MS 
detector using a HP1 column. After vials were incubated at 40 °C for 2.5 min 250 µL samples were taken 
from the 20 mL headspace vial with a syringe heated to 45 °C. The injection temperature was 150 °C and 
the oven temperature was set at 35 °C (isothermal). Retention times of the compounds were 2.22 min for 
2-butanone, 2.42 min for ethyl acetate and 2.60 min for methyl propanoate. The compounds were accu-
rately identified by MS and retention times were consistent compared to the commercially available 
reference compounds.

Conversions for chiral GC

100 mL TBAmp in a 500 mL baffled Erlenmeyer was inoculated with 5 mL preculture. After growing for 
2 h at 24 °C, expression was induced by the addition of 0.02% (w/v) L-arabinose and grown for a further 
48 h at 17 °C. 2 mL of the culture was harvested (30 s at 13,000 × g) and resuspended in 50 mM Tris/HCl 
pH 7.5 containing 15 mM BCH, 0.6% (v/v) glycerol and 1% (v/v) DMSO. After 16 h at 24 °C the cell suspen-
sion was extracted with 1 mL ethyl acetate, phases were separated by centrifugation (2 min at 13,000 
× g) and the organic layer was dried over MgSO4 before analysis by chiral GC as described previously [7]. 

Results and discussion
Construction of the library

Not all pieces were amplified using standard conditions, and significant optimization of all the PCR 
conditions was required. Linearization of the template was found to be most beneficial, and the addi-
tion of an increased amount of template, the addition of 3% (v/v) DMSO and the use of high GC buffer 
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also increased the yield of the PCR reaction. There were some differences in optimal annealing tempera-
ture, most likely caused by the unavoidable differences in primer melting temperatures. Also the differ-
ence in GC content in the overlap (coming from the high-GC PAMO gene) and the CHMO extension of 
the primer might have caused some difficulties in PCR. The digestion and assembly of the PCR products 
created with thiophosphorylated primers turned out to be no problem, and the initial transformation of 
the library to electrocompetent E. coli TOP 10 cells yielded >1000 colonies. 

All required intermediates (Table 1) could be created, and 9 out of 10 pieces for the final library were 
successfully amplified. This resulted in a final library with a size of 512 mutants. Initial sequencing 
showed that the assembly was successful, but unfortunately even extended digestion with DpnI could 
not get rid of a large background of wild-type or re-assembled PAMO. As the goal of the first screening 
was to detect mutants with CHMO-like substrate scopes, a large PAMO background would not result in 
false positives. We continued with this high-background library. 

The ketone-derivatization assay was previously published and it was shown to be reliable and linear 
over a large range of ketone concentration. In initial experiments to test the suitability of this assay to 
measure whole cell conversions, several issues were encountered. The first is a source of unreliability 
due to the evaporation of ethanol. The published article and the putative reaction mechanism were 
investigated. This suggested that ethanol is only required in the reaction medium because the derivat-
izing compound DNB is insoluble in H2O. The added base was also dissolved in ethanol but does not 
have to be. The factorial design approach that was published suggested that the reaction would yield an 
increased signal at higher concentrations of KOH. This would be impossible to achieve in ethanol due to 
the limited solubility of KOH in this solvent. The signal was improved by using water instead of ethanol 
and increasing the concentration of KOH 10-fold to 0.66 M in a final mixture containing 33% (v/v) 
ethanol. This led to a signal that was 10-fold higher than with 66 mM KOH in a 67% ethanol mixture. 

Figure 4: Calibration curve for cyclohexanone using a final concentration of 0.66 M KOH in 33% ethanol and 50 mM 
3,5-dinitrobenzoic acid. 

The Z-factor can be calculated as shown in equation 1, using the means (µ) and standard deviations (σ) 
of the positive (p) and negative (n) controls [16].         

 

Z-factor = 1 –
 3(σp+σn)  

(Equation 1)                           |µp+µn|
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Using equation 1 to measure the quality of a high-throughput screening method leads to a Z-factor of 
0.66, much higher than the Z-factor of a substrate independent phosphate-generation based assay[13] 
(0.44) when using the same enzymes as positive and negative controls. 

Besides the improvement in signal, the assay was also shown to work in buffer with other isolated 
ketones such as 2-phenyl cyclohexanone, dihydrocarvone and BCH. The assay was not tested with whole 
cells and 2-phenyl cyclohexanone and dihydrocarvone as the signal was lower for these substrates (65% 
and 10% respectively) than the signal for cyclohexanone, while both substrates also show lower rates 
with CHMO (19% and 32% respectively [17]) compared to cyclohexanone. BCH showed a 2-fold increased 
signal, while the rate of CHMO with this substrate is very similar to the rate with cyclohexanone [18]. 
For BCH the assay showed a Z-factor of 0.29 which is low and would always require rescreening, but is 
still usable. For comparison, the Z-factor for the phosphate-based assay with BCH is less than 0, which 
means the assay is useless for screening. 

The ketone derivatization assay was first used to screen 600 clones of the library with cyclohexanone. 
38 potential hits were picked for re-screening and subjected to the same assay in duplo. Four hits were 
obtained (Table 2). After sequencing all hits were found to be IM3 (the all-CHMO product). This demon-
strated the power of the screening method, but no chimeric enzymes were discovered. 

Table 2: Results of the rescreening with cyclohexanone. Cells A1 and B1 contain wild-type CHMO as a control, and 
column 6 also contains controls. Clones from cells marked in bold were picked and sequenced. 

Table 3: Results of the rescreening with BCH. Cells A1 and B1 contain wild-type CHMO as a control, and column  
6 also contains controls. Clones from cells marked in bold were picked and sequenced. 

1 2 3 4 5 6
A 0.33 0.49 0.49 0.49 0.49 0.49 PAMO
B 0.36 0.49 0.49 0.48 0.49 0.48 PAMO
C 0.49 0.49 0.49 0.48 0.49 0.49 R337A
D 0.50 0.50 0.50 0.49 0.53 0.49 R337A
E 0.34 0.49 0.48 0.49 0.50 0.34 IM3
F 0.38 0.35 0.49 0.50 0.73 0.34 IM3
G 0.35 0.49 0.50 0.49 0.49 0.34 CHMO
H 0.49 0.49 0.50 0.49 0.50 0.34 CHMO

1 2 3 4 5 6
A 0.40 0.50 0.46 0.48 0.48 0.45 PAMO
B 0.41 0.49 0.47 0.48 0.49 0.48 PAMO
C 0.54 0.55 0.49 0.52 0.54 0.55 R337A
D 0.49 0.53 0.52 0.50 0.50 0.49 R337A
E 0.51 0.52 0.51 0.52 0.49 0.44 IM3
F 0.48 0.51 0.49 0.51 0.47 0.40 IM3
G 0.49 0.47 0.46 0.49 0.46 0.41 CHMO
H 0.48 0.50 0.48 0.45 0.45 0.42 CHMO
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As the screening using BCH gave limited results, an additional screening method was considered. Espe-
cially because we expect that most of the CHMO background in the library had already been discov-
ered, an assay detecting the formation of methyl propanoate from 2-butanone was used. While PAMO 
also converts 2-butanone, producing 1-3% ethyl acetate after 24 h, CHMO is much faster, converting 
45%. CHMO also creates the abnormal product methyl propanoate, creating a 4:1 mixture of ethyl 
acetate : methyl propanoate. Using headspace GC, small quantities of product can be observed, and 
100 mutants were screened. A variant (Bu-1) producing only 10 mM methyl propanoate was discovered, 
which is 6% of the total amount of product formed, compared to 20% methyl propanoate for CHMO. 
The ability of Bu-1 to accept 2-butanone and produce methyl propanoate is not surprising when looking 
at the sequence, as a large part of the residues around the active site are coming from CHMO. Only the 
440-446 loop which has been the subject of many mutagenesis studies contains residues from PAMO in 
the Bu-1 mutant. 

Table 4: Sequences of the two discovered mutants, BCH-1 from the ketone derivatization assay and Bu-1 from the 
2-butanone conversion analyzed by headspace GC. P: piece originally from PAMO, C: piece originally from CHMO. 
Exact crossover positions can be found in figure 4. Pieces from CHMO are marked in gray. 

1 2 3 4 5 6 7 8 9 10
BCH-1 P P P P C P C C C P
Bu-1 C P C C C C P P C P

 
 
Figure 5: Structure of PAMO in blue with 
the parts exchanged for CHMO in red to 
represent both hits. On the left chimeric 
enzyme BCH-1, on the right chimeric 
enzyme Bu-1. Close ups of the active site 
on the bottom, showing that the two 
active sites are built up in two extremely 
different ways.    
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Further characterization of both discovered mutants was done with whole cells, as expression levels 
and presumably stability were not sufficient for purification. Conversions done with BCH showed that 
both variants prefer to create the normal product, without any significant enantiomeric excess. This is 
different from both CHMO and PAMO. CHMO creates the normal 1S,5R enantiomer with 95% ee, while 
PAMO is less selective, but still uses mainly one enantiomer to create the normal product. The speci-
ficity for the normal or abnormal product could be completely driven by chemical preferences instead 
of by the enzyme microenvironment. Both the changed preference towards the normal product and the 
lack of enantioselectivity suggest that the active site lost the ability to orient the substrate in a defined 
position. 

Table 5: Baeyer-Villiger oxidation of BCH using whole cells containing wild-type or mutant enzymes. Conversions 
were run for 16 h. +++: more than 50% conversion, +: <10% conversion. Ratio normal and abnormal product and ee 
values were determined by chiral GC. Some ee values were not determined (n.d.) as peak areas for the abnormal 
product were too small to be reliably integrated. 

Enzyme Conversion Normal:abnormal ee normal (%) ee abnormal (%)
PAMO +++ 74:26 89 (1S,5R) 37 (1S,5R)
CHMO +++ 52:48 95 (1S,5R) > 99 (1R,5S)
BCH-1 + > 95:50 11 (1S,5R) n.d.
Bu-1 + > 95:50 2 (1S,5R) n.d.

Conclusions and future perspectives
After initial practical issues with PCR efficiency, a 512-mutant crossover library was successfully created. 
The substantial amount of PAMO background sequences in the prepared mutant library affected the effi-
ciency of the screening. It led to several false-positive results in the screening using BCH as a substrate. 
Two interesting mutants were discovered using two different screening assays, showing that the use of 
alternative assays can result in additional results being obtained from the same library. More results 
might be obtained by screening a larger part of the library with 2-butanone using headspace GC, or 
by using another substrate. The preliminary data shows that 2-phenyl cyclohexanone and dihydrocar-
vone can be detected by a colorimetric assay, but conditions need to be adapted to be able to detect slow 
mutants. Both discovered mutants contain multiple crossover positions. This shows that the results in 
this study are not obtained only by introducing a different crossover position compared to that used to 
create the previous generation of chimeras. The use of several crossovers in the same enzyme was also 
required to generate these mutants. 

The sensitivity of the ketone derivatization assay was significantly improved. We also showed that the 
assay can be applied to more complex ketones (2-phenyl cyclohexanone and dihydrocarvone) when 
using the isolated compounds. The ketone derivatization assay was successfully used to distinguish 
between variants active or inactive with BCH. Although it was originally optimized, there was still room 
for significant improvement of the assay. While for ketones that gave a high signal in the assay already 
this improvement might not be required, optimization does allow for the screening of substrates that 
resulted in a low signal using the original conditions. 

The sequences of the two mutants are quite different, showing that there are multiple possibilities for 
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crossover positions. It also shows that mutants with several crossovers can still be active. The active 
sites of the two discovered enzymes are quite different. The active site in the Bu-1 mutant is built mostly 
from sequences originally from CHMO. This might explain the activity with 2-butanone for this mutant 
as well as the preference to create a small amount of the abnormal product methyl propanoate. The 
active site of the BCH-1 mutant resembles the active site of PAMO, but lacks the specificity of PAMO. 
While only the BCH-1 mutant was discovered using the ketone derivatization assay with BCH, both 
mutants were active with this compound. This is also expected, because both the wild-type CHMO and 
the wild-type PAMO enzyme convert this substrate. 

Both discovered mutants convert BCH specifically to the normal product, unlike most other BVMOs. 
Combined with the extremely low ee this leads to the suggestion that the active site in these mutants 
is not well-defined. Both the lack of selectivity for one enantiomer, and the preference for the chemi-
cally more preferred normal product suggest that the substrate is not in a defined position in the active 
site. While the focus often lies on enantioselectivity in biocatalysis research, in some cases an a-spe-
cific enzyme is required to convert both enantiomers to a single racemic product. However, the mutant 
enzymes were not overexpressed in a stable form, and using whole cells only very low conversions 
could be obtained. The the stability could not be determined because of this lack of overexpression, but 
the lack of expression might already indicate the low stability of these enzymes. 

Against our expectations, the variants similar to the previously created chimera PACHMO [10] were not 
discovered, while they should be present in the library. A reason for this might be that the library was 
not screened completely. While the screening of 600 mutants would result in the coverage of most of the 
512-variant library, the large PAMO background significantly lowered this coverage to approximately 
50%, as effectively much fewer mutants were screened. Additionally, while PACHMO was shown to be 
active and to have enhanced enantioselectivity, no activity with cyclohexanone was found. Also no 
product formation when using 2-butanone was shown. This leads to the conclusion that only the ketone 
derivatization assay with BCH might have found the chimera. 

Future perspectives

The employed method of preparing the library of crossover mutant allows facile generation of slightly 
different libraries. These can be created using the same PCR pieces to get a more thorough under-
standing about which pieces are important for stability or substrate specificity. For example a small 
10-mutant library might be created where PAMO is used as a starting point, and in each mutant a single 
piece is replaced with the corresponding piece of CHMO. Another option might be a library based on the 
idea of chimeric enzymes. To find the optimal crossover position, 8 chimeric enzymes could be created 
that have the single crossover between the PAMO and the CHMO part each on a different position. These 
mutants are readily accessible as the PCR products for the creation of the final library are available. 
The analysis of the limited number of mutants could be done using conversions of BCH or 2-butanone 
directly, to observe smaller conversions than when using the colorimetric assays, and to observe the 
changes in enantioselective or regioselective behavior directly. 
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chapter 4
Enzyme stability is an important parameter in biocatalytic applications, and there 
is a strong need for efficient methods to generate robust enzymes. We investigated 
whether stabilizing disulfide bonds can be computationally designed based on a 
model structure. In our approach, unlike in previous disulfide engineering studies, 
short bonds spanning only a few residues were included. We used cyclohexanone 
monooxygenase (CHMO), a Baeyer-Villiger monooxygenase (BVMO) from Acineto-
bacter sp. NCIMB9871 as the target enzyme. This enzyme has been the prototype 
BVMO for many biocatalytic studies even though it is notoriously labile. After creating 
a small library of mutant enzymes with introduced cysteine pairs and subsequent 
screening for improved thermostability, three stabilizing disulfide bonds were iden-
tified. The introduced disulfide bonds are all within 12 Å of each other, suggesting 
this particular region is critical for unfolding. This study shows that stabilizing disul-
fide bonds do not have to span many residues, as the most stabilizing disulfide bond, 
L323C-A325C, spans only one residue while it stabilizes the enzyme, as shown by a 6 
°C increase in its apparent melting temperature.
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Introduction
Enzyme stability is an important parameter in biocatalysis, as an increase in stability will improve 
the economics of enzyme use in industrial applications [1]. Unfortunately most enzymes are relatively 
unstable, not evolved to operate at high temperatures or in the presence of organic solvents. Improve-
ments in thermostability are often laborious and usually require the creation and screening of large 
enzyme mutant libraries [2]. In most proteins, stabilizing mutations are found in certain critical regions, 
suggesting structural regions that allow early unfolding steps of an enzyme, while mutations elsewhere 
in the protein have a much smaller effect on thermostability [3-5]. Therefore, there is a need for methods 
to locate such critical regions [6], to allow enzyme engineering efforts to focus and so to reduce the 
amount of labor required to stabilize an enzyme [7,8].

Recently, we published an improved computational method for disulfide bond design to boost enzyme 
stability. For limonene epoxide hydrolase, this resulted in identification of 9 stabilizing disulfide bonds 
out of the 18 that were experimentally tested [9]. The stabilizing disulfide bonds were clustered at a crit-
ical region for stability, where also stabilizing point mutations had most effect [9]. This study showed 
that by introducing computer-designed disulfide bonds, it is possible to locate the critical region for 
stabilization using relatively few variants. However, this was done for a protein for which an X-ray struc-
ture was available and it is not obvious whether such a strategy would work for a protein for which only 
a homology model is available. Homology models are structurally far less accurate than (high resolu-
tion) X-ray structures [10], which could hinder the computational design of stabilizing disulfide bonds 
and thus a higher fraction of non-stabilized disulfide bonds can be expected.

Introduced disulfide bonds that contribute to protein stability typically involve disulfide bonds that 
bridge a large number of residues. The use of disulfide bonds spanning only a few residues is a surpris-
ingly unexplored method to stabilize proteins. Disulfide bonds in natural proteins in majority encom-
pass < 30 residues, with most bonds spanning ~11 residues [11]. However, in protein stability engineering, 
short disulfide bonds are avoided, because it is assumed that the obtained stabilization by a disulfide 
bond is dominated by the number of residues that the disulfide bond spans across [12]. This proposed 
correlation between the obtained stabilization and the number of spanned residues is however poorly 
supported by experimental data. Therefore it appeared worthwhile to investigate the effect of intro-
ducing very short disulfide bonds, which might have been overlooked earlier. [13].

In this study, we test whether computational design of disulfide bonds can be used to find a region 
critical for unfolding and to stabilize a coenzyme-dependent and cofactor-containing enzyme, cyclo-
hexanone monooxygenase from Acinetobacter sp. NCIMB9871 (CHMO), of which no crystal structure is 
available. While our previous successful disulfide design was based on an X-ray structure of the target 
enzyme, this time we applied our in-house developed computational design protocol on a homology 
model. An additional modification was the inclusion in the in-silico design of short disulfide bonds 
spanning < 15 residues.

The target enzyme, CHMO, can be considered as the prototype enzyme for Baeyer-Villiger monooxygen-
ases (BVMOs), an enzyme class that is attracting an ever-increasing interest for being applied in biocat-
alytic processes [14-20]. CHMO has been studied for its biocatalytic potential in numerous studies which 
has revealed that it (1) accepts a wide range of aliphatic substrates, (2) is able to perform chemo- and 
regioselective oxidations, and (3) yields absolute enantioselectivity for many of the tested conversions 
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[19,21]. In the last decade, it has been the subject of several directed evolution and site-directed mutagen-
esis studies, aiming at altering the substrate specificity or improving the stability [22-25]. Recently this 
enzyme was used by Codexis as a starting point in a directed evolution approach to improve the enan-
tioselective production of (S)-omeprazole, a blockbuster pharmaceutical [26]. So far, CHMO has defied 
all crystallization attempts which may partly be due to its notoriously poor thermostability [27-29]. 
Yet, to guide enzyme engineering attempts of CHMO, crystal structures of the homologous phenylace-
tone monooxygenase (PAMO) are available [30,31], and more recently the structure of the more closely 
related CHMO from Rhodococcus sp. was elucidated [32,33].

Previously we attempted to access CHMO-like activity in a thermostable enzyme by using PAMO from 
the thermophile Thermobifida fusca as a scaffold to introduce activities of related BVMOs [34]. PAMO 
has an apparent melting temperature (TM) more than 20 °C higher than CHMO, but only has a limited 
substrate range [19,35]. We were able to expand the substrate specificity in a PAMO-CHMO chimera, but 
activity with the preferred substrate of CHMO, cyclohexanone, was not detected. 

Here we report on the introduction of disulfide bonds in CHMO, designed using a homology model 
based on the x-ray structure of a sequence-related CHMO (58 % sequence identity). A total of 27 disulfide 
bond mutants were designed in silico and experimentally tested for their thermostability. Three stabi-
lized mutants were identified, which were all located in the same region. This suggests that this partic-
ular region is important for the stabilization of CHMO. The most stabilized disulfide bond variant was 
L323C-A325C, with an apparent TM increase of 6 °C and a 12-fold increased half-life, while its disulfide 
bonds spans only one residue. This illustrates the importance of taking extremely short disulfide bonds 
into consideration when designing more stable proteins.

Results
Disulfide bonds were designed in a model structure of Acinetobacter CHMO (see experimental section). 
To prevent loss of catalytic activity, no disulfide bonds were allowed between residues that are within 
8 Å from the FAD and NADP+ cofactors bound in the homology model. Also, the loop between residues 
487 to 504, which in the Rhodococcus CHMO adopts a different conformation in the open and closed form 
of the enzyme [32], was excluded from mutagenesis. While previously disulfide bonds that spanned < 15 
residues were not allowed [9], here no such restrictions were implemented. The selected disulfide bonds 
are distributed over the whole protein, to probe for the regions that are important for thermostability 
(Fig. 1). Of the 27 selected disulfide bonds, 8 spanned < 15 amino acids (Table S1). Additionally, because 
in the homology model the C-terminal residues 534 to 545 could not be modeled (absent in the crystal 
structure), this C-terminus was removed in a separate mutant, as the removal of such disordered 
C-termini can also increase stability [11].

Chapter 4 
Stabilization of cyclohexanone monooxygenase

51



Figure 1: Model structure of CHMO showing the introduced cysteines as spheres. Non-beneficial mutations are 
shown in gray, beneficial mutations shown in red. Residues 323-325 are mutated to cysteines in the best mutant, 
residues 255-293 and 325-483 were mutated in the other two described mutants. Of the truncation mutant, the last, 
C-terminal residue is shown in blue. FAD is shown in yellow; NADP+ is shown in cyan.

All mutants were grown in 50 mL TB medium and twenty disulfide bond mutants were expressed and 
purified in sufficient yield to determine the apparent melting point in the ThermoFAD experiment. In 
this experiment the enzyme is heated in a RT-PCR machine, and by following the increase in FAD fluo-
rescence when it is released from the protein, the apparent melting point can be determined. Of the 
twenty purified mutants, three displayed a higher apparent melting temperature than the wild-type 
CHMO, while for other disulfide bond mutants the apparent melting temperature was similar to the 
wild-type CHMO or even significantly reduced (Table S1 and Fig. S1). The truncation mutant, missing 
10 residues at the C-terminus, was expressed but turned out to be slightly less stable than the wild-type 
enzyme (Table 1). The best mutant, L323C-A325C, showed a 6 °C increase in apparent melting tempera-
ture, while two other mutants, A255C-A293C and A325C-L483C, showed an increase of 2.5 °C (Table 1). 
For these three mutants the melting curves showed only one maximum, indicating there are no sub -
populations in which the disulfide bond is not formed, or formed improperly (Fig. S2). 
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Table 1: Apparent melting temperatures of all studied CHMO variants.

CHMO variant TM (°C)
WT 38.0
A255C-A293C 40.5
A325C-L483C 40.5
L323C-A325C 44.0 (36.5)a

R534stop 37.0
a The melting point for the reduced form, obtained by incubating the enzyme o/n with 1.0 mM DTT.

In addition to the ThermoFAD measurements, enzyme activity was monitored at a single temperature 
to determine the half-life, a more relevant parameter for biocatalysis. For this, incubation at 30 °C was 
followed by measuring BVMO activity with cyclohexanone as substrate. 

This revealed that only the L323C-A325C mutant displayed a significantly increased half-life. The time at 
which 50 % catalytic activity was left was increased >10 fold to 45 minutes for this mutant, compared to 
4 minutes for the wild-type enzyme (Fig. 2). The other two enzymes show inactivation behavior similar 
to the wild-type enzyme (Fig. S8).

Figure 2: Enhanced stability of CHMO by an introduced disulfide bond. Enzyme was incubated at 30 °C in the pres-
ence of 0.5 mM cyclohexanone and activity was measured at different time points.  The relative initial rates after 
addition of 100 µM NADPH are plotted with the activity at t = 0 set to 100 %. The L323C-A325C mutant (open trian-
gles), wild-type (squares) and the reduced L323C-A325C mutant (grey triangles) are shown here.

To create an even more stable CHMO mutant, beneficial double mutations were combined. Because the 
A325C mutation is present in two of the stabilized variants, only two double disulfide bond mutants 
could be created. Combining A325C-L483C or L323C-A325C with A255C-A293C resulted in two separate 
melting points in de ThermoFAD experiment (Fig. S3). One subpopulation exhibited a slightly increased 
apparent melting temperature compared to the single A255C-A293C mutant for both mutants containing 
two disulfide bonds. Unfortunately a large fraction of the enzyme was less stable. Expression levels of 
the double mutants were also significantly reduced, probably due to misfolding events as result of the 
four introduced cysteines.
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The L323C-A325C mutant was further investigated as it was the only mutant showing increased stability 
in both the ThermoFAD experiment and the inactivation assay. In the design process, a minimum 
distance from the active site was set to prevent mutations close to the active site from influencing the 
catalytic efficiency or enantioselectivity of the enzyme. To check whether the mutant was an effective 
enzyme, steady state kinetic parameters were determined (Table 2). While the activity of the mutant 
was found to be slightly lower than that of the wild-type enzyme, affinities for both cyclohexanone and 
bicyclo[3.2.0]hept-2-en-6-one are increased. It is worth noting that the activities of the wild-type CHMO 
and the mutant on the nonphysiological substrate bicyclo[3.2.0]hept-2-en-6-one are almost as high as 
with cyclohexanone, the natural substrate. For both bicyclo[3.2.0]hept-2-en-6-one and thioanisole the 
products are formed with complete enantioselectivity for the wild-type and mutant enzymes. These 
results show that introduction of the two cysteines yields a catalytically competent enzyme. From the 
apparent half-life and the kcat, the TTN (total turnover number) was calculated [36]. The TTN for the 
mutant enzyme (24 × 103) is 5-fold higher than the TTN for the wild-type enzyme (4.5 × 103). 

Table 2: Steady-state kinetic parameters of the studied enzyme variants. Standard errors for kcat values are < 5%, 
for KM values < 25%. Exact errors are reported in Table S3.

cyclohexanone bicyclo[3.2.0]  
hept-2-en-6-one

NADPH

enzyme kcat (s-1) KM (µM) kcat (s-1) KM (µM) KM (µM) uncoupling rate (s-1)
WT-CHMO 14.2 3.6 13.4 1.3 16 0.2
L323C-A325C 6.1 3.0 4.9 0.7 13 0.2

The lowered activity of the mutant could be recovered after incubation with a reducing agent (DTT); 
after incubation the observed rate increased with 54 % (9.4 s-1 vs. 6.1 s-1). This indicates that the reduced 
activity is caused by the formation of a disulfide bond as opposed to the effect of the introduction of two 
separate cysteine thiols. The addition of DTT has some inhibitory effect on the enzyme activity (Fig. S4), 
but this is insignificant at the residual concentration (20 mM) in this experiment. 

Because the release of NADP+ is the rate-limiting step in the catalytic cycle of CHMO, a change in the 
binding or release of NADP+ directly affects the steady state behavior of the enzyme [37]. The microenvi-
ronment of FAD changes upon binding of NADP+, resulting in a reduced absorbance, with a maximum 
decrease at 387 nm. By observing this change in the spectrum of FAD, the affinity for NADP+ could be 
determined. The KD for NADP+ was significantly decreased to 15 µM for the L323C-A325C mutant compared 
to a KD of 28 µM for the wild-type enzyme (Table S2 and Fig. S6). Upon reduction of the enzyme, the KD for 
NADP+ is increased to 46 µM, significantly above the value for the wild-type enzyme. This agrees with 
the effects on the observed rates, suggesting that the formation of the disulfide bonds affects the kcat via 
a change in NADP+ affinity. 

The reduction of the L323C-A325C disulfide bond was further investigated by observing the spectroscopic 
properties of FAD. During incubation with DTT the spectrum changes and the secondary absorbance 
maximum of the L323C-A325C enzyme at 369 nm moves to the wild-type value of 380 nm (Fig. S5). In the 
ThermoFAD assay, we observe that incubation with DTT reduces the stability of the L323C-A325 mutant 
by 7.5 °C, making the reduced enzyme less stable than the wild-type CHMO (Table 1 and Fig. S2). This 
experiment also shows that the reduction of the L323C-A325C mutant is complete, as there is no residual 
subpopulation with a higher apparent melting temperature. Finally, in the time-dependent inactivation 
experiment the stability of the reduced L323C-A325C mutant is dramatically reduced (Fig. 2).
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Materials and methods
Materials

DpnI was acquired from New England Biolabs, NADP+ and NADPH from Oriental Yeast Co., Ni-sepharose 
from GE-healthcare and all other chemicals were from Sigma-Aldrich. Oligonucleotides were synthesized 
by Eurofins MWG Operon and Sigma-Aldrich. Sequencing to confirm plasmid sequences was done at 
GATC-biotech.

Homology modeling

A homology model was constructed using YASARA [10,49,50]. The homology model was based on the 
2.3 Å resolution X-ray structure of a Rhodococcus sp. CHMO in its closed form, with FAD and NADPH 
bound (PDB: 3GWD) [32]. Of the 543 residues from Acinetobacter CHMO, 527 (97 %) could be aligned to 
3GWD with 58 % sequence identity and 75 % sequence similarity. After inspection of an initial model, 
33 water molecules of 3GWD were deleted that appeared to be incompatible with the structure of the 
modeled Acinetobacter CHMO. The remaining 116 water molecules, often making H-bonds between 
backbones and conserved side-chains, were preserved. The resulting model was scored under YASARA 
and qualified as “good” with a Z-score of –0.44.

Design of disulfide bond mutants 

Disulfide bonds were designed by the DisulfideDiscovery protocol as described earlier with identical 
geometric and energetic criteria[9]. The procedure uses MD simulations to sample the backbone struc-
tural flexibility. The protocol for these MD simulations was described earlier [51]. These MD simula-
tions of the modeled structure consisted of 5 trajectories that were started with different initial veloci-
ties [52] to obtain independent trajectories. After using 30 ps to gradually increase the temperature of 
the simulation from 5 to 298 K, snapshots of the simulation were recorded at 750 ps, 1500 ps, 2250 ps, 
and 3000 ps. These snapshots were used to search for positions where a disulfide bond could be intro-
duced that falls within the range of geometries observed for natural disulfide bonds [11]. Subsequently, 
an in silico screening is used to eliminate disulfide bonds that are unlikely to stabilize the structure 
because they introduce clearly destabilizing features. On the resulting structures with disulfide bonds 
a second round of MD simulations is carried out [9]. This is done to eliminate variants that increase 
local flexibility, which is expected to decrease stability [53]. In the first round 57 disulfide bounds were 
designed of which 30 were eliminated using MD simulations. All disulfide bonds that were generated 
by the design procedure and passed these earlier described in silico screening steps [9] were character-
ized experimentally. 

Site-directed mutagenesis 

After 27 mutants were selected to be tested in vitro, the Agilent primer design tool (www.agilent.com) 
was used to design the primers to create these mutants using QuikChange site-directed mutagenesis. 
Some modifications were made on the output of this tool, as mutations close to other mutations gave 
overlapping primers. In those cases, both primers were combined into one long primer without further 
adaptations. Oligonucleotide sequences are available upon request. 2 or 4 primers were used in each 
PCR reaction, using the PfuUltra II Master Mix (Agilent) as recommended by the supplier. Primers were 
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ordered as 100 µM stock solutions and combined (4 or 2 primers) to a final concentration of 10 µM. 
The pCRE2-CHMO construct was used as a template which results in expression of CHMO N-terminally 
fused to a His-tagged phosphite dehydrogenase that facilitates cofactor regeneration and Ni-affinity 
purification [54]. PCR reactions, digestions with DpnI and transformations to E. coli TOP10 (Invitrogen) 
were performed in 96-well plates. Because single mutants are sometimes created using this PCR-based 
method, 4 clones per reaction were sent for sequencing ensuring at least one mutant containing both 
mutations. Mutants containing combinations of beneficial disulfide bonds were created in the same 
manner, using adapted primers where needed to prevent reversions to wild-type residues. 

Growth and purification

For each mutant 0.5 mL LB-Amp in a deep-well microtiter plate was inoculated from a glycerol stock and 
grown overnight at 37 °C. 50 mL TBAmp was inoculated with this culture and grown at 24 °C for 2 hours. 
0.02 % (w/v) L-arabinose was added to induce enzyme production for 22 hours at 24 °C. The culture was 
pelleted and resuspended in 5 mL of 50 mM Tris-HCl, pH 7.5 supplemented with 10 µM FAD. Cells were 
lysed by sonication and cell debris was removed by centrifugation. The resulting cell-free extract was 
applied on 200 µL of Ni-sepharose and incubated for 1 hour at 4 °C. The column material was separated 
from the cell-free extract, washed with 3 column volumes of 50 mM Tris-HCl, pH 7.5 and subsequently 
with 3 column volumes of 50 mM Tris-HCl, pH 7.5 with 5.0 mM imidazole. The enzyme was eluted using 
50 mM Tris-HCl pH 7.5 containing 500 mM imidazole. For smaller purifications, the enzyme was concen-
trated and diluted to reduce the imidazole concentration to 0.5 mM using an Amicon Ultra® Centrif-
ugal Filter. Larger scale purifications were done with selected enzymes, in those cases a Bio-Rad 10DG 
desalting column was used to remove imidazole. Absorbance at 440 nm was used to determine the 
concentration of the purified enzyme, using 13.8 mM-1 cm-1 as the extinction coefficient [37].

Activity measurements and kinetics

Activities were determined using 100 µM NADPH, 0.05 µM enzyme and 0.5 mM cyclohexanone in 50 mM 
Tris-HCl pH 8.5 at 20 °C. The absorbance decrease at 340 nm was measured to determine the initial 
rate. Concentrations of substrates were changed to allow the determination of the different steady-state 
kinetic parameters. The pH of the Tris-HCl buffer was varied between 7.0 and 9.4 to determine the pH 
optimum. Because of the high affinity for the substrates, several KM values were measured using deple-
tion curves, calculating the rate and concentration at every point in a reaction going to completion. For 
the chemically reduced enzymes, the reported kcat is the rate measured at a saturating concentration 
(0.5 mM) of cyclohexanone.

Stability assays 

Inactivation of the enzyme was measured by incubating a solution containing 0.05 µM of enzyme, 100 
µM NADP+, 0.5 mM cyclohexanone in 50 mM Tris-HCl pH 8.5 at 30 °C. Samples were taken at different 
time points and activity was measured at 30 °C after addition of NADPH (100 µM). 

Reduction of the enzyme 

Reduction of the disulfide bonds was done with 10 mM DTT (dithiothreitol) at room temperature, and 
spectra were collected every 3 minutes to follow the  reduction. For further experiments, the enzyme 
was reduced o/n on ice using 1.0 mM DTT.
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ThermoFAD 

The ThermoFAD method [41] was used to determine the apparent melting points of the different enzyme 
variants. Using an RT-PCR machine (CFX96-Touch, Bio-Rad) the fluorescence of the FAD cofactor was 
monitored using a 450-490 excitation filter and a 515-530 nm emission filter, typically used for SYBR 
Green based RT-PCR. The temperature was increased with 0.5 °C per step, starting at 25 °C and ending at 
90 °C, using a 10 s holding time at each step. The maximum of the first derivative of the observed flavin 
fluorescence was taken as the apparent melting temperature. 

Conversions

Reactions with bicyclo[3.2.0]hept-2-en-6-one and thioanisole were set up to determine the enantiose-
lectivity of the mutant enzymes. For this, 1.0 mL of 4.0 µM enzyme, 8.0 µM additional PTDH, 10 mM 
substrate (thioanisole or bicyclo[3.2.0]hept-2-en-6-one), 25 mM phosphite and 100 µM NADPH in 50 mM 
Tris-HCl pH 8.5 was incubated for 16 h at 30 °C. Samples were extracted with ethyl acetate containing 
0.01 % (v/v) mesitylene, dried over MgSO4 and analyzed by GC (Chiraldex GT-A column), using separa-
tion protocols as described before [35].

Discussion
Stabilizing disulfide bonds were designed and selected in silico, based on the model structure of CHMO. 
Of the 27 mutants containing two additional cysteines that were created, 20 mutants could be expressed 
and purified. Of this set of mutants, three had a significantly higher apparent melting temperature 
compared to the wild-type enzyme. The three stabilizing disulfide bonds are located in the same region 
(Fig. 1), which indicates that this region is important for thermostability. Thus, it appears to be possible 
to locate a critical region for protein thermostability by testing a series of disulfide bonds that are spread 
over the protein. While the model structure was used successfully to create disulfide bonds, it cannot be 
investigated whether additional stabilizing disulfide bonds would have been obtained if a high-resolu-
tion X-ray structure had been available. On the other hand the success of this method makes it a viable 
approach to design structurally guided mutants for an enzyme for which no structure is available. 

While three of the mutants show a higher apparent melting point in the ThermoFAD method, only the 
L323C-A325C mutant also showed a significantly extended lifetime in the time-dependent inactivation 
experiment. Higher apparent melting temperatures often correlate with an increased half-life at a single 
temperature, but this does not always need to be the case, as during high temperature melting a different 
mechanism can occur than during low temperature inactivation [38-40]. Regardless of the cause of these 
differences, the mutant with the longest half-life, L323C-A325C, could be easily identified by the Ther-
moFAD assay, confirming its potential as a powerful and simple initial screening method [41].

The L323C-A325C mutant was investigated in more detail. The disulfide bond lowers the catalytic activity 
to some extent, but taken together with the increased stability its TTN was significantly increased 
(5-fold). This is an important parameter, as it can be used directly to calculate the economic feasibility 
of a biocatalytic process. Furthermore, enantioselectivities with bicyclo[3.2.0]hept-2-en-6-one and thio-
anisole were preserved, and affinities for the tested (co)substrates were similar. This shows that by 
preserving the residues close to the active site and both cofactors, the actual substrate binding site is 
not altered. Only the activity of the enzyme is slightly reduced.
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This activity-reducing effect could be cured by reduction of the disulfide bond, indicating the forma-
tion of the bond is the cause for this change in behavior. The disulfide bond is close to residues 324-328, 
which shift on average 1.7 Å between the open and closed conformations in CHMO [32]. Furthermore, 
two conserved residues important for catalysis, K326 and R327, are located directly next to the intro-
duced disulfide bond (Fig. 3). K326 binds the phosphate of NADPH and is therefore important for the 
preference towards NADPH over NADH [42,43]. R327 moves 2.7 Å between the two crystallized CHMO 
conformations, forming a hydrogen bond with NADP+ [32]. The bound NADP+ has been shown to have a 
role in stabilizing the peroxyflavin intermediate [44] and detailed kinetic analysis of CHMO has revealed 
that the release of NADP+ is limiting the rate of catalysis [37]. This indicates that effects on the binding 
or release of the coenzyme will directly translate into effects on the steady-state kinetic behavior. The 
introduction of the disulfide bond was indeed found to influence the binding constant of the nicotin-
amide cofactor which is in line with a lowered kcat. Possibly by altering the exact conformation of the 
neighboring residues K326 and R327, the disulfide bond had a modest but significant kinetic effect even 
though the cysteines are more than 8 Å away from both cofactors (Fig. 3).

Figure 3: Modeled structure of the 
323-325 disulfide bond, K326 and R327. 
The interaction of K326 with the phos-
phate moiety of the NADP+ coenzyme 
is marked by the dashed line. The FAD 
prosthetic group is shown in yellow; the 
NADP+ coenzyme is shown in cyan. 

