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7.1   Abstract 
In this chapter we report on a new generation of self-sufficient fusion BVMOs 
(CRE2/BVMOs). Three BVMOs (phenylacetone monooxygenase (PAMO) from 
Thermobifida fusca, cyclopentanone monooxygenase (CPMO) from Comamonas 
sp. NCIMB 9872, cyclohexanone monooxygenase (CHMO) from Acinetobacter 
sp. NCIMB 9871) have been fused with an improved phosphite dehydrogenase 
(PTDH) mutant (CRE; coenzyme regeneration enzyme). Compared with the 
previously reported CRE/BVMOs, a more thermostable PTDH variant (16 
additional mutations) has been used while the fused enzymes also contained an N-
terminal histidine tag to facilitate the purification of these bifunctional biocatalysts. 
Additionally, the nucleotide sequence of the mutant ptxD gene was codon 
optimized for better expression in E. coli. The (thermal) stability of these new self-
sufficient CRE2/BVMOs was shown to be improved in comparison to the previous 
generation. For example, the His-tagged PTDH fused to PAMO showed a t½, 50 °C of 
39 hours. Moreover, due to their increased stability, more efficient bioconversions 
were achieved with these CRE2/BVMOs.  

7.2   Introduction 
Type I Baeyer-Villiger monooxygenases (BVMOs) are part of an exclusive family 
of flavin-containing enzymes that catalyze the transformation of aldehydes and 
(a)cyclic ketones to their corresponding esters and lactones.[1-3] Additionally, these 
enzymes are also known to oxidize heteroatoms and to perform epoxidation 
reactions.[4-8] BVMOs utilize FAD as cofactor and NADPH as electron donor to 
activate molecular oxygen and generate a reactive C4a-peroxyflavin intermediate. 
This enzyme intermediate reacts with the organic substrate which results in 
formation of H2O and the oxygenated product.[9-11] BVMOs have been shown to 
carry out these oxidative reactions in a highly regio-, stereo- and enantioselective 
manner, indicating that these enzymes are interesting candidates for various 
biocatalytic applications.[12-16] As these enzymes require stoichiometric amounts of 
the expensive NADPH, methods to regenerate the reduced coenzyme have been 
studied in the past.[17-20] Of the available methods, regeneration of NADPH using a 
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second enzyme (either in whole cells or in isolated form) has been shown to be the 
most efficient.[21-24]  

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

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

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

7.3   Experimental 

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

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

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

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

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

7.4   Results and discussion 

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

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

Mutation Codon optimized 
mutation  Mutation Codon optimized 

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

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

 

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

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

                               # 
5384 CGAAACTGGTCATCACCCATCGTGTGCACGAAGAAATCCTGCAACTGCTGGCTCCGCATTGCGAACTGA 
   

   #                    
5315 TTACCAATCAGACCGACAGCACTCTGACCCGTGAAGAAATTCTGCGTCGCTGCCGTGACGCACAGGCAA 
 

                                                                     # 
5246 TGATGGCGTTTATGCCTGATCGTGTGGATGCTGATTTCCTGCAGGCTTGTCCGGAACTGCGCGTAATTG 
 

           
5177 GCTGCGCGCTGAAAGGTTTCGACAATTTCGACGTTGATGCGTGTACTGCTCGTGGCGTGTGGCTGACCT 
 

 
5108 TCGTTCCGGACCTGCTGACTGTGCCGACTGCGGAACTGGCTATCGGCCTGGCGGTTGGTCTGGGCCGTC 
 

                                       #     #              # 
5039  ACCTGCGTGCAGCAGACGCGTTTGTTCGTTCTGGTAAATTTCGCGGCTGGCAGCCTCGCTTTTACGGTA 
   

                            # 
4970 CCGGTCTGGACAACGCGACCGTGGGCTTCCTGGGTATGGGTGCAATCGGTCTGGCGATGGCTGATCGTC 
 

                                   # ## 
4901 TGCAGGGTTGGGGCGCTACCCTGCAATACCACGCGCGTAAAGCTCTGGATACGCAAACGGAACAACGCC 
 

                                   
4832 TGGGTCTGCGTCAAGTGGCTTGCAGCGAGCTGTTCGCTTCTAGCGACTTCATTCTGCTGGCTCTGCCGC 
 

                 # 
4763 TGAACGCAGATACCCTGCACCTGGTCAACGCGGAACTGCTGGCGCTGGTACGTCCGGGCGCACTGCTGG 
  

                 
4694 TTAACCCGTGCCGTGGCTCTGTGGTCGACGAAGCCGCAGTTCTGGCGGCTCTGGAACGCGGTCAACTGG 
 

                                                           #  # 
4625 GCGGCTACGCGGCGGACGTGTTTGAGATGGAAGATTGGGCGCGTGCTGATCGTCCGCAGCAGATTGATC 
 

   
4556 CAGCCCTGCTGGCGCACCCGAACACGCTGTTTACTCCGCACATCGGTTCTGCAGTACGTGCGGTTCGTC 
 

                                    #    #           # 
4487 TGGAGATCGAGCGTTGTGCGGCTCAGAACATTCTGCAGGCGCTGGCGGGCGAGCGTCCGATCAACGCAG 
 

  #                   # #         ### XhoI 
4418 TGAATCGCCTGCCGAAAGCCAACCCTGCGGCTGACTCGAG 
 

  

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

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

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

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

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

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

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

 

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

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

In order to study the biocatalytic activity of all CRE2/BVMOs using CFE, we 
chose a more general “BVMO substrate”, i.e. bicyclo[3.2.0]hept-2-en-6-one (7.2). 
As shown in Figure 2.3, this racemic bicyclic ketone is converted by CHMO, 
CPMO and PAMO. Initially, we studied the effect of substrate concentration on the 
rate of biooxidation by the CRE2/BVMOs at 24 °C.  



 

 

  179 
 
 
 
 
 
 
 
 

A New Generation of Self-sufficient BVMOs for More Efficient Biooxidations 
 

 
Figure 7.4 Conversion of 5 – 30 mM 4-methyl cyclohexanone (7.1) with CFE of E. coli 
TOP10 expressing CRE2–CHMO in the presence of 100 mM sodium phosphite at 24 °C. 

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

 

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

 

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

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

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

 = 39 hours) than the double 
mutant PTDH subunit of the previous generation CRE/BVMOs.[35] Furthermore, 
when these new self-sufficient BVMOs were applied as CFEs in the bioconversion 
of 4-methylcyclohexanone or bicyclo[3.2.0]-hept-2-en-6-one, they showed to be 
more (thermal) stable. Even at elevated temperatures, CRE2−CHMO and 
CRE2−PAMO showed moderate to excellent activity. Based on these results, we 
conclude that with the 12x-A176R mutant of PTDH as fusion-CRE partner we can 
generate (thermo)stable self-sufficient BVMOs that have the potential to be applied 
in a biocatalytic process.  
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