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Scope and outline

Baeyer-Villiger monooxygenases (BVMOs) are versatile biocatalysts for the conversion of ketones to
lactones or esters while also being able to efficiently oxidize sulfides to sulfoxides. The limitations
arising in some desired applications of BVMOs, such as low stability, narrow substrate scopes and
poor selectivity, can be overcome by methods of protein engineering. In this work, protein
engineering studies were conducted aiming at optimizing different properties of BVMOs with the
emphasis on their regioselectivity (Articles I and II). Additionally, the ability to oxidize sulfides
(Article III) and the protein stability (Article IV) of certain BVMOs were targeted. The presented
review article (Article V) summarizes these protein engineering efforts, as well as studies on the
enantioselectivity, substrate scope, uncoupling and cofactor specificity of BVMOs. The comparison of
beneficial mutations led to the identification of BVMO- or property-dependent hot spots and
universal hot spots.

ARTICLE I

Switching the regioselectivity of a cyclohexanone monooxygenase toward (+)-transdihydrocarvone by rational protein design.
Balke, K., Schmidt, S., Genz, M., Bornscheuer, U. T., ACS Chem. Biol., 2015, 11, 38-43.

In this article the regioselectivities of cyclohexanone monooxygenases from Arthrobacter sp.
(CHMOArthro) and Acinetobacter sp. (CHMOAcineto) towards (+)-trans-dihydrocarvone were switched by
conducting semi-rational protein design. The wild-type enzymes selectively convert the substrate to
the abnormal lactone. By mutating three corresponding active-site residues to alanine in both
enzymes, exclusive formation of the normal product was achieved.

ARTICLE II

Controlling the regioselectivity of Baeyer-Villiger monooxygenases by mutation of
active-site residues.
Balke, K., Bäumgen, M., Bornscheuer, U. T., ChemBioChem, 2017, 18, 1627-1638.

The concept of changing the regioselectivity of an enzyme by creating more space in the active site
was applied to the 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO). Wildtype OTEMO converts (–)-cis-bicyclo[3.2.0]hept-2-en-6-one to an equal mixture of normal and
abnormal product, whereas variant W501V exclusively produces the abnormal lactone and
F255A/F443V forms mainly the normal product. The regioselectivity of the enzyme towards (+)-transdihydrocarvone was also switched to exclusive normal product formation for variant F255A.
Intriguingly, the relevant positions for changing the regioselectivity of OTEMO and CHMOArthro were
mostly in corresponding positions.

VIII

ARTICLE III

Baeyer-Villiger monooxygenases from Yarrowia lipolytica catalyze preferentially
sulfoxidations.
Bordewick, S., Beier, A., Balke, K., Bornscheuer, U. T. Enzyme Microb. Technol., 2018
109, 31-42.

In this study the sulfoxidation activity of the newly identified Yarrowia lipolytica monooxygenase A
(YMOA) was investigated by performing rational protein design. Variants were created, which show a
reduced tendency to overoxidize the desired sulfoxides to sulfones as well as mutants with improved
and inverted enantioselectivities.

ARTICLE IV

The effect of disulfide bond introduction and related Cys/Ser mutations on the
stability of a cyclohexanone monooxygenase.
Schmidt, S., Genz, M., Balke, K., Bornscheuer, U. T., J. Biotechnol., 2015, 214, 199211.

The cyclohexanone monooxygenase from Acinetobacter sp. (CHMOAcineto) exhibits a broad substrate
scope but a low thermostability. The aim of this study was to increase the thermostability of the
enzyme by introducing disulfide bonds in order to make this enzyme suitable for industrial
application. The applied rational protein engineering approach finally led to the identification of a
single mutant showing improved thermostability.

ARTICLE V

Hot spots for the protein engineering of Baeyer-Villiger monooxygenases.
Balke, K., Beier, A., Bornscheuer, U. T., Biotechnol. Adv., 2017, accepted, doi:
10.1016/j.biotechadv.2017.11.007.

This review article summarizes the protein engineering studies performed with BVMOs and focuses
on identifying hot spots that can be targeted when aiming at changing a specific property of the
enzyme.
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Background
1.1 Classification of BVMOs

Baeyer-Villiger monooxygenases (BVMOs) are flavin-dependent oxidoreductases and catalyze the
enzymatic insertion of an oxygen atom next to the carbonyl group of their substrate (Scheme 1).[1]

Scheme 1: Oxidation of a ketone to an ester/lactone in a BVMO-catalyzed reaction.

Additionally, many BVMOs are able to oxygenate heteroatoms like sulfur, nitrogen, phosphorus,
boron or selenium.[2] The chemical Baeyer-Villiger oxidation (BVO) was first described by Baeyer and
Villiger[3] and utilizes peracids or transition-metal catalysts as oxidation agents.[4] As BVMOs use
molecular oxygen directly from air and often display excellent stereoselectivity, they are valuable
biocatalysts for the generation of chiral esters and lactones. The enzymes act in aqueous media at
ambient pressure and temperature, which makes them environmentally friendly and economical.
The majority of known BVMOs belong to the NADPH-dependent type I BVMOs that bind FAD and
consist of one polypeptide chain catalyzing both, substrate oxidation and flavin reduction.[5] These
enzymes possess two dinucleotide-binding domains called Rossmann folds, which contain the
characteristic sequence motif GxGxx[G/A].[6] Further sequence motifs characteristic for type I BVMOs
- called
fingerprints are
FxGxxxHxxxW[P/D],[7]
[A/G]GxWxxxx[F/Y]P[G/M]xxxD,[8]
DX[I/L][V/I]xxTG[Y/F] and [G/D][P/A]xxYxxxxxxxxPN[L/M][W/F]xxxG.[9] New type I BVMOs are usually
identified through genome mining by the presence of these conserved sequence motifs.
The only two published examples of NADH- and FMN-dependent type II BVMOs are complementary
enzymes in the camphor degradation pathway of Pseudomonas putida ATCC 17453.[10] As these
enzymes require an external reductase, conversions with recombinant and purified
2,5-diketocamphane-1,2-monooxygenase (2,5-DKCMO) and 3,6-diketocamphane-1,6-monooxygenase (3,6-DKCMO) were only possible after addition of the flavin reductase Fre from E. coli or
their natural reductase Fred from P. putida.[11] The camphor degradation of P. putida involves
another BVMO, which catalyzes the conversion of 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetylCoA.[12] The 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO) is a dimeric
type I BVMO and was first recombinantly expressed and investigated in 2012, when also its crystal
structure was elucidated.[10b, 13]
There are also examples of flavoprotein monooxygenases able to catalyze BVOs differing from
classical type I and II BVMOs. The monooxygenase from Stenotrophomonas maltophilia PML 168
(SMFMO) is able to accomplish Baeyer-Villiger reactions using FAD and NADH.[14] MtmOIV from
Streptomyces argillaceus utilizes NADPH and FAD and consists of only one polypeptide chain.
However, the typical sequence motifs, which can be found in type I BVMOs, are not present and the
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protein structure varies significantly from those of type I BVMOs, making it necessary to separate this
enzyme from the remaining BVMOs.[15]
For a long time, recombinant type I BVMOs were only available from prokaryotic origin. The first
eukaryotic BVMO, cycloalkanone monooxygenase (CAMO) from Cylindrocarpon radicicola ATCC
11011, was characterized in 2011.[16] Since then, several eukaryotic BVMOs have been cloned from
fungi (eight from Aspergillus flavus,[17] one from Aspergillus fumigatus[18] and one from Aspergillus
clavatus[19]) and photosynthetic eukaryotes (the red algae Cyanidioschyzon merolae and the moss
Physcomitrella patens)[20]. Furthermore, the very recent screening of fungal strains identified BVMO
activity in 86 from 107 screened strains by using the benchmark substrate bicyclo[3.2.0]hept-2-en-6one.[21] Yarrowia lipolytica was among the strains that tested positive for BVMO activity. Indeed, six
putative BVMO sequences in Y. lipolytica were identified by Mascotti et al.[22] In this work, another 92
sequences of putative BVMOs were found, including 69 eukaryotic sequences from fungi, haptophyta
and eumetazoa species.

1.2 Mechanism and Structures of BVMOs
The mechanism of type I BVMOs was shown to proceed analogous to the chemical Baeyer-Villiger
oxidation by Ryerson et al. (Scheme 2).[23]

+

Scheme 2: Enzymatic mechanism of the Baeyer-Villiger oxidation as catalyzed by BVMOs. NADP is presented in
blue, while NADPH is shown in light blue. The substrate and product are depicted in green and FAD is shown in
[24]
black (Figure from Balke et al. ).
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FAD is reduced by NADPH in the active site. The generated NADP+ stays bound throughout the
reaction cycle. After entering the active site of the enzyme, the oxygen molecule binds to the C4αatom of reduced FAD. This leads to the formation of a deprotonated flavin C4α-peroxide
intermediate, which attacks the carbonyl carbon of the substrate upon binding in the active site.[25]
The thus formed Criegee intermediate exhibits a tetrahedral conformation and rearranges, so that
the product and water are released. As firstly proposed for the enzymatic reaction by Kelly et al.[26]
and confirmed by quantum mechanical studies for the chemical BVO,[27] the migrating bond in the
Criegee intermediate has to be in anti-periplanar positioning to the O-O bond of the peroxy group
(Scheme 3). The σ-bond with the highest migratory tendency connects the higher substituted residue
to the carbonyl carbon, as this residue stabilizes the partial positive charge during the rearrangement
of the Criegee intermediate more efficiently. The resulting lactone/este is alled the o al
product. However, the conversion of asymmetric substrates by BVMOs can also lead to the formation
of the a o al p odu t, he the less su stituted esidue ig ates. The chemical Baeyer-Villiger
oxidation does usually not allow access to the abnormal product.

Scheme 3: Formation of the Criegee intermediate and anti-periplanar positioning of the migrating bond (Figure
[24]
from Balke et al. ).

An undesired side reaction in the catalytic cycle of BVMOs is the decay of the peroxy-flavin to
hydrogen peroxide. This process is called uncoupling and occurs when the stabilization of the peroxyflavin intermediate through NADP+ is insufficient.[28] The formation of hydrogen peroxide is not only
problematic as it leads to a reduced efficiency of the catalyst, but it also damages the enzyme.
The enzymatic mechanism of BVMOs has been studied extensively by the elucidation of several
crystal structures. The first three-dimensional structure of a BVMO was published for the
phenylacetone monooxygenase from Thermobifida fusca (PAMO) in complex with FAD (PDB ID
1W4X).[29] By providing further crystal structures of PAMO wild type and some PAMO variants with
co-crystallized FAD, NADP+ (PDB IDs 2YLR and 2YLS (Figure 1a)) and the inhibitor 2-(N-Morpholino)ethanesulfonic acid (MES) (PDB ID 2YLT), key steps of the mechanism could be illustrated.[30] These
structures show how the flavin-peroxide intermediate is stabilized in the active site through a
hydrogen bond between the N5 atom of the reduced FAD and the carboxamide group from NADP +
(PDB ID 2YLS) (Figure 1b). Additionally, the importance of the catalytic arginine residue R337 was
revealed.[30-31]. The interaction of the positively charged guanidinium group of this residue with the
ketone substrate helps to position the substrate and enhances its propensity to undergo a
nucleophilic attack by the flavin-peroxide intermediate. In total 14 structures of PAMO variants are
available.[29-30, 32]
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Figure 1: Structure of phenylacetone monooxygenase (PAMO, PDB ID 2YLS). a) Three-dimensional structure of
+
PAMO showing FAD (dark grey) and NADP (light grey) in the active site of the enzyme. FAD-binding domain
(10-158 and 390-542) is shown in turquoise and the NADP-binding domain (159-389) is depicted in purple. b)
+
Active site of PAMO showing the cofactors NADP (light grey), FAD (dark grey) and the catalytically relevant
R337 (purple). The hydrogen bond between the N5 atom of the reduced FAD and the carboxamide group from
+
NADP is presented as a dashed line.

An insight into the domain movements during the catalytic cycle of the BVMO reaction was provided
by crystal structures of the cyclohexanone monooxygenase from Rhodococcus sp. HI-31
(CHMORhodo).[33] It is assumed that the enzyme is in the open conformation (PDB ID 3GWF)[33a] when
the oxygen molecule enters the active site and reacts with the reduced FAD cofactor. After the
substrate enters the active site the enzyme changes to the loose conformation (PDB ID 4RG4)[33c], in
which the initial interaction of enzyme and substrate comes about. The correct positioning of the
substrate guided by the catalytic arginine residue (R329Rhodo) takes place in the tight conformation
(PDB ID 4RG3)[33c], which makes this structure the most relevant for predicting stereo- and
regioselectivity of the enzyme. Before the tight structure was available, it was thought that the
closed structure (PDB ID 3GWD)[33a], which had already been elucidated in 2009, would present the
conformation, in which the substrate is bound. As the NADP+ blocks the interaction of the substrate
and the flavin-peroxide in the tight and closed conformation, the NADP+ moves away from the FAD to
yield the rotated conformation (PDB ID 3UCL)[33b], so that the Criegee intermediate can be formed.
The subsequent rearrangement of the intermediate is controlled by the directionality of the enzyme,
which is defined by the position in which the oxygen atom is inserted. It is assumed that the oxygen
atom will always be inserted at the position farther away from NADP+ (Figure 2).

Figure 2: Positioning of ɛ-caprolactone in the tight CHMORhodo structure revealing the directionality of the
enzyme. The oxygen atom is inserted at the position next to the keto-group of the substrate, which is farther
+
[33c]
away from NADP . (Figure from Yachnin et al. )
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As the migrating bond of the substrate has to be in an anti-periplanar position to the O-O bond of the
peroxy group, only the orientation of the substrate will decide which enantiomer or regioisomer is
formed. Apart from the catalytic arginine there are no characteristic interactions of the substrate
with active-site residues. These residues merely decide size and form of the binding pocket so that
any chemically suitable substrate that enters the active site could be converted.[30]
After product formation the enzyme changes first to the tight, loose and then the open conformation
to release the product, water and NADP+.
The crystal structures of PAMO and CHMORhodo have provided the most information on the
mechanism of BVMOs, but other BVMOs have been crystallized as well. Two structures of 3,6DKCMO (PDB IDs 4UWM, 5AEC)[34] and six structures from OTEMO (PDB IDs 3UOV, 3UOX, 3UOY,
3UOZ, 3UP4 and 3UP5)[13] are available as well as four from the steroid monooxygenase (STMO) from
Rhodococcus rhodochrous (PDB IDs 4AP3, 4AP1, 4AOX, 4AOS)[35] and one from the CHMO from
Thermocrispum municipal (TmCHMO, PDB ID 5M10)[36]. The available structures from eukaryotic type
I BVMO structures were solved for BVMOAFL838 from Aspergillus flavus (PDB ID 5J7X)[37] and for the
polycyclic ketone monooxygenase from Thermothelomyces thermophila (PDB ID 5MQ6)[38]. The
crystallization of the atypical BVMOs Stenotrophomonas maltophilia flavoprotein monooxygenase
(SMFMO) (PDB ID 4A9W)[39] and MtmOIV from Streptomyces argillaceus (PDB IDs 3FMW, 4K5R,
4K5S)[15, 40] were successful as well. All these structures broaden the knowledge of the mechanism of
BVMOs and will facilitate protein engineering studies.

1.3 Potential Applications for BVMOs
The substrate scopes of the different BVMOs vary significantly, as there are enzymes preferably
converting cyclic ketones, linear ketones, aromatic ketones, aryl-aliphatic ketones or large ring cyclic
ketones. There are BVMOs exhibiting broad substrate scopes with overlapping specificities.[41] Typical
examples are the cyclohexanone monooxygenase from Acinetobacter sp. strain NCIMB 9781
(CHMOAcineto)[42] and the cyclopentanone monooxygenase from Comamonas sp. strain NCIMB 9782
(CPMOComa)[43], which are both mostly active on cyclic ketones but exhibit different regio- and
stereoselectivities. Indeed, the different stereoselectivities of some enzymes were related to their
protein sequences and it was found that their biocatalytic behaviors allowed a family clustering of
the enzymes into a CHMO-type and a CPMO-type, which also correlated to the sequence analysis.[44]
This rationale was extended, when the enantioselectivities and activities of these enzymes and the
cyclododecanone monooxygenase from Rhodococcus ruber SC1 (CDMO)[45] towards specific
substrates were quantitatively compared, which led to the development of a tool for chiral catalyst
evaluation.[46] The selectivity and performance of the CHMOs from Acinetobacter (CHMOAcineto),
Brachymonas (CHMOBrachy)[47], Brevibacterium sp. HCU (CHMOBrevi1)[48] and Rhodococcus sp. Phi1
(CHMORhodo1)[49] in the conversion of the investigated substrates was very similar and also mostly
resembled the behavior of CHMOs from Arthrobacter sp. BP2 (CHMOArthro)[49] and Xanthobacter flavus
(CHMOXantho)[50] (CHMO-type), while the cyclohexanone monooxygenase 2 from Brevibacterium sp.
HCU (CHMOBrevi2)[48] and CPMO (CPMO type) exhibit a different substrate spectrum. CDMO preferably
converts large ring cyclic ketones and showed a distinct substrate scope compared to CHMO- and
CPMO-type enzymes in this study. Indeed, the substrate spectra of CHMOXantho, CPMO and CDMO are
complementary in a way that they cover the spectrum of investigated substrates (Figure 3).
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Figure 3: Comparison of the substrate scopes of three different BVMOs (Figure from Fink et al.

[46]

).

Completely different sets of substrates are converted by the 4-hydroxyacetophenone
monooxygenase from Pseudomonas fluorescens ACB (HAPMO)[51] and PAMO, as they are active on
aryl-aliphatic ketones and aromatic ketones, respectively. Besides the acceptance of small aromatic
ketones, PAMO converts sulfides[52] and shows low activity with linear ketones.[53] Even though the
substrate profile of this BVMO is rather narrow when compared to the extensively studied
CHMOAcineto,[8, 46] PAMO is a valuable catalyst as it is solvent- and thermostable.[20, 53-54] An interesting
potential application of PAMO and HAPMO is the conversion of the aliphatic acyclic α-substituted βketo ester ethyl rac-2-acetylpent-4-enoate to the diester, which was chemically hydrolyzed to yield
enantiopure α-hydroxyesters.[55] These compounds are widely applicable in the pharmaceutical
production of anticancer drugs and antibiotics as well as in the food industry. Full conversion of the
racemic starting material was achieved by applying dynamic kinetic resolution. The substrate
spontaneously racemizes at pH 9, so that the (R)-substrate was selectively converted to the (S)product.[55] Another example, where BVMOs were successfully used in an atypical conversion to
produce industrially relevant products, is the o e sio of β-h d o keto es a d β-aminoketones
with a set of BVMOs, including CPMO and CHMOs from different organisms.[56] In these studies the
abnormal products were formed as well allowing access to enantiopu e β-amino acids after
hydrolysis of the abnormal esters f o β-aminoketones (Scheme 4).

Scheme 4: Regiodivergent conversion of p ote ted β-aminoketones

[56]

(Scheme adapted from Balke et al.

[2a]

).
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The same set of BVMOs was also investigated in the conversion of terpenones and nitrilolactones.[57]
Interestingly, the regioselectivities of CHMO-type BVMOs for the enantiomers of the terpenone
substrates differed, so that the enantiocomplementary regioisomeric lactones were formed. The
usage of CPMO-type BVMOs led to the formation of the abnormal products from both substrate
enantiomers.[57a] Abnormal product formation was also observed for the conversion of the chiral
nitrilolactone 2-(2-oxocyclohexyl)acetonitrile with CHMO-type BVMOs.[57b]
The typical substrate to study the regioselectivity of BVMOs is cis-bicyclo[3.2.0]hept-2-en-6-one. The
conversion of this substrate by a BVMO is an established industrial process[58] and the reaction is of
interest for the synthesis of prostaglandins.[59] The regioselectivity of BVMOs towards this substrate
differs, as some BVMOs show excellent regioselectivity for both enantiomers and others exhibit no
regioselectivity towards one of the enantiomers (Scheme 5).

Scheme 5: Conversion of the two enantiomers of cis-bicyclo[3.2.0]hept-2-en-6-one two the possible products
[60]
(Scheme adapted from Balke et al. ).

BVMOAf1 from Aspergillus fumigatus Af293,[18] CHMOAcineto,[61] CHMOBrevi1[62] and the recently
discovered BVMOs polycyclic ketone monooxygenase (PockeMO) from Thermothelomyces
thermophila[38] and TmCHMO from Thermocrispum municipale[36] produce the normal lactone (–)-1a
from (+)-1 and the abnormal lactone (–)-1b from (–)-1 both with excellent enantioselectivity. BVMO
AFL619 from Aspergillus flavus shows opposite regioselectivity.[17a] BVMOs AFL456 and AFL838 only
produce the normal lactones from both enantiomers.[17a] MO9, MO14 and MO15 from Rhodococcus
jostii RHA1 catalyze the conversion of rac-1 in an exceptional fashion as they only convert one
substrate enantiomer. Reactions with MO9 and MO15 lead to the formation of a mixture of both
(1S,5R) regioisomers, whereas MO14 produces exclusively the normal lactone (–)-1a.[63] This
enantiodivergent conversion was used for the gram-scale resolution of the racemic substrate with
MO14, so that (–)-1 was obtained in enantiopure form.[64] Examples for less regioselective enzymes
for the conversion of rac-1 are HAPMO,[65] OTEMO,[13] CHMOBrevi2,[62] PAMO,[66] BVMO RV3049c[67] and
BVMO AFL210.[17a]
Divergent regioselectivities for different BVMOs can also be observed for the conversion of longchain ketocarboxylic acids.[68] Additionally, the conversion of aldehydes to formates[37, 69] or
carboxylic acids[70] was reported, as well as the formation of a carbonate functionality in the
macrocyclic portion of Cytochalasin E by the fungal BVMO CcsB from Aspergillus clavatus.[19]
CHMOAcineto was identified as a promising biocatalyst for the conversion of 2-butanone to the
industrially relevant methyl propanoate.[71] This was the first report of the formation of abnormal
product from a small achiral aliphatic substrate. All these studies highlight the potential of regio- and
enantioselective conversions by BVMOs for industrial applications. However, one of the most
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interesting Baeyer-Villiger oxidations for the industry is the standard CHMO reaction: the formation
of ɛ-caprolactone from cyclohexanone. ɛ-Caprolactone is an important building block in the polymer
synthesis of poly-ε-caprolactone and it is still produced chemically despite the hazardous peracetic
acid used as oxidation reagent and the modest selectivity (85–90%).[72] Therefore, several studies
aiming at providing a biocatalytic approach using CHMOAcineto for the production of ɛ-caprolactone
have been conducted in recent years. Enzymatic cascades were applied in order to overcome
limitations like cofactor recycling, substrate and product inhibition and the low stability of the
enzyme. One example is a bi-enzymatic cascade, where two equivalents of cyclohexanone are
converted by CHMOAcineto, while the alcohol dehydrogenase (ADH) from Thermoanaerobacter
ethanolicus converts one equivalent of 1,6-hexanediol to ɛ-caprolactone thus also regenerating
NADPH.[73] However, this cascade only solves the problem of cofactor regeneration. Another
approach is the in-situ production of cyclohexanone from cyclohexanol using ADH from Lactobacillus
kefir.[74] In this cascade, the substrate inhibition of the BVMO is circumvented and the cofactor is
recycled efficiently. It was also shown that the biotransformations proceeded faster in an aqueousisooctane biphasic solvent system and that this system allows an in situ-removal of the organic
reaction components, thus decreasing product inhibition.[75] Product inhibition can also be reduced
when the cascade is complemented by addition of lipase A from Candida antarctica (CAL-A).[76] This
enzyme catalyzes the ring-opening polymerization of ɛ-caprolactone, notably in an aqueous system,
thus removing it from the system (Figure 4).

Figure 4: Cascade reaction for the production of poly-caprolactone. (Figure from Schmidt et al.

[76]

)

It was shown that chiral polyesters can also be produced in this cascade by using substituted
cyclohexanol as starting substrate.[77] At first the cascade was conducted by mixing whole cells
expressing ADH and a more stable CHMOAcineto variant and adding acetone for the cofactor
regeneration of the ADH reaction. NADPH for the BVMO reaction was recycled in the cell metabolism
by addition of glucose (Figure 4). Recently, a system was developed, in which ADH and a stabilityoptimized CHMOAcineto variant are expressed in one cell and the levels of the proteins are adjusted by
modification of the ribosome binding site.[78] Furthermore, a fusion protein of the thermostable
TmCHMO and ADH was generated allowing 99% conversion of 200 mM substrate as TmCHMO does
not show product inhibition.[79] These approaches further facilitate the application of the cascade.
A very impressive application of CHMOAcineto for the production of the drug esomeprazole was
achieved by Codexis.[80] In order to increase the stability and the enantioselectivity of the BVMO
41 mutations were introduced. The engineered variant displayed a 104-fold increased stability and
an enantioselectivity towards the desired enantiomer with 99% ee.[81]
Even though the potential applications of CHMOAcineto are very promising, the major drawback of the
enzyme is its low stability so that engineered enzyme variants have to be applied.

Background
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1.4 Protein Engineering
Protein engineering of BVMOs is a well established tool to overcome limitations such as low stability,
poor enantioselectivity and narrow substrate scope. Depending on the available amount of
information, different strategies can be pursued, when performing protein engineering studies
(Figure 5).[82]

Figure 5: Protein engineering methods sorted by the available knowledge vs. screening effort (Figure from
[24]
Balke et al. ).

Random mutagenesis of the gene of interest by methods like error-prone PCR (epPCR)[83] is applied,
when no structural or mechanistic information are available. In order to identify the best mutant, a
suitable high-throughput screening needs to be developed. The most frequently used highthroughput screening methods are spectrophotometric and fluorimetric assays performed in
microtiter plates as they allow an efficient evaluation of a high number of variants. BVMO activity
can be measured spectrophotometrically by following the absorption of NADPH at 340 nm. When an
appropriate substrate is added to the reaction mixture, NADPH will be converted to NADP+, which
does not show an absorption maximum at 340 nm.[84] However, as an uncoupled reaction (H2O2
formation) will also consume NADPH, appropriate blank measurements have to be conducted and
the product formation for interesting variants has to be verified by GC measurements. The screening
of extensive mutant libraries using this method can be facilitated by robotic platforms.[85]
The elucidation of crystal structures from BVMOs and the gained knowledge on the enzymatic
mechanism enabled rational protein design of the target protein. Docking studies with computer
programs like YASARA[86] facilitate the selection of potential positions to be mutated and they
provide indications as to why a certain enzyme variant exhibits a specific property. The major
advantage of rational protein design is the limitation of the amount of mutants that have to be
investigated. However, it is hard to predict the specific influence of mutations, so that random
mutagenesis might sometimes lead to an interesting variant, which would not have been identified
through rational design. Particularly, the effect of multiple mutations cannot be estimated in
advance, as they will change the whole interaction network in the enzyme. For that reason, the semirational protein design has become a popular approach in the protein engineering of BVMOs as it is a
combination of rational protein design and directed evolution. Methods like the combinatorial
active-site saturation test (CAST)[87] in combination with iterative saturation mutagenesis (ISM)[88],
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the protein sequence-activity relationships (ProSAR) strategy[89] or a 3DM database[90] are utilized for
the generation of enzyme variants with the desired property. In general, specific promising residues
are chosen, which are mutated by using degenerate primers. This way, small-but-smart libraries are
created.[91] Even though, protein engineering methods have been successfully applied using BVMOs,
there are also challenges that hamper the generation of BVMO variants with the desired property.
Due to the complex domain movements of BVMOs during the catalytic cycle, the prediction of
relevant residues interacting with the substrate is complicated. Additionally, mutations might
negatively affect stability and the uncoupling rate might be increased, when active-site residues are
mutated. Thus, the knowledge of potentially beneficial mutations facilitates the process of
generating BVMO variants with the desired properties.

2

Controlling the Regioselectivity of BVMOs

The main focus of this dissertation was to control the regioselectivity of BVMOs for certain reactions.
As described in section 1.3, there are many interesting applications of BVMOs showing abnormal
product formation. However, the enzymes often do not exhibit perfect regioselectivity, so that a
mixture of normal and abnormal product is generated. In order to be able to efficiently apply these
biotransformations, it is essential to understand how regioselectivity is controlled, so that the
desired product is exclusively formed. It has been observed that the regioselectivity can be
influenced by substrate and enzyme concentration and the rate of oxygen supply.[37, 56c, 70a, 71] It has
even been shown that the temperature has an impact on the ratio of normal to abnormal product.[92]
However, in order to substantially alter the regioselectivity, protein engineering has to be applied to
the used BVMO.

2.1 Switching the Regioselectivity of CHMOArthro for (+)-trans-dihydrocarvone
ARTICLE I
The first example of a successful protein engineering approach changing the regioselectivity of a
BVMO was published in Article I.[93] As a model reaction to study effects influencing the
regioselectivity, the conversion of (+)-trans-dihydrocarvone by CHMOArthro was chosen. This reaction
had already been investigated and it was reported that the enzyme produces exclusively the
abnormal lactone.[57a]

Scheme 6: Conversion of (+)-trans-dihydrocarvone ((+)-2) to the normal ((–)-2a) and abnormal ((+)-2a) lactone.
[60]
Wild-type CHMOArthro exclusively forms the abnormal lactone from (+)-2 (Figure adapted from Balke et al. ).
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In order to change the regioselectivity of CHMOArthro, it was essential to understand the enzymatic
mechanism and to have a reliable structural model. The crystal structures of CHMORhodo present the
different conformations throughout the catalytic cycle and the enzyme shows 84% homology to
CHMOArthro. Thus, a homology model of CHMOArthro based on the closed and rotated structures was
generated with YASARA. At that time the tight structure had not been published yet and as the
closed structure represented the conformation in which the substrate is bound, while the enzyme
adapts the rotated conformation in order to form the Criegee intermediate, these structures seemed
to be suitable foundations for performing protein engineering. Based on the generated homology
models, 16 active-site residues presumably relevant for substrate positioning were identified, of
which 13 were mutated to alanine. This way, the relevance of the positions for substrate binding was
supposed to be evaluated. The catalytically active arginine (R380Arthro/R327Acineto/R337PAMO) was not
mutated, as well as residues W543 (W492Rhodo/W490Acineto) and D110 (D59Rhodo/D57Acineto/D66PAMO), as
these were already shown to be relevant for catalysis in other BVMOs.
The generated variants were expressed in E. coli BL21(DE3) and the regioselectivity was investigated
by whole-cell biocatalysis, which facilitates the cofactor regeneration (Table 1).
Table 1: Overview of the generated mutants in the first round of mutagenesis (Table from Balke et al.
Variant

Substrate conversion [%] (48 h)

Normal : abnormal [%]

Wild type

93.5

0 : 100

Y104A

8.3

0 : 100

L196A

54.6

0.4 : 99.6

S239A

98.7

0.1 :99.9

Q242A

85.5

0.1 :99.9

Q243A

24

0 : 100

F299A

33.2

59 : 41

F330A

39

3.2 : 96.8

L382A

73

0 : 100

C383A

74.6

0.3 :99.7

F485A

70.2

0 : 100

L488A

56.5

1.5 : 98.5

F558A

6

10.4 : 89.6

[93]

).

Only variant F299A showed a significantly altered regioselectivity, as this enzyme produced 59%
normal lactone instead of 100% abnormal lactone when compared to the wild-type enzyme. Variant
F330A formed 3% normal lactone and was the only other variant exhibiting good activity and a
changed regioselectivity. The double mutant was created and investigated. The variant F299A/F330A
already produced 89% normal lactone in small-scale whole-cell biocatalysis.
At that point, the CHMORhodo tight structure was published and seemed to be a promising scaffold for
predicting enantio- and regioselectivity. Docking studies with homology models of CHMOArthro wild
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type, F299A and F299A/F330A in the tight conformation and the normal and abnormal lactones were
performed (Figure 6).

Figure 6: Comparison of the results from the docking studies with the lactone products for CHMO Arthro tight
structures. a) Docking result of the abnormal lactone (2) in the wild-type structure. Docking experiments with
the normal lactone (3) in the b) F299A tight structure, c) F299A/F330A structure and d) in the
F299A/f330A/F485A structure. The protein is shown in green, important residues are depicted in purple, FAD is
+
shown in light grey and NADP is shown in dark grey. The normal and abnormal products are presented in
[93]
yellow (Figure from Balke et al. ).

When comparing the docking results of the wild-type enzyme with the abnormal lactone (Figure 6a)
and F299A with the normal lactone (Figure 6b), an inverted position of the products can be observed.
Similar positions will also be occupied by the substrates. The substrate has to be oriented differently
in the active site for the formation of the two regioisomers. This is due to the fact that a different
bond has to be in an anti-periplanar position to the peroxy-bond of the peroxy-flavin for the
formation of the normal and the abnormal product.
The isopropenyl residue of the substrate in the wild-type structure is in the same plane as the ring, as
the substrate is tilted sideways (Figure 6a). This way, the substrate/product residues do not interfere
with any active-site residues. The substrate has to bind in a position rotated 180° for the formation of
the normal product. In this conformation, the isopropenyl residue of the substrate/product points
toward W543 and F558 (Figure 6b).
The docking result of the double mutant F299A/F330A shows, that the abnormal product is tilted
slightly sideways and moved away from the active site (Figure 6c). The methyl residue of the product
points toward F299 and F330. In order to further enhance the regioselectivity and to obtain only the
normal product, several triple mutants were designed. Variants with the L196F or L197F mutation
were created in order to impede the usual substrate binding for the formation of the abnormal
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product. The large phenylalanine residue would block the space, which the isopropenyl residue of
the substrate usually occupies, when positioned for abnormal product formation. The mutation of
positions F485 and F558 to smaller residues was supposed to facilitate the binding of the substrate,
as the active site is opened up and room is created for the large substrate residue. All these variants
showed an improved ratio of normal to abnormal product when compared to the double mutant
(Table 2).
Table 2: Overview of the generated CHMOArthro variants comparing substrate conversion and ratio of normal to
[93]
abnormal product (Table adapted from Balke et al. ).
Enzyme variant

Conversion of (+)-2 [%]

Normal : abnormal

Wild type

100

0 : 100

L196F/F299A/F330A

14

96 : 4

L197F/F299A/F330A

19

92 : 8

F299A/F330A/F485A

39

99 : 1

F299A/F330A/F558V

12

95 : 5

A complete inversion of regioselectivity was achieved with variant F299A/F330A/F485A, which
produced 99% normal lactone in small-scale whole-cell biocatalysis instead of 100% abnormal
lactone in case of the wild-type enzyme. These results were also confirmed in larger scale with higher
substrate loadings and with purified enzymes.
Variants with valine instead of alanine were also created. In the single and double mutants, valine in
position F299 proved to be beneficial, as these variants produced more normal product than the
respective variants with alanine (Figure 7). Additionally, the beneficial mutations were transferred to
CHMOAcineto and the switch in regioselectivity was observed as well (mutations: F246V/F277A/F432A).

Figure 7: Comparison of the amount of abnormal and normal lactone produced by CHMOArthro and relevant
[93]
variants (Figure from Balke et al. ).
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A docking experiment was performed with the CHMOArthro F299A/F330A/F485A tight homology
model and the normal lactone (Figure 6d). The additional mutation of F485A creates more space for
the isopropenyl residue and the normal product is tilted sideways in this docking, just like the
abnormal product in the wild-type structure. Indeed, superposition of these docking results showed
that the isopropenyl residue of the normal product would collide with F485 in the wild-type
structure. Additionally, the methyl group would clash with F330.
This article is the first description of a semi-rational protein engineering approach, that was used in
order to change the regioselectivity of a BVMO and it contributes to the understanding of how
regioselectivity is controlled. As described in section 1.2, apart from the catalytically relevant
arginine, the active-site residues of a BVMO do not show any specific interaction with the substrate.
However, these residues shape the active site, so that the accepted substrates are positioned in a
certain way. The docking experiments performed in this work show, that the substrate is positioned
differently for the formation of the normal and the abnormal lactone. The active sites of wild-type
CHMOArthro and CHMOAcineto are built in a way that the substrate cannot be bound in order to yield the
normal lactone from (+)-trans-dihydrocarvone. Merely by creating sufficient space, the substrate can
bind in an inverted position, so that the normal product can be exclusively produced.

2.2 Controlling the Regioselectivity of OTEMO for cis-bicyclo[3.2.0]hept-2-en-6-one
and (+)-trans-dihydrocarvone

ARTICLE II
The aim of the second study was to investigate whether it is possible to transfer the knowledge
gained from Article I on a different enzyme/substrate system. It had been reported that OTEMO
converts the racemic benchmark BVMO substrate cis-bicyclo[3.2.0]hept-2-en-6-one (BCH) to a
mixture of the regioisomers (Scheme 5, section 1.3).[13] The detected ratio of normal to abnormal
product was 3 : 1 with 33% ee for the normal lactone (–)-1b and 99% ee for the abnormal product
(+)-1a.[13] From these results it can be concluded that (+)-BCH is exclusively converted to the normal
product, whereas the enzyme does not exhibit regioselectivity for (–)-BCH, so that it is converted to a
1 : 1 mixture of normal and abnormal product. A semi-rational protein engineering approach was
again chosen in order to change the regioselectivity of OTEMO for both enantiomers of BCH.
Additionally, the regioselectivities of OTEMO for (+)- and (–)-trans-dihydrocarvone and of CHMOArthro
for (–)-trans-dihydrocarvone were investigated.[60]
Several crystal structures of OTEMO had been published in 2012 and it was stated that the closed
OTEMO structure (PDB ID 3UP4) shows high similarity to the closed structure of CHMORhodo.[13] A
structural alignment of OTEMOClosed and the tight structure of CHMORhodo, which had proved to be a
good scaffold for the prediction of regioselectivity in the first study, revealed a similar active-site
architecture in both structures. However, the catalytically relevant arginine (R337OTEMO/R329Rhodo) in
the OTEMO structure blocks the optimal binding position of the substrate (Figure 8).
In a first round of mutagenesis ten active-site residues were mutated to alanine (Table 3). Variants
F255A, P145A and Y285 produced the highest amounts of normal lactone from (–)-1, whereas
W288A, T442A and W501A were the most interesting variants for abnormal product formation from
the substrate.
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Table 3: Production of normal lactone (+)-1a and abnormal lactone (–)-1b from (–)-1 by best-performing
[60]
OTEMO variants (Table from Balke et al. ).
OTEMO variant

(+)-1a [%]

[a]

OTEMO variant

(–)-1b [%]

WT

50

WT

50

Y285A

75

W288A

72

P145A

78

T442A

77

F255A

81

W501A

95

F443V

82

W288F

75

Y285F

82

W501F

83

F255V

87

W501V

95

Y285V

89

F443A/W501A

89

F255V/Y285V/F443V

88

F443V/W501A

91

F255V/Y285A/F443V

89

F255A/F443V

90

F255V/F443V

95

[a]

[a]

determined by GC analysis for small-scale whole-cell biocatalysis reactions with rac-1 (All
experiments were performed in triplicates).

Subsequently, variants with valine, serine and phenylalanine instead of alanine were created
(Table 3). In case of the normal product formation from (–)-BCH, variants F255V, Y285V, Y285F and
F443V showed improved regioselectivity compared to their alanine counterparts. Regarding the
abnormal product formation, the new variants did not exhibit significantly improved
regioselectivities.
In order to further increase the regioselectivity, double and triple mutants from the most promising
positions were created (Table 3). Finally, variant F255V/F443V was identified as the best enzyme for
the production of the normal lactone from (–)-1 producing 95% (+)-1a, while W501A and W501V
produced 95% abnormal product (–)-1b from (–)-1 in small-scale whole-cell biocatalysis reactions.
Similar results were obtained, when the variants were applied in larger scale whole-cell reactions or
when purified enzyme was used.
When comparing the most influential positions with the residues mutated in CHMOArthro for switching
the regioselectivity towards (+)-trans-dihydrocarvone, it becomes obvious that the residues
important for controlling normal product formation from (–)-1 in OTEMO and the mutated residues
in CHMOArthro are in the same positions. F255OTEMO equals F299Arthro, Y285OTEMO corresponds to
F330Arthro and F443OTEMO is in the same position as F485Arthro (Figure 8).
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Figure 8: Comparison of the position of active-site residues in CHMOArthro (yellow) and OTEMO (purple) relevant
+
for changing the regioselectivity. FAD and NADP are depicted in light grey (CHMOArthro) and dark grey
[60]
(OTEMO). The catalytically active arginine is shown for reference (Figure from Balke et al. ).

The corresponding residue to W501OTEMO has been found to be essential for activity in CHMOs. The
CHMORhodo W429A mutant was shown to have lower activity and NADP+ affinity,[33a] but increased
selectivity towards a number of substrates when compared to the wild-type enzyme.[33c] The OTEMO
W501 variants still showed sufficient activity and mutation of this residue to smaller amino acids led
to variants producing the highest amounts of abnormal lactone from (–)-1.
Even though the reported crystal structure OTEMOClosed (PDB ID 3UP4) did not seem to sufficiently
represent the conformation in which the substrate is bound, docking experiments with the four
possible products were performed in order to determine whether explanation of the beneficial
mutations is possible. The docking results showed that the mutations enable different substrate
orientations, thus facilitating the formation of the normal lactone with the variant F255A/F443V and
the abnormal product formation with the variant W501V.[60]
It was also investigated, whether a switch in regioselectivity is possible for any of the generated
OTEMO variants in the reaction with (+)-cis-bicyclo[3.2.0]hept-2-en-6-one. The wild-type enzyme
only produces the normal product from this substrate. The single mutants W501A, F255A, F255V and
P145A were the only variants, which produced small amounts of abnormal product from (+)-1.
Variants producing the highest amounts of abnormal product were mutated in the same positions as
CHMOArthro for (+)-trans-dihydrocarvone conversion. The triple mutant F255V/Y285V/F443V
produced 23% and variant F255V/Y285A/F443V formed even 35% of abnormal product. However, a
complete switch of regioselectivity for the reaction of OTEMO with (+)-1 could not be achieved with
any of the variants. The docking experiment indicates that complete reversal of regioselectivity might
not be possible because the substrate has to move too close to the isoalloxazine moiety of FAD,
when oriented for abnormal product formation, thus increasing sterical hindrance.
The regioselectivity of the OTEMO variants towards both regioisomers of trans-dihydrocarvone was
also investigated. The wild-type enzyme produces 95% abnormal lactone from (+)-trans-dihydrocarvone and 98.5% normal lactone from (–)-trans-dihydrocarvone, thus exhibiting the same
regioselectivity as CHMOArthro. In small-scale whole-cell biocatalysis reactions all variants harboring
mutation F255A or F255V converted (+)-2 exclusively to the normal lactone. F255A exhibited the
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highest activity and was also investigated as purified enzyme, with which the same regioselectivity
was observed. The docking experiment with the OTEMO F255A structure and the normal lactone
showed that the methyl residue of the product would interfere with F255 (Figure 9). Mutation of this
residue was necessary for an inverted positioning of the substrate, so that the normal instead of the
abnormal lactone could be formed. It should be noted again, that F255OTEMO corresponds to
F299Arthro, which was also mutated for switching the regioselectivity of CHMOArthro towards (+)-2.

Figure 9: Docking result of the OTEMO F255A variant with the normal lactone (–)-2a from (+)-trans+
dihydrocarvone (yellow). The residue F255A is shown in purple, FAD is depicted in light grey and NADP is
[60]
shown in dark grey (Figure from Balke et al. ).

In all of the created OTEMO and CHMOArthro variants, which exhibited the desired regioselectivity, it
was sufficient to mutate large residues to smaller ones, so that more space in the active site for an
inverted substrate positioning was created. It is intriguing, that increasing the space in the active site
would lead to exclusive formation of one product. In this large substrate-binding pocket, substrate
positioning for normal and abnormal product should be possible. A possible explanation could be
that the normal product will always be preferably produced, due to the better stabilization during
the rearrangement of the Criegee intermediate. It might also be possible, that by introducing
mutations, the substrate cannot be coordinated in the original positioning anymore. Additionally,
sterical hindrance might be reduced in the substrate orientation, which was made possible by
introducing mutations.
In case of the conversion of (–)-trans-dihydrocarvone by OTEMO and CHMOArthro, the docking results
suggested that an inversion of the regioselectivity might not be possible, as a rotated positioning of
the substrate would move the methyl residue of the substrate in too close proximity of NADP +.
Indeed, none of the investigated OTEMO and CHMOArthro variants were able to produce the abnormal
lactone from (–)-trans-dihydrocarvone, confirming that mutating active-site residues cannot lead to
an inverted regioselectivity.
This study proved that the findings from Article I, can be transferred to other enzyme/substrate
combinations as well. The desired regioselectivities for the conversion of (–)-cis-bicyclo[3.2.0]hept-2en-6-one by OTEMO were established and the regioselectivity of OTEMO for the conversion of (+)trans-dihydrocarvone was switched. The relevant amino acid positions for the formation of the
normal lactones from (–)-1 and (+)-2 in OTEMO were partly the same and mutation of corresponding
amino acids in CHMOArthro and CHMOAcineto also led to a switch of regioselectivity for the conversion of
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(+)-2.[93] Thus, the results from this study show that there are certain amino acids, which can be
targeted as hot spots when aiming at changing the regioselectivity. Furthermore, sterical effects
influence the substrate positioning for different enzyme/substrate combinations to such an extent
that the regioselectivity can be inversed.

3

Influencing the Sulfoxidation Activity
ARTICLE III

Many BVMOs show a high versatility in their catalyzed reactions, as they are not only able to convert
ketones and aldehydes but also oxygenate heteroatoms like sulfur, nitrogen, phosphorus, boron or
selenium. Since chiral sulfoxides are important building blocks for pharmaceuticals and are also used
as chiral auxiliaries for organic synthesis, the sulfoxidation activity of BVMOs has been the subject of
considerable research throughout the years.[80b, 94] Even though the biocatalytic synthesis of chiral
sulfoxides is advantageous compared to the chemical BVO as the enzymes generally exhibit high
regio- and enantioselectivities and because no toxic waste is generated, the major drawback is the
possible overoxidation of sulfoxides to sulfones in the enzymatic reaction (Scheme 7).[52b, 70b, 80c, 82b, 95]
The identification of enzymatic residues influencing this overoxidation would be beneficial, as it
might help to reduce this unwanted side reaction by applying methods of protein engineering.

Scheme 7: BVMOs are able to perform sulfoxidation reactions, sometimes also catalyzing the overoxidation to
[96]
sulfones. (Figure from Bordewick et al. )

Article III describes the identification of nine new BVMOs from the ascomycetous yeast Yarrowia
lipolytica, of which eight were cloned and recombinantly expressed (YMOs A-H).[96] Besides the
achievement of identifying new eukaryotic BVMOs, which offers the opportunity to broaden the
spectrum of accessible products, YMOA was especially interesting, as this enzyme does not convert
ketones but was only active on sulfides and sulfoxides. The results from the substrate screening and
the GC analysis allowed the conclusion that YMOA produces the sulfones from dimethyl sulfoxide
(DMSO), methyl p-tolyl sulfide (MTS) and methyl phenyl sulfide (MPS). Thus, this enzyme seemed to
be a valuable scaffold for the investigation of relevant residues influencing sulfoxide and sulfone
formation. For this, a rational protein engineering approach based on structure- and sequence
alignments was conducted.
A homology model of YMOA was created with YASARA and subsequently aligned with the PAMO
structure (PDB ID 2YLR), which has also been studied in regard to sulfoxidations.[52b, 95e, 97]
Additionally, a multiple sequence alignment with 15 relevant sequences including YMOA was
performed. The alignments were used to identify promising positions at the FAD- and NADPH-binding
sites and in the active site of the enzyme (Figure 10).
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Figure 10: Alignment of PAMO (2YLR) and YMOA homology model showing residues possibly relevant for the
[96]
sulfoxidation activity (Figure adapted from Bordewick et al. ).

In the active site V121 was chosen for mutagenesis and it was replaced by threonine, since most
BVMOs displayed this amino acid in the respective position in the sequence alignment (Figure 10a).
Additionally, active-site residues Y477, Y479, C480 and A483 were targeted, which are located on a
different loop near the polar side of the isoalloxazine group (Figure 10b). Similarly to V121T, the
residues were replaced by the amino acids conserved in most of the regular BVMOs. Residue R367 is
located next to the catalytically relevant arginine (R368YMOA) and the sequence and structural
alignments showed that YMOA and BVMOAf1 were the only enzymes displaying an arginine at
position 367, while lysine was almost universally conserved in the other sequences (Figure 10c).
Residues K274 and R275 are involved in the binding of NADPH and the sequence alignment showed
that arginine and threonine/serine were conserved among all other BVMOs in the respective positions (Figure 10d). Thus, the double mutant K274R/R275S was chosen for investigation.
The conversions of the sulfides MTS and MPS by the YMOA variants were investigated in whole-cell
biocatalysis and the sulfone/sulfoxide ratios were determined (Figure 11).

Figure 11: Relative amounts of sulfoxide and sulfone products obtained related to the amounts produced by
YMOA wild type. a) Comparison of MTSO and MTSO2 amounts. b) Comparison of MPSO and MPSO2 amounts
[96]
(Figure from Bordewick et al. ).
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Variants V121T and Y479G produced higher amounts of sulfone than the wild-type enzyme. The
other variants reduced the sulfone production. Especially, the sulfone/sulfoxide ratio for variant
R367K decreased significantly for both substrates. The conversion of MPS with variant Y477P gave
the best result, as the amount of sulfoxide was more than doubled, while the sulfone yield was
significantly decreased. Variant K274R/R275T showed a similar behavior for both substrates. The
variants were also used for the conversion of the sulfoxides MTSO, MPSO and DMSO in a whole-cell
reaction, which mostly confirmed the previous results. Variants R367K and Y477P produced less
sulfone than the wild type in all cases. However, variant K274R/R275T fully converted DMSO to the
sulfone, even though sulfone formation was reduced for MTS/MTSO and MPS/MPSO. Full DMSO
conversion was also achieved with the wild-type enzyme and the variants V121T and Y479G. This
conversion to DMSO2 has not been reported for any other characterized BVMO to date.
There are some possible explanations as to why the mutations had the described effects. In case of
Y477P, the chosen mutation introduced the same residue found in PAMO and constituted a large
change in residue size, while also decreasing the backbone flexibility. In a study on PAMO by Zhang et
al., the corresponding residue (P440PAMO) was mutated to isoleucine, which led to an increased
flexibility of the loop and a higher sulfone formation.[98] Thus, it is plausible that the opposite
mutation in YMOA should also have the opposite effect, a reduction in sulfone formation. Regarding
K274, R275 and R367 in the YMOA NADPH-binding site, the introduction of the conserved amino
acids from other BVMOs might have led to a change of the NADPH orientation. An NADPHorientation, which more closely resembles the one found in other type I BVMO displaying lower rates
of sulfone formation, might also lead to a reduction of the sulfone production in YMOA.
This mutational study offers information on relevant enzymatic residues influencing the sulfoxidation
activity of BVMOs. As the overoxidation of sulfoxides to sulfones is undesirable, this knowledge will
facilitate future protein engineering attempts aiming at reducing the sulfone formation in BVMOcatalyzed reactions.

4

Improving the stability of CHMO
ARTICLE IV

Even though many interesting BVMO-catalyzed reactions have been published in the past 20 years,
up-scaling of these reactions to an industrial scale is often not achieved. Especially CHMOAcineto, which
has been studied extensively, would be a promising catalyst in a variety of applications, were it not
for the poor stability of this enzyme. There have been studies, where the thermostability and the
stability towards oxidation of CHMOAcineto have been increased by protein engineering, but the
created variants exhibited lower activities than the wild type.[99] Thus, the aim of the work described
in Article IV was the increase of thermostability and oxidative stability of CHMOAcineto without loss of
activity.[100] A homology model based on the crystal structure of CHMORhodo (PDB ID 3GWD) was
created, which was subsequently analyzed by the software Disulfide by Design™.[101] The software
predicts prospective disulfide bond partners and calculates the energy for each of these enabling a
ranking. Careful evaluation of the 70 predicted disulfide bonds left three amino acid pairs, which
were chosen for experimental investigation. Additionally, another pair of amino acids was mutated
to cysteines due to their close spatial positioning, even though they were not predicted by the
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software. The investigated disulfide bond variants were P254C-D286C (DS1), N290C-A293C (DS2),
T415C-A463C (DS3) and Y411C-A463C (DS4) (Figure 12).

Figure 12: Positions chosen for the creation of disulfide bond mutants in CHMO Acineto (Figure from Schmidt et
[100]
al. ).

Activity measurements of the purified disulfide mutants and several combinatorial mutants showed
that only variant DS3 (T415C-A463C) retained its activity compared to the wild type. The variants
were further investigated in stability studies. The lifetime of the enzyme, which is the most relevant
parameter for biocatalysis reactions, was determined by incubation at a specific temperature for
24 h. The DS3 variant showed a 3-fold increase in half life at 25°C compared to the wild type.
Regarding the thermostability, which can be determined by measuring the activity of the enzyme at
different temperatures, DS3 showed significantly improved activities at temperatures between 20
and 45°C (activity-temperature profile). The measurement of the melting temperatures by CD
spectroscopy confirmed variant DS3 as being superior to the other variants and wild-type
CHMOAcineto, as the melting temperature was increased by 5°C (DS3 Tm= 36.4°C).[100]
In addition to the thermostability, the oxidative stability of the variants was determined as well by
incubation with different concentrations of hydrogen peroxide. H2O2 can be formed by a BVMO due
to decay of the peroxy-flavin, when no substrate is present. This uncoupling reaction can lead to
diminished activity of the enzyme as amino acids might be oxidized. Variant N290C-A293C (DS2)
showed a higher oxidative stability than CHMOAcineto wild type as this variant retained activity at
50 mM H2O2. Unfortunately, combination of the DS2 and DS3 mutations did not lead to a variant with
increased thermo- and oxidative stability.
The correct formation of disulfide bonds was supposed to be confirmed by thiol-group labeling using
4-(aminosulfonyl)-7-fluorobenzofurazane (ABD-F). Interestingly, the improved variant DS3 does not
form a disulfide bond. Thus, a double mutant with serine in positions T415 and A463 and single
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mutants with cysteine and serine in these positions were created, in order to determine which of the
mutations exerted the beneficial effects.
Since the activity temperature profiles of the enzymes showed that the variants A463S and T415C
have higher residual activities than the wild type at most temperatures, but neither variant
performed as well as the double mutant DS3, it was concluded that both mutations are essential for
the increased thermostability. However, the results from the long-term stability showed that variant
T415C is much longer stable at 25°C than DS3 resulting in an 8-fold increase of half life of T415C
compared to CHMOAcineto wild type (Figure 13). The melting temperature of T415C was also slightly
higher as for DS3 (T415C Tm=37.5°C).

Figure 13: a) Activity-temperature profiles of CHMO wild type (), variant DS3 (), variant T415C (), variant
T415S (), variant A463C () and variant A463S (). b) Long-term stability of CHMO wild type and mutants.
The relative initial rate at t = 0 min was normalized to 100%. The CHMO wild type (), variant DS3 (), variant
T415C (), variant T415S (), variant A463C () and variant A463S () are displayed (Figure from Schmidt et
[100]
al. ).

In consequence, CHMOAcineto variants with increased oxidative stability and increased thermostability
were successfully created. Especially the obtained variant T415C, which still exhibits high activity for
cyclohexanone and shows an 8-fold increased half life compared to the wild type, is a promising
candidate for an industrial biocatalytic process using a BVMO.

5

Hot Spots in the Protein Engineering of BVMOs
ARTICLE V

The rational and the semi-rational protein engineering are facilitated the more information on the
relevant subject are available. This includes structural data and mechanistic information as well as
knowledge about potentially relevant residues that should be targeted when aiming at changing a
certain enzyme property. Previously published studies with similar aims are valuable foundations on
which to build on own protein engineering attempts. Article V is a review article giving an overview
of protein engineering studies conducted with BVMOs with the aims to broaden the substrate scope,
control the regioselectivity, improve the enantioselectivity, influence the sulfoxidation activity,
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change the cofactor usage and create more stable enzymes.[24] Summarizing all these different
studies led to the identification of hot spots that can be targeted when aiming at improving different
enzyme properties. Some enzymatic residues even turned out to influence several enzyme properties
when being mutated.