The observation in this study that the most stabilizing engineered disulfide bond only spans one residue 
seems odd in light of the classical explanation of protein stabilization by disulfide bonds. The common 
explanation [45] is that the disulfide bond primarily stabilizes a protein by lowering the entropy of the 
unfolded state. With this explanation it can be derived that a protein should be stabilized by a disulfide 
bond according to [13,46]:

∆S ≈ –1.5 R ln(N)        (Equation 1)

In which N is the number of residues spanned by the disulfide bond and R is the gas constant. While this 
equation was devised for reversible folding, it is normally assumed that reversible unfolding precedes 
irreversible protein inactivation. Thus the trends predicted by the above equation, a stronger stabili-
zation at higher N, should also hold for irreversible processes. 
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However, it has been argued that this explanation should be abandoned and that equation 1 has no 
predictive value [13,47]. Experimental results as reviewed by [13] reveal no correlation between the 
number of residues that disulfide bonds encompass and their stabilizing effect. This lack of correlation 
is also supported by our data (Table S1 and Fig. S1), in which a disulfide bond that stretches over 157 
residues was less stabilizing than a disulfide bridge that extended across only 1 residue.  Other existing 
arguments against the validity of equation (1) are that its derivation assumes a random coil in the 
unfolded state [13], which has been shown to be an oversimplification, and that enthalpic contributions 
of disulfide bonds to stability are five times larger than entropic contributions [47]. Nature prefers disul-
fide bonds to stretch over relative few residues, most commonly approximately 11 residues [11,13,48] 
while equation 1 predicts it should be far more favorable for protein stability to maximize the number 
of residues in the disulfide loop [46]. An alternative explanation for the stabilizing effects of disulfide 
bonds is that mainly local interactions introduced by the disulfide bond stabilize the protein [13]. Thus, 
since the classical explanation for how disulfide bonds stabilize proteins may very well be wrong, we 
see no reason to avoid disulfide bonds that stretch over only a few residues. The results obtained here 
with a disulfide bond that only spans one residue demonstrate that such disulfide bonds encompassing 
only a few residues can indeed be of use for stabilizing a protein. 

Funding information
This work was supported by the EU seventh framework programe (FP7), the Oxygreen project, contract 
no. 212281. HJW was supported by NWO (Netherlands Organization for Scientific Research) through an 
ECHO grant.

Supporting information
The supplementary material includes tables S1-S3 and figures S1-S8, and can be found at  
http://www.sciencedirect.com/science/article/pii/S2211546314000102

59 Chapter 4 
Stabilization of cyclohexanone monooxygenase



[1] U. Bornscheuer, G. Huisman, R. Kazlauskas, S. Lutz, J. 
Moore, K. Robins, Engineering the third wave of biocatalysis, 
Nature. 485 (2012) 185-194. 

[2] A.S. Bommarius, J.M. Broering, J.F. Chaparro-Riggers, 
K.M. Polizzi, High-throughput screening for enhanced protein 
stability. Curr. Opin. Biotechnol. 17 (2006) 606. 

[3] V.G.H. Eijsink, A. Bjørk, S. Gåseidnes, et al., Rational engi-
neering of enzyme stability, J. Biotechnol. 113 (2004) 105-120. 

[4] B. Van den Burg, G. Vriend, O.R. Veltman, G. Venema, V.G. 
Eijsink, Engineering an enzyme to resist boiling, P. Natl. Acad. 
Sci. USA. 95 (1998) 2056-2060. 

[5] V.G. Eijsink, G. Vriend, B. van der Vinne, B. Hazes, B. van 
den Burg, G. Venema, Effects of changing the interaction 
between subdomains on the thermostability of Bacillus neutral 
proteases, Proteins. 14 (1992) 224-236. 

[6] H.J. Wijma, R.J. Floor, D.B. Janssen, Structure-and 
sequence-analysis inspired engineering of proteins for 
enhanced thermostability, Curr. Opin. Struct. Biol. 23 (2013) 
588-594. 

[7] M.T. Reetz, J.D. Carballeira, Iterative saturation mutagenesis 
(ISM) for rapid directed evolution of functional enzymes, Nat. 
prot. 2 (2007) 891-903. 

[8] H. Jochens, D. Aerts, U.T. Bornscheuer, Thermostabilization 
of an esterase by alignment-guided focussed directed evolu-
tion, Protein Eng. Des. Sel. 23 (2010) 903-909. 

[9] H.J. Wijma, R. Floor, D.B. Janssen, Computationally designed 
libraries for rapid enzyme stabilization, Protein Eng. Des. Sel. 
27 (2013) 49–58. 

[10] E. Krieger, K. Joo, J. Lee, et al., Improving physical realism, 
stereochemistry, and side-chain accuracy in homology 
modeling: Four approaches that performed well in CASP8, 
Proteins. 77 (2009) 114-122. 

[11] M.T.N. Petersen, P.H. Jonson, S.B. Petersen, Amino acid 
neighbours and detailed conformational analysis of cysteines 
in proteins, Protein Eng. 12 (1999) 535-548. 

[12] A.A. Dombkowski, K.Z. Sultana, D.B. Craig, Protein disul-
fide engineering, FEBS Lett. 588 (2013) 206-212. 

[13] S.F. Betz, Disulfide bonds and the stability of globular 
proteins, Protein Sci. 2 (2008) 1551-1558. 

[14] Y. Chen, O. Peoples, C. Walsh, Acinetobacter cyclohexanone 
monooxygenase: gene cloning and sequence determination. J. 
Bacteriol. 170 (1988) 781-789. 

[15] C.C. Ryerson, D.P. Ballou, C. Walsh, Mechanistic studies on 
cyclohexanone oxygenase, Biochemistry. 21 (1982) 2644-2655. 

[16] N.A. Donoghue, D.B. Norris, P.W. Trudgill, The purifica-
tion and properties of cyclohexanone oxygenase from Nocardia 
globerula CL1 and Acinetobacter NCIB 9871, Eur. J. Biochem. 63 
(1976) 175-192. 

[17] G. de Gonzalo, M.D. Mihovilovic, M.W. Fraaije, Recent devel-
opments in the application of Baeyer-Villiger monooxygenases 
as biocatalysts, ChemBioChem. 11 (2010) 2208-2231. 

[18] D.E. Torres Pazmiño, H.M. Dudek, M.W. Fraaije, Baeyer-Vil-
liger monooxygenases: recent advances and future challenges, 
Curr. Opin. Chem. Biol. 14 (2010) 138-144. 

[19] H. Leisch, K. Morley, P.C.K. Lau, Baeyer-Villiger monooxy-
genases: More than just green chemistry, Chem. Rev. 111 (2011) 
4165-4222. 

[20] M. Kadow, K. Loschinski, H. Mallin, S. Saß, U. Bornscheuer, 
Discovery, application and protein engineering of Baeyer-Vil-
liger monooxygenases for organic synthesis, Org. Biomol. 
Chem. 10 (2012) 6249-6265. 

[21] M.J. Fink, D.V. Rial, P. Kapitanova, et al., Quantitative 
comparison of chiral catalysts selectivity and performance: a 
generic concept illustrated with cyclododecanone monooxy-
genase as Baeyer-Villiger biocatalyst, Adv. Synth. Catal. 354 
(2012) 3491-3500. 

[22] M.D. Mihovilovic, F. Rudroff, A. Winninger, T. Schneider, F. 
Schulz, M.T. Reetz, Microbial Baeyer-Villiger oxidation: Stereo-
preference and substrate acceptance of cyclohexanone monoo-
xygenase mutants prepared by directed evolution, Org. Lett. 8 
(2006) 1221-1224. 

[23] D.J. Opperman, M.T. Reetz, Towards practical Baeyer-Vil-
liger monooxygenases: Design of cyclohexanone monooxy-
genase mutants with enhanced oxidative stability, ChemBio-
Chem. 11 (2010) 2589-2596. 

[24] M.T. Reetz, B. Brunner, T. Schneider, F. Schulz, C.M. 
Clouthier, M.M. Kayser, Directed evolution as a method to 
create enantioselective cyclohexanone monooxygenases for 
catalysis in Baeyer-Villiger reactions, Angew. Chem. Int. Edit. 
43 (2004) 4075-4078. 

References

60 Chapter 4 
Stabilization of cyclohexanone monooxygenase



[25] M.T. Reetz, F. Daligault, B. Brunner, H. Hinrichs, A. Deege, 
Directed evolution of cyclohexanone monooxygenases: Enanti-
oselective biocatalysts for the oxidation of prochiral thioethers, 
Angew. Chem. Int. Edit. 43 (2004) 4078-4081. 

[26] Y.K. Bong, M.D. Clay, S.J. Collier, et al., Synthesis of prazole 
compounds, (2013) EP2010836590. 

[27] F. Secundo, F. Zambianchi, G. Crippa, G. Carrea, G. 
Tedeschi, Comparative study of the properties of wild type and 
recombinant cyclohexanone monooxygenase, an enzyme of 
synthetic interest, J. Mol. Catal. B. 34 (2005) 1-6. 

[28] F. Zambianchi, P. Pasta, G. Carrea, S. Colonna, N. Gaggero, 
J.M. Woodley, Use of isolated cyclohexanone monooxygenase 
from recombinant Escherichia coli as a biocatalyst for Baey-
er-Villiger and sulfide oxidations, Biotechnol. Bioeng. 78 (2002) 
489-496. 

[29] S. Staudt, U.T. Bornscheuer, U. Menyes, W. Hummel, H. 
Gröger, Direct biocatalytic one-pot-transformation of cyclo-
hexanol with molecular oxygen into α-caprolactone, Enzyme 
Microb. Technol. 53 (2013) 288-292. 

[30] E. Malito, A. Alfieri, M.W. Fraaije, A. Mattevi, Crystal struc-
ture of a Baeyer-Villiger monooxygenase, P. Natl. Acad. Sci. 
USA. 101 (2004) 13157-13162. 

[31] R. Orru, H.M. Dudek, C. Martinoli, et al., Snapshots of enzy-
matic Baeyer-Villiger catalysis: oxygen activation and interme-
diate stabilization, J. Biol. Chem. 286 (2011) 29284-29291. 

[32] I.A. Mirza, B.J. Yachnin, S. Wang, et al., Crystal structures 
of cyclohexanone monooxygenase reveal complex domain 
movements and a sliding cofactor, J. Am. Chem. Soc. 131 (2009) 
8848-8854. 

[33] B.J. Yachnin, T. Sprules, M.B. McEvoy, P.C. Lau, A.M. 
Berghuis, The substrate-bound crystal structure of a Baey-
er-Villiger monooxygenase exhibits a Criegee-like conforma-
tion, J. Am. Chem. Soc. 134 (2012) 7788. 

[34] M.W. Fraaije, J. Wu, D.P. Heuts, E.W. van Hellemond, J.H. 
Spelberg, D.B. Janssen, Discovery of a thermostable Baeyer-Vil-
liger monooxygenase by genome mining, Appl. Microbiol. 
Biotechnol. 66 (2005) 393-400. 

[35] H.L. van Beek, G. de Gonzalo, M.W. Fraaije, Blending Baey-
er-Villiger monooxygenases: Using a robust BVMO as a scaffold 
for creating chimeric enzymes with novel catalytic properties, 
Chem.Commun. 48 (2012) 3288-3290. 

[36] T.A. Rogers, A.S. Bommarius, Utilizing simple biochem-
ical measurements to predict lifetime output of biocatalysts 
in continuous isothermal processes, Chem. Eng. Sci. 65 (2010) 
2118-2124. 

[37] D. Sheng, D.P. Ballou, V. Massey, Mechanistic studies of 
cyclohexanone monooxygenase: Chemical properties of inter-
mediates involved in catalysis, Biochemistry. 40 (2001) 11156-
11167. 

[38] A. Korkegian, M.E. Black, D. Baker, B.L. Stoddard, Compu-
tational thermostabilization of an enzyme, Science. 308 (2005) 
857-860. 

[39] J.C. Joo, S. Pohkrel, S.P. Pack, Y.J. Yoo, Thermostabiliza-
tion of Bacillus circulans xylanase via computational design of 
a flexible surface cavity, J. Biotechnol. 146 (2010) 31-39. 

[40] J.C. Joo, S.P. Pack, Y.H. Kim, Y.J. Yoo, Thermostabilization 
of Bacillus circulans xylanase: Computational optimization 
of unstable residues based on thermal fluctuation analysis, J. 
Biotechnol. 151 (2011) 56-65. 

[41] F. Forneris, R. Orru, D. Bonivento, L.R. Chiarelli, A. Mattevi, 
ThermoFAD, a Thermofluor®-adapted flavin ad hoc detec-
tion system for protein folding and ligand binding, FEBS J. 276 
(2009) 2833-2840. 

[42] N.M. Kamerbeek, M.W. Fraaije, D.B. Janssen, Identifying 
determinants of NADPH specificity in Baeyer-Villiger monooxy-
genases, Eur. J. Biochem. 271 (2004) 2107-2116. 

[43] H.M. Dudek, D.E. Torres Pazmiño, C. Rodríguez, G. de 
Gonzalo, V. Gotor, M.W. Fraaije, Investigating the coenzyme 
specificity of phenylacetone monooxygenase from Thermobi-
fida fusca, Appl. Microbiol. Biotechnol. 88 (2010) 1135-1143. 

[44] D.E. Torres Pazmiño, B.J. Baas, D.B. Janssen, M.W. Fraaije, 
Kinetic mechanism of phenylacetone monooxygenase from 
Thermobifida fusca, Biochemistry. 47 (2008) 4082-4093. 

[45] A. Fersht, Structure and Mechanism in Protein Science, 2nd 
ed., WH Freeman & Co, New York, 1999, 534 p. 

[46] M. Matsumura, W.J. Becktel, M. Levitt, B.W. Matthews, 
Stabilization of phage T4 lysozyme by engineered disulfide 
bonds, P. Natl.Acad. Sci. USA. 86 (1989) 6562-6566. 

[47] A.J. Doig, D.H. Williams, Is the hydrophobic effect stabi-
lizing or destabilizing in proteins? The contribution of disul-
phide bonds to protein stability. J. Mol. Biol. 217 (1991) 389. 

[48] J. Thornton, Disulphide bridges in globular proteins, J. 
Mol. Biol. 151 (1981) 261-287. 

[49] U. Mückstein, I.L. Hofacker, P.F. Stadler, Stochastic pair-
wise alignments, Bioinformatics. 18 (2002) S153-S160. 

[50] A.A. Canutescu, R.L. Dunbrack, Cyclic coordinate descent: 
a robotics algorithm for protein loop closure, Protein Sci. 12 
(2009) 963-972. 

61 Chapter 4 
Stabilization of cyclohexanone monooxygenase



[51] A. Westerbeek, W. Szymański, H.J. Wijma, S.J. Marrink, B.L. 
Feringa, D.B. Janssen, Kinetic resolution of α-bromoamides: 
experimental and theoretical investigation of highly enantiose-
lective reactions catalyzed by haloalkane dehalogenases, Adv. 
Synth. Catal. 353 (2011) 931-944. 

[52] L.S.D. Caves, J.D. Evanseck, M. Karplus, Locally accessible 
conformations of proteins: Multiple molecular dynamics simu-
lations of crambin, Protein Sci. 7 (1998) 649-666. 

[53] M. Vihinen, Relationship of protein flexibility to thermosta-
bility, Protein Eng. 1 (1987) 477-480. 

[54] D.E. Torres Pazmiño, A. Riebel, J. de Lange, F. Rudroff, M.D. 
Mihovilovic, M.W. Fraaije, Efficient biooxidations catalyzed 
by a new generation of self-sufficient Baeyer–Villiger mono-
oxygenases, ChemBioChem. 10 (2009) 2595-2598. 

62 Chapter 4 
Stabilization of cyclohexanone monooxygenase



63 Chapter 4 
Stabilization of cyclohexanone monooxygenase



chapter 5
Synthesis of methyl propanoate by 
Baeyer-Villiger monooxygenases
Hugo L. van Beek, Remko T. Winter and Marco W. Fraaije

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

Graham R. Eastham

Lucite International, Technology Centre Wilton, Redcar TS10 4RF, 
United Kingdom

This chapter is based on:  
Chemical Communications, 2014, DOI: 10.1039/C4CC06489E



chapter 5 Abstract: Methyl propanoate is an important precursor for polymethyl methacrylates 
and the use of a Baeyer-Villiger monooxygenase (BVMO) to produce this compound 
was investigated. A suitable BVMO would allow for the fermentative production of 
this compound and thus the use of renewable feedstock. A collection of 55 different 
enzymes was screened for variants able to produce this compound, using growing 
cells and headspace GC. Several BVMOs were found to facilitate the desired conver-
sion, producing yields up to 40% of the abnormal Baeyer-Villiger product methyl 
propanoate. This finding shows that an enzyme can force production of the chemi-
cally unexpected product on even the smallest asymmetric ketone. 
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Baeyer-Villiger monooxygenases (BVMOs) are versatile enzymes belonging to the class of oxidoreduc-
tases, which are able to convert ketones to esters [1,2]. Additionally, they are capable of performing 
heteroatom oxidations such as enantioselective sulfoxidations. BVMOs show exquisite regio- and stere-
oselective behavior and are often superior to metal-based catalysts [3]. The use of molecular oxygen 
instead of peroxides or peracids for Baeyer-Villiger (BV) oxidations also makes enzymatic approaches 
more attractive. BVMOs contain FAD which is reduced by the cosubstrate NADPH, allowing it to react 
with oxygen to form a peroxyflavin intermediate. This forms a tetrahedral (Criegee) intermediate with 
the substrate homologous to the chemical BV oxidation [4], leading to the insertion of an oxygen adja-
cent to the carbonyl moiety. 

Insertion next to the most substituted carbon creates the so-called normal product. Until now, a pref-
erence for the formation of the abnormal product has only been described for benzo-fused compounds 
and several chiral aliphatic compounds [1,5]. These conversions are generally stereo-electronically 
controlled; one enantiomer forms the normal product, while the other forms the abnormal product. 
This shows the excellent regioselectivity of these enzymes, which could potentially be used to synthe-
size exclusively the abnormal product. 

Here we report for the first time the formation of the abnormal product from an achiral aliphatic ketone 
substrate by a BVMO. In fact, substrate 1 is the smallest ketone that can be converted into two different 
ester products (the normal product 2 and abnormal product 3) by BV oxidation (Figure 1). In contrast 
to the previously described abnormal products, the difference between the two sides of the ketone is 
in this case only one carbon. Product 3 is of industrial interest because it is used on a large scale as an 
intermediate in the production of acrylic plastics [6]. Therefore the enzymatic conversion of 1 to 3 could 
be used in a biocatalytic or fermentative process, allowing the use of a renewable feedstock instead of 
fossil fuels. 

Figure 1: BV oxidation of the aliphatic ketone 2-butanone (1) to the normal product ethyl acetate (2) and the abnormal 
product methyl propanoate (3). NADP = nicotinamide adenine dinucleotide phosphate.

To find enzymes with selectivity for the abnormal product, we screened a large collection of cloned 
BVMOs showing different selectivities, using growing cells and headspace GC. Whole cells were 
used instead of isolated enzyme, because this greatly facilitates the screening of a large collection of 
enzymes and the Escherichia coli TOP10 cells did not show any interfering esterase activity. Phosphite-
dehydro genase (PTDH) fused versions of the BVMOs allow soluble expression or significantly improve 
expression for many BVMOs [7,8]. The fusion enzyme also facilitates recycling of the expensive NADPH 
cofactor, which was used for the experiments with isolated enzyme.
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The tested BVMO collection contained 40 unique enzymes, 12 extensively investigated mutants with 
altered substrate specificities and 3 disulfide mutants of cyclohexanone monooxygenase from Acineto-
bacter NCIMB 9871 (CHMOAci) with increased thermostability [9]. Of the 40 wild-type BVMOs tested, 22 
produce at least trace amounts (> 25 mM) of the normal product 2, highlighting the substrate promis-
cuity of BVMOs. Several BVMOs converted all of the substrate 1, but produced only the normal product 
2 and only five of the investigated BVMOs produced both 2 and 3 (Table 1). These 5 BVMOs include the 
well-characterized CHMOAci [7,10] and the crystallized CHMO from Rhodococcus HI-31 [11]. Both of these 
are closely related to the two other CHMOs producing 3, with sequence identities of at least 56%. Cyclo-
pentadecanone monooxygenase (CPDMO) from Pseudomonas sp. strain HI-70 [12] also produced the 
abnormal product, but is only distantly related to the CHMOs with 20 to 24% identity to the CHMOs 
(Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Phylogenetic tree of the BVMOs 
used in the screening. The size of the pie 
charts corresponds to the amount of 2 and 
3 produced (small <20% conversion, large 
>80% conversion). In each pie chart the frac-
tion of 2 is shown in white. Full names and 
accession numbers are listed in the appex-
ndix and together with exact conversions in 
the online supplementary information.