5.1 Substrate Scope
Most of the studies aiming at broadening the substrate scope of a BVMO have been conducted with
PAMO. Unfortunately, this thermostable enzyme exhibits a narrow substrate range, which limits its
potential for a broad application. In order to widen the substrate scope of this enzyme, structural
comparison of the PAMO crystal structure with homology models of CHMO and CPMO exhibiting
very broad substrate spectra were often performed. This led to the identification of a bulge in a
PAMO loop near the active-site spanning residues 441-444, which is not present in CHMO (Figure
14). The bulge residues and the neighboring residue P440PAMO were targeted in several studies
resulting in variants tolerating substituted cyclohexanone derivatives.[102] Comparison of the PAMO
structure with the CPMO homology model inspired the creation of the PAMO variant M446G, which
performed well in the conversion of several prochiral cyclic ketones.[66] Parra et al. created a mutant,
which was able to fully convert low concentrations of cyclohexanone[103] by targeting the bulge
residues as well as two other residues (Q93/P94), which had been found to influence the substrate
scope of PAMO by inducing allosteric effects, that lead to a reshaping of the active site.[104] The
variant Q93N/P94D/P440F was used in an iterative saturation mutagenesis (ISM) approach, which
led to the creation of two PAMO variants able to catalyze the desired reaction.

Figure 14: Hot spots for the substrate specificity of PAMO. a) Bulge Residues 441-444 and residues P440 and
M446. b) Residues Q93 and P94 are situated remote from the active site. FAD is shown in dark grey (Figure
[24]
from Balke et al. ).

5.2 Regioselectivity
Apart from the studies described in section 2 (Articles I and II)[60, 93] there have recently been more
protein engineering studies changing the regioselectivity of BVMOs. The already mentioned
production of methyl propanoate by CHMOAcineto was improved with the variant T56S/L435N/I491A,
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so that equal amounts of the normal and abnormal product were obtained.[92] Additionally, the
regioselectivities of the first identified BVMOs involved in the anabolism of different Streptomyces
strains were analyzed.[105] The BVMOs PntE and PenE from S. exfoliatus and S. arenae catalyze the
conversion of 1-deoxy-11-oxopentalenic acid to the abnormal product pentalenolactone D, whereas
PtlE from S. avermitilis converts the substrate to neopentalenolactone D, the normal product. A
sequence alignment-guided approach led to the identification of six potentially interesting residues
in PntE. They found that mutating L185 to serine leads to a complete switch in regioselectivity as this
variant produces 93% of the normal product neopentalenolactone D instead of 96%
pentalenolactone D (Scheme 8).

Scheme 8: Conversion of 1-deoxy-11-oxopentalenic acid to the abnormal product pentalenolactone D by wild[105b]
type PntE and to the normal lactone neopentalenolactone D by wild-type PtlE and PntE variant L185S
[24]
(Figure from Balke et al. ).

The corresponding positions to L185PntE in other BVMOs have been shown to be relevant for
controlling the regioselectivity as well. Mutation of residues Q152 in PAMO, L145 in CHMORhodo and
F156 in CPMO i flue ed the e z es’ diffe e t egiosele ti ities.[33c, 97] Mutation of L196 in
CHMOArthro affected regioselectivity for (+)-trans-dihydrocarvone,[93] while the OTEMO variant P145A
showed changed regioselectivities for both enantiomers of bicycloheptenone and (–)-transdihydrocarvone.[60] However, the biggest effect on regioselectivity for OTEMO and CHMOArthro had
been observed, when residues F255OTEMO/F299Arthro, Y285OTEMO/F330Arthro and F443OTEMO/F485Arthro
were mutated.[60, 93]

5.3 Enantioselectivity
The earliest studies on protein engineering of BVMOs were focused on improving the
enantioselectivity of CHMOAcineto.[106] It was found that mutation of F432Acineto to serine or tyrosine
had the largest effect on enantioselectivity in the conversion of cyclohexanone derivatives and
sulfides.[107] F432Acineto corresponds to F443OTEMO/F485Arthro mutation of which significantly affected
regioselectivity. Enantioselectivity and regioselectivity can both be described as site-selectivity.[108]
While the regioselecti it des i es the e z e’s sele ti it fo the o e sio of as
et i
ketones to the normal or abnormal product, the enantioselectivity results from the conversion of
prochiral symmetric ketones. Thus, it can be concluded that the site-selectivity in general depends on
the positioning of the substrate. This means that a mutation of the hot-spot position F432Acineto also
results in a change of the substrate positioning.
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5.4 Sulfoxidation Activity
As described in section 3 (Article III), the sulfoxidation activity and the amount of formed sulfone in a
BVMO reaction can be influenced by engineering of the enzyme. When comparing this study to
studies on PAMO, some residues seem to be relevant in both enzymes regarding the sulfoxidation
activity: V121YMOA equals I67PAMO, Y477YMOA and P440PAMO align as well as Y479YMOA and A442PAMO.
All three PAMO positions were targeted in an iterative saturation mutagenesis.[98] The best resulting
variant, the quadruple mutant I67Q/P440F/A442N/L443I, displayed an inversion in enantioselectivity
towards p-methylbenzyl methyl thioether and no overoxidation to the corresponding sulfone
occurred. Additionally, the variant A442G showed an inversion of enantioselectivity for MPS (from R
to S) and methyl 2-naphthyl sulfide (from S to R) and I67T increased the enantioselectivity in the
conversion of benzyl phenyl sulfide.[97]
The already mentioned M446G PAMO variant showed improved enantioselectivities and conversions
towards the sulfides MPS, MTS, ethyl phenyl sulfide, methyl 2-naphthyl sulfide and benzyl phenyl
sulfide compared to the wild type.[66, 97]
The role of the catalytic arginine in heteroatom oxidations was investigated in a recent work on the
Ar-BVMO from Acinetobacter radioresistens by mutating R292 (R327Acineto/ R337PAMO) to alanine and
glycine.[109] These variants did not show Baeyer-Villiger activity on ketones anymore, which had also
been reported in similar studies on PAMO and the HAPMO.[31, 110] However, the variants R292A and
R292G retained their S- and N-oxidation activity, while the corresponding mutation in PAMO
rendered the enzyme inactive towards benzyl methyl sulfide as well.[31]
The most impressive protein engineering study on a BVMO with the aim to influence sulfoxidation
activity was performed by Codexis.[80] 41 mutations were introduced in CHMOAcineto in order to
increase enantioselectivity and stability of the enzyme. Thus, the production of the drug
esomeprazole with 99% ee was achieved.[81] Among the targeted positions were the active-site
residues F246, F277 and T415, which had already been mutated by Reetz et al. in a directed
evolution approach aiming at improving the enantioselectivity of CHMOAcineto in the conversion of
prochiral thioethers.[106b] Other mutated positions in the study by Codexis were F432Acineto (L443PAMO),
L435Acineto (M446PAMO) and K326Acineto aligning with R367YMOA. The mentioned corresponding residues
in other BVMOs were all shown to also have an influence on sulfoxidation as described above. The
information gained from the different mutational studies aiming to alter the oxidation of sulfides can
give indications on how the sulfone production in BVMO catalyzed reactions might be circumvented.

5.5 Cofactor Usage
Type I BVMOs are dependent on NADPH, which is an expensive and unstable cofactor when
compared to NADH and its recycling is more complicated.[111] However, BVMOs usually do not display
sufficient activity with NADH. Thus, protein engineering studies have been conducted to change the
cofactor specificity of these enzymes. The first study with this aim was performed with HAPMO.[112]
The investigation of conserved residues led to the identification of variants K439N and K439F, which
showed an increase in catalytic efficiency with NADH. Transferring this mutation to CHMOAcineto
(K326A) also resulted in a changed coenzyme specificity.
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In PAMO, the mutation H220N led to an improved catalytic efficiency with NADH. [95e] In order to
rationally design the cofactor specificity of CHMOAcineto, structure- and sequence alignments with
diverse BVMOs were employed.[9b] The most promising positions were mutated and a variety of
combinatorial mutants were created. Activity measurements of these variants with NADH as a
cofactor resulted in the discovery of two promising variants: S186P/S208E/K326H and
S186P/S208E/K326H/K349R. The NADH specificity was increased 1,920 and 4,170-fold, respectively,
proving the value of protein engineering as a tool to change the cofactor specificity of BVMOs.

5.6 Uncoupling
Since the rate of the uncoupling reaction can be increased, when performing protein engineering
with BVMOs, it is helpful to identify positions that have an influence on the uncoupling rate.
While attempting to switch the cofactor dependency of PAMO the variant R217T/T218E/K336Y was
created, which showed a massively increased uncoupling rate compared to the wild type.[113] It was
assumed that the introduced mutations disturb the important electron transfer pathways in BVMOs.
The mutation C65D in PAMO turned the enzyme into a NADPH oxidase, as the activity of the enzyme
was completely uncoupled.[91] This was useful for the cofactor regeneration in a process with an
alcohol dehydrogenase producing NADPH while oxidizing an alcohol to a ketone.
The usage of NADH often leads to an increased uncoupling since the stabilization of the flavinperoxide intermediate is not efficient in this case. Thus, the improvement of the NADH-accepting
CHMOAcineto variant S186P/S208E/K326H described in the previous section, was not only limited to its
activity, as it also showed a decreased uncoupling.[9b] Some additional variants also showed
decreased uncoupling rates, with the quadruple mutant S186P/S208E/K326H/K349R giving the best
results.
For CHMORhodo the uncoupling was determined for several variants in the course of structural
investigations. Variants L145N, L145D, F507Y, K328A, W492A, K328A/W492A, N497A, K501A and
N497A/K501A exhibited a higher degree of uncoupling than the wild-type enzyme.[33b, 33d]
The relevant positions for increasing the unproductive formation of H2O2 are quite consistent in the
different BVMOs. Mutation of the corresponding residues K326Acineto, K328Rhodo and K336PAMO led to
an increased uncoupling, as well as changing S208Acineto/T218PAMO. The uncoupling rate was also
raised by mutation of L145Rhodo, as this residue is crucial for the right coordination of NADP+.
Corresponding residues in other BVMOs (L143Acineto, L196Arthro, Q152PAMO, P145OTEMO, F156CPMO and
L185PntE) have been targeted while aiming at improving different enzyme properties, as discussed in
the other chapters of Article V. This indicates the importance of determining the efficiency of the
substrate oxidation when mutating these positions.

5.7 Stability
As mentioned before, the major drawback in the application of CHMOAcineto is its poor stability. Thus,
there have been several protein engineering studies targeting this property apart from the one
described in section 4 (Article IV). The study conducted by Opperman et al. aimed at increasing the
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thermo- and oxidative stability of CHMOAcineto by mutating all methionine and cysteine residues in the
protein.[99a] These residues are prone to oxidation by H2O2 in case of uncoupling. Several single and
combinatorial mutants were investigated and variants with increased oxidative stability
(M5I/M291I/C330S/C376L/M481A/C520V)
and
improved
thermostability
(M5I/M291I/C330S/C376L/M400I/M412L/M481A/C520V) were identified. However, it was not
possible to create a variant with increased thermo- and oxidative stability.
In parallel to the study described in Article IV, another study was conducted with the aim to increase
thermostability by introducing disulfide bonds. It was reported that one of these disulfide mutants
showed an increased half life when incubated at 30°C for a longer time period.[99b] As the introduced
disulfide bond only spanned one residue (L323C-A325C), but still leads to an increase in the melting
temperature of 6°C, the assumption that the stabilizing effect of a disulfide bond is increased with an
increasing number of spanned residues was refuted. However, the activity of this variant towards
cyclohexanone was significantly decreased in contrast to the improved DS3 and T415C variants
described in Article IV.
A structural comparison of the three studies on stabilizing CHMOAcineto shows that there seem to be
two areas in the enzyme, where mutations have the highest impact on thermostability (Figure 15).

Figure 15: Comparison of targeted residues in different studies aiming at improving the stability of CHMO Acineto.
[99]a
The orange spheres indicate the mutated residues in the study by Opperman and Reetz
, residues depicted
[100]
as blue spheres where mutated by Schmidt, et al.
, red spheres are residues L323 and A325 mutated by van
[99]b
Beek, et al.
and green spheres show relevant positions identified by a screening using a robotic platform
[85]
+
. FAD (dark grey) and NADP (light grey) are situated in the active site of the enzyme (Figure from Balke et
[24]
al. ).

The first region contains the disulfide bond mutants created by van Beek et al. (red spheres), the DS2
variant described in Article IV (blue spheres) and residues M481 and M291 targeted by Opperman
(orange spheres). The second region includes the DS3 and DS4 mutants (blue spheres), but also
residues C520 and M412 (orange spheres), which were shown to have a high impact on
thermostability.[99a] All of these studies show that it is possible to enhance BVMO stability by protein
engineering
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Conclusions

Conclusions

Baeyer-Villiger monooxygenases are versatile biocatalysts and catalyze reactions under
environmentally friendly conditions while exhibiting high stereo- and regioselectivities. In contrast to
the chemical Baeyer-Villiger oxidation, the abnormal reaction products are also accessible in the
enzymatic reaction. Therefore, understanding how the regioselectivity of BVMOs can be controlled
by methods of protein engineering is essential in order to efficiently perform regioselective
conversions. This was accomplished in Articles I and II as the regioselectivities of CHMOArthro,
CHMOAcineto and OTEMO were switched for (+)-trans-dihydrocarvone and it was possible to create
OTEMO variants selectively converting (–)-cis-bicyclo[3.2.0]hept-2-en-6-one to either the normal or
the abnormal product. These studies highlight the importance of substrate positioning for the
regioselectivity and that the position of the substrate can be efficiently influenced by introducing
proper mutations. Additionally, it was shown that the beneficial mutations for all BVMOs were partly
in corresponding positions.
In Article III the sulfoxidation activity of a newly identified monooxygenase from Yarrowia lipolytica
(YMOA) was investigated. As the sulfoxidation of BVMOs has a high potential of industrial
application, it is essential to reduce the overoxidation of the sulfoxide to the sulfone, which usually
only represents a minor side reaction. However, YMOA exhibits a high degree of overoxidation in the
reactions with methyl p-tolyl sulfide and methyl phenyl sulfide and also with dimethyl sulfoxide.
Thus, the enzyme was used in a rational protein engineering approach with the aim to identify
residues influencing the sulfoxidation activity and the tendency to overoxidation. Some of the
created enzyme variants showed increased sulfone formation, while others drastically decreased the
sulfone formation in relation to the sulfoxidation reaction. These results will facilitate future protein
engineering studies aiming at reducing the overoxidation to sulfones.
Another critical aspect when considering BVMOs for industrial application is their low stability. Even
though there are some BVMOs exhibiting a reasonable thermostability, most of these display a
narrow substrate scope. Article IV describes a significant increase of thermostability of CHMOAcineto
achieved by a single mutation in the protein. This enzyme variant paves the way to creating a BVMO
suitable for industrial application.
The aim of the review Article V was to give an overview of protein engineering studies conducted
with BVMOs and to identify hot spots that can be targeted when aiming at changing specific enzyme
properties. This article comprehensively describes the effect of promising mutations in BVMOs and
will thus be of value in future protein engineering studies.
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Switching the Regioselectivity of a Cyclohexanone Monooxygenase
toward (+)-trans-Dihydrocarvone by Rational Protein Design
Kathleen Balke, Sandy Schmidt, Maika Genz, and Uwe T. Bornscheuer*
Institute of Biochemistry, Dept. of Biotechnology & Enzyme Catalysis, Greifswald University, 17487 Greifswald, Germany
S Supporting Information
*

ABSTRACT: The regioselectivity of the Baeyer−Villiger monooxygenasecatalyzed oxidation is governed mostly by electronic eﬀects leading to the
migration of the higher substituted residue. However, in some cases, substrate
binding occurs in a way that the less substituted residue lies in an
antiperiplanar orientation to the peroxy bond in the Criegee intermediate
yielding in the formation of the “abnormal” lactone product. We are the ﬁrst
to demonstrate a complete switch in the regioselectivity of the BVMO from
Arthrobacter sp. (CHMOArthro) as exempliﬁed for (+)-trans-dihydrocarvone by
redesigning the active site of the enzyme. In the designed triple mutant, the
substrate binds in an inverted orientation leading to a ratio of 99:1 in favor of
the normal lactone instead of exclusive formation of the abnormal lactone in
case of the wild type enzyme. In order to validate our computational study,
the beneﬁcial mutations were successfully transferred to the CHMO from
Acinetobacter sp. (CHMOAcineto), again yielding in a complete switch of regioselectivity.

B

structure and the reordering of the Criegee intermediate, which
is formed in the course of the reaction and leads to the release
of the product. The migrating bond in the Criegee intermediate
is supposed to be antiperiplanar to the oxygen−oxygen bond of
the peroxide. This assumption was investigated and conﬁrmed
for the conversion of bicyclic substrates by the cyclohexanone
monooxygenase (CHMO) from Acinetobacter sp.4 Additionally,
the preferred conformation of cyclohexanone and 4-methylcyclohexanone in the active site of the CHMO from
Rhodococcus has been rationalized in a QM/MM study showing
that only one of the two possible σ bonds adjacent to the keto
function of the substrate is in a conformation, which ensures
maximum σ orbital overlap. This ﬁnding made it possible to
rationalize the experimentally observed enantioselectivity of the
enzyme toward 4-methylcyclohexanone and might also facilitate
the prediction of regioselectivity.13 Apart from the prediction of
regioselectivity, in practical experiments it has been observed
that the amount of abnormal product can also be slightly
inﬂuenced by the oxygen supply.9,10
The aim of this study was to understand how regioselectivity
can be controlled and to ascertain whether it is possible to
switch the regioselectivity. We used the conversion of (+)-transdihydrocarvone by the CHMO from Arthrobacter sp. BP2
(CHMOArthro)14 as a model reaction. This reaction was already
investigated in more detail,15 and it was reported that
CHMOArthro converts (+)-trans-dihydrocarvone exclusively to
the abnormal lactone (Scheme 1). Changing the regioselectivity

aeyer−Villiger monooxygenases (BVMOs) belong to the
FAD-dependent oxidoreductases and catalyze the enzymatic pendant of the chemical Baeyer−Villiger oxidation. An
oxygen atom is inserted next to a keto function yielding in the
formation of esters or lactones. BVMOs have been studied
since the 1950s1 and have often shown excellent stereo- and
chemoselectivity while oﬀering a wide substrate spectrum.2,3
This broad applicability and the fact that enzymatic Baeyer−
Villiger oxidations are much more environmentally and
economically friendly due to the use of molecular oxygen
instead of peracids or transition metal catalysts make BVMOs
valuable catalysts. The conversion of asymmetric ketones with
BVMOs can lead to the formation of two regio-isomeric
products. When the oxygen atom is inserted next to the more
nucleophilic and higher substituted residue, the product is
called the “normal” lactone/ester. When the oxygen atom is
inserted next to the smaller residue, the “abnormal” product is
formed. These regiodivergent conversions using diﬀerent
BVMOs have been mostly reported for fused bicyclic
ketones.4−7 Additionally, it was shown that some aliphatic
substrates like certain β-hydroxyketones and β-aminoketones
can be converted to abnormal esters.8−11 Recently, the
formation of abnormal product was reported for the conversion
of methyl ethyl ketone by diﬀerent BVMOs. It was found that
an excess of the substrate led to a better ratio of abnormal over
normal product.12 However, in many cases, the enzymes did
not exhibit a perfect regioselectivity, and both possible regioisomers were formed, yielding a mixture of products. In those
cases, it is mandatory to understand how regioselectivity is
controlled by the enzyme so that only the desired product can
be obtained. The most widely accepted assumption on how
regioselectivity is controlled by the enzyme is based on the
© 2015 American Chemical Society
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reacts with the reduced ﬂavin cofactor to form the C4αperoxyﬂavin intermediate.22 After the substrate has entered the
active site, the enzyme will change to the closed conformation.
The positioning of the substrate binding would then be decided
in the closed conformation. As the NADPH blocks the
interaction of the substrate and FAD/peroxy group in the
closed conformation, the NADPH moves away from the FAD to
yield the rotated conformation. In this conformation, the
substrate is guided closer to the peroxy group with the help of
Arg329 (CHMORhodo numbering) so that the Criegee
intermediate can be formed. The subsequent rearrangement
of the Criegee intermediate is controlled by the directionality of
the enzyme. The enzyme probably exhibits a certain
directionality when inserting the oxygen into the substrate so
that the oxygen will always be entered at the same position.23
Only the orientation of the substrate will then decide which
enantiomer or regio-isomer is formed. Following the rearrangement of the Criegee intermediate, the corresponding lactone
product, water, and oxidized FAD are released while the
enzyme changes ﬁrst from the rotated to the closed and then the
open conformation. This, by Yachnin et al., ﬁrst proposed order
of the diﬀerent enzymatic movements as derived from the
diﬀerent crystal structures complemented the mechanism of
this reaction, which was ﬁrst postulated in 198224 and gave
valuable insights into the structural movements of CHMOs
during the mechanism.
When converting asymmetric ketones, the two regio-isomers
are formed by diﬀerent binding modes during the formation of
the Criegee intermediate. So, in order to predict and change
regiospeciﬁcity by rational protein design, the conformation of
the substrate in the closed structure and the rotated structure are
of main importance. The binding of the substrate in the closed
conformation determines the orientation of the substrate.
When looking at the substrate position in the rotated
conformation, the structure of the Criegee intermediate can
be predicted, and thus it should be possible to determine which
bonds are in an antiperiplanar orientation and thus which regioisomer will be formed. In our study, we used YASARA25−28 for
computational modeling. Based on the CHMOArthro closed and
rotated homology models, 16 amino acids presumably necessary
for substrate positioning were identiﬁed. Thirteen of these
relevant amino acids were mutated to alanine in order to
evaluate how important they actually are for substrate
positioning and catalysis (data for all mutated amino acids
can be found in the Supporting Information; Table 1). The