 
 
Table 1: Conversion of 5 mM 2-butanone by whole cells expressing different BVMOs.[a] 

BVMO Conv. [%] 3 [% of product] 2 [% of product]

CHMOAci 45 26 74
CHMORho 49 14 86
CHMOXf 41 26 74
CHMOBp 14 27 73
CPDMO 42 26 74

[a] Reaction in 1 mL LB, inoculated with 50 µL overnight culture and incubated at 17 °C or 24 °C for 24 h after 
starting the reaction by adding substrate and L-arabinose to induce expression at the same time. 
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Detailed information about the sequence relationship between the different BVMOs is shown in Figure 2. 
Several BVMOs that were in our test panel had previously been shown to be active on 1 [13-15], but until 
now no product analysis had been carried out. Here we show that these specific BVMOs only produce 
the normal product 2 (Figure 2, Table S1). Interestingly, most of the enzymes converting 1 efficiently to 
the normal product cluster together like the abnormal product producing CHMOs. 

For exploring the catalytic potential of BVMOs to produce 3, we investigated CHMOAci as biocatalyst in 
more detail. Intriguingly, when testing different concentrations of substrate 1, decreasing amounts of 
the undesired product 2 were formed when higher concentrations of the substrate 1 were used (Figure 
3). As has been reported in literature, the specificity of BVMOs can be adapted by the addition of cosol-
vent [16-19]. Here a similar effect was achieved by the addition of an excess of 1, which suppressed the 
formation of the normal product 2, leading to a better ratio of abnormal over normal product. At higher 
concentrations of 1 there are some signs of substrate inhibition, which is quite common for BVMOs and 
illustrated by the reaction of CHMOAci in combination with cyclohexanone as substrate [20]. 

Figure 3: Conversions using increasing concentrations of the ketone substrate 1. The experiment was performed 
using 4 µM purified PTDH-CHMOAci, 100 µM NADPH and 20 mM Na2HPO3. ⸋ : absolute amount of 3 (left axis) .  
—: relative amount of 3 (% of total product, right axis). 

Several chemical BV oxidations of 1 using atypical oxidants (e.g. immobilized 4-aminoperbenzoic acid) 
have been shown to produce small amounts (<20%) of 3 as a side product [21,22]. Clearly, the BVMOs 
identified in this study provide better candidates for the production of 3 from 1. 

Even though the conversion of the substrate to the abnormal product 3 was incomplete, it is an inter-
esting discovery that BVMOs are able to create this product. We have shown that the collapse of the 
Criegee intermediate, the reaction intermediate preceding ester formation, can be influenced by the 
enzyme microenvironment even for very small asymmetric ketones; previously this has only been 
shown for bulky cyclic ketones or chiral ketones containing substituents. This proof of principle is a 
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valuable starting point for possible enzyme engineering efforts to create an industrially relevant BVMO 
that only produces the abnormal product. We have also shown that better specificity for the desired 
product can be achieved by adapting the reaction conditions.

Experimental Section
All chemicals were purchased from Sigma-Aldrich, ABCR, Biosynth, Oriental Yeast Co. or Merck and 
used without further purification. 

Biocatalysis using growing cells was performed by inoculating 1 mL of LBAmp with 50 µL preculture in 
a 20 mL headspace vial, growing the cells at room temperature for 2 h. Subsequently expression was 
induced by the addition of 0.002 or 0.02 % (w/v) L-arabinose and the reaction initiated by adding 10 mM 
1 at the same time. After 24-30 h at the optimal temperature for expression (17 – 37 °C), the samples were 
analyzed by headspace GC.

PTDH-CHMOAci was purified as described previously.[9] For the biocatalysis experiments using isolated 
enzyme, 4 mM PTDH-CHMO, increasing concentrations of 1, 20 mM Na2HPO3, 100 µM NADPH and 10 
µM FAD in 1 mL 50 mM Tris-HCl pH 8.5 were incubated for 24 h at room temperature in a 20 mL head-
space vial. 

GC analyses were carried out on a Shimadzu GC-QP2010 gas chromatograph with a MS detector using 
a HP1 column. 250 µL samples were taken from a 20 µL headspace vial with a 45 °C syringe after vials 
were heated to 40 °C for 2:30. The injection temperature was 150 °C and the oven temperature was set at 
35 °C (isothermal). Retention times of the compounds were 2.22 min for 1, 2.42 min for 2 and 2.60 min for 
3. The compounds were accurately identified by MS and the retention times were consistent compared 
to the commercially available reference compounds.

Acknowledgements
Part of the work has been supported by the TASC research programme of the Netherlands Organisation 
for Scientific Research (NWO).

Supporting information
The supplementary material includes the sequences and raw data beloning to figure 2 and can be found 
linked to the online version of this chapter. A list of complete names and accession numbers can be 
found in the appendix.

Chapter 5 
Synthesis of methyl propanoate by Baeyer-Villiger monooxygenases

69



[1] H. Leisch, K. Morley, P. C. K. Lau, Chem. Rev. 2011, 111, 4165-
4222. 

[2] M. Kadow, K. Loschinski, H. Mallin, S. Saß, U. Bornscheuer, 
Org Biomol Chem 2012, 10, 6249-6265. 

[3] R. A. Michelin, P. Sgarbossa, A. Scarso, G. Strukul, Coord. 
Chem. Rev. 2010, 254, 646-660. 

[4] R. Criegee, Liebigs Ann. Chem. 1948, 560, 127-135. 

[5] T. Reignier, V. de Berardinis, J. Petit, A. Mariage, K. Hamze, 
K. Duquesne, V. Alphand, Chem. Commun. 2014,. 

[6] B. Harris, Ingenia 2010, 45, 18-23. 

[7] D. E. Torres Pazmiño, A. Riebel, J. de Lange, F. Rudroff, M. D. 
Mihovilovic, M. W. Fraaije, ChemBioChem 2009, 10, 2595-2598. 

[8] A. Riebel, H. Dudek, G. de Gonzalo, P. Stepniak, L. 
Rychlewski, M. Fraaije, Appl. Microbiol. Biotechnol. 2012, 1-11. 

[9] H. L. van Beek, H. J. Wijma, L. Fromont, D. B. Janssen, M. W. 
Fraaije, FEBS Open Bio 2014,. 

[10] N. A. Donoghue, D. B. Norris, P. W. Trudgill, Eur J Biochem 
1976, 63, 175-192. 

[11] I. A. Mirza, B. J. Yachnin, S. Wang, S. Grosse, H. Bergeron, A. 
Imura, H. Iwaki, Y. Hasegawa, P. C. Lau, A. M. Berghuis, J. Am. 
Chem. Soc. 2009, 131, 8848-8854. 

[12] H. Iwaki, S. Wang, S. Grosse, H. Bergeron, A. Nagahashi, 
J. Lertvorachon, J. Yang, Y. Konishi, Y. Hasegawa, P. C. K. Lau, 
Appl. Environ. Microb. 2006, 72, 2707-2720. 

[13] T. Kotani, H. Yurimoto, N. Kato, Y. Sakai, J. Bacteriol. 2007, 
189, 886-893. 

[14] M. Griffin, P. W. Trudgill, Eur. J. Biochem. 1976, 63, 199-209. 

[15] A. Völker, A. Kirschner, U. T. Bornscheuer, J. Altenbuchner, 
Appl. Microbiol. Biotechnol. 2008, 77, 1251-1260. 

[16] G. de Gonzalo, G. Ottolina, F. Zambianchi, M. W. Fraaije, G. 
Carrea, J. Mol. Catal. B 2006, 39, 91-97. 

[17] C. Rodríguez, G. de Gonzalo, D. E. Torres Pazmiño, M. W. 
Fraaije, V. Gotor, Tetrahedron: Asymmetry 2008, 19, 197-203. 

[18] A. Rioz-Martínez, G. de Gonzalo, D. Torres Pazmiño E., M. 
Fraaije W., V. Gotor, Eur. J. Org. Chem. 2009, 2009, 2526-2532. 

[19] G. de Gonzalo, C. Rodríguez, A. Rioz-Martínez, V. Gotor, 
Enzyme Microb. Technol. 2012, 50, 43-49. 

[20] S. Staudt, U. T. Bornscheuer, U. Menyes, W. Hummel, H. 
Gröger, Enzyme Microb. Technol. 2013, 53, 288-292. 

[21] D. Ghazanfari, M. M. Hashemi, M. Shahidi-Zandi, Synthetic 
Commun. 2008, 38, 2037-2042. 

[22] N. O. Mahmoodi, S. Z. D. Heirati, K. Ekhlasi-Kazaj, J. Iran. 
Chem. Soc. 2012, 9, 521-528. 

References

Chapter 5 
Synthesis of methyl propanoate by Baeyer-Villiger monooxygenases

70



Chapter 5 
Synthesis of methyl propanoate by Baeyer-Villiger monooxygenases

71



chapter 6
Lyophilization conditions for the 
storage of monooxygenases
Hugo L. van Beek, Nina Beyer, Dick B. Janssen,  
Marco W. Fraaije 

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

This chapter has been submitted.



chapter 6
Lyophilization has been used for more than 60 years to increase the storage stability 
of food, pharmaceuticals and enzymes. We chose cyclohexanone monooxygenase 
(CHMO) as a model enzyme to find suitable freeze-drying conditions for long-term 
storage of an isolated monooxygenase. CHMO is a NADPH-dependent FAD-containing 
Baeyer-Villiger monooxygenase (BVMO) known for its ability to catalyze a large number 
of oxidation reactions. Additives were tested, with a focus on establishing the optimal 
concentration of sugars and salts for enzyme stabilization during and after lyophiliza-
tion. The results were successfully transferred to a larger scale and to two other mono-
oxygenases, namely the BVMO cyclopentadecanone monooxygenase (CPDMO) and 
the heme-containing cytochrome P450 monooxygenase, P450 BM3. In the absence of 
a lyoprotectant, lyophilized P450 BM3 was almost completely inactivated while the 
lyophilized BVMOs quickly lost activity when stored at 50 °C. Lyophilization in the 
presence of 2% (w/v) sucrose gave the best results, with preservation of 80% of the 
activity of P450 BM3 upon lyophilization and almost complete protection against inac-
tivation of all tested monooxygenases when stored as lyophilizate at 50 °C.
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Introduction 

Monooxygenases catalyze the insertion of a single oxygen atom from O2 into an organic substrate. 
Because they often possess high regio- and stereoselectivity, monooxygenases can be employed for the 
biocatalytic production of high-value chemicals such as active pharmaceutical ingredients or meta-
bolic intermediates (Torres Pazmiño et al., 2010). Two monooxygenase classes are of special commer-
cial interest: cytochrome P450 monooxygenases (P450s) and Baeyer-Villiger monooxygenases (BVMOs).

BVMOs catalyze the conversion of ketones into esters, often with high regio- and enantioselectivity 
(Kadow et al., 2012; Leisch et al., 2011). BVMOs utilize a flavin cofactor to catalyze Baeyer-Villiger oxi da-
tions. The Baeyer-Villiger oxidation of 2-butanone to produce the polymer precursor methyl propanoate 
is an industrially relevant example (Eastham et al., 2013). Besides Baeyer-Villiger oxidations, these 
enzymes are also able to oxidize heteroatoms, such as the enantioselective oxidation of sulfides (Bong 
et al., 2013; Riva et al., 2007). Two BVMOs were chosen for this study. The first is the extensively studied 
cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. NCIMB9871 (Chen et al., 1988; Ryerson 
et al., 1982), because it has been used as the prototypical BVMO for many years. Yet, CHMO is a rather 
labile enzyme (van Beek et al., 2014). The second is cyclopentadecanone monooxygenase (CPDMO) from 
Pseudomonas sp. strain HI-70 which was chosen because it is complements the biocatalytic potential 
of CHMO and can be expressed as recombinant protein (Beneventi et al., 2009; Fink et al., 2011; Iwaki 
et al., 2006).

P450s contain a heme cofactor as prosthetic group which is essential for catalysis. P450s are known for 
their role in human steroid metabolism and xenobiotic detoxification (Munro et al., 2013). Therefore they 
are a prime target for drug development in the pharmaceutical industry (Guengerich, 2002). P450s are 
also considered interesting biocatalysts, because the scope of catalyzed reactions is broad (Mansuy, 
1998) and numerous products of commercial interest are conceivable. Here we focus on P450 BM3 
(CYP102A1), derived from Bacillus megaterium, which in vivo catalyzes the hydroxylation of fatty acids 
(Boddupalli et al., 1990). P450 BM3 has become the model enzyme for many studies on P450 systems 
(Munro et al., 2002). 

Both storage stability and operational stability are highly relevant for biotechnological applica-
tions that depend on the use of the above-mentioned biocatalysts. For long-term storage of proteins, 
lyophilization is an attractive approach. In the case of P450s, the optimal conditions for lyophilization 
of several specific P450s have been investigated (Bauer et al., 1994; Blanquet et al., 2005; Chefson et al., 
2007; Zhao and Auclair, 2009). For BVMOs, most effort was put into protein engineering to increase the 
thermostability and thereby increase the operational stability (Opperman and Reetz, 2010; van Beek 
et al., 2012). In addition, several naturally stable BVMOs have been discovered (Beneventi et al., 2013; 
Fraaije et al., 2005). In the case of stable enzymes, lyophilization remains of interest because it simpli-
fies shipping and storage. Except for extending storage time, lyophilization allows the screening of 
new substrates without extensive knowledge of molecular biology and facilitates the use of enzymes in 
non-aqueous media (Serdakowski and Dordick, 2008). While lyophilization has been used in the past 
to prepare formulations of isolated BVMOs or of cell-free extract containing a BVMO, no optimization of 
the lyophilization conditions has been done.

Denaturation of an enzyme can occur by heating, freezing, agitation or by chemical degradation in an 
aqueous formulation. Lyophilization protects against these effects. Water-mediated processes such as 
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hydrolysis and deamidation are limited by the removal of water. Protein unfolding, aggregation and 
chemical modifications are diffusion controlled reactions. Drying an enzyme results in the formation 
of an amorphous phase. Below the glass transition temperature (Tg) of this amorphous state the rate of 
diffusion-controlled reactions is greatly reduced. However, additives might still be required because 
storage below the Tg is not always sufficient to keep the protein from degrading, especially at longer 
timescales. Additives might also be required to prevent aggregation during the lyophilization process 
or rehydration. Additives may also compensate for the loss of essential waters during lyophilization by 
forming hydrogen bonds with the protein (Allison et al., 1999). Sugars are widely used as lyoprotectants 
during freeze-drying, with sucrose, trehalose and mannitol being most commonly used (Souillac et al., 
2002; Wang et al., 2009). We focused on sucrose because it has the same protective effects as trehalose 
in many cases (Allison et al., 1999; Chefson et al., 2007), while being significantly cheaper. For different 
applications of the enzyme the use of sugars might not be preferred, and alternatives are required. 
Various compounds were tested that could also have beneficial effects: salts, reducing compounds, 
wetting agents, amino acids and phosphite, the substrate for the fused coenzyme regenerating enzyme. 

The initial optimization of sucrose concentrations and the testing of other additives were done with 
the prototype BVMO, CHMO. Conditions that were found to be stabilizing were transferred to CPDMO 
and P450 BM3 to test the general applicability of the additives for lyophilizing monooxygenases. The 
addition of sucrose was shown to be extremely beneficial for all three tested enzymes. Additionally, 
several stabilizing additives were discovered which might be useful in specific applications, specifi-
cally magnesium sulfate and serine.

Materials and methods
Chemicals, equipment and vectors

Chemicals were acquired from Sigma-Aldrich, Oriental Yeast Co., TCI Europe and Riedel-de Haën. An 
Alpha 2-4 LD plus freeze dryer (Christ) was used for lyophilization and a Synergy MX (BioTek) was 
used for all spectrophotometric work. An Äkta purifier (GE Healthcare) was used for purification. The 
gene coding for P450 BM3 was kindly provided by prof. B. Hauer (Stuttgart) on a pJoe vector and was 
subcloned into a pBAD vector using 5’-ttgggctaacaggaggaattacatatgacaattaaagaaatgcc-3’ as the forward 
and 5’aactcaatgatgatgatgatgatggtcgaccccagcccacacgtctttt-3’as the reverse primer.

Enzyme purification

PTDH-fused CHMO and CPDMO were expressed and purified as previously reported (Torres Pazmiño, 
et al. 2009), with the exception that no glycerol and DTT were added to the buffers. E. coli Top10 cells 
containing pBAD P450 BM3 were grown in 3 × 400 mL TBAmp in shaking flasks at 37 °C. Expression was 
induced by the addition of 0.02% L-arabinose at an OD600 of 0.7-0.8 and 0.5 mM δ-aminolevulinic 
acid was added. The cells were incubated for 48 h (17 °C at 180 rpm) after induction before they were 
harvested (2880 × g, 30 min) and washed once with ice cold sodium phosphate buffer (50 mM, pH 7.5). 
The cell pellet was stored at -20 °C. For purification all steps were carried out on ice to prevent inactiva-
tion of the enzyme. Cells were resuspended in 30 mL of the sodium phosphate buffer and lysed using 
sonication. The resulting crude extract was centrifuged (3645 × g, 40 min) and the supernatant was 
recovered. For ammonium sulfate precipitation the cell free extract was diluted to a protein concen-
tration of 20 mg/mL. P450 BM3 was precipitated at an ammonium sulfate concentration of 50% and 
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collected by centrifugation (17000 × g, 15 min) and resuspended in sodium phosphate buffer (50 mM, pH 
7.5). The enzyme was further purified by affinity chromatography using a 5 mL HF His trap column. The 
imidazole in the elution buffer was removed by a second step of ammonium sulfate precipitation with 
90% ammonium sulfate. The protein pellet was resuspended in Tris/HCl buffer (50 mM pH 7.5).

Lyophilization

50 µL aliquots containing 5-25 µM enzyme and different concentrations of additives in a 96-well PCR 
plate were covered with a semi-permeable AeraSeal (Sigma-Aldrich) cover and flash frozen in liquid 
nitrogen and subsequently freeze-dried overnight at 0.05-0.07 mbar without temperature control. To 
prevent the effect of the used buffer from having a large effect on the results, the concentration Tris/HCl 
buffer was reduced to 5 to 12 mM in the lyophilization samples.

Activity determination

The lyophilized cake was dissolved in a volume of buffer equal to the total volume before lyophilization. 
50 mM Tris/HCl pH 8.5 was used for the BVMOs or 50 mM Tris/HCl pH 7.5 for P450 BM3. When the hydro-
phobicity of the material was too high to allow fast dissolution, a short centrifugation step was used 
to completely submerge the cake. The enzyme was diluted to an appropriate concentration (0.05-0.3 
µM) in the presence of 0.5 mM cyclohexanone (for CHMO), 1.5 mM (±)-bicyclo[3.2.0]hept-2-en-6-one (for 
CPDMO) or 1.0 mM lauric acid (for P450 BM3). Reactions were started by the addition of NADPH to a final 
concentration of 150-500 µM, and initial rates at 25 °C were determined by following the absorbance 
at 340 nm. Reported data points are obtained from 3 to 6 samples that were taken from the same stock 
solution before lyophilization. Data is compared between conditions in the same batch, as the handling, 
freezing cycles and storage before lyophilization affect the rate of the enzyme in general.

Incubations

To simulate extended storage conditions, the lyophilized enzyme samples were incubated at 50 °C 
for 48 h (sucrose concentrations) or 72 h ( other additives) in a ventilated stove, covered by the same 
semi-permeably filter as used during lyophilization. For the time course measurement, samples were 
stored at room temperature and subsequently at 50 °C in an air ventilated stove for the required number 
of days.

Results and discussion
As freeze-drying is a technique that is generally very mild to the enzyme, extended storage times or 
elevated temperatures are required to see the small differences in stability caused by additives. In initial 
experiments, the thermostable enzyme phenylacetone monooxygenase (PAMO) was used (Fraaije, et 
al. 2005 ), but we were unable to accurately observe any degradation in short time periods (data not 
shown). This is in line with the observation that PAMO is thermostable and tolerates a variety of organic 
solvents. CHMO has been shown to be more labile and was used for further experiments (van Beek, et al. 
2012 ). CHMO lost more than half of its activity upon lyophilization without any additives, and lost most 
of its residual activity within days when stored at 50 °C (Fig. 1). These initial results showed that addi-
tives could play an important role in creating a stabilized formulation of a labile enzyme like CHMO. 
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Figure 1: Percentage of residual activity of CHMO after lyophilization without additives and incubation at 50 °C. 
The activity of the enzyme before lyophilization is set to 100%. Standard errors shown are from 3 measurements.

To determine the stabilizing effect of different concentrations of additives, we chose to store the enzyme 
for a short time at elevated temperatures to amplify differences caused by these additives. Lyophilized 
samples were incubated at 50 °C before measuring the activity of the enzyme. As a starting point the 
inexpensive disaccharide sucrose was used as a lyoprotectant. Several concentrations of sucrose were 
tested to find the optimal concentration. Around 10 to 50 mg/mL sucrose in the enzyme solution was 
found to optimally preserve activity (Fig. 2). Theses concentrations were used in combination with 
2.5 mg/mL enzyme. This indicates that the protein is embedded in a sugar-matrix, and the protecting 
effect is probably not only caused by a few key sucrose molecules bound to the enzyme to replace water, 
but also because of an amorphous bulk-phase formed by sugar. While low sucrose concentrations were 
not effective in stabilization, also relatively high doses of sucrose (>50 mg/mL) decreased the stability of 
the monooxygenase upon lyophilization.

Figure 2: Observed rates of CHMO after lyophilization, incubation at 50 °C for 72 h and reconstitution of the enzyme. 
Standard errors shown are from measurements of 6 lyophilized samples. 
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Previously two P450s were stabilized by a much higher concentrations of sucrose. But also in those 
cases lower activities at relatively high concentrations of sucrose are observed (Chefson et al., 2007). 
No explanation was given for the reduction of activity by added sucrose. A possible explanation is that 
amorphous sucrose has a Tg that is lower than that of the protein. At higher sucrose concentrations the 
Tg might be lowered below the 50 °C storage temperature, leading to inactivation. The increased stability 
caused by the addition of only a small amount of sucrose might result from the formation of hydrogen 
bonds with the protein in the place of the removed water (Allison et al., 1999).

A sugar that is often used to stabilize proteins is trehalose. No additional stabilization could be observed 
as compared to sucrose by the addition of 10 mg/mL trehalose (Fig. S1). The often superior stabilizing 
effect of trehalose is attributed to its higher hydration radius, allowing the retention of more water in 
the dried protein state. This effect could also be achieved by using larger quantities of sucrose. No other 
sugars were tested because the sucrose-lyophilized enzyme already performed as good as enzyme 
frozen in liquid N2 and stored at -80 °C (Fig. S1). Improving the stability more would be improbable.

To facilitate the use of enzymes in biocatalytic applications, other classes of compounds were tested 
which might interfere less with specific assays or product purifications. Some compounds were also 
tested because they could be already present in the protein preparation or are required for downstream 
applications. An obvious candidate is ammonium sulfate because this salt is extensively used to 
precipitate proteins. Other ammonium and sulfate salts were also tested (Fig. 3 and Fig. S2 and S3) to find 
out whether the ion or the cation would be responsible for the stabilization. Ammonium sulfate itself did 
not stabilize the enzyme upon lyophilization. We also observed that ammonium sulfate is interfering 
with the stabilizing effect of sucrose. The combined sucrose and ammonium sulfate formulation 
performed worse than the formulation containing only sucrose (Fig. 3). However, a stabilizing effect of 
magnesium sulfate was discovered. 25 mM MgSO4 protected the lyophilized enzyme as well as 20 mg/
mL sucrose. Magnesium chloride completely destabilizes the enzyme when used as the only additive. 
However, it does have a beneficial effect when adding it in combination with sucrose. This might be 
caused by the ability of the salt to form salt bridges with the enzyme which are not formed when only 
sucrose is present.

Figure 3: Observed rates of CHMO containing various additives after lyophilization and 48 h incubation at 50 °C. 
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When sucrose and stabilizing salts were present, phosphite could be added to the enzyme mix without 
significantly affecting the activity. In the case of sucrose and ammonium sulfate the activity is even 
increased by the addition of phosphite (Fig. 3). Phosphite was tested because of its use as sacrificial 
substrate for NADPH regeneration (Torres Pazmiño et al., 2009). The addition of phosphite could be 
useful for small lab-scale conversions. In the current formulation 50 mM was used, resulting in a highest 
possible value for the total turnover number of only 2000 (the concentration of phosphite is only 2000 
fold the concentration of enzyme). This makes it not suitable for any large-scale process because this 
leads to excessive enzyme loading (Rogers and Bommarius, 2010). The addition of both phosphite and 
NADP+ in the formulation would make the enzyme ready to use for smaller scale conversions. 

Tween 20 was tested for its potential to help with the re-solubilization step by acting as a wetting agent. 
The wetting of the protein foam formed upon lyophilization was problematic in some formulations 
because it appeared to be very hydrophobic. Serine and cysteine were also used to see if amino acids 
could take over the role of sugars, salts or wetting agents. Tween 20 was not very effective by itself, but 
serine stabilized CHMO. The similar amino acid cysteine was not found to stabilize the enzyme, even if 
it could have protective effect by acting as a reducing agent. 

Figure 4: Observed rates of CHMO (A), CPDMO (B) and P450 BM3 (C) after incubation for 72 h as lyophilized samples 
at different conditions. Lyophilized samples were stored at room temperature or at 50 °C. Activities in the absence of 
sucrose as lyoprotectant in light gray, activities in the presence of 20 mg/mL sucrose in dark gray. Standard errors 
are determined from three lyophilization samples. 

The optimal concentration of sucrose (20 mg/mL) was also used in the lyophilization of two other 
monooxygenases, to see if the stabilizing effect was specific for CHMO or applicable to a wider range 
of enzymes. The sequence-related and relatively labile CPDMO, and the widely used P450 BM3 were 
chosen. The optimal conditions for stabilizing enzyme activity varied for the different enzymes (Fig. 4). 
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CHMO is cleary more stable when stored at -80 °C compared to 4 °C. Lyophilization also results in the 
loss of significant activity. The reverse is the case for CPDMO; this enzyme loses activity when frozen 
while storage at 4 °C preserves most activity. This agrees with previous results (unpublished) that indi-
cate that CPDMO should not be frozen. P450 BMO3 is relatively unaffected by freezing and lyophilization 
in the presence of sucrose. In constrast to the other monooxygenases, the activity after lyophilization in 
the absence of sucrose results in the loss of most activity. Gratifyingly, it was found that, as for CHMO, 
sucrose stabilized both enzymes upon lyophilization.

Conclusions
Conditions that improved the stability of lyophilized BVMO CHMO were determined and transferred 
to the homologous CPDMO and P450 BM3. The use of 6.5-45 mg/mL sucrose was highly effective in 
obtaining a stable lyophilized monooxygenase samples. Also alternative additives were identified. For 
example, serine was also found to stabilize CHMO upon lyophilization. We have also shown a (co )
substrate can be used as an additive during lyophilization. These findings might facilitate the easier 
distribution of more stable and applicable lyophilized formulations of both BVMOs and P450s. These 
findings will be helpful for future biocatalytic applications that involve monooxygenases. 
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chapter 7

Steroid monooxygenase (STMO) from Rhodococcus rhodochrous catalyzes the Baey-
er-Villiger conversion of progesterone into testosterone acetate using FAD as prosthetic 
group and NADPH as reducing coenzyme. The enzyme shares high sequence simi-
larity with well characterized Baeyer-Villiger monooxygenases, including phenylace-
tone mono oxygenase and cyclohexanone monooxygenase. The comparative biochem-
ical and structural analysis of STMO can be particularly insightful with regard to the 
understanding of the substrate-specificity properties of Baeyer-Villiger monooxygen-
ases that are emerging as promising tools in biocatalytic applications and as targets 
for prodrug activation. The crystal structures of STMO in the native, NADP+-bound, 
and two mutant forms reveal structural details on this microbial steroid-degrading 
enzyme. The binding of the nicotinamide ring of NADP+ is shifted with respect to the 
flavin compared with that observed in other monooxygenases of the same class. This 
finding fully supports the idea that NADP(H) adopts various positions during the 
catalytic cycle to perform its multiple functions in catalysis. The active site closely 
resembles that of phenylacetone monooxygenase. This observation led us to discover 
that STMO is capable of acting also on phenyl acetone, which implies an impressive 
level of substrate promiscuity. The investigation of six mutants that target residues on 
the surface of the substrate-binding site reveals that enzymatic conversions of both 
progesterone and phenylacetone are largely insensitive to relatively drastic amino 
acid changes, with some mutants even displaying enhanced activity on progesterone. 
These features possibly reflect the fact that these enzymes are continuously evolving 
to acquire new activities, depending on the emerging availabilities of new compounds 
in the living environment. 
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Introduction
Baeyer-Villiger monooxygenases (BVMO) use flavin cofactors to catalyze the insertion of an oxygen 
atom into ketone substrates to generate esters and/or lactones [1]. NADPH and molecular oxygen repre-
sent the electron and oxygen-atom donors in the reaction, respectively. Since their discovery more than 
60 years ago [2,3], these enzymes have attracted considerable interest for their potential applicability in 
industrial biocatalysis, their role as (pro)drug targets, and their value as model systems to study how 
enzymes carry out a classical organic chemistry reaction [4]. 

In mechanistic terms, BVMOs display two key features: (i) the activation of molecular oxygen through 
formation of a covalent intermediate, the flavin-peroxide, formed by the reaction of the reduced flavin 
with oxygen, and (ii) the occurrence of a tetrahedral Criegee intermediate in substrate oxygenation, 
which is analogous to the intermediate of nonenzymatic Baeyer-Villiger oxidations [5-7]. NADP(H) plays 
a key role in the whole process by functioning not only as a reductant of the flavin but also as an inte-
gral part of the active site that promotes flavin-peroxide and Criegee intermediate formation and stabili-
zation. In more detail, the reaction starts with the two-electron reduction of the flavin by NADPH. Next, 
the reduced prosthetic group reacts with oxygen to generate the flavin-peroxide, which is responsible 
for the insertion of an oxygen atom into the substrate to generate the oxygenated product. The reaction 
ends with the regeneration of the oxidized flavin and the release of NADP+. Importantly, the flavin-per-
oxide forms only if NADP+ is bound to the active site. Indeed, an artificial electron-donor (such as dithi-
onite) does not enable the enzyme to perform the catalytic reaction. These features imply that NADP(H) 
must have at least two binding modes; one competent in flavin reduction and one capable of promoting 
formation and stabilization of the crucial flavin-peroxide. 

Cyclohexanone monooxygenase (CHMO) was the first BVMO that could be produced in a recombi-
nant manner and has been subject to in-depth enzymological studies [5]. In 1999, steroid monooxy-
genase (STMO) from Rhodococcus rhodochrous was the second BVMO for which the gene was cloned 
and used for heterologous expression [8]. However, so far no subsequent studies on this bacterial steroid 
degrading monooxygenase have been reported. More recently, phenylacetone monooxygenase (PAMO) 
became another model system especially after its three-dimensional crystal structure was solved [9]. 
An excellent review about the history and state of the art of the field has been recently published by Lau 
and co-workers [1]. 

Genome sequencing has led to the discovery of a huge number of BVMOs in bacteria and fungi [10]. The 
enzymes display a bewildering diversity with regard to substrate preferences that can range from small 
molecules, such as small aromatic and aliphatic compounds, to large macrocyclic compounds typically 
used as intermediates in the biosynthesis of complex metabolites such as alkaloids and antibiotics. The 
crystal structures of several BVMOs have been solved in the past few years including those of CHMO [11], 
PAMO [9], 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO) [12], MtmOIV (a 
Baeyer-Villiger monooxygenase involved in mithramycin biosynthesis) [13], and a NAD(P)H-dependent 
monooxygenase from a marine bacterium that is more closely related to flavin-containing monoxygen-
ases (also known as FMOs) [14]. The common features shared by these crystal structures have estab-
lished a solid structural framework to study enzyme-mediated Baeyer-Villiger oxidations, especially 
with regard to the existence of conformational changes and the role of NADP(H) and conserved resi-
dues for intermediate stabilization [7,11]. Furthermore, the combination of structural and enzyme engi-
neering studies has provided important hints about the protein elements that determine the substrate 
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selectivity of the enzymes. For instance, a loop in direct contact with the pyrimidine ring of the flavin 
has been shown to be crucial for substrate binding [15]. On the other hand, especially with the aim of 
exploiting these enzymes for biocatalytic purposes, we need to further understand and rationalize their 
substrate specificity properties.

In this context, here we describe the structural elucidation complemented by site-directed mutagen-
esis studies of STMO from R. rhodochrous, which was originally discovered by Miyamoto et al. [16]. 
This enzyme is capable of converting progesterone into testosterone acetate (Scheme 1). The interest 
for this enzyme stems from its high sequence homology with the most well characterized BVMOs with 
known crystal structures [8,17]; STMO has 53% sequence identity with PAMO from Thermobifida fusca, 
45% with CHMO from Rhodococcus sp. strain HI-31, and 43% with OTEMO from Pseudomonas putida. 
The inspiration for our study was to compare these closely related enzymes, which exhibit so diverse 
substrate preferences ranging from a simple aromatic (phenylacetone) molecule to a steroid. The close 
evolutionary relatedness adds value to our approach because it allows the identification of structural 
elements that direct substrate binding and selectivity. 

Previously STMO was shown to be similar enough to PAMO to accept phenylacetone as a substrate, but 
also that the two enzymes could be successfully combined to create a new, stable chimeric enzyme with 
enhanced properties [17]. However, the effect of solvents on substrate scope and enantioselectivity has 
only been extensively investigated for PAMO [18-20]. We investigated here whether STMO displays the 
same behavior when exposed to methanol, as for this solvent the largest effects on the enantioselective 
conversion thioanisole were shown [21,22]. The promiscuity and solvent dependence in substrate pref-
erence has interesting implications for BVMO evolution, function, redesign, and biocatalytic applica-
tions. 

Scheme 1. Reactions catalyzed by STMO and PAMO.
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Experimental procedures
Cloning, expression, and purification

The gene coding for STMO from R. rhodochrous [8] was cloned into a ChampionTM pET-vector (Invit-
rogen) for overexpression in Escherichia coli. The resulting protein contained a N-terminal His6-tagged 
SUMO, which can be removed by SUMO protease. The plasmid was transformed into E. coli strain 
BL21(DE3) CodonPlus. The resulting colonies were preinoculated into LB broth supplemented with kana-
mycin (50 μg/mL) and chloramphenicol (50 μg/mL) and grown overnight at 37 °C. Cultures were inoc-
ulated and grown in 2-liter Erlenmeyer flasks at 37 °C in 750 mL of LB medium until A600 was 0.3–0.5. 
Then, isopropyl β-D-1-thiogalactoside was added to a final concentration of 0.3 mM for the induction of 
expression at 17 °C for 16 h. Cells were harvested by centrifugation. The cell pellet was resuspended in 
a buffer containing 50 mM HEPES, pH 8.0, and 500 mM NaCl added with 25 μg/mL of DNase and 2 mM 
PMSF, and lysed by sonication. Insoluble debris was removed by centrifugation at 70,000 × g for 40 min 
at 4 °C and the soluble lysate clarified by filtration through a 0.45-μM syringe filter. The resulting super-
natant was loaded on a Ni2

+-affinity column (5 mL HisTrapTM FF, GE Healthcare) by an Äkta purifier (GE 
Healthcare) and washed with the resuspending buffer added with 5 mM imidazole to remove the main 
part of contaminants. Elution of the protein occurred at 100 mM imidazole. STMO-containing fractions 
were dialyzed overnight at 4 °C in 50 mM HEPES/HCl, pH 8.0, 500 mM NaCl in the presence of SUMO 
protease to remove the N-terminal tag. A further Ni2

+-affinity column separated the native STMO from 
the cleaved tag and the protease. To increase the sample homogeneity for crystallization purposes, a 
final step of size exclusion chromatography (Superdex 75 16/60, GE Healthcare) was performed in 50 mM 
HEPES/HCl, pH 7.5, 100 mM NaCl. The protein purity was assessed by SDS-PAGE and by measurement of 
the ratio in the absorbance at 280 and 457 nm, which was about 9 for pure samples. 

Mutagenesis

Site-directed mutagenesis was performed using the PfuUltra Hotstart PCR Master Mix (Agilent) according 
to the manufacturer’s instructions. Primer sequences were generated using the QuikChange tool avail-
able from Agilent and are available upon request. As the mutants tended to release FAD, the purification 
protocol was slightly modified. All the buffers used to resuspend the cell pellet and for affinity chroma-
tography were added with 6% (w/v) glycerol, whereas the amount of NaCl was lowered to 200 mM. More-
over, a small excess of FAD (100–300 μM) was added to the samples before sonication and during dialysis. 

Crystallization

For crystallization experiments, the purified proteins were dialyzed against 15 mM HEPES/HCl, pH 7.5, 
30 mM NaCl, and concentrated up to 15–20 mg/mL. STMO crystals were grown by the vapor diffusion 
method at 295 K. Initial crystallization conditions were screened by the sitting-drop technique using 
sparse matrix kits (Crystal Screen and Crystal Screen 2, Hampton Research) with an automated device 
(Oryx8, Douglas Instruments). Positive hits were refined using the hanging drop vapor-diffusion tech-
nique to identify the optimal crystallization conditions: 2–4 μL of protein solution mixed with equal 
volumes of reservoir solution consisting of 1.8–2.2 M MgSO4, 0.1 M MES/HCl, pH 6.2–6.5. The protein 
solution was supplemented with 0.5 mM FAD and, if needed, with 2–5 mM NADP+. Yellow, diffraction 
quality crystals grew in 3–4 weeks. Crystals were flash-cooled in liquid nitrogen, without any cryo-pro-
tecting agent in addition to MgSO4. 
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X-ray diffraction data collection and structure determination

Diffraction data of the native crystals were collected at 100 K on the PXII beamline at SLS (Villigen, 
Switzerland) and on the ID23-2 and ID14-4 beamlines at ESRF (Grenoble, France). All the data were 
processed with MOSFLM [23] and programs of the CCP4 suite [24]. The structure of STMO was solved 
using the diffraction data of unliganded wild-type enzyme by molecular replacement with PHASER [25] 
using PAMO as search model (PDB code 1W4X [9]). The model was refined manually through successive 
rounds using Coot [26], whereas maximum likelihood refinement were carried out by Refmac5 [27]. The 
STMO apoenzyme model was used as a template to solve the other STMO structures. All final models 
were validated with MolProbity, which did not detect any outliers in the Ramachandran plot [28]. Data 
collection and refinement statistics are listed in Table 1. Pictures were generated with PyMOL. 