Scheme 1. Conversion of (+)-trans-Dihydrocarvone (1) by
CHMOArthro to the Abnormal (2) and Normal (3) Lactonea

a

Note: The wild type enzyme exclusively yields product 2.

of the enzyme toward this substrate so that only the normal
lactone is produced would not only give valuable insights into
the mechanism of this reaction but would also allow access to
the normal (4R,7R)-7-methyl-4-isopropenyl-2-oxo-oxepanone
enantiomer, which cannot be selectively produced by any of the
BVMOs investigated by Cernuchova and Mihovilovic.15
In order to change the regioselectivity of the enzyme toward
the trans-dihydrocarvone isomer by rational protein design, it
was mandatory to understand the mechanism of this reaction
and to have a reliable structural model of this enzyme. Since
there is no crystal structure of this BVMO available, it was
essential to ﬁnd a homologous enzyme, which has been
characterized in more detail. The most extensively studied
BVMOs are the CHMO from Acinetobacter sp. (CHMOAcineto)
and the phenylacetone monooxygenase from Thermobif ida f isca
(PAMO). In 2004, the crystal structure of PAMO was
published as the ﬁrst available BVMO structure.16 Even though
the CHMOAcineto has been investigated in many studies and
oﬀers a wide substrate spectrum,17−20 the crystal structure of
this enzyme has not been solved until now. This is probably
mainly due to the poor stability of this enzyme. However, a
close homologue of this enzyme, the CHMO from Rhodococcus
sp. HI-31, was successfully crystallized by Mirza et al.21 This
enzyme shows 84% homology to CHMOArthro. In the study
from 2009, two structures with bound FAD and NADP+ were
presented (CHMOOpen and CHMOClosed; PDB codes: 3GWF
and 3GWD). Further crystal structures of this enzyme in
combination with substrate (CHMORotated; PDB code:
3UCL)22 and product (CHMOTight and CHMOLoose; PDB
codes: 4RG3 and 4RG4)23 followed. These structures of the
CHMO from Rhodococcus allow insights into diﬀerent steps of
the mechanism and facilitate the interpretation of dynamic
movements of BVMOs during catalysis. By preparing homology
models based on those structures and the identiﬁcation and
mutation of relevant amino acids, we show here that we were
able to identify a triple mutant that oﬀers a complete switch of
the regioselectivity in the conversion of (+)-trans-dihydrocarvone, yielding 99% normal product. As the CHMO from
Acinetobacter sp. has a similar active site to that of CHMORhodo
and CHMOArthro, the beneﬁcial mutations were introduced in
this enzyme in order to validate the value of our computational
design. The CHMOAcineto wild type enzyme shows the same
characteristics in the conversion of (+)-trans-dihydrocarvone as
the CHMOArthro wild type, and the generated triple mutant
indeed also resulted in a complete switch in regioselectivity.
When we started our studies only the CHMO Open,
CHMOClosed, and CHMORotated structures as described vide
supra were available. In the beginning, we built CHMOArthro
homology models based on the closed and rotated structures as
those seemed to be mechanistically relevant. Yachnin et al.
assumed that the enzyme is in the open conformation in the
beginning of the reaction, when molecular oxygen from air

Table 1. Overview of the Generated CHMOArthro Variants
Comparing Substrate Conversion and Ratio of Normal to
Abnormal Product

39

enzyme variant

conversion of 1 [%]

normal/abnormal

wild type
L196F/F299A/F330A
L197F/F299A/F330A
F299A/F330A/F485A
F299V/F330A/F485A
F299A/F330A/F558V
F299V
F330V
F299A/F330V
F299V/F330A
F299V/F330V

100
14
19
39
37
12
39
70
43
18
29

0:100
96:4
92:8
99:1
99:1
95:5
74:26
0:100
69:31
91:9
75:25
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Figure 1. Comparison of the results of the docking experiments with the lactone product for CHMOArthro tight structures. (A) Docking experiment
of the abnormal lactone in the CHMOArthro wild type structure, docking experiments with the normal lactone in (B) the F299A variant, (C) the
F299A/F330A variant, and (D) the F299A/F330A/F485A variant. Protein is shown in green, mutated key residues in purple. Cofactors are depicted
in gray (FAD in light gray and NADPH in dark gray). The lactone product is shown in yellow.

orientations of the two possible (+)-trans-dihydrocarvone
products. In the wild type structure, the abnormal product is
tilted in a way that the two product residues are in the same
plane as the ring (Figure 1A). Consequently, they are not
colliding with any of the amino acid residues in the active site.
As expected, we did not get a convincing docking result from
the wild type structure with the normal lactone. However, the
normal product can be docked into the F299A mutant structure
(Figure 1B). In this variant, the lactone is not tilted sideways
because the larger residue would then collide with L196.
Nevertheless, from the docking result, it was clear why this
single mutation would not exclusively lead to normal lactone
formation: the larger substrate residue is very close to the
residues W543 and F558 so that the binding of the substrate in
this orientation would not be favored. Furthermore, it does not
become evident why the F299A single mutation makes normal
lactone binding possible as the general positioning of the
abnormal lactone in the wild type structure and that of the
normal lactone in the single mutant are very similar. However,
the methyl group of the normal product in the F299A/F330A
docking experiment would interfere with the phenylalanine side
chains in positions 299 and 330 (Figure 1C). In this structure,
the product is tilted again but moved away from the middle of
the active site. The larger residue of the product is in the same
plane as the ring of the abnormal product in the wild type
structure when superposing those structures.
In order to achieve exclusively normal product formation, we
assumed that we either have to open up the space above the
substrate so that the larger side chain can move up more or
have to close up the space where the large residue is positioned
in the abnormal product binding. With this strategy in mind, we
prepared four triple mutants in order to switch the
regioselectivity completely. Variants with the L196F or L197F

active site residues R380, W543, and D110 corresponding to
the amino acids R329, W492, and D59 in the CHMORhodo
structure were not mutated, as those were already shown to be
relevant for catalysis,16,21 and the W492A mutation led to
signiﬁcantly decreased activity in an earlier study.21 The
mutation of R380 (CHMOArthro numbering) to alanine would
not be reasonable as this residue has been shown to be crucial
for substrate positioning.22 Additionally, R329 and D59 seem to
be relevant for the positioning of NADP+.16,21,29 The proposed
enzyme variants were successfully expressed in E. coli
BL21(DE3). Whole cells were used for biocatalysis reactions
with (+)-trans-dihydrocarvone as a substrate. From this ﬁrst
round of mutagenesis, we identiﬁed the CHMOArthro variant
F299A, which gave 59% normal lactone instead of 100%
abnormal lactone formation produced by the wild type enzyme.
The only other enzyme variant, which showed good activity
and a slight change in regioselectivity was F330A with about 3%
normal lactone. The corresponding double mutant was
generated, which resulted in the production of 86% normal
lactone in whole cell biocatalysis. At this point the CHMOTight
structure was released and promised to be a better scaﬀold for
rational protein design when aiming at changing the enantio- or
regioselectivity.23 Therefore, homology models based on the
CHMORhodo tight conformation were built for CHMOArthro wild
type, F299A, and F299A/F330A. As this structure was
published with bound product, docking experiments with the
two possible products could now be performed in order to
determine the diﬀerent positioning of those products in the
variants. We assumed that the directionality of CHMOArthro
might be the same as for CHMORhodo due to the close structural
resemblance of the active sites. This way we were able to
compare our docking results with the product conformation as
shown in the CHMOTight structure and identiﬁed the product
40
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temperature as well as temperature stability. The optimal pH is
7.3 (Supporting Information Figure 2A) and the optimal
temperature 43 °C (Supporting Information Figure 2B).
Temperature stability was determined by incubating the
enzyme at 20, 25, and 30 °C and measuring the activity at
certain time points. The enzyme is completely inactivated after
about 4 h at 30 °C. At 25 °C, the enzyme still has 50% of its
initial activity after 4 h, and at 20 °C, the enzyme still exhibits
half of the initial activity after 43 h (Supporting Information
Figure 2C). On the basis of these results, we decided to
perform all biocatalytic reactions at 20 °C. In order to
compensate for the fact that the enzyme exhibits only 55% of
its potential activity, the biocatalytic reactions were performed
for at least 24−48 h. After checking the regioselectivity of the
enzyme variants in triplicate small scale biotransformations,
duplicates on a larger scale were performed as well as
biocatalysis reactions using puriﬁed enzyme. In Figure 2, a
comparison of the regioselectivities of the best enzyme variants
as observed in small-scale biocatalysis is shown.

mutation were designed in order to impede the usual substrate
binding for the formation of the abnormal product. The
mutation of positions F485 and F558 to smaller residues
facilitates the binding of the substrate in a way that the normal
product will be formed as the active site is opened up and room
is created for the large substrate residue. All those mutants
showed an increase in normal lactone production when used in
whole cell biocatalysis reactions compared to the double
mutant (Table 1). Variant F299A/F330A/F485A showed the
desired complete switch in regioselectivity as 99% normal
lactone was formed in small-scale whole cell biocatalysis instead
of 100% abnormal lactone in the case of the wild type enzyme.
Additionally, we prepared the variants F299V, F299A/
F330V, F299V/F330A, and F299V/F330V in order to
determine whether a slightly larger residue at these positions
has an inﬂuence on the regioselectivity. It was observed that a
valine at position F299V increases the amount of normal
lactone when compared to the corresponding alanine mutants
(Table 1). On the contrary, a valine in position 330 seems to be
too large since the F330V single mutant shows the same
regioselectivity as the wild type and the F229V/F330V the
same as the F299V variant. Thus, the mutation of F330 to
alanine is crucial for the change of regioselectivity, but it only
has an eﬀect in combination with the mutation of F299 to a
smaller residue. The variant F299V/F330A/F485A showed the
same characteristics as F299A/F330A/F485A.
In order to compare the substrate binding in the diﬀerent
variants, another docking experiment with F299A/F330A/
F485A was performed. The F485A mutation indeed allowed
the large product residue to point upward more than in the
double mutant (Figure 1D). Once the wild type and F299A/
F330A/F485A docking experiments are superposed, it is
obvious that the larger residue would collide with F485.
Additionally, the methyl group would clash with F330.
Mutations of F558 to alanine or valine led to an increase of
the amount of normal lactone, but those variants showed an
even more signiﬁcant decrease in activity.
In order to prove the transferability of the computational
design, the three beneﬁcial mutations found for CHMOArthro
were introduced into CHMOAcineto. These two enzymes have
similar active sites but the overall homology is only 57%. The
corresponding amino acids in the CHMOAcineto active site were
mutated, yielding the F246V/F277A/F432A CHMOAcineto
variant. The regioselectivity of this variant was compared to
the CHMOAcineto wild type enzyme for the conversion of
(+)-trans-dihydrocarvone in a biocatalytic reaction. Both
enzymes showed full conversion after 48 h reaction time, but
while the wild type enzyme gave 97.6% abnormal lactone, the
substrate conversion using the triple variant yielded in 99.6%
normal lactone and thus again resulted in a complete switch in
regioselectivity.
In order to determine optimal conditions for reactions with
the CHMO Arthro variants, the wild type enzyme was
characterized in more detail. Kinetic parameters were
determined for (+)-trans-dihydrocarvone as a substrate
(Table S2).
As shown in the Michaelis−Menten kinetic (Supporting
Information Figure 1), the enzyme is already inhibited at low
substrate concentrations. Signiﬁcant substrate inhibition can be
observed at substrate concentrations above 6 mM. For that
reason, we decided to use 6 mM as the highest substrate
concentration in biocatalysis reactions. Furthermore, the wild
type enzyme was characterized concerning optimal pH and

Figure 2. Comparison of the amount of normal and abnormal lactone
produced from (+)-trans-dihydrocarvone by CHMOArthro variants in
small-scale whole cell biocatalysis reactions.

The triple variant F299A/F330A/F485A was investigated
and compared to the wild type enzyme by taking time point
measurements of a biocatalysis prepared on a larger scale. Full
conversion of 2 mM (+)-trans-dihydrocarvone was achieved
after 1 to 1.5 h in a whole cell biocatalysis with the wild type
and after 4 to 5 h, yielding 98% normal lactone with the triple
variant (Supporting Information Figure 3A). Biocatalysis
reactions at 6 mM (+)-trans-dihydrocarvone gave 97%
conversion after extended reaction times, yielding over 99%
normal lactone in a whole cell biocatalysis by the triple variant
(Supporting Information Figure 3C).
A total of 2 mg of the puriﬁed enzymes fully converted 2 mM
substrate after less than 30 min in the case of the wild type and
around 150 h in the case of the triple variant (Supporting
Information Figure 3B). Although these results show a
decreased activity of the triple variant compared to the wild
type, they also demonstrate the high stability of this enzyme.
Even after several days, the enzyme still continuously converts
the substrate. In general, the high stability of CHMOArthro is a
major advantage of this enzyme, making it worth being studied
in more detail. When using puriﬁed enzyme, not only the
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inverted position, and only the normal product will be
produced, as this follows the rule of migration of the higher
substituted carbon center. The design process of the variant
shows on one hand that in order to change the regioselectivity
of a BVMO it is essential to understand the mechanism of the
reaction and to know the directionality of the enzyme. On the
other hand it became evident that rational design alone cannot
always pave the way to the desired enzyme property.
Sometimes it is necessary to investigate a lot of variants in
order to ﬁnd the right starting point for rational protein design.

activity but also the amount of normal lactone was decreased,
and varying ratios of normal to abnormal lactone were
obtained. This observation was made for all mutants with the
F299A mutation. We suppose that F299 is relevant for FAD
coordination, and by mutating this residue, FAD is lost while
purifying the enzyme, which already becomes evident by the
missing yellow color of the puriﬁed fractions. Thus, we tried to
circumvent the loss of cofactor by adding FAD in excess to all
buﬀers used for puriﬁcation. However, still only 90−94% of
normal lactone was produced by the triple mutant. We assume
that FAD is bound slightly diﬀerent after reconstitution, and
this might already lead to a diﬀerent substrate positioning
toward the peroxy group bound to the FAD, giving rise to the
possibility that other bonds are in an antiperiplanar orientation.
The change in the binding of FAD and possibly also in the
enzyme conformation during puriﬁcation of the variants might
not be the reason for only a changed regioselectivity but also
for the decreased activity of the puriﬁed enzyme variants. It
should also be noted that experiments at diﬀerent oxygen
concentrations did not reveal any change in the regioselectivity.
In summary, we established the ﬁrst example for a complete
switch in the regioselectivity of Baeyer−Villiger monooxygenases as exempliﬁed for CHMOArthro toward (+)-transdihydrocarvone by rational design by a stepwise protein
engineering strategy and for CHMOAcineto in order to
demonstrate the value of our computational design. To achieve
this, it was necessary to fully understand the mechanism and
structural changes during this oxidation reaction. However, the
ﬁrst key mutation F299A could not have been found by rational
design, and it is unclear how this single mutation contributes to
the change in regioselectivity. By building homology models of
the wild type enzyme and the single and double mutants using
the CHMORhodo tight structure as a template and assuming that
the directionality of CHMOArthro and CHMORhodo comply with
each other, it was then possible to determine the substrate
positioning for the formation of normal and abnormal lactone,
respectively. This substrate positioning coincides with the one
as predicted by Yachnin et al. from which they were able to
predict the right lactone product by two diﬀerent BVMOs.23
When looking at the best docking result of the F299A/F330A/
F485A variant, it becomes evident that this changed substrate
positioning is only possible in conjunction with the F299A
mutation. All F299A/F330A derived triple variants showed a
higher ratio of normal lactone than the double mutant, which
conﬁrms the value of the CHMORhodo tight structure for
predicting enantio- and regioselectivity of CHMOs exhibiting a
high homology to CHMORhodo. The best enzyme variant
F299A/F330A/F485A converted (+)-trans-dihydrocarvone almost exclusively to the normal lactone. We believe that our
work contributes to the understanding on how regioselectivity
is controlled, as it highlights the impact of steric eﬀects on the
substrate positioning in the active site. The general assumption
is that the more nucleophilic and higher substituted carbon
center will migrate during the reorganization of the Criegee
intermediate due to better stabilization. However, as the
migrating bond has to be in an antiperiplanar position to the
peroxy bond in the Criegee intermediate, this rule can only be
applied when steric eﬀects in the active site of the enzyme allow
the positioning of the substrate in this way. In the case of
(+)-trans-dihydrocarvone, the active sites of wild type
CHMOArthro and CHMOAcineto are built in a way that the
substrate cannot be bound in order to yield the normal lactone.
By creating suﬃcient space, the substrate can bind in an
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Controlling the Regioselectivity of Baeyer–Villiger
Monooxygenases by Mutation of Active-Site Residues
Kathleen Balke, Marcus B-umgen, and Uwe T. Bornscheuer*[a]
Baeyer–Villiger monooxygenase (BVMO)-mediated regiodivergent conversions of asymmetric ketones can lead to the formation of “normal” or “abnormal” lactones. In a previous study,
we were able to change the regioselectivity of a BVMO by mutation of the active-site residues to smaller amino acids, which
thus created more space. In this study, we demonstrate that
this method can also be used for other BVMO/substrate combinations. We investigated the regioselectivity of 2-oxo-D3-4,5,5trimethylcyclopentenylacetyl-CoA monooxygenase from Pseudomonas putida (OTEMO) for cis-bicyclo[3.2.0]hept-2-en-6-one
(1) and trans-dihydrocarvone (2), and we were able to switch
the regioselectivity of this enzyme for one of the substrate
enantiomers. The OTEMO wild-type enzyme converted (@)-1

into an equal (50:50) mixture of the normal and abnormal
products. The F255A/F443V variant produced 90 % of the
normal product, whereas the W501V variant formed up to
98 % of the abnormal product. OTEMO F255A exclusively produced the normal lactone from (+
+)-2, whereas the wild-type
enzyme was selective for the production of the abnormal
product. The positions of these amino acids were equivalent to
those mutated in the cyclohexanone monooxygenases from
Arthrobacter sp. and Acinetobacter sp. (CHMOArthro and
+)-2,
CHMOAcineto) to switch their regioselectivity towards (+
which suggests that there are hot spots in the active site of
BVMOs that can be targeted with the aim to change the regioselectivity.