Steady-state kinetics

Activities of the purified enzymes were determined spectrophotometrically by monitoring the decrease 
of the NADPH concentration by measuring the absorbance at 340 nm. The reaction mixture (200 or 
1000 μL) contained 50 mM Tris/HCl, pH 7.5, 100 μM NADPH, 5% (v/v) Me2SO in the case of phenylacetone 
or 5% (v/v) dioxane in the case of progesterone, 0–16 mM phenylacetone or 0–75 μM progesterone, and 
0.05–0.2 μM enzyme. Kinetic parameters were obtained by fitting the data to Equation 1 using Sigma-
Plot 11. Standard errors in curve fitting were generally less than 10% and duplos were within 10%. The 
kcat/KM values for progesterone were determined from the substrate-concentration-dependent rates 
observed under apparent nonsaturating conditions.

v = 
 kcat[S]  

(Equation 1)        KM[S]                

Conversions

Reactions with 5 mM thioanisole and methanol were done using 4 µM STMO, 5 µM phosphite dehydro-
genase and 10 mM phosphite to regenerate NADPH (200 µM) in 25 mM MES pH 6.3 at room temperature 
for 24 h. For phenylacetone and progesterone, conversions and enantiomeric excess were determined by 
gas-chromatography, as described before [6,17].

Results
Crystallographic analysis and overall structure

Recombinant STMO from R. rhodochrous was crystallized using magnesium sulfate as precipitant 
(Table  1). We obtained four crystal structures (2.4–2.9 Å resolution): the wild-type enzyme in the 
oxidized state and in complex with NADP+, and two active-site mutants K295A and T345L. Except for the 
amino acid replacements, these four models are essentially indistinguishable (root mean square devi-
ations below 0.2 Å for Cα atoms) and we shall refer mainly to the NADP+ complex for the analysis of the 
enzyme three-dimensional structure (Figures 1 and 2). 
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Figure 1. Overall structure of R. rhodochrous 
STMO. FAD and the NADP+ are depicted in 
yellow and orange, respectively. The (partly 
disordered) loop 500–520 is shown in orange. 
From the comparison with other Baeyer-Vil-
liger monooxygenase structures, this loop 
is expected to change conformation to a 
“closed” state during catalysis [1,7,9,11,29]. 
The FAD-binding domain (bottom) comprises 
residues 20–161 and 395–549, whereas the 
NADP domain is formed by residues 162–394. 
Residues 1–19 and 510–516 (connected by a 
dashed line) are disordered. 

 
 
 
 
 
 
 
Figure 2. Quality of the final electron density 
with reference to the crystal structure of 
STMO bound to NADP+ (Table 1). The density 
was calculated with weighted 2Fo-Fc coeffi-
cients and is contoured at 1.3σ level. Carbons 
are in purple, nitrogens in blue, oxygens in 
red, sulfurs in yellow, and phosphorous in 
orange.

 
 
 

STMO exhibits the typical two-domain organization of the other known BVMO enzymes, with each 
domain featuring the dinucleotide-binding topology (Figure 1). Structural comparisons indicate that 
FAD- and NADP-binding domains of STMO superimpose onto the corresponding domains of PAMO [7] 
with root mean square deviations for the Cα atoms of 1.1 and 1.6 Å, respectively (Figure 3). These close 
similarities reflect the high 53% sequence identity between the two proteins. A slightly lower but never-
theless strong degree of structural similarity (root mean square deviations below 2.0 Å) is indicated 
also by comparisons with the known crystal structures of other BVMO enzymes (CHMO and OTEMO 
[11,12]), which is in full agreement with their (>40%) sequence identities with STMO. The only vari-
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ations are small changes in the mutual orientations of the two domains that rotate by 4–6°. Similar 
domain rotations have been observed in other BVMO structures and probably reflect intrinsic domain 
flexibility and, possibly, also the different crystal packing environments. As found in the known BVMO 
structures, the flavin of STMO shows virtually no deviation from planarity (Figures 2 and 5). In the 
logic of our study, the close similarities highlighted by these comparisons provide an excellent struc-
tural framework for exploring the factors that control the diverse substrate selectivities among these 
enzymes. Along this line, we shall now describe the STMO active site. 

Figure 3. Structural comparison of Baeyer-Villiger monooxygenases. Left, overall superposition between the back-
bones of STMO (blue) and PAMO (red). The superposition was carried out using the FAD and NADP domains of PAMO as 
independent units to emphasize the overall similarity of the tertiary structures (root mean square deviations of 1.1 Å 
for 295 Cα atoms and of 1.6 Å for 232 Cα atoms of the two domains, respectively). Right, close-up view of the active site 
region. The picture shows the different positions of the nicotinamide ring of NADP+ in STMO (carbons in blue), CHMO 
(carbons in green; open conformation of PDB entry 3GWF), PAMO (carbons in red; PDB entry 2YLR), and OTEMO 
(carbons in pink; PDB entry 3UOY, chain A). Cα ribbons of the four proteins are shown together with the FAD of STMO.  
 
NADP+ binding and active site 

The crystal structure of STMO exhibits a globular open pocket at the interface between the two domains 
to form the binding site for NADP(H) and the steroid substrate (Figure 1). The two ligand-binding sites 
are located on opposite walls of the cleft and converge in front of the flavin (Figures 3 and 4). STMO 
crystals were also obtained in the presence of an excess of NADP+, which enabled the structure determi-
nation of the enzyme bound to the coenzyme ligand (Table 1 and Figure 2). NADP+ binds in the typical 
conformation observed in dinucleotide-binding proteins, with the pyrophosphate group interacting 
with the N terminus of the α-helix of the βαβ unit of the NADP-binding domain (Figures 1 and 2). The 
nicotinamide-ribose group is close to a conserved Arg (Arg-342; Figure 4), which is essential in catal-
ysis by favoring substrate oxygenation possibly through stabilization of the tetrahedral Criegee inter-
mediate [7]. 
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Figure 4. STMO active site. Left: the NADP+- and flavin-binding regions. FAD and NADP+ carbons are depicted with 
yellow and orange carbons, respectively. Right: spatial distribution of the sites targeted by our mutagenesis studies 
(see Table 3) on the active site cavity. The Cα atoms of the mutated residues are shown as blue spheres. Thr-345 and 
Lys-295 are highlighted in red because mutations targeting these amino acids exhibited strong functional perturba-
tions and were subjected to crystallographic studies (Tables 1 and 3). Bluish areas highlight the mutations exposed 
on the cavity surface. For the sake of clarity, only the ribose and nicotinamide ring of NADP+ are depicted. Arg-342 
is the crucial residue involved in the oxygen-insertion step during catalysis. The cavity was calculated with a probe 
of 1.3-Å radius using Voidoo [30]. 

An interesting observation concerns the precise binding mode of the nicotinamide ring with respect to 
the flavin (Figure 3). The coenzyme nicotinamide ring is located above the flavin with the carbamide 
group pointing toward and in direct contact with the central ring of the prosthetic group. The nicotin-
amide remains partly solvent-accessible and within 4.5 Å distance from Asp-71. The interactions with 
the solvent and the proximity of the Asp-71 side chain can compensate for the NADP+ positive charge. 
The functional implications for this conformation are effectively revealed by the comparison of STMO 
with PAMO, OTEMO, and CHMO structures. The comparative analysis indicates that the nicotinamide 
of STMO is prominently shifted away from the flavin compared with the other enzymes (Figure 3). This 
observation is fully consistent with the “sliding” model proposed by Mirza et al. [11]. The nicotinamide, 
anchored to the protein by the ADP segment of NADPH, is able to slide into the active site to first bind 
above the flavin with the proper geometry to perform hydride transfer. After this catalytic step, the nico-
tinamide moves further to eventually adopt the position (red carbons in Figure 3) that is instrumental to 
the formation and stabilization of the flavin-peroxide intermediate after reaction of the reduced flavin 
with dioxygen. NADP+ is locked in this flavin-peroxide promoting conformation by closure of an active 
site loop, which likely occurs only after flavin reduction (see Refs. [1,7,9,11,29] for a discussion on this 
aspect of catalysis). In STMO, this loop protrudes out of the protein and is partly disordered (residues 
510–516; Figure 1), which is similar to the cases of PAMO in the unligated form [7] and CHMO in the 
“open” conformation (green in Figure 3) [11]. Thus, the STMO crystals (obtained by co-crystallizing the 
oxidized enzyme with NADP+) reveal a binding mode that is likely adopted by the reduced nicotinamide 
in the process of attaining the conformation that affords reduction of the prosthetic FAD cofactor and, 
possibly, also by the oxidized NADP+ in the process of being released by the enzyme, which is the last 
step of the reaction. 
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Substrate-binding site and substrate specificity

The rationale behind this study was to investigate STMO in comparison with PAMO and other well 
characterized BVMOs to gain insight into the substrate selectivities of these enzymes. In this regard, 
the crucial starting observation for our analysis was that atomic superpositions clearly indicated that 
the active site of STMO (Figure 4a) is closely related to those of other BVMOs, and in particular, to that 
of PAMO (Figure 5a and 6). As shown in Figure 5a, the Cα traces of the residues lining the active-site of 
STMO and PAMO are very similar, with shifts between the Cα positions of homologous residues mostly 
in the 0.2–0.4 Å range. The only clear variation concerns the loop 286–295 (STMO numbering), whose 
position is significantly shifted in the two proteins. This loop is located above the active-site pocket and 
is most likely directly involved in substrate binding (Figure 5a). Otherwise, the comparative inspection 
of the 24 residues that are within 8 Å from the flavin N5 atom (Table 2 and Figure 5b) indicates that 12 
side chains are conserved between PAMO and STMO. 

 

Figure 5. Structural framework to substrate binding in 
STMO and related enzymes. Top left, superposition of 
STMO (blue ribbon) and PAMO (red ribbon) active sites. 
FAD and NADP+ of STMO are shown. The Cα atoms of 
the STMO residues targeted by mutagenesis are outlined 
as blue spheres (Table 3). Top right, the Cα positions of 
residues within 8 Å distance from the flavin N5 atoms 
on the re side of the cofactor (Table 2). The blue spheres 
(cyan for mutated residues; Table 3) identify STMO resi-
dues that have the side chains oriented toward the active 
site and differ from the corresponding residues of PAMO, 
CHMO, and OTEMO. Bottom, superposition of the STMO 
and CHMO active sites. STMO shown as a blue ribbon and 
CHMO shown as a green ribbon (PDB entry 3GWF). FAD 
and NADP+ of STMO are depicted with yellow and orange 
carbons, respectively. The Ca atoms of the STMO residues 
targeted by mutagenesis are shown as spheres (Table 3).
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Table 2. Analysis of the amino acid variations between the active sites of STMO and related enzymes. All listed 
residues are within 8 Å distance from the flavin N5 atom on the re side of the cofactor and their side chains are 
oriented toward the active-site cavity (see Fig. 4b). PAMO, CHMO, or OTEMO residues that are conserved in STMO 
are highlighted in boldface.  
 
STMO PAMO CHMO OTEMO
Val59 Val54 Thr47 Thr47
Ala 68 Ala 63 Ala 56 Cys 56
Cys 70 Cys 65 Ser 58 Leu 58
Asp 71 Asp 66 Asp 59 Asp 59
Val 72* Ile 67 Thr 60 Thr 60
Pro 157* Gln 152 Leu 145 Pro 145
Leu 158 Leu 153 Leu 146 Leu 146
Ser 201 Ser 196 Ser 188 Ala 195
Ser 202 Ser 197 Thr 189 Thr 196
Asn 225 His 220 Gln 212 Asn 219
Val 261 Thr 256 Phe 248 Phe 255
Val 291* Pro 286 Phe 279 Tyr 285
Lys295* Ala290 Phe283 Leu289
Arg 342 Arg 337 Arg 329 Arg 337
Val 344 Ile 339 Leu 331 Pro 339
Thr 345* Leu 340 Cys 332 Met 340
 Met 397 Leu 392 Val 385 Val 392
Ser 446 Ser 441 - Ser 441
Val 447 Ala 442 - Thr 442
Leu 448 Leu 443 Phe 434 Phe 443
Met 451 Met 446 Leu 437 Val 446
Leu500* Tyr 495 Phe486 Leu495
Trp 506 Trp 501 Trp 492 Trp 501
Pro 521 Leu 516 Phe 507 Val 519

On these bases, we probed STMO and PAMO for their reactivity toward their reciprocal reference 
substrates, progesterone and phenylacetone. PAMO was found to be unable to convert progesterone 
but, remarkably, we observed that STMO displays significant Baeyer-Villiger activity on phenylacetone. 
Although the KM value is >10 times higher compared with that displayed by PAMO, these experiments 
unambiguously indicate that STMO can now be reported to be a relatively efficient phenylacetone mono-
oxygenase (Table 3). Consequently, the active site of STMO features a rather impressive level of promis-
cuity in its substrate preference considering the vastly different nature of progesterone and phenylace-
tone compounds. 
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Table 3. Kinetic parameters for STMO mutants 

WT V72I P157Q V291A K295A T345L L500Y PAMOc

Phenylacetone
kcat (s-1) 1.5 2.7 0.6 1.8 3.0 0.2 1.0 3.1
KM (mM) 1.0 0.6 0.2 0.8 2.6 0.2 0.5 0.08
kcat / KM (mM-1 s-1) 1.5 4.7 2.6 2.2 1.2 1.2 2.1 39
Progesteronea

kcat / KM (mM-1 s-1) 1.8 3.9 1.7 1.4 5.2 <0.1 4.7 <0.1
Uncouplingb (s-1) 0.08 0.11 0.09 0.04 0.13 0.10 0.10 0.02

 
a Previously published data (6). b Due to solubility limitations, the kcat and KM values for progesterone 
could not be determined. c Uncoupling refers to NADPH oxidation in the absence of phenylacetone or 
progesterone substrates.

Enantioselective oxidation of thioanisole

A drastic effect on enantioselectivity is observed when converting thioanisole with STMO in the pres-
ence of methanol. This was previously observed for PAMO [21]. Starting at 20% S selectivity without 
methanol, 68% R selectivity can be achieved with 20% (v/v) methanol (Figure 7). This increased prefer-
ence for the R product is also seen for the R selective K295A mutant, and the T345L mutant that has an 
increased S selectivity (table 4). At increasing concentrations of up to 20% (v/v) methanol the measured 
conversion is increased (Figure 7), also corresponding with the results for PAMO [21]. The addition of 
ethanol had an effect in the opposite direction, increasing the S selectivity to 38% ee at 10% (v/v). 

Table 4. Conversions of thioanisole by wild-type STMO and the two crystallized mutants.  Methanol and ethanol 
were used at 10% (v/v), MgSO4 was used at 1 M.

STMO variant Conv. (%) ee (%) Config.

Wild-type 64 19 S

ethanol 79 38 S

methanol 82 52 R

MgSO4 60 11 S

methanol and MgSO4 9 22 R

K295A 82 18 R

methanol 89 66 R

MgSO4 54 2 R

methanol and MgSO4 14 33 R

T345L 60 71 S

methanol 52 30 S

MgSO4 50 81 S

methanol and MgSO4 23 60 S
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As the behavior with methanol suggests binding to STMO, conversions were also done with MgSO4 

present. This was done to determine if methanol competes with the sulfate ion bound close to the nico-
tinamide cofactor in PAMO [9]. 1 M MgSO4 caused a slight decrease in enantioselectivity, lowering the 
enantiomeric excess both for the S enantiomer at low concentrations of methanol, and for the R enan-
tiomer at higher concentrations (Figure 7). Additionally, STMO is active in the presence of up to 20% 
(v/v) methanol, making it relatively solvent tolerant.   

Figure 7. Enantiomeric excess (left) and conversion (right) of thioanisole converted by STMO at varying concentra-
tions of methanol. (•) Conversions with only methanol, (°) conversions with an additional 1 M MgSO4 present. 

 A mutagenesis study of the STMO active site

The logical question raised by the above described findings concerned the structural basis of these 
broad substrate activities and the possibility to modulate them by site-directed mutagenesis. We 
have repeatedly attempted the determination of the STMO structure in complex with progesterone or 
related molecules. Many experimental strategies were tried but the poor solubility of these compounds 
prevented success in these experiments. 

For this reason, we adopted a different approach based on mutating side chains that are part of the 
active site. The strategy for choosing the mutations was to probe different types of variations targeting 
both hydrophobic (Val-72, Pro-157, Val-291, Leu-500) and hydrophilic (Lys-295, Thr-345) residues and 
with different degrees of conservations in the other structurally characterized BVMO enzymes (Tables 2 
and 3). Furthermore, the sites of mutations were located in different areas of the active site, particularly 
with regard to their distance from the flavin ring (see Figures 4-right and 5). Thus, V72I mimics PAMO 
(which has Ile in this position) and affects a residue in direct contact with the pyrimidine ring of the 
flavin. This residue is in further contact with Val-291, which is positioned on the only small active-site 
segment whose backbone conformation differs significantly between STMO and PAMO (Figure 5a). Its 
conservative replacement to Ala was designed to probe the role of this differing area of the active site 
in substrate selectivity. Pro-157, Lys-295, Thr-345, and Leu-500 were mutated with the idea of targeting 
residues that, by being further away from the flavin, could have a role in binding the bulky proges-
terone thereby having a specific role in substrate specificity of STMO (Figure 4b). The mutants were 
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all evaluated for their activities on phenylacetone and progesterone, whose poor solubility allowed us 
only to accurately measure kcat/KM values (Table 3). Furthermore, two mutants (K295A and T345L) were 
subjected to crystallographic studies (Table 1). In this way, a comprehensive analysis of the substrate 
binding region could be obtained. 

The main and, to a certain extent, most surprising theme emerging from the analysis is that the effect 
of the mutations on enzymatic activities is relatively modest. In all cases, mutations did not affect the 
NADPH oxidase (uncoupling) activity, i.e. the consumption of NADPH in the absence of the organic 
substrate caused by the NADPH-mediated flavin reduction followed by reoxidation to generate hydrogen 
peroxide. This indicates that flavin reactivity in terms of both reduction by NADPH and oxygen-medi-
ated reoxidation is unaffected by the mutations, which is consistent with the strategy of targeting resi-
dues that are part of the substrate-binding site and not expected to have a direct role in redox catalysis. 
Similar to the wild-type protein, kcat values for progesterone and phenylacetone for most of the mutants 
were at least 10 times higher than the rates of uncoupling (Table 3). This is in full agreement with the 
general functional properties of BVMOs. These enzymes stabilize the flavin-peroxide intermediate that, 
without a substrate, decays slowly to generate hydrogen peroxide, whereas the decay is greatly accel-
erated by the binding of the oxygen-accepting substrate. Furthermore, the mutant proteins exhibited 
minor alterations on the activity on phenylacetone in comparison to the wild-type enzyme. Likewise, 
using progesterone as substrate did not highlight drastic changes, although it is of note that three (V72I, 
K295A, L500Y) mutants displayed higher activity on this compound, with K295A being three times more 
active than the wild-type enzyme (Table 3). The only clear exception is T345L, which turned out to make 
STMO inactive against progesterone without altering the catalytic efficiency for phenylacetone (Table 3). 
On this basis, the crystal structures of the two more functionally perturbed mutants, T345L and K295A, 
were solved (Table 1 and Figures 4a and 5a). They did not show any conformational change except 
for the replacement of the side chains, suggesting that the analyzed mutations, by affecting residues 
exposed on the surface of the active-site cleft, do not generally cause significant structural perturba-
tions. 