Introduction
Baeyer–Villiger monooxygenases (BVMOs) are flavin-dependent
oxidoreductases that are able to catalyze the enzymatic equivalent of the chemical Baeyer–Villiger oxidation,[1] by which an
oxygen atom is inserted next to a keto function of a substrate
to produce an ester or lactone. The use of enzymes in Baeyer–
Villiger (BV) oxidations often results in enantio- and regioselectivities that are higher than those obtained in chemical BV
oxidations, and furthermore, enzymatic BV oxidations are performed with molecular oxygen instead of peracids or transition-metal catalysts and can be performed under ambient conditions.[2] In addition to classical BV oxidation, a number of
BVMOs have also been reported to be capable of performing
heteroatom oxidations, epoxidations, and oxidations of selenium- and boron-containing compounds.[2a, c, 3] The fungal BVMO
CcsB was reported to catalyze the formation of a carbonate
functionality in the macrocyclic portion of cytochalasin E.[4]
Over the past 20 years, a lot of effort has been devoted to improving BVMOs with regard to the substrate spectrum,[5] enantioselectivity,[5a, 6] stability,[7] and co-factor usage[8] by proteinengineering methods. Recently, the regioselectivity of BVMOs
was also successfully changed.[9] The conversion of asymmetric
ketones with BVMOs can lead to the formation of two regioiso[a] K. Balke, M. B-umgen, Prof. Dr. U. T. Bornscheuer
Department of Biotechnology and Enzyme Catalysis
Institute of Biochemistry, Universit-t Greifswald
Felix-Hausdorff-Strasse 4, 17487 Greifswald (Germany)
E-mail: uwe.bornscheuer@uni-greifswald.de
Supporting Information and the ORCID identification numbers for the
authors of this article can be found under https://doi.org/10.1002/
cbic.201700223.
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meric products. This is accounted for by the catalytic mechanism of BVMOs, which was elucidated for the cyclohexanone
monooxygenase from Acinetobacter sp. (CHMOAcineto)[10] and
phenylacetone monooxygenase (PAMO),[11] and substrate positioning. After reduction of flavin adenine dinucleotide (FAD)
with reduced nicotinamide adenine dinucleotide phosphate
(NADPH), molecular oxygen binds to the C4a of FAD to form
a peroxy–flavin intermediate. If the substrate is bound in the
active site of the protein, the peroxy group attacks the carbonyl carbon atom, which leads to the formation of the Criegee intermediate. It was proposed that the migrating bond has to be
in an antiperiplanar position to the O@O bond of the peroxy
group.[12] If the oxygen atom is inserted next to the higher substituted residue, the normal product is formed, whereas insertion of the oxygen atom next to the smaller residue results in
the abnormal product. Thus, the positioning of the substrate
in the active site is decisive for the regioselectivity of the
enzyme for a certain substrate. In an earlier study, we demonstrated that mutation of three active-site residues in the cyclohexanone monooxygenase from Arthrobacter sp. (CHMOArthro)
+)-trans-dihydrocarled to reversed regioselectivity towards (+
vone. By creating more space in the active site, the substrate
could bind in a different orientation, so that the F299A/F330A/
F485A mutant produced exclusively the normal lactone instead
of the abnormal lactone, which was formed by the wild-type
enzyme. Mutating the corresponding active-site residues in
CHMOAcineto had the same effect.[9a] In a study by the Fraaije
group, the regioselectivity of CHMOAcineto was changed for
improved formation of methyl propanoate by mutating Ile491
to the smaller amino acid alanine.[9c] Chen et al. changed the
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regioselectivity of PntE from Streptomyces arenae towards 1deoxy-11-oxopentalenic acid by mutating only one residue.
PntE L185S produced neo-pentalenolactone D, which can be
considered as the normal product, instead of the abnormal
pentalenolactone D product formed by the wild-type enzyme.[9b] Apart from the influence of the substrate structure
and, thus, its positioning in the active site, it has been observed that the regioselectivity can also be influenced by substrate concentration,[13] enzyme concentration,[13c] and oxygen
supply.[14] Owing to electronic, steric, and conformational effects, the abnormal product is not accessible through chemical
Baeyer–Villiger oxidation. However, the formation of the abnormal product by BVMOs was reported for a number of reactions, such as the conversions of chiral nitrilolactones,[15] terpenones,[16] b-amino ketones,[14, 17] b-hydroxy ketones,[18] and bicyclic ketones.[19] Divergent regioselectivities for different BVMOs
have also been observed for the conversion of aldehydes into
formates[13b, 20] or carboxylic acids[13c, 21] and long-chain ketocarboxylic acids.[22] Thus, understanding how regioselectivity can
be controlled is necessary for the development of tailored
BVMOs for a variety of applications. For example, BVMOs with
opposite regioselectivities have been utilized in cascades so
that different products could be obtained.[22, 23] Recently, a
review was published that emphasizes the importance of regioselective enzymes for applications in organic synthesis, and
an overview of different enzyme classes that have been engineered for optimized regioselectivity, including BVMOs, was
also provided.[24]
In this study, we focused on the conversion of the standard
BVMO substrate cis-bicyclo[3.2.0]hept-2-en-6-one (1) by 2-oxoD3-4,5,5-trimethylcyclopentenylacetyl-CoA
monooxygenase
(OTEMO; Scheme 1 A). Additionally, the regioselectivities of
OTEMO and CHMOArthro towards trans-dihydrocarvone (2) were
studied (Scheme 1 B). CHMOArthro was characterized and recombinantly expressed in 2003.[25] This enzyme was used to study
the conversion of terpenones,[9a, 16] b-amino ketones,[14, 17] and
nitrilolactones.[15] OTEMO is involved in the camphor degradation pathway of Pseudomonas putida ATCC17453, in which it
converts 2-oxo-D3-4,5,5-trimethylcyclopentenylacetyl-CoA into
the corresponding lactone. The enzyme was initially characterized in 1983,[26] and it was cloned and recombinantly expressed
in 2011.[27] The crystal structure of OTEMO was solved in complex with FAD and NADP + .[27b] OTEMO is a dimeric BVMO, and
it converts a variety of substrates such as mono- and bicyclic
ketones and aromatic and aliphatic ketones.[27a] Recently,
OTEMO was used for the synthesis of the Tanigushi lactone.[28]
Leisch et al. reported a normal/abnormal lactone ratio of 3:1
for the conversion of rac-1 with 33 % ee for the normal lactone
(1S,5R) and > 99 % ee for the abnormal lactone (1R,5S).[27b] Con+)-1 was exclusively converted into the normal lacsequently, (+
tone, whereas (@)-1 was converted into a 1:1 mixture of the
normal/abnormal lactones. cis-Bicyclo[3.2.0]hept-2-en-6-one (1)
was converted by a high number of BVMOs, and the conversion of this substrate by a BVMO is an established industrial
process.[29] The reaction is of interest for the synthesis of prostaglandins.[30]
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Scheme 1. Regiodivergent conversion of asymmetric ketones by BVMOs.
+)-1 {(+
+)-(1R,5S)-cis-bicyclo[3.2.0]hept-2A) Conversion of bicyclic ketones (+
en-6-one} and (@)-1 {(@)-(1S,5R)-cis-bicyclo[3.2.0]hept-2-en-6-one} into the
+)-2 [(+
+)-trans-dihydrocarvone] and
possible products. B) Conversion of (+
(@)-2 [(@)-trans-dihydrocarvone] into the respective products.

The regioselectivity of BVMOs towards rac-1 differs, as some
BVMOs show excellent regioselectivity for both enantiomers
and others exhibit no regioselectivity towards one of the enantiomers. A regiodivergent conversion of both enantiomers
leads to exclusive production of the normal lactone from one
enantiomer and the abnormal lactone from the other enantiomer. BVMOAf1 from Aspergillus fumigatus Af293 produces nor+)-1 and abnormal lactone (@)-1 b
mal lactone (@)-1 a from (+
from (@)-1, both with excellent enantioselectivity.[31]
CHMOAcineto,[32] the cyclohexanone monooxygenase from Brevibacterium HCU (CHMOBrevi1),[19c] and the recently discovered
BVMOs polycyclic ketone monooxygenase (PockeMO) from
Thermothelomyces thermophila[33] and TmCHMO from Thermocrispum municipale[34] exhibit the same regioselectivity. BVMO
AFL619 from Aspergillus flavus shows opposite regioselectivity,
+)-1 a from (@)-1
as this enzyme produces normal lactone (+
and abnormal lactone (+
+)-1 b from (+
+)-1.[35] BVMOs AFL456
and AFL838 also show excellent regioselectivity, but these en+)-1 a from
zymes only produce normal lactones (@)-1 a and (+
both enantiomers.[35] MO9, MO14, and MO15 from Rhodococcus jostii RHA1 catalyze the conversion of rac-1 in an exceptional fashion, as they only convert substrate enantiomer
(+
+)-1. Reactions with MO9 and MO15 lead to the formation of
a mixture of both (1S,5R) regioisomers, whereas MO14 produces exclusively normal lactone (@)-1 a.[36] This enantiodivergent
conversion was used for the gram-scale resolution of the race-
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mic substrate with MO14 so that (@)-1 was obtained in enantiopure form.[37]
The aim of this study was to investigate whether it was possible to transfer the knowledge gained in our first study on the
regioselectivity of BVMOs to a different BVMO/substrate combination. For this, we wished to change the regioselectivity of
OTEMO towards both enantiomers of cis-bicyclo[3.2.0]hept-2en-6-one. We generated variants that exclusively formed the
normal or abnormal lactone from (@)-1 instead of the formation of a mixture of both regioisomers, as obtained from the
wild-type enzyme. We were also able to shift the regioselectivity of OTEMO towards (+
+)-1, so that 35 % of the abnormal lactone was produced. The wild-type enzyme exclusively convert+)-1 into the normal lactone. Following our study on the
ed (+
regioselectivity of CHMOArthro towards (+
+)-trans-dihydrocarvone,
we investigated the regioselectivity of the OTEMO variants to+)- and (@)-trans-dihydrocarvone and of the CHMOArthro
wards (+
variants towards (@)-trans-dihydrocarvone. The results from
this protein-engineering study further deepen the understanding of how regioselectivity can be changed in BVMOs.

Results and Discussion
Regioselectivity of OTEMO for cis-bicyclo[3.2.0]hept-2-en-6one
To choose the relevant residues for the mutational study of
OTEMO, the structure of the active site of the enzyme was
examined. The crystal structure of OTEMO was solved in 2012
by Leisch et al. with bound NADP + and FAD.[27b] In total, four

structures revealing different conformational states were published in that work. It was stated that the closed OTEMO structure (PDB ID: 3UP4) showed high similarity to the CHMORhodo
closed structure (PDB ID: 3GWD).[38] We compared the closed
OTEMO structure to the CHMORhodo tight structure,[39] as this
seemed to be the best-available structure for protein-engineering studies and the prediction of the regio- and enantioselectivities of the CHMOs. The RMSD of both structures was 7.5 a
(Figure 1 A). The secondary structure of the active site of
OTEMO was found to be very similar to that of CHMOTight. Especially, the positions of NADP + and FAD showed high resemblance with RMSDs of 1.1 and 0.9 a, respectively. However, the
catalytically relevant Arg337 in OTEMOClosed was positioned in
a way that it blocked the optimal binding position of the substrate (Figure 1 B). The RMSD was 2.7 a. The position of Arg337
in OTEMOClosed was found to be in accordance with its position
in the CHMORhodo rotated structure.[40] The RMSDs of Arg337
(OTEMOClosed) and Arg329 (rotated CHMORhodo) were 1 a (Figure 1 C). The CHMORotated structure represents the enzyme conformation in which the Criegee intermediate is formed. NADP +
is rotated to the side so that the substrate has enough space
to react with the peroxy group bound to C4a of FAD. The
RMSD of NADP + in both structures was 5.2 a. Assuming that
the substrate binding in OTEMO is similar to the process elucidated for CHMO, the OTEMOClosed structure does not sufficiently represent the conformation for substrate binding or formation of the Criegee intermediate. As shown in our study from
2016, the regioselectivity was largely controlled through steric
effects.[9a] Thus, to change the regioselectivity of OTEMO towards cis-bicyclo[3.2.0]hept-2-en-6-one, in this study ten resi-

Figure 1. Structural alignments of OTEMOClosed with different CHMO structures. The OTEMO structure is depicted in purple with FAD and NADP + shown in
dark gray; the CHMO structure is displayed in yellow with FAD and NADP + shown in light gray. A) Alignment of OTEMO (PDB ID: 3UP4) with CHMORhodo (PDB
ID: 4RG3). B) Comparison of the positioning of the catalytically relevant arginine in the alignment of OTEMO (3UP4) with CHMORhodo (4RG3). C) Alignment of
OTEMO (3UP4) with CHMORhodo (PDB ID: 3UCL). D) Alignment of OTEMO (3UP4) with the CHMOArthro tight homology model.

ChemBioChem 2017, 18, 1627 – 1638

www.chembiochem.org

1629

T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Papers
dues in the active site were mutated to alanine (i.e., P145,
L146, F255, Y285, W288; T442, F443, C444, V446, and W501).
The regioselectivity of the variants was investigated in smallscale whole-cell biocatalysis reactions with the racemic substrate (Table 1 and Table S1 in the Supporting Information).
F255A gave the highest ratio of normal to abnormal lactones

Table 1. Production of normal lactone (+
+)-1 a and abnormal lactone (@)1 b from (@)-1 by best-performing OTEMO variants.
OTEMO variant

[+]-1 a [%][a]

OTEMO variant

[@]-1 b [%][a]

wild type
Y285A
P145A
F255A
F443V
Y285F
F255V
Y285V
F255V/Y285V/F443V
F255V/Y285A/F443V
F255A/F443V
F255V/F443V

50
75
78
81
82
82
87
89
88
89
90
95

wild type
W288A
T442A
W501A
W288F
W501F
W501V
F443A/W501A
F443V/W501A

50
72
77
95
75
83
95
89
91

[a] Determined by GC analysis for small-scale whole-cell biocatalysis reactions with rac-1. All experiments were performed in triplicate.

with 81:19 for (@)-1. Biocatalysis with P145A and Y285A yielded 78 and 75 % of the normal lactone, respectively. Regarding
the production of the abnormal lactone from (@)-1, W288A
produced 72 % of the abnormal product, whereas T442A produced 77 % of the abnormal product. W501A converted 95 %
of the (@)-enantiomer into the abnormal lactone. In a next
step, single mutants with valine, phenylalanine, and serine instead of alanine were created. The amount of normal product
for F255V increased to 87 %. Y285S did not improve this value
compared to Y285A. However, biocatalysis reactions with
Y285F and Y285V resulted in 82 and 89 % of the normal lactone, respectively. F443V converted (@)-1 into 82 % of the
normal lactone, whereas F443A only gave 58 % of the normal
lactone. The regioselectivity of W288F increased only slightly
relative to that of W288A. This variant gave 75 % of the abnormal lactone. Surprisingly, the regioselectivity of W288V was
lower than that of W288A. Phenylalanine in position 501
seemed to be too large, as W501F showed lower regioselectivity than W501A. W501V yielded the same amount of the abnormal lactone in small-scale reactions than W501A.
Upon comparing the active-site residues in OTEMOClosed (PDB
ID: 3UP4) to those in CHMOArthro tight, it became clear that the
OTEMO residues, which mostly influence the regioselectivity
towards cis-bicyclo[3.2.0]hept-2-en-6-one, also had a high
+)-trans-dihyimpact on the regioselectivity in CHMOArthro for (+
drocarvone. F255 in OTEMO corresponds to F299 in CHMOArthro.
Upon superposing both structures on FAD, the RMSD for these
residues was 2.1 a. Y285 (OTEMO) corresponds to F330 with
a RMSD of 2.5 a, and F443 (OTEMO) corresponds to F485 with
a RMSD of 2.9 a (Figure 1 D).The relatively high RMSD values
show that even though these residues are in the same positions in the overall structure, their orientations are different.
ChemBioChem 2017, 18, 1627 – 1638
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The regioselectivity of the CHMOArthro F299A/F330A/F485A
+)-trans-dihydrocarvone was found to
triple mutant towards (+
be reversed relative to that of the wild-type CHMOArthro.
Mutation of W501 to smaller residues in OTEMO leads to the
formation of the abnormal product from (@)-1. This residue
has been found to be essential for activity in CHMOs. The
CHMORhodo W429A mutant was previously shown to have lower
activity and NADP + affinity[38] than the wild-type enzyme but
increased selectivity towards a number of substrates.[39] The
OTEMO W501 variants still showed sufficient activity, and this
residue had a large impact on the regioselectivity of OTEMO
towards (@)-1. To increase the regioselectivity of OTEMO towards (@)-1 further, several double mutants were generated
by combination of single mutations. Specifically, the combination of F255/Y285/F443 was studied intensively (Table 1 and
Table S1).
The variants combining all three positions showed lower
regioselectivities than Y285V. Specifically, the F255A/Y285A/
F443A variant, corresponding to the best CHMOArthro variant for
the conversion of (+
+)-trans-dihydrocarvone, displayed poor regioselectivity by producing 67 % of the normal lactone from
(@)-1. The F255V/Y285A double mutant had a similarly low
regioselectivity. The F255V/Y285A/F443V and F255V/Y285V/
F443V triple mutants gave 89 and 88 % of the normal lactone,
respectively, and displayed the same regioselectivity as Y285V.
Double mutants combining F255 and F443 yielded variants
with improved regioselectivity. Whereas F255A/F443A produced 80 % of the normal product from (@)-1, F255V/F443A
gave 90 % of the normal product, and F255V/F443V turned out
to be the best variant with 95 % of the normal lactone in
small-scale biocatalysis reactions.
For the formation of the abnormal product from (@)-1,
double mutants combining positions W288, W501, and T442
were generated. All of these variants showed lower regioselectivity than W501A and W501V. Additionally, F443A/W501A and
F443V/W501A were created, and approximately 90 % of the
abnormal product was obtained from biocatalysis with these
variants (Table 1).
To confirm the results obtained for the F255A/F443V, F255V/
F443V, W501A, and W501V variants, whole-cell biocatalysis reactions were performed on a larger scale, and the reactions
were repeated with purified enzymes (Table 2). Cells expressing
OTEMO wild-type enzyme converted 2 mm (@)-1 in less than
20 min, and 51 % of the normal product was obtained. F255A/
F443V converted the substrate in approximately 2 h to give
90 % of the normal product. The whole-cell reaction with
F255V/F443V was performed with 2 mm racemic substrate. The
+)-1 in 16 h to 18 % of the abnorvariant converted 97 % of (+
mal product, and 64 % of (@)-1 was converted in 16 h to yield
91 % of the normal lactone. In an experiment with resting cells
expressing W501V, 95 % of the abnormal lactone was obtained
from a 2 mm racemic substrate. W501A fully converted 2 mm
(@)-1 in less than 16 h to give 97 % of the abnormal lactone.
The purified enzymes were used in 10–20 mL biocatalysis
reactions (for exact conditions, see the Experimental Section).
The purified wild type, W501A, and W501V (20 mg) were used
to convert (@)-1 (2 mm, & 2 mg). The OTEMO wild-type
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Table 2. Larger-scale biocatalysis reactions for the production of normal
+)-1 a and abnormal lactone (@)-1 b with whole cells and purilactone (+
fied enzyme by using the best-performing OTEMO variants.
OTEMO
variant

Conditions

Normal/
abnormal [%][a]

wild type
F255A/F443V
F255V/F443V
W501A
W501V
wild type
F255A/F443V

whole-cell biocatalysis, 2 mm (@)-1
whole-cell biocatalysis, 2 mm (@)-1
whole-cell biocatalysis, 2 mm rac-1
whole-cell biocatalysis, 2 mm (@)-1
whole-cell biocatalysis, 2 mm rac-1
15 mg purified enzyme, 2 mg (@)-1
4 mg purified enzyme, 2 mg rac-1,
FAD in purification buffer
4 mg purified enzyme, 2 mg rac-1,
FAD in purification buffer
20 mg purified enzyme, 2 mg (@)-1
20 mg purified enzyme, 2 mg (@)-1

51:49
90:10
91:9
3:97
5:95
54:46
84:16

F255V/F443V
W501A
W501V

84:16
6:94
2:98

[a] As determined by GC analysis. Chromatograms can be found in the
Supporting Information.

enzyme fully converted the substrate in 5–10 min and yielded
53 % of the abnormal product. W501A converted the substrate
in approximately 30 min, and 94 % of the abnormal product
was obtained. With purified W501V, 98 % of the abnormal
product was obtained, and full conversion was reached in less
than 30 min. W501V was used in a preparative-scale biocatalysis reaction for the conversion of (@)-1 (100 mg). As the
enzyme is already inhibited by cis-bicyclo[3.2.0]hept-2-en-6one concentrations above 1 mm,[27a] the substrate concentration for the preparative-scale reaction was only 2 mm so that
the reaction volume was 450 mL. A sample was taken after
41 h and was analyzed by GC; full conversion of the substrate
was observed with a normal/abnormal product ratio of 6:94.
The isolated product was analyzed by NMR spectroscopy and
GC–MS, which confirmed the formation of (@)-1 b.
F255A/F443V, F255V/F443V, and OTEMO wild type were purified, and each enzyme (15 mg) was used to convert (@)-1
(2 mg). The wild-type enzyme reached full conversion in less
than 10 min to yield 54 % of the abnormal product. Surprisingly, both purified variants also gave 54 % of the abnormal product, and F255A/F443V reached full conversion in less than
40 min and F255V/F443V in 1–2 h.
This was repeated with less enzyme by using the purified
enzyme (3 mg) for the conversion of (@)-1 (2 mg). OTEMO wild
type fully converted the substrate in 10 min, but F255A/F443V
did not reach full conversion within 20 h. The amount of abnormal product was 55 % for both variants. A similar problem
evolved in our study of CHMOArthro variants containing the
F299A mutation. The purified enzyme produced a smaller
amount of the normal lactone than the enzyme in a whole-cell
biocatalysis reaction, and FAD was lost during purification of
the enzyme. Thus, we repeated the purification of F255A/
F443V and F255V/F443V with added FAD in the buffers used
for purification, even though the purified enzyme solution still
had a yellow color. The purified enzyme (4 mg) was then used
for the conversion of rac-1 (2 mg). As with CHMOArthro, the regioselectivity was improved by the addition of FAD to the puChemBioChem 2017, 18, 1627 – 1638
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rification buffer, but it could not be fully restored. Both variants
produced 84 % of the normal product, and full conversion was
reached between 24 and 48 h.
The specific activity of F255A/F443V towards rac-1 with
added FAD was ten times lower [(0.017 : 0.001) U mg@1] than
that of the purified enzyme without added FAD [(0.15 :
0.06) U mg@1], as determined in an NADPH depletion assay in
two separate experiments. The specific activity of F255V/F443V
without added FAD was determined once and was 10 times
lower (0.014 U mg@1) than that of F255A/F443V in a comparable
experiment. This was also reflected in the conversion times of
these variants. The specific activity of F255V/F443V with FAD
added to the purification buffer varied strongly in the two separate experiments and was very low. A possible reason why
the conversion rates of the reactions performed with the purified enzyme with FAD added to the purification buffer were
lower than those of the reactions performed with whole cells
might be due to interaction of FAD with surface amino acids,
which would thus inhibit dimer formation.
For all created variants, the normal/abnormal product ratios
+)-cis-bicyclo[3.2.0]hept-2-en-6-one
from the reaction with (+
were also determined (Table S2). W501A and F255A, which
gave the highest amounts of the different regioisomers from
(@)-1, and P145A were the only first-generation variants that
+)-1. The
produced small amounts of abnormal product from (+
amount of abnormal lactone from (+
+)-1 was increased by 2 %
upon using F255V instead of F255A. In the next mutagenesis
round, the F255A/Y285A/F443V and F255A/F443V variants
both gave 10 % of the abnormal lactone in this reaction. Reaction with F255V/F443V produced 18 % of the abnormal product, F255V/Y285V/F443V produced 23 % of the abnormal product, and F255V/Y285A/F443V even produced 35 % of the abnormal product. A complete switch in regioselectivity for the
+)-1 could not be achieved with any
reaction of OTEMO with (+
of the variants. To understand better why a change in regioselectivity was not possible for this substrate and how the mutations enabled switching the regioselectivity for (@)-1, docking
experiments were performed. Even though the OTEMOClosed
structure did not seem to be suitable enough for docking
studies, docking experiments with the four possible products
were performed to determine whether explanation of the
beneficial mutations was possible. As the OTEMO structure
was solved without bound product, the directionality of this
enzyme was not known. It was proposed that the directionality
of one enzyme would always be the same, so that the oxygen
atom would be inserted on the same side of the keto group.[39]
Only the position of the substrate would then decide which regioisomer or enantiomer was formed. It was assumed that the
directionality of OTEMO would be the same as that for CHMO
and PAMO, as the overall reaction mechanisms of the enzymes
were found to be the same. CHMO directionality was determined by cocrystallization of the product,[39] and PAMO directionality was derived from the model of the Criegee intermediate of PAMO with 2-(N-morpholino)ethanesulfonic acid
(MES).[41] As (@)-1 was converted into equal amounts of the
normal and abnormal products by the wild-type enzyme, we
expected to get good docking results for both products. The
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best docking result obtained with the normal lactone product
showed a distance of 4.5 a between the carbonyl carbon atom
of the substrate and C4a of FAD (Figure 2 A). The peroxy
group would have to point to the middle of the active site for
the obtained arrangement. The cyclopentenyl residue of the
substrate is tilted sideways and points down towards NADP + .
The closest distance between the cyclopentenyl residue and
the isoalloxazine is 3.3 a. This seems very close, especially considering that the substrate would have to move even closer for
Criegee intermediate formation. By mutating F255 and F443 to
the smaller residues, the peroxy group could point to a position
away from NADP + , and the substrate could be tilted even further so that the downwards-oriented cyclopentenyl residue
would point to the middle of the active site.
The substrate has to rotate 1808 for the formation of the abnormal lactone from (@)-1 (Figure 2 B). Thus, the cyclopentenyl
residue has to point up. The distance between the carbonyl
carbon atom and C4a is 4.4 a in the obtained docking result,

and the peroxy group would have to point slightly to the side.
As the closest distance from the docked product and W501 is
3 a, it is plausible that mutating this residue to a smaller one
facilitates formation of the abnormal lactone from (@)-1. Upon
looking at the overall structure of the active site, it is noticeable that mutation of the residues on one side of the active
site often leads to the formation of one regioisomer, whereas
mutation of the residues on the other side leads to the formation of the other regioisomer.
As the enzyme does not produce the abnormal product
from (+
+)-1, we did not expect to obtain suitable docking results for this orientation. Yet, a result for the docking experiment with the abnormal lactone was generated with the cyclopentenyl residue pointing down. In this docking, the distance
between the carbonyl carbon atom and C4a is 5 a. It seems
that the product cannot move closer to C4a, as the cyclopentenyl residue would then collide with the isoalloxazine. The
peroxy group at the C4a position would have to point to the
side of the isoalloxazine away from NADP + for the formation
of the Criegee intermediate. The cyclopentenyl residue is arranged on the side of the isoalloxazine (Figure 2 C). Mutating
residues F255 and Y285 to smaller residues would facilitate
this arrangement, but the cyclopentenyl residue would still be
very close to FAD during the formation of the Criegee intermediate. Even though the docking results give a fairly good
impression of how the substrates have to be oriented to produce the different lactones, in all of these dockings Arg337 is
not correctly positioned, as shown in Figure 2 A. Orientation
and stabilization of the substrate and the Criegee intermediate
through this important residue would not be possible. This
shows that the OTEMOClosed structure is not perfectly suited for
substrate or product dockings. Cocrystallization of the enzyme
with the product would be desirable for rational protein
design and the prediction of enantio- and regioselectivities.

Regioselectivity of OTEMO for trans-dihydrocarvone

Figure 2. Results of the docking experiments with lactones accessible from
1 for the OTEMOClosed structure. Relevant residues are shown in purple, the
docked product is depicted in yellow, and FAD and NADP + are presented in
gray. A) Normal lactone (+
+)-1 a. B) Abnormal lactone (@)-1 b. C) Abnormal
lactone (+
+)-1 b.
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To have a better indication of how regioselectivity was controlled in OTEMO, all variants were used in small-scale wholecell reactions with (+
+)- and (@)-trans-dihydrocarvone as substrates (Table S3). The wild-type enzyme fully converted (+
+)-2
into 95 % of the abnormal lactone and thus showed the same
regioselectivity as the CHMOArthro wild-type enzyme. All variants
that contained a mutation of F255 to alanine or valine showed
+)-trans-dihydrocarvone and
inversed regioselectivity towards (+
produced 100 % of the normal lactone. Indeed, it did not
matter which residues were additionally mutated. This only impacted the activity and not the regioselectivity of the variant.
F255A showed the highest activity, so that full conversion of
the substrate was achieved in small-scale whole-cell biocatalysis (a GC chromatogram can be found in the Supporting Information). This result was confirmed in a biocatalysis reaction
with the purified enzyme. Upon performing the docking experiment with OTEMO F255A and the normal lactone, the distance between the carbonyl carbon atom and C4a was found
to be 4.9 a (Figure 3).
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Figure 3. Result of the docking experiment with normal lactone (@)-2 a for
OTEMO variant F255A. The docked product is depicted in yellow, the relevant amino-acid residue is shown in purple, FAD is presented in light gray,
and NADP + is shown in dark gray.

The distance between the methyl group of the product and
the methyl group of alanine 255 was found to be 4.7 a. This
implied that mutating F255 to alanine was necessary to create
more space for this methyl residue. A possible reason why this
variant exclusively produces the normal lactone out of (+
+)-2
might be that the substrate needs to interact with phenylalanine in position 255 to be oriented correctly for the formation
of the abnormal product. Another reason for this switch in
regioselectivity could be the fact that the methyl group of the
docked abnormal product is very close to FAD (3.7 a). So, by
allowing rotation of the substrate, it might bind preferably in
this orientation owing to less steric hindrance.
A switch in regioselectivity for the other isomer, (@)-trans-dihydrocarvone, could not be achieved. OTEMO wild type converted (@)-2 into 98.5 % of the normal product. Only 2 variants
out of the 34 examined variants produced small amounts of
the abnormal product: P145A and W288F, which produced 4
and 5 % of the abnormal lactone, respectively. Six variants did
+)-trans-dihydrocarvone, but
not show any activity towards (+
they were able to reach conversions of 10–40 % in small-scale
whole-cell reactions for (@)-2. It is striking that five of these
variants contained a mutation of the W501 residue. It seemed
that W501 was an important residue for the coordination of
+)-2. The closest distance between the abnormal product and
(+
this residue was determined to be 3.7 a in the docking experiment. In combination with a mutation of F443, the activity of
+)-2 was restored, as those variants conthe mutant towards (+
verted 10–20 % of the substrate to yield 25–30 % of the normal
lactone. Presumably, the additional mutation allowed different
positioning of the substrate in the active site, so that it was coordinated by other residues and the conversion was again possible.
Regioselectivity of CHMOArthro for (@)-trans-dihydrocarvone
Interestingly, switching the regioselectivity of CHMOArthro for
(@)-trans-dihydrocarvone was also not possible. The regioselectivity of 54 variants towards (@)-2 was determined. Ten of
these variants produced 5–26 % of the abnormal lactone
ChemBioChem 2017, 18, 1627 – 1638
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(Table S4). Whole-cell biocatalysis with the CHMOArthro wild-type
enzyme yielded 98 % of the normal product. The best variants
were Q243A/F485A, which produced 26 % of the abnormal
product, and Q243A and Q243A/F558A both gave 20 % of the
abnormal product. Docking experiments with the normal and
abnormal lactones from (@)-trans-dihydrocarvone and
CHMOArthro tight were performed to understand why the switch
in regioselectivity was not possible for this substrate.
CHMOArthro wild type was determined to bind to (+
+)- and (@)trans-dihydrocarvone in such a way that the larger residue
could point downwards. Thus, (@)-2 was rotated 1808 relative
to (+
+)-2, and (@)-2 was exclusively converted into the normal
+)-2 was converted into the abnormal prodproduct, whereas (+
uct. A complete switch in regioselectivity for (+
+)-2 was achieved by mutating three phenylalanine residues to alanine residues, which created enough space for rotation of the substrate
so that the larger residue could point upwards.[9a] In the best
docking result with the abnormal lactone from (@)-2, the distance between C4a and the carbonyl carbon atom of the
product was determined to be 5.5 a (Figure 4).

Figure 4. Result of the docking experiment with abnormal product (+
+)-2 b
from substrate (@)-2 for CHMOArthro tight. The docked product is depicted in
yellow, the relevant amino-acid residue is shown in purple, FAD is presented
in light gray, and NADP + is shown in dark gray.

It became clear upon looking at the shortest distance between the product and NADP + why there was no abnormal
product formation from (@)-2. The carbon atom of the small
methyl residue of the product and the oxygen atom of the 2’hydroxy group of the nicotinamide riboside of NADP + are only
2 a apart. The distance between the corresponding hydrogen
atoms is 0.7 a. This explains why only 3 out of 60 investigated
variants, all of them containing the Q243A mutation, produced
low amounts of the abnormal product. Glutamine 243 is not
positioned in the substrate-binding pocket, but it is close to
the nicotinamide moiety of NADP + . It is next to serine 239 and
threonine 240, which share three hydrogen bonds with
NADP + . Valine 244 interacts with threonine 240 through a Hbond. It can be assumed that mutating glutamine 243 would
change this interaction network, which would result in a slightly different position of NADP + . An additional mutation of the
F485 and F558 active-site residues to alanine (Q243A/F485A
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and Q243A/F558A) would open up the space for the large residue and would thus enable formation of the abnormal product.
In general, mutation of the F255OTEMO/F299Arthro, Y285OTEMO/
F330Arthro, and F443OTEMO/F485Arthro residues had the most
impact on regioselectivity. The corresponding residues were
also targeted in protein-engineering studies of CHMOAcineto and
PAMO to enhance activity and enantioselectivity and to broaden the substrate scope. In PAMO, mutation of L443 (F443OTEMO/
F485Arthro) to phenylalanine led to a change in regioselectivity
towards rac-1 and increased activity towards thioanisole.[42]
The PAMO quadruple mutant P253F/G254A/R258M/L443F was
found to have a much wider substrate scope and increased
enantioselectivity towards some of the investigated substrates
than the wild-type enzyme.[5b] Recently, the conversion of cyclohexanone into e-caprolactone by a PAMO mutant, which
also included the L443V mutation, was reported.[5c] The corresponding amino acid was also targeted in CHMOAcineto
(F432Acineto), and it was found to have a substantial impact on
the substrate specificity and enantioselectivity of the enzyme.[6c] In addition to increased enantioselectivity towards a
number of substrates,[6c] including methyl p-methylbenzyl thioether,[43] and reversed and improved enantioselectivity for the
conversion of 4-hydroxycyclohexanone,[44] the F432S variant
also exhibited improved regioselectivity towards a racemic
fused bicycloketone.[6c] Positions F246Acineto (F255OTEMO/F299Arthro)
and F277Acineto (Y285OTEMO/F330Arthro) have so far only been mutated together with other positions. The variants showed improved and reversed enantioselectivity for methyl p-methylbenzyl thioether.[43] Another residue that has been mutated in
many BVMOs and that had an impact on the regioselectivity of
OTEMO towards both enantiomers of 1 and (@)-2 is P145OTEMO
(L196Arthro[9a]/L143Acineto[43, 44]/L145Rhodo[540]/Q152PAMO[5a, 42, 45]). Mutation of the corresponding residue in PntE (L185) lead to reversed regioselectivity for the conversion of 1-deoxy-11-oxopentalenic acid.[9b] The PAMO Q152F mutant showed changed
regioselectivity for rac-1.[42]

Conclusions
The aim of this work was to investigate whether our previously
established finding that regioselectivity could be influenced
just by steric effects could be transferred to other enzyme/substrate combinations. For this study 41 OTEMO variants and 57
CHMOArthro variants were generated, and their regioselectivity
towards different substrates was investigated. Indeed, changing certain large residues to smaller ones was sufficient to
allow for the reversed positioning of the substrate in the
active site. It was possible to establish the desired regioselectivities in the case of OTEMO for the conversion of (@)-1 and
to switch the regioselectivity of OTEMO for the conversion of
+)-2. The relevant amino acid positions for the production of
(+
the normal lactones from (@)-1 and (+
+)-2 were partly the
same, and mutation of the corresponding amino acids in
CHMOArthro and CHMOAcineto also led to a switch in regioselectivity for the conversion of (+
+)-2 (Table 3).[9a] Additionally, the fact
that it was not possible to create a different regioselectivity for
ChemBioChem 2017, 18, 1627 – 1638
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Table 3. Summary of the best-performing OTEMO and CHMOArthro variants
for the conversions of 1 and 2 compared to the wild-type enzymes.