These data are intriguing because at least some of the mutations (P157Q, K295A, L500Y) correspond 
to rather drastic side chain replacements that can be expected to alter charge distribution and hydro-
phobicity of the walls lining the binding site. Inspection of the three-dimensional structure shows that 
bulky progesterone can be accommodated in the active site in various orientations and poses that would 
be compatible with catalysis. We refrain from presenting an in silico model of a bound progesterone 
given the many uncertainties, above all concerning the exact conformational state of the substrate-
bound enzyme (e.g. the conformation of loop 510–516, which is disordered in our crystals of STMO, and 
uncertainty of how NADP+ is bound in the substrate-enzyme complex; Figure 1). Despite this limita-
tion, the lack of activity of T345L on progesterone indicates that this residue is probably involved in 
forming a productive enzyme-progesterone complex. The bulkier Leu side chain of the mutant may 
hinder proper binding of the steroid in the active site. This effect is instead seemingly absent for the 
smaller phenylacetone substrate. This is the only clue from these studies for the presence of a rela-
tively specific enzyme-substrate interaction that can greatly alter substrate binding. Indeed, the limited 
effects on steady-state parameters by all other mutations indicate that none of the targeted side chains 
and binding site areas (at least individually) are essential or even truly crucial for the recognition and 
catalytically productive binding of both progesterone and phenylacetone. 
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Discussion
BVMOs have a fascinating mechanism that has been clarified by several studies [1,7]. The enzymatic func-
tion is based on the dual role of NADP(H), which acts as flavin reductant as well as an integral part of the 
active site that promotes oxygen activation and oxygenation. This mechanism implies that the enzyme 
must exist in different functional/conformational states including one that promotes NADPH-medi-
ated reduction of the flavin and one that promotes formation and stabilization of the oxygen-activating 
flavin-peroxide intermediate, which is essential for substrate oxygenation. These catalytic steps are 
brought about by conformational changes, at least locally affecting the active site [11,12]. The structure of 
STMO is fully consistent with this picture by showing a NADP+-binding mode in which the nicotinamide 
is shifted outward, away from the flavin (Figure 3). In particular, this observation provides a further indi-
cation in support of the idea that NADP(H) must move above the flavin along the catalytic cycle to carry 
out its dual function in catalysis. A certain degree of flexibility between the two protein domains may be 
further instrumental to the attainment of the active site conformations that are responsible for performing 
the various catalytic steps and accommodating the substrates. 

A remarkable finding of our study is the fact that STMO, initially discovered as progesterone mono-
oxygenase, is also active on phenylacetone (Scheme 1 and Table 3). This feature is matched by the close 
structural similarities exhibited by STMO and PAMO active sites (Figures 3 to 5). Moreover, of the six 
substrate-binding site mutants that were generated, only one had a clear effect on activity on at least one 
of the two substrates. All the other mutants display steady-state parameters that are comparable with 
those of wild-type STMO, highlighting a remarkable robustness of the system [17] (Table 3). These findings 
are especially puzzling in light of the self-evident differences between phenylacetone and progesterone 
in terms of size, bulkiness, hydrophobicity, and hydrogen-bonding groups (Scheme 1). The mutagenesis, 
kinetic, and structural data do not offer clues for the presence of elements or niches in the binding site that 
recognize specific chemical and structural features on these substrates. Rather, the emerging idea is that 
the binding site, which is mainly (but not exclusively) decorated by small aliphatic side chains (Table 2), 
functions as a sort of general hydrophobic selectivity filter. 

This notion is supported by the enhanced activity against progesterone (but not phenylacetone) displayed 
by K295A, which removes a positive charge from a site of the binding pocket that is at a distance of 8 Å 
from the flavin (Figure 4). Both progesterone and phenylacetone can be oxygenated, apparently because 
their ketone group linked to a hydrophobic/aliphatic moiety that can gain access to the reacting center in 
front of the flavin. This does not imply that any molecule can be processed by any BVMO. For example, 
PAMO is not active on progesterone. Likewise, cyclohexanone, the substrate of the closely related CHMO, 
does not show any detectable Bayer-Villiger conversion by STMO or PAMO [31]. The lower degree of hydro-
phobicity but relatively higher degree of conformational flexibility of this cyclic aliphatic molecule may 
require more specific interactions to be productively bound by the enzyme. On the other hand, as shown 
by a recent extensive substrate-profile analysis of BVMOs [29], STMO displays some activity on cyclohex-
anone derivatives such as 2-phenylcyclohexanone and 2-propylcyclohexanone that carry hydrophobic 
substituents. In other words, there is substrate selectivity and preference, with, however, a considerable 
level of promiscuity as effectively indicated by the acceptance of both progesterone and phenylacetone by 
STMO. A key point that will be subject to further studies is the dynamics and flexibility of the active site, 
especially with regard to the role of conformational adaptability [32]. The substrate preference is appar-
ently the result of the balance of relatively nonspecific, mostly hydrophobic, interactions that the groups 
on the surface of the binding site are able to establish with the substrate ligands. 
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These features likely reflect the plasticity of these enzymes that keep evolving in the microbial world 
in response to the emerging availabilities of new compounds. It remains fascinating that the relatively 
limited number of mutations can enable an enzyme to acquire a catalytic function on a very different 
molecule, possibly retaining the ability to act on the original substrate. 

The acceptance of phenylacetone is not the only common catalytic property between STMO and PAMO, 
two enzymes with only 53% identity; also the enantioselective oxidation in the presence of methanol 
gives comparable results for both enzymes. Methanol promotes formation of the R enantiomer of thio-
anisole, and this effect could be reduced by the addition of MgSO4. The data suggests this is caused by 
the binding of methanol in the same pocket as the sulfate ion; however sulfate might also inhibit the 
formation of the S enantiomer by a different mechanism. Crystallographic proof would be very helpful, 
but the low electron density and low apparent affinity for methanol make it unlikely to find defined 
density for a bound methanol molecule. 

STMO also has a relatively high solvent tolerance like PAMO. For comparison, CHMO, an enzyme with 
the same apparent melting temperature as STMO [17], already showed inactivation at 5% (v/v) meth-
anol [19], while both STMO and PAMO tolerate at least 20% (v/v) methanol. These findings show that 
increased thermostability and increased solvent tolerance are not correlated for these BVMOs.

These findings support even further the idea that the BVMO enzymes of the STMO/CHMO/PAMO group 
are particularly attractive for user-tailored protein engineering studies. Their robust scaffold and promis-
cuity in substrate preferences indicate that they have a clear evolutionary potential to be exploited for 
generation of variants with activities on desired substrates, suited for Baeyer-Villiger oxidations. 
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conclusions
Conclusions and future perspectives

Hugo L. van Beek



Background
Baeyer-Villiger monooxygenases (BVMOs) comprise a class of enzymes that catalyze a variety of oxygen-
ation reactions. They are interesting biocatalysts because they often possess excellent specificity and 
can perform reactions that cannot be accomplished with homogeneous catalysis. In the last decade 
many hurdles have been removed that prevented the application of BVMOs on an industrial scale. These 
hurdles include the relative instability of many BVMOs, the absence of a three-dimensional structure 
of a BVMO and the requirement for a stoichiometric amount of the expensive coenzyme NADPH. At 
the moment several stable BVMOs are available, as well as structures of different BVMOs and efficient 
NADPH regeneration systems. Further steps towards the use of BVMOs in practical applications will 
require engineered enzymes adapted to the desired conversion and process conditions. The availability 
of more stable enzymes or engineered enzymes with increased stability would also facilitate application 
of these biocatalysts. Methods that improve shipping and storage of purified enzymes will simplify the 
logistics around small conversion tests and allow more potentially interesting substrates to be tested 
with a variety of BVMOs.

This thesis describes the different aspects that are involved in the process of discovering, adapting 
and applying a biocatalyst. Such a process usually consists of the discovery of an enzyme catalyzing 
the reaction, elucidating the crystal structure as a basis for rational design, adapting the enzyme to 
fit the desired conversion and creating a stable enzyme to make large-scale applications feasible. For 
several of these aspects new methods were developed or existing methods adapted. The structural 
information obtained from crystallization studies gave an excellent starting point for further structure 
inspired mutagenesis, but also the power of modelling and computational methods was shown. Generic 
screening methods that were available were successfully employed to screen small libraries. On the 
other hand also the screening power of highly specific chromatographic methods was demonstrated. 

Two BVMOs can be successfully combined
To improve the stability of BMVOs, to alter the substrate range and enhance the enantioselectivity, 
pieces of several BVMOs were combined in chapter 2 and 3. A rational designed exchange of a loop 
and secondary sphere residues resulted in the rough combination of two BVMOs, which involved the 
exchange of over 100 residues in one step. Incremental improvement of enzymes can be achieved using 
single site mutagenesis, or even the simultaneous mutation of up to a dozen residues. A larger step was 
taken in these chapters. 

The use of a stable BVMO scaffold as a starting point to build new enzymes was described in chapter 2. 
Several enzymes were created using the stable phenylacetone monooxygenase (PAMO) as a scaffold, 
introducing parts of the active sites of enzymes converting aliphatic ketones or steroids, and introducing 
part of previously unknown BMVOs. The resulting BVMOs retained most of the stability of PAMO, while 
converting several substrates only accepted by the other parental BVMO, and even surpassing the spec-
ificity of both parent enzymes in some cases. 

The results from the first test with only several chimeric BVMOs in chapter 2 were expanded in chapter 
3, where 10 parts of either PAMO or cyclohexanone monooxygenase (CHMO) were combined to create a 
library with 1024 different chimeric BVMOs. This library was screened using two different methods: a 
conclusions
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method to detect the amount of residual ketone substrate and a GC-MS method that directly detects the 
products. Several chimeric BVMOs with different activities were discovered and partially characterized 
using whole cells. However the enzymes could not be purified to determine the stability. 

Screening in silico leads to a small but rich library 
A strong need exists for efficient methods to generate long-lasting enzymes, because enzyme stability 
is an important parameter in biocatalysis. In chapter 4 we investigated whether stabilizing disulfide 
bonds can be computationally designed based on a model structure. In this case, unlike in previous 
disulfide engineering studies, short bonds spanning only a few residues were included. CHMO was used 
as the target enzyme. An extremely large set of potential disulfide bonds were created in silico. After 
selecting for allowed geometries and decreased flexibility in silico, this set was reduced by MD simula-
tions and visual inspection to 28 disulfide mutants that were created in vivo using Quikchange. Subse-
quent screening for improved thermostability resulted in the identification of three stabilizing disulfide 
bonds. The introduced disulfide bonds are all within 12 Å of each other, suggesting that this particular 
region is critical for unfolding. This project showed that stabilizing disulfide bonds do not have to span 
many residues, as a disulfide bond spanning only one residue stabilizes the enzyme, as shown by a 6 °C 
increase in its apparent melting temperature. It also showed that computational design can be carried 
out on a model structure. 

Towards a new application
In chapter 5 the use BVMOs to produce methyl propanoate was investigated. Methyl propanoate is used 
as an important precursor for polymethyl methacrylates, as a solvent and even as a flavoring agent. A 
suitable BVMO would allow for the fermentative production of this compound and the use of renew-
able feedstock such as cellulose. A collection of 55 different BVMOs was screened to find variants that 
were able to produce this compound, using growing cells for conversions and headspace GC for anal-
ysis. GC was used to make the distinction between the normal, unwanted product ethyl acetate and the 
abnormal, desired product methyl propanoate. Several BVMOs were found to be able to perform the 
desired conversion, yielding up to 40% methyl propanoate. This finding shows that a BVMO can form 
a microenvironment that leads to the production of the chemically unexpected product even for the 
smallest asymmetric ketone. 

A stable lyophilized preparation
A lyophilized preparation facilitates the easier use and distribution of an enzyme. This aids in the 
discovery of new transformations and could be used in the small scale production of niche compounds. 
We chose CHMO as a model enzyme to find suitable freeze-drying conditions for purified monooxy-
genases in chapter 6. Several additives were tested, with a focus on the ideal concentration of the 
stabilizing sugar sucrose. The results were successfully transferred to other monooxygenases, the 
BVMO cyclopentadecanone monooxygenase and cytochrome P450 BM3. Lyophilization in the presence 
of 2% (w/v) sucrose gave the best results, with almost complete protection against inactivation of the 
lyophilized enzyme at 50 °C. 
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A better model: an X-ray structure
Steroid monooxygenase (STMO) from Rhodococcus rhodochrous catalyzes the conversion of proges-
terone into testosterone acetate. The enzyme shares high sequence similarity with well characterized 
BVMOs, including PAMO and CHMO. The crystal structures of STMO in the native, NADP+-bound, and 
two mutant forms are described in chapter 7. The structural details of this enzyme give more insight in 
the substrate-specificity properties of BVMOs. The binding of the nicotinamide ring of NADP+ is shifted 
with respect to the flavin compared with the binding mode observed in other BVMO structures. This 
finding fully supports the hypothesis that NADP(H) adopts various positions during the catalytic cycle 
to perform its multiple functions in catalysis. The active site of STMO closely resembles that of PAMO. 
STMO is capable of acting also on phenylacetone, which implies an impressive level of substrate promis-
cuity. The investigation of six mutants that target residues on the surface of the substrate-binding site 
reveals that enzymatic conversions of both progesterone and phenylacetone are largely insensitive to 
relatively drastic amino acid changes. Some mutants even displayed enhanced activity on progesterone. 

In addition to the structural work, the effect of cosolvents on the stereoselectivity was investigated. 
Methanol causes STMO to produce the opposite enantiomer from the prochiral sulfoxide thioan-
isole, with a higher enantiomeric excess. These results are comparable to those previously published 
for PAMO, showing these two enzymes are highly similar not only in structure and function but also 
regarding the effects of cosolvents. 

Future perspectives 
The success of a biocatalytic approach in the synthesis of chemical compounds depends on many 
factors. In this thesis, several steps have been made towards the practical application of BVMOs. In the 
case of the created chimeric BVMOs and the elucidated structures of STMO the research is not directed 
towards an immediate application, but methods to adapt enzymes and structures of target enzymes are 
essential for the successful engineering of an enzyme for a biocatalytic process. 

In the case of the lyophilization project the targets are small-scale applications. However, small scale 
testing of potentially interesting conversions is the first step towards larger scale applications. A stabi-
lized formulation of a monooxygenase facilitates this discovery process. The use of a BVMO for the 
production of methyl propanoate is most likely to be applied on a larger scale. Companies such as 
Codexis have shown that a BVMO can be engineered extensively to produce a desired compound very 
efficiently. The engineering of a BVMO for this process will require a significant amount of time and 
money, but the potential added value of a suitably engineered BVMO in this process is high because of 
the massive market for this product. 

This thesis also give insight in the general properties of BMVOs. Large domains can be exchanged while 
still creating a stable, folded enzyme. When the active site is modified, some substrates are still accepted 
without problems, showing that BVMOs are promiscuous enzymes. If the active site is enhanced in a 
certain way, or the flexibility of the enzyme as a whole is increased (chapter 3), the enantioselectivity 
can also be completely abolished while the regioselectivity reverts to the normal chemical selectivity. 
We have shown that the effect of solvents on selectivity, published previously for PAMO, can also be 
shown for STMO and CHMO, indicating this might be a general property of BVMOs. 
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The work in this thesis illustrates a general trend in enzyme engineering. In the last decades great 
advances have been made using error-prone PCR and high-throughput screening methods. However, 
for practical applications these methods are not always relevant because they detect only mutants that 
show improved activity with a model compound, or select for mutant for only a single beneficial prop-
erty. By using smarter and smaller libraries, more process-like screening methods can be used. This 
makes the discovered mutant enzymes more likely to be improved in a real process. Smarter and smaller 
libraries can be made by exchanging larger pieces of the enzyme, leading to bigger changes in one step. 
They can also be made by using the ever-increasing power of computational design, together with the 
increasingly efficient methods to create multiple target mutants in a gene. 
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Appendix

Abbreviation Name Source Accession number

PAMO Phenylacetone monooxygenase Thermobifida fusca YX YP_289549.1

CPMO Cyclopentanone monooxygenase Comamonas sp. NCIMB 9872 Q8GAW0.3  

CHMO Ac Cyclohexanone monooxygenase Acinetobacter sp. P12015.2  

HAPMO 4-Hydroxyacetophenone monooxygenase Pseudomonas fluorescens Q93TJ5.1  

EtaA Ethionamide monooxygenase Mycobacterium bovis AF2122/97 Q7TVI2.1  

CPDMO Cyclopentadecanone monooxygenase Pseudomonas sp. HI-70 BAN84077.1 

STMO Steroid Monooxygenase Rhodococcus rhodochrous 4AOS_A  

ACMO Acetone monooxygenase Gordonia sp. TY-5 BAF43791.1  

CHMO Rh Cyclohexanone monooxygenase Rhodococcus sp. HI-31 3GWD_A  

BVMO Ht Baeyer-Villiger monooxygenase Haloterrigena turkmenica DSM 5511 YP_003405371.1  

BVMO Te Baeyer-Villiger monooxygenase Trichodesmium erythraeum IMS101 YP_723341.1

MekA Methyl ketone monooxygenase Pseudomonas veronii ABI15711.1

AlmA Baeyer-Villiger monooxygenase Acinetobacter venetianus WP_004877609.1  

CHMO Bp Cyclohexanone monooxygenase Brachymonas petroleovorans AAR99068.1  

CHMO Xf Cyclohexanone monooxygenase Xanthobacter flavus CAD10801.1  

BVMO1 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro06679

BVMO2 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro04304

BVMO3 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro03247

BVMO4 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro03063

BVMO5 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro02109

BVMO6 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro01874

BVMO7 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro06008

BVMO8 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro08998/9

BVMO9 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro09035

BVMO10 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro09039

BVMO11 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro06698

BVMO12 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro07112

BVMO13 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro03773

BVMO14 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro03437

BVMO15 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro02492

BVMO16 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro02919

BVMO17 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro05228

BVMO18 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro05396

BVMO19 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro05522

BVMO20 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro08137

BVMO21 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro10187

BVMO24 Baeyer-Villiger monooxygenase Rhodococcus jostii RHA1 ro05323

BVMO Af1 Baeyer-Villiger monooxygenase Aspergillus fumigatus Af293 XP_755274.1  

OTEMO 2-oxo-Δ(3)-4,5,5-trimethylcyclopente nylacetyl-
coenzyme A monooxygenase Pseudomonas putida ATCC 17453 3UOV

MtmOIV premithramycin B oxygenase Streptomyces argillaceus 3FMW
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Enzymen
Elke levende cel bevat een complex netwerk van chemische reacties. Bijna alle reacties in de cel, zoals 
de omzetting van voedingsstoffen in energie, het bouwen van complexe biologische moleculen zoals 
eiwitten en DNA en zelfs het oplossen van koolstofdioxide worden gekatalyseerd door een enorme diver-
siteit aan enzymen. De mate van versnelling van een reactie kan oplopen tot vele ordes van grootte, en 
door het koppelen van spontane reacties aan niet-spontane reacties kunnen moleculen gesynthetiseerd 
worden die zonder enzymen nooit gevormd worden. De processen in de cel worden, naast door het aan- 
en uitzetten van genen, grotendeels gereguleerd door de interacties van enzymen met elkaar en met het 
substraat.

Enzymen zijn eiwitten en opgebouwd uit twintig verschillende aminozuren. Ze bestaan uit één of meer-
dere ketens van gemiddeld enkele honderden aminozuren. Door de verschillende eigenschappen van 
aminozuren en de manier waarop de ketens driedimensionale structuren vormen kunnen enzymen 
veel verschillende reacties katalyseren. Voor sommige reacties is daarvoor nog een extra molecuul 
nodig dat eigenschappen heeft die niet beschikbaar zijn in de twintig aminozuren. Deze moleculen zijn 
beter bekend als vitamines en ze vormen vaak het centrum van reactiviteit in een enzym. In het geval 
van de Baeyer-Villiger monooxygenases (BVMOs) is dit FAD, een aangepaste vorm van vitamine B2, 
riboflavine. Dit molecuul zorgt ook voor de karakteristieke gele kleur van deze enzymen. 

Biotechnologie
Enzymen worden al eeuwen toegepast in allerlei fermentaties om producten zoals bier, yoghurt en 
zuurkool te maken. Hier doet het enzym zijn werk terwijl het nog onderdeel van een levende cel is. 
Naast deze toepassingen werden ook vrije enzymen gebruikt bij het maken van kaas met behulp van 
stremsel (een mengsel van verschillende proteases, eiwit-knippende enzymen). Tegenwoordig worden 
enzymen  breed toegepast: voor de productie van biobrandstof, in wasmiddel om vlekken te verwij-
deren, om appelsap helder te maken en zelfs lenzenvloeistof bevat enzymen. Processen gebaseerd op 
enzymen zijn vaak een milieuvriendelijk alternatief voor chemische processen omdat reacties geka-
talyseerd kunnen worden onder lage druk en temperatuur, of zonder dat er een extreme zuurgraad 
gecreëerd hoeft te worden. De meeste toegepaste enzymen werken op de substraten waar ze ook voor 
geëvolueerd zijn, en in een soortgelijke omgeving. Om er voor te zorgen dat enzymen ook werken op 
substraten die economisch interessanter zijn, of om ze te laten werken in niet-natuurlijke omgevingen 
moet het enzym aangepast worden. Dit noemen we enzyme engineering.

Enkele ontwikkelingen in de laatste 65 jaar zijn extreem belangrijk geweest om het produceren van 
aangepaste enzymen mogelijk te maken. Het bepalen van de structuur van DNA was de basis die 
volgende stappen mogelijk maakte. Recombinant DNA, de polymerasekettingreactie en dideoxy-
sequencing maakten het respectievelijk mogelijk om vreemd DNA in een cel te gebruiken, DNA te 
amplificeren en DNA sequenties te bepalen. Samen met talloze andere vindingen is het nu mogelijk om 
bijna elk gewenst stuk DNA in bijvoorbeeld E. coli te plaatsen, en elke denkbare variant van een gen 
(coderend voor een enzym) te creëren en daarvan de sequentie te bepalen. Ook zijn er tegenwoordig veel 
verschillende methoden om allerlei soorten producten te analyseren en de precieze eigenschappen van 
een eiwit te bepalen.
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Het verbeteren van enzymen

Enzyme engineering is een brede term om vele manieren aan te duiden waarop een enzym verbeterd 
kan worden. In dit proefschrift komen enkele  manieren aan bod. Om het enzym te verbeteren kunnen 
willekeurige mutaties gemaakt worden, maar ook mutaties die voorspeld worden door computersim-
ulaties (in silico), twee enzymen kunnen gecombineerd worden of twee enzymen kunnen gefuseerd 
worden. Het enzym kan verbeterd worden op het gebied van snelheid, specificiteit of stabiliteit. Behalve 
het verbeteren van de enzymen geeft de analyse van de gecreëerde mutanten ook informatie over hoe 
de enzymen werken en wat de essentiële aminozuren in het enzym zijn. 

De mogelijkheden voor verschillende mutanten zijn bijna eindeloos, zelfs als de veranderingen tot 
twintig aminozuren op zes posities gelimiteerd worden zijn er een miljoen miljard varianten. Een belan-
grijk onderdeel van enzyme engineering is dus ook het op een doordachte manier limiteren van het 
aantal te maken mutanten, en het ontwikkelen van methodes waarmee grote aantallen mutanten snel 
geanalyseerd kunnen worden.

Baeyer-Villiger monooxygenases 
Monooxygenases zijn enzymen die één atoom van moleculaire zuurstof (O2) in een substraat plaatsen. 
In het geval van BVMOs wordt een keton omgezet in een ester, zoals weergegeven in figuur 1. Hiervoor 
gebruiken ze de extra mogelijkheden die worden geboden door FAD, maar behalve FAD is er ook een 
molecuul nodig dat FAD activeert voordat het met zuurstof kan reageren, NADPH. 

 

O

OO

BVMO
NADPH
O2

NADP+

H2O

Figuur 1: De omzetting van een keton (2-butanon) naar een ester (ethyl acetaat).

BVMOs zijn niet alleen in staat om ketonen in esters om te zetten, maar kunnen ook sulfiden omzetten in 
specifiek links- of rechtsdraaiende sulfoxides. Deze producten zijn interessant voor de pharmaceutischs 
industrie en er zijn al een aantal patenten voor het gebruik van (aangepaste) BVMOs om deze producten 
te maken. De chemische omzetting van een sulfide naar een sulfoxide is gemakkelijk, maar om dit spec-
ifiek links of rechtsdraaiend te doen laat de kracht van enzymen zien.

Samenvatting van de hoofdstukken
Hoofdstuk 2: Blending Baeyer–Villiger Monooxygenases: Using a Robust BVMO as a Scaffold for 
Creating Chimeric Enzymes with Novel Catalytic Properties

Vertaling: Het mixen van Baeyer-Villiger monooxygenases: Het gebruik van een stabiele BVMO als 
basis voor het maken van chimere enzymen met nieuwe katalytische eigenschappen.
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In hoofdstuk 2 worden twee BVMOs gecombineerd. Het doel van deze combinatie is het creëren van 
enzymen die de goede eigenschappen combineren van PAMO, een stabiele BVMO, en een andere BVMO 
met goede katalytische eigenschappen.  CHMO en STMO zijn BVMOs die hiervoor erg interessant zijn 
omdat deze een hogere specificiteit hebben en een groot aantal dan wel speciale substraten accept-
eren. Uit eerder werk is ook bekend dat een specifiek deel van BVMOs belangrijk is voor de herken-
ning van een substraat. Het verwisselen van dit stuk van PAMO met hetzelfde deel afkomstig van een 
andere BVMO zou dus kunnen zorgen voor een andere specificiteit. Door de rest van het enzym intact 
te laten zou het gemaakte chimerische enzym stabiel moeten blijven. Enkele combinaties bestaande uit 
een groot deel PAMO en een kleiner deel afkomstig van een andere BVMO zijn succesvol tot expressie 
gebracht in E. coli, gezuiverd en gekarakteriseerd. Hieruit blijkt dat ze een groot deel de stabiliteit van 
PAMO behouden, maar ook in staat zijn om nieuwe substraten om te zetten, en bepaalde substraten 
specifieker in links- of rechtsdraaiende vormen om te zetten.

Hoofdstuk 3: Shuffling two Baeyer-Villiger monooxygenases

Vertaling: Het mixen van twee Baeyer-Villiger monooxygenases.

Hoofdstuk 3 is het directe vervolg op hoofdstuk 2. Na het succes van de chimera bestaande uit één deel 
PAMO en één deel CHMO zijn de twee enzymen voor dit hoofdstuk in tien stukken geknipt die vervol-
gens willekeurig (maar in dezelfde volgorde) weer in elkaar zijn gezet. Dit zorgt voor een bank met 210 
oftewel 1024 mogelijke mutanten. In hoofdstuk 2 zijn de gemaakte chimeras gezuiverd en is de spec-
ificiteit met (chirale) gas chromatografie bepaald. Voor enkele enzymen is dit nog te overzien, maar 
het is onhaalbaar om dit te doen voor 1024 varianten. In plaats daarvan zijn op twee verschillende 
manieren de enzymen getest zonder dat deze uit de cel gehaald zijn. De eerste methode is gebaseerd 
op een kleuring van het substraat. Hoe minder het medium waar de cellen in groeiden gekleurd is, 
hoe meer van het substraat ze omgezet hebben. De tweede methode is gas chromatografie. Maar waar 
normaal het monster geprepareerd moet worden kon hier direct een gedeelte van de lucht boven het 
medium gebruikt worden. Dit omdat de gebruikte substraten en producten vluchtig zijn. Na het testen 
van de varianten op deze twee manieren zijn er twee actieve enzymen gevonden die bestaan uit een 
mengsel van stukken PAMO en stukken CHMO, die ook in staat zijn om bepaalde substraten specifiek 
om te zetten naar één product.

Hoofdstuk 4: Stabilization of cyclohexanone monooxygenase by a computationally designed disulfide 
bond spanning only one residue

Vertaling: Het stabiliseren van cyclohexanon monooxygenases met behulp van een in de computer 
ontworpen disulfidebrug die slechts één residu spant.

CHMO is opnieuw het onderwerp in hoofdstuk 4. CHMO is één van de meest onderzochte BVMOs en het 
onderwerp van vele studies. Het is echter niet erg stabiel, en daarom vrij ongeschikt om te gebruiken 
op industriële schaal. In dit hoofdstuk gebruiken we disulfidebruggen (een verbinding tussen twee 
cysteïnes) die ontworpen zijn in de computer om het eiwit stabieler te maken. Door andere laboratoria 
zijn van een CHMO-achtige eiwitkristallen gemaakt en met behulp van Röntgendiffractie is de dried-
imensionale structuur daarvan bepaald. Op basis hiervan is een model gemaakt van CHMO, en dit is 
gebruikt om in silico te kijken op welke plekken er disulfidebruggen gevormd kunnen worden, en of 
deze het eiwit stabilizeren. Van 27 varianten met elk twee extra cysteïnes om de disulfidebrug te vormen 
is de smelttemperatuur bepaald. Hoewel er maar drie van de 27 varianten stabieler waren is dit een veel 
efficiëntere manier om een eiwit te stabiliseren dan het creëren van willekeurige mutaties.



Hoofdstuk 5: Synthesis of methyl propanoate by Baeyer-Villiger monooxygenases

Vertaling: De synthese van methyl propanoaat door Baeyer-Villiger monooxygenases.

In hoofdstuk 5 is gekeken naar de synthese van methyl propanoaat door BVMOs. Dit molecuul wordt 
gebruikt als basis voor polymethyl methacrylaat, beter bekend als plexiglas. Het werk in dit hoofdstuk 
maakt deel uit van een groter project, met als einddoel een proces waarbij biomassa gebruikt wordt 
om methyl propanoaat te synthetiseren. De voordelen van dit proces zijn de lagere kosten voor grond-
stoffen en energiegebruik. Een enzym zou ook in staat kunnen zijn om minder bijproducten te maken, 
een bekend probleem bij de chemische synthese van dit molecuul. Onze collectie van BVMOs is getest 
met behulp van gas chromatografie, en enkele CHMO-achtige BVMOs blijken 2-butanone niet alleen 
om te zetten in het normale, chemisch geprefereerde ethyl acetaat, maar ook in het abnormale product 
methyl propanoaat. Dit is het eerste bewijs dat deze omzetting überhaupt mogelijk is, en een goed start-
punt voor verder enzyme engineering werk aan de BVMOs.

Hoofdstuk 6: Lyophilization conditions for the storage of monooxygenases

Vertaling: Vriesdroog condities voor het opslaan van monooxygenases. 

In hoofdstuk 6 zijn condities om verschillende monooxygenases te bewaren onderzocht. Om het 
gebruik van enzymen makkelijk te maken worden ze vaak gevriesdroogd. Een oplossing met het enzym 
wordt bevroren en vervolgens wordt onder vacuüm het ijs gesublimeerd waardoor er droog schuim over-
blijft. In deze vorm zijn eiwitten vaak veel stabieler als ze voor langere tijd opgeslagen moeten worden. 
Zoals al eerder beschreven is zijn de monooxygenases niet altijd stabiel, en ook tijdens het vriesdrogen 
verliezen ze veel activiteit. Suikers als toevoeging zorgen voor stabilisatie, en in dit hoofdstuk laten we 
zien dat er een duidelijke optimale concentratie suiker is, en ook het stabiliserende effect van andere 
stoffen tijdens het vriesdrogen is onderzocht. 

Hoofdstuk 7: Exploring the structural basis of substrate preferences in Baeyer-Villiger monooxygen-
ases: insight from steroid monooxygenase

Vertaling: Het ontdekken van de structurele basis van substraatvoorkeuren in Baeyer-Villiger mono-
oxygenases: inzicht van steroïde monooxygenase. 

De structuur van steroïde monooxygenase (een monooxygenase die werkt op onder andere progesteron) 
wordt in hoofdstuk 7 bepaald en beschreven. Om meer inzicht te krijgen in de werking van een enzym 
willen we graag weten hoe het er uit ziet. Door kristallen te maken van het enzym en vervolgens de 
Röntgendiffractie te meten kan er een driedimensionale structuur van het eiwit gemaakt worden. In dit 
geval is niet alleen de structuur van het normale enzym bepaald, maar ook van enkele mutanten. Dit 
geeft ons meer inzicht in de manier waarop het enzym onderscheid kan maken tussen de verschillende 
substraten. De resultaten laten zien dat hoewel BVMOs sommige omzettingen met een hoge specificiteit 
naar één spiegelbeeld katalyseren, ze tegelijkertijd een breed scala aan substraten accepteren.
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Na exact 5 jaar en 2 maanden is het dan zover. Het schrijven van een proefschrift duurt altijd langer dan 
gepland maar het had veel langer geduurd zonder de hulp van een aantal mensen die ik hier graag wil 
bedanken. 

Marco, ik wil je bedanken voor de dagelijkse supervisie, de altijd snelle correcties en de mogelijkheden 
om mijn onderzoek op vele plekken te presenteren. Ik ben blij dat ik nog op het Oxygreen project mocht 
beginnen, ook al werd het niet mei maar september. De vrijheid die je me bood om alternatieve dingen te 
onderzoeken hebben geleid tot een paar mooie hoofdstukken (2 & 3). Aan de andere kant kan ik nu ook 
het postdoc project met een extreem duidelijk doel (hoofdstuk 5) waarderen. Je was altijd beschikbaar 
voor vragen of discussies, zelfs na 5 uur werden de meeste mailtjes snel gelezen. Zonder hard te pushen 
of vele deadlines te stellen krijg je het toch altijd voor elkaar dat je PhD’s binnen een redelijke termijn 
promoveren, en gelukkig hoor ik daar straks ook bij. 

Dick, ondanks dat je geen co-promotor bent sta je toch op twee hoofdstukken. De kritische blik is niet 
altijd subtiel maar meestal wel terecht. Het voorkomt in ieder geval een hoop broddelwerk. Sommige 
dingen zal ik helaas nooit leren. Ik zal altijd open grafieken blijven maken, ook al heb je tijdens mijn 
bachelorproject al aangegeven dat er lijnen omheen horen. Ook wil ik je bedanken voor het beoordelen 
van het gehele proefschrift.

Willem van Berkel en Gerrit Poelarends, de twee andere leden van mijn beoordelingscommissie wil 
ik bedanken voor het beoordelen van mijn proefschrift.

Door het werk van de BVMO-crew (Anette, Danny en Hanna) kon ik gelijk met werkende enzymen 
en protocollen aan de slag. Anette, mijn grote voorbeeld op het gebied van complexe excel-sheets, ik 
denk dat trots kan zijn op de veel te ingewikkelde dingen die ik recent heb gebouwd. En achteraf zijn 
de pizza’s met mais toch niet zo raar, blijkbaar is het gewoon iets Germaans. Danny, bedankt voor de 
mooie roze cupjeshouders die je zelf nooit wilde gebruiken. En ondanks dat ik talloze keren je thesis 
heb bestudeerd en ook zo veel, en zo makkelijk wilde schrijven is dit boekje maar half zo dik geworden. 
Hanna, bedankt voor alle spullen die ik ooit van je heb gebruikt, en ik weet zeker dat ik wel eens compe-
tente cellen heb gemaakt! Ook alle drie bedankt voor de mooie (promotie)feestjes, borrels, pubquizzen 
en culinaire hoogstandjes.

My different co-authors. Gonzalo, thanks for doing all the GC work for chapter 1, Hein, for designing all 
the mutants for chapter 4, Remko, for doing all the original work shown in chapter 5 (although unfortu-
nately none of your data actually made it to the paper), and for getting me started as a publishing author 
(The nose knows!). Graham, thanks for keeping us focused on the industrially relevant parts. Nina, 
thanks for handling the misbehaving p450 in chapter 6, and Stefano, Andrea & friends from Pavia 
for doing all the difficult structural work in chapter 7. And probably involved in all the chapters, Piet, 
Monique and Theodora. Also thanks to all the other Oxygreen and TASC members for scientific input 
and great meetings in beautiful places.

I also want to thank my students. Mathilde, je maakte het me wel moeilijk om goed door te krijgen 
hoe ik studenten iets moest leren, je ging gelijk zelfstandig en precies aan het werk. Niet alles heeft het 
artikel gehaald, maar je werk is toch een belangrijk onderdeel geworden van hoofdstuk 1. Lucie and 
Gwen, I was a little bit afraid when I found out that combined you had two weeks of experience in the 
lab before you started your 5-month projects. Fortunately you both turned out to be excellent and this 
lead to your names on two of the chapters of which one is already published and the other on the way. 
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Raoul & Zhang, unfortunately you couldn’t do all the different stuff you planned to do, but in the end 
you both managed to do a lot of useful work in the lab.

Maarten en Willem, Gezellig naar de Eagles luisteren op Fries FM (coincidence? I think not) en altijd in 
voor een semiwetenschappelijke discussie. Ook trouwe koffie/thee buddies, en grote voorbeelden voor 
iedereen als het aankomt op resultaat halen zonder koffiepauzes over te slaan of lang door te werken.

Edwin, helaas voor jou en Maarten geen western blotjes in dit proefschrift, het blote oog was meestal 
genoeg gelukkig. Samen met Remko en Danny waren jullie toch wel mijn voorbeelden in het lab.

Gosia, without you in the office it would be way too boring. We had a lot of good (and bad) discussions 
about everything, and I’m still impressed by your mathemagics. And what’s so complicated about beer 
and toasties?

Remko, ook met jou heb ik de nodige discussies gehad over de Majestic Library, Quikchange (ik weet 
pas sinds kort hoe het ECHT werkt) en van alles en nog wat. Bedankt dat ik je paranimf mocht zijn, dan 
sta ik er binnenkort tenminste niet voor het eerst. 

My other office mates to keep me company and provide distraction. Laura and Elisa, it was very nice 
to have you here in Groningen. I’m glad I could make at least one person a fan of the pinnacle of Dutch 
snack-culture, the eierbal. Marzena, thank you I’m fine, how are you? Dana, misschien ben je wel een 
beetje te normaal voor ons kantoor, maar ik ben blij dat je voor deze plek hebt gekozen. Al een ster in 1 
mooi filmpje, hopelijk volgen er nog vele.

Ana, thank you for everything. Also for making sure my thesis was not completely incomprehensible 
at some points and for introducing me to Balkan hospitality (and making sure Nikola supplied me with 
traditional food and drinks).

Thanks to Matt for introducing the 140° angle bend at the knees, this provided an unrivaled balance 
between work and playtime. Thanks as well for writing this part of my acknowledgements, for all the 
serious and not so serious beers, and for reminding me that Ohio is on the north coast of the US.

Patricia, unfortunately after all the planning and preparation of questions you were not allowed to be 
in the opposition. I hope you'll be back in Groningen another time (and a bit longer than last time) for 
some more South-American parties. 

Nikola, thanks for a nice year in the lab and a bunch of nice bbqs, good parties and experimental music 
(I’ll never forgive you). I also learned what you should do when you start in a new lab: look around and 
check all the drawers and cupboards to see what kind of fancy stuff they have. And of course: shots at 
the end of an evening are a bad idea. 

I also want to thank all other people in the lab, for helping me with a lot of things in the lab that I could 
or couldn’t do myself, but especially for all the fun parties, bbqs, coffee breaks, conferences and other  
random trips. 

Jort, bedankt voor alle design-dingen die ik zelf wel kon maar dan 10 keer trager, en speciaal voor alle 
dingen die echt mooi gemaakt moesten worden. Zonder jou was voor dit boekje Times New Roman 
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gebruikt en had de kip-T. rex chimera op de voorkant lopen shinen. Het is achteraf gezien op deze 
manier wel een stuk mooier geworden.

En natuurlijk is er niet alleen het lab en werk, ik wil ook iedereen buiten het lab bedanken voor veel 
plezier in de afgelopen 5 jaar. Vooral met de AMK (Jort, Jacob, Joost, Appie, Willem, Pepijn en Erik) 
en de SVC (Niels, Matthijs, Merijn, Jouke, Tim, Dave en Jarno) heb ik voldoende biertjes gedronken 
en mooie weekjes of weekendjes beleefd.

Pap, mam, bedankt voor alles. Maurice, "imitation is the sincerest form of flattery". Misschien ben jij 
over een aantal jaar wel de derde dr. van Beek.

Mijn paranimfen, Anna en Willem, bedankt voor al het last-minute nakijkwerk en al het werk dat ik 
binnenkort allemaal nog door jullie ga laten doen. Ik hoop dat jullie er voor zorgen dat ik mijn promotie 
overleef. Ik heb er in ieder geval alle vertrouwen in. 