Enzyme

Substrate

Normal/abnormal [%][a]

OTEMO wild type
OTEMO F255A/F443V
OTEMO W501V
OTEMO wild type
OTEMO F255A
CHMOArthro wild type
CHMOArthro F299A/F330A/F485A
CHMOAcineto wild type
CHMOAcineto F246V/F277A/F432A

(@)-1
(@)-1
(@)-1
+)-2
(+
(+
+)-2
+)-2
(+
+)-2
(+
(+
+)-2
+)-2
(+

52:48[a]
90:10[b]
2:98[a]
5:95[a]
99:1[a]
0:100[9a]
99:1[9a]
98:2[9a]
0:100[9a]

[a] Determined with GC for 10–20 mL reactions with purified enzyme.
[b] Determined with GC for whole-cell biocatalysis reactions.

+)-cis-bicythe conversions of (@)-trans-dihydrocarvone and (+
clo[3.2.0]hept-2-en-6-one in CHMOArthro and OTEMO hinted to
similar factors controlling regioselectivity in BVMOs, even
though these enzymes have only 37 % sequence identity and
56 % sequence similarity. Thus, the results from this study
allow two important conclusions that will help scientists
aiming to change the regioselectivity of a BVMO. The fact that
mutation of the corresponding amino acids in other BVMOs, as
discussed in the previous section, also had an influence on the
regioselectivity shows that there are certain amino acids that
can be targeted as hot spots upon aiming to change the regioselectivity. In addition, mere steric effects influence the substrate positioning for different enzyme/substrate combinations
to such an extent that the regioselectivity can be inversed.

Experimental Section
Substrates and products: Substrate (+
+)-1 is (+
+)-(1R,5S)-cis-bicyclo[3.2.0]hept-2-en-6-one. Normal product (@)-1 a is (@)-(1S,5R)-2+)-1 b is
oxabicyclo[3.3.0]oct-6-en-3-one, and abnormal lactone (+
+)-(1S,5R)-3-oxabicyclo[3.3.0]oct-6-en-2-one. Substrate (@)-1 is (@)(+
(1S,5R)-cis-bicyclo[3.2.0]hept-2-en-6-one. Normal lactone (+
+)-1 a is
+)-(1R,5S)-2-oxabicyclo[3.3.0]oct-6-en-3-one, and abnormal lactone
(+
(@)-1 b is (@)-(1R,5S)-3-oxabicyclo[3.3.0]oct-6-en-2-one. Substrate
(+
+)-2 is (+
+)-trans-dihydrocarvone. Normal lactone (@)-2 a is (@)(4R,7R)-7-Methyl-4-isopropenyl-2-oxooxepanone, and abnormal lactone (@)-2 b is (@)-(3R,6S)-3-methyl-6-isopropenyl-2-oxooxepanone.
+)-2 a
Substrate (@)-2 is (@)-trans-dihydrocarvone. Normal lactone (+
is (+
+)-(4S,7S)-7-methyl-4-isopropenyl-2-oxooxepanone, and abnormal lactone (+
+)-2 b is (+
+)-(3S,6R)-3-methyl-6-isopropenyl-2-oxooxepanone.
Materials: Unless stated otherwise, all chemicals were purchased
from Sigma–Aldrich, Fluka, New England Biolabs, or Merck. Primers
were synthesized by ThermoFisher Scientific and Eurofins MWG
Operon. Sequencing was done at Eurofins MWG Operon.
Bacterial strains, plasmids, and general culture conditions: Escherichia coli TOP10 [F-mcrA D(mrrhsdRMS-mcrBC) F80lacZDM15 D
lacX74 recA1 araD139 D(araleu)7697 galU galK rpsL (StrR) endA1
nupG] and E. coli BL21 (DE3) [fhuA2 [lon] ompT gal (l DE3) [dcm]
DhsdS] were purchased from New England Biolabs, Rosetta [F@
ompT hsdSB(rB@ mB@) gal dcm (DE3) pRARE2 (CamR)]. The gene
encoding MO14 from R. jostii RHA1 (GenBank accession no.

1634

T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Papers
ABG95240.1) cloned into pET-YSBLIC-3C was received from Gideon
Grogan, University of York. The gene encoding the OTEMO from
Pseudomonas putida ATCC 17453 (GenBank accession no.
AEZ35248.1) was cloned into pET28b containing an N-terminal His6
tag by using the restriction sites for NdeI and HindIII.[27a] The gene
encoding the CHMO from Arthrobacter sp. BP2 (GenBank accession
+) containing an N-termino. AY123972.1) was cloned into pET28b(+
nal His6 tag by using the restriction sites for NdeI and EcoRI. In the
case of CHMOArthro variants, plasmids were cotransformed with the
pG-Tf2 plasmid hosting the groES-groEL-tig chaperon into E. coli
strains by the heat shock method, as described previously.[46]
OTEMO plasmids were transformed into E. coli strains by the heatshock method. E. coli strains were routinely cultured in Terrific
Broth (TB) medium and were supplemented with kanamycin
(50 mg mL@1) for OTEMO expression and with kanamycin
(50 mg mL@1) and chloramphenicol (25 mg mL@1) in the case of chaperone coexpression for CHMOArthro expression. Incubation was performed in baffled Erlenmeyer flasks in an orbital shaker (InforsHT
Multitron2 Standard, Infors, Bottmingen, Switzerland) at 180 rpm
and 37 8C. Bacteria on agar plates were incubated in an Incucell Incubator (MMM MedcenterEinrichtungen GmbH). All materials and
media were sterilized by autoclaving or by filtration through
0.20 mm syringe filters. Agar plates were prepared with lysogeny
broth (LB) medium supplemented with 1.5 % (w/v) agar and kanamycin (50 mg mL@1) and for CHMOArthro additionally chloramphenicol
(25 mg mL@1). Colonies were picked and used for inoculation of
overnight cultures containing LB medium (5 mL) with kanamycin
(50 mg mL@1) and chloramphenicol (25 mg mL@1), if necessary.
Docking experiments: Docking experiments with the OTEMOClosed
structure were performed with the normal and abnormal lactones
as ligands. The simulation cell was arranged 10 a around the C4a
carbon atom. For the docking experiment, the dockrunensemble
macro from YASARA was used with an altered RMSD minimum of
2.5 a. Binding energies for best docking results as calculated for
the enzyme models without the His tag: normal lactone from
(@)-1 in OTEMO wild type: 2.93 kcal mol@1, abnormal lactone from
(@)-1 in OTEMO wild type: 5.61 kcal mol@1, abnormal lactone from
+)-1 in OTEMO wild type: 4.48 kcal mol@1, normal lactone from
(+
(+
+)-2 in OTEMO F255A: 4.38 kcal mol@1, abnormal lactone from (@)2 in CHMOArthro : @7.02 kcal mol@1. The RMSD values were determined by superposition of the different structures in YASARA.
Site-directed mutagenesis: Mutation positions in the text are
given for the enzyme without a His tag. To determine the actual
mutation position for the His-tagged enzyme used in this work,
the number 20 had to be added to the residue number (e.g., residue F255 is actually F275). Site-directed mutagenesis of the
OTEMO and CHMO gene was performed by using the QuikChange
method. A typical PCR mixture (50 mL) consisted of 10 V Pfu Plus!
DNA polymerase buffer (5 mL), DMSO (0.7 mL), a mixture of deoxynucleoside triphosphates (1 mL; 0.25 mm each), Pfu Plus! DNA polymerase (1 U), plasmid DNA (100 ng), and the forward and reverse
primers (Table 4, 0.2 mm). After initial denaturation for 5 min at
95 8C, the cycling program was followed for 20 cycles: 45 s, 95 8C
denaturation; 45 s, primer annealing at the primer specific optimal
annealing temperature; and 7.5 min, 72 8C elongation. The final
elongation step was performed over 10 min at 72 8C. After PCR,
the mixtures were digested for 2 h at 37 8C with DpnI, which was
followed by transformation into E. coli TOP10. After overnight
growth on agar plates, two clones (from each PCR) were sequenced to validate the desired mutations in the gene. Creation of
CHMOArthro mutants was performed as described elsewhere.[9a]
ChemBioChem 2017, 18, 1627 – 1638
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Table 4. Overview of the primers used for generating the mutants.
Mutation Forward primer

Reverse primer

P145A

CTG GCC GAG AGC GCG CCG
GTT GCG G
CAT GCG ACT GGC CGA GGC
CGG GCC GGT T
ATC ACG GTG ATA AGG GGC
GGC CGT GTC AGT
ATC ACG GTG ATA AGG GAC
GGC CGT GTC AGT
GCT CAG CCA GAT GCC AGC
GCC CGG TTG G
GCT CAG CCA GAT GCC AAC
GCC CGG TTG G
GCT CAG CCA GAT GCC AAA
GCC CGG TTG G
GCT CAG CCA GAT GCC GCT
GCC CGG TTG G
GCG GAA TCC GCT CAG CGC
GAT GCC ATA GCC
GCG GAA TCC GCT CAG CAC
GAT GCC ATA GCC
AC CGA CGT TGCA AAA GGC
CGA GCC GTT GTG CGG
ACC GAC GTT GCA AGC GGT
CGA GCC GTT GTG C
ACC GAC GTT GCA AAC GGT
CGA GCC GTT GTG C
TCC ACA TAC ACC GAC GTT
GGC AAA GGT CGA GCC GTT
CGC CTG CAA TCC TCC ACA
TAC ACC GGC GTT GCA AAA

L146A
F255A
F255V
Y285A
Y285V
Y285F
Y285S
W288A
W288V
T442A
F443A
F443V
C444A
V446A

W501A
W501V
W501F
T442A/
V446A

GCA ACC GGC GCG CTC TCG
GCC AGT C
TCC GCA ACC GGC CCG GCC
TCG GCC AGT
TCA ACT GAC ACG GCC GCC
CCT TAT CAC CGT
TCA ACT GAC ACG GCC GTC
CCT TAT CAC CGT
TAT CGC CAA CCG GGC GCT
GGC ATC TGG CTG
TAT CGC CAA CCG GGC GTT
GGC ATC TGG CTG
TAT CGC CAA CCG GGC TTT
GGC ATC TGG CTG
TAT CGC CAA CCG GGC AGC
GGC ATC TGG CTG
CCG GGC TAT GGC ATC GCG
CTG AGC GGA TTC
CCG GGC TAT GGC ATC GTG
CTG AGC GGA TTC
CCG CAC AAC GGC TCG GCC
TTT TGC AAC GTC GGT
CAC AAC GGC TCG ACC GCT
TGC AAC GTC GGT GTA
CAC AAC GGC TCG ACC GTT
TGC AAC GTC GGT GTA
AAC GGC TCG ACC TTT GCC
AAC GTC GGT GTA TGT GGA
GC TCG ACC TTT GCC AAC
GTC GGT GTA TGT GGA GGA
TT
GCA GAG GCC AAT GCC GCG
TGG GTC AAG ACC
GCA GAG GCC AAT GCC GTT
TGG GTC AAG ACC
GCA GAG GCC AAT GCC TTT
TGG GTC AAG ACC
GGC TCG GCC TTT TGC AAC
GCC GGT GTA

CGT GGT CTT GAC CCA CGC
GGC ATT GGC CTC
CGT GGT CTT GAC CCA AAC
GGC ATT GGC CTC
CGT GGT CTT GAC CCA AAA
GGC ATT GGC CTC
TAC ACC GGC GTT GCA AAA
GGC CGA GCC

Enzyme production: The cultivation for MO14 production was performed by inoculation of Terrific Broth (TB) medium (500 mL) supplied with kanamycin (50 mg mL@1) with an overnight culture to
give an OD600 of 0.08. E. coli Rosetta (DE3) cells were grown at
37 8C in baffled shaking flasks. Enzyme expression was induced
after 2 h with isopropyl b-d-thiogalactopyranoside (IPTG; 0.1 mm).
Cultivation was continued for 5 h at 20 8C and was stopped by harvesting (centrifugation at 4000 g at 4 8C for 20 min). For biocatalysis
reactions, the bacterial cell pellet was resuspended in phosphate
buffer (100 mm, pH 8.0) containing 1 % sodium chloride (w/v). This
cell suspension was then used as resting cells in biocatalysis reactions.
The cultivation for OTEMO production was performed by inoculation of TB medium supplied with kanamycin (50 mg mL@1) with an
overnight culture to give an OD600 of 0.08. E. coli BL21(DE3) cells
were grown at 37 8C in baffled shaking flasks. Enzyme expression
was induced at an OD600 of 0.6–0.8 with IPTG (0.1 mm). Cultivation
was continued for 6 h at 20 8C, and the OD600 was measured and
10/OD samples were taken for 1 mL biocatalysis reactions. The
cells were harvested by centrifugation at 4000 g at 4 8C for 15 min.
For biocatalysis reactions, the bacterial cell pellet was resuspended
in phosphate buffer (100 mm, pH 8.0) containing 1 % sodium chlo-
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ride (w/v). This cell suspension was then used as resting cells in
biocatalysis reactions. For enzyme purification, the cultivation was
continued at 20 8C for 16 h and the cells were harvested (centrifugation at 4350 g at 4 8C for 20 min).
The cultivation for CHMOArthro production was performed by inoculation of TB medium (400 mL) supplied with kanamycin
(50 mg mL@1) and chloramphenicol (25 mg mL@1) with an overnight
culture to give an OD600 of 0.05. E. coli BL21 (DE3) cells were grown
at 37 8C in baffled shaking flasks. Chaperone expression was induced at an OD600 of 0.4–0.5 with tetracycline (5 ng mL@1). Enzyme
expression was induced at an OD600 of 0.6–0.7 with IPTG (0.1 mm).
Cultivation was continued for 5 h. The OD600 was measured, and
10/OD samples were taken for 1 mL biocatalysis reactions. The
cells were harvested by centrifugation at 3450 g at 4 8C for 10 min.
The bacterial cell pellet was resuspended in phosphate buffer
(50 mm, pH 7.3) containing 1 % sodium chloride (w/v) for biocatalytic reactions with CHMOArthro variants.
Purification of the OTEMO wild-type enzyme and the mutants:
Cell pellets obtained as described above were resuspended in
sodium phosphate buffer (25 mL, 100 mm; 300 mm NaCl, pH 7.5)
containing imidazole (30 mm). For cell disruption, the cell suspension was passed through a French pressure cell at 13 800 kPa. Cell
debris was separated from the crude extract by centrifugation at
8000 g for 30 min. Purification of the enzyme variants was performed by using the gKTA purifier (GE Healthcare, Germany). The
filtrated supernatant was applied to a Nickel-NTA column (GE
Healthcare). After washing the column with triple the volume of
sodium phosphate buffer (100 mm) containing sodium chloride
(300 mm) at a flow rate of 5 mL min@1, the protein was eluted with
sodium phosphate buffer (100 mm) containing imidazole (300 mm)
and sodium chloride (300 mm). The OTEMO-containing fractions
were collected. The proteins were desalted by gel chromatography
(HiTrap desalting column) against Tris·HCl buffer (100 mm, pH 9.0)
at a flow rate of 2 mL min@1. To determine the protein content of
the purified enzyme, the bicinchoninic acid (BCA) protein quantification kit (Thermo Scientific) was used. Standard curves were
made by using bovine serum albumin (BSA) in the range of 0.02 to
2 mg mL@1. Samples were measured in triplicate at suitable dilutions.
Activity measurements: Enzyme-activity measurements for
OTEMO were performed spectrophotometrically by using a Jasco
V550 spectrophotometer by monitoring the NADPH consumption
at l = 340 nm for 180 s in 1 mL cuvettes. The standard reaction
mixture (1 mL) contained Tris·HCl buffer (100 mm, pH 9.0), cis-bicyclo[3.2.0]hept-2-en-6-one (1 mm; 1 m in DMF), NADPH (0.3 mm),
and an appropriate amount of the enzyme (purified or as crudecell extract) with an extinction coefficient of e = 4.7 mm@1 cm@1 (determined at l = 340 nm).
Preparation of (@)-cis-bicyclo[3.2.0]hept-2-en-6-one: A commercially available racemic mixture of cis-bicyclo[3.2.0]hept-2-en-6-one
(Sigma–Aldrich) was used in a preparative whole-cell biocatalysis
reaction with the MO14 (ro03437) from R. jostii RHA1 (GenBank accession no. ABG95240.1) to perform kinetic resolution. Therefore,
cell suspension (500 mL), prepared as described above, was supplemented with d-glucose (10 mm) and racemic cis-bicyclo[3.2.0]hept-2-en-6-one (5 mm). The reaction was performed in a 2 L baffled shaking flask at 20 8C and 180 rpm in an orbital shaker for
4.5 h. The cells were separated from the mixture by centrifugation
at 4000 g. The supernatant was extracted with ethyl acetate (3 V) in
a separation funnel. The solvent was removed under reduced pressure. This step was followed by column chromatography (silica gel,
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hexane/ethyl acetate 3.25:0.75) for purification of the substrate.
TLC plates were stained with KMnO4 solution. Substrate (@)-1
eluted first in pure form, which was followed by the products.
Solvent was removed under reduced pressure, and the purity of
(@)-1 was confirmed by GC analysis.
Biocatalysis reactions with OTEMO and CHMOArthro using whole
cells: For small-scale biocatalysis reactions, the BVMO-containing
cell suspension prepared as described above was supplemented
with d-glucose (4 mm; 1 m stock in Milli-Q water) and substrate
(2 mm; 1 m stock in DMF). The reaction was performed in 2 mL
glass vials at 20 8C and 900 rpm in an Eppendorf Thermoshaker for
48 h.
Large-scale biocatalysis reactions were performed in 100 mL baffled shaking flasks sealed with a septum to prevent substrate/product evaporation. Cell suspension (10 or 20 mL) was supplemented
with d-glucose (4 mm) and substrate (2 mm). The reaction was performed at 20 8C and 160 rpm in an orbital shaker. Samples (1 mL)
were taken at certain time points for analysis.
Biocatalysis reactions with purified enzyme: Biocatalysis reactions with purified enzyme were performed in 100 mL baffled shaking flasks sealed with a septum. The amount of purified enzyme
for the individual reactions is given in Table 2. d-Glucose (20 mm),
substrate (2 mm), NADPH (2.5 mm), FAD (100 mm), glucose dehydrogenase (5 U mL@1), catalase (150 U mL@1), and superoxide dismutase (40 U mL@1) were added to the purified enzyme,[47] and the
flask was filled up to a final volume of 10 or 20 mL with Tris·HCl
buffer (100 mm, pH 9.0). The biocatalysis reaction was conducted
at 20 8C and 160 rpm in an orbital shaker. Samples (1 mL) were
taken at certain time points for analysis.
Extraction of biocatalysis samples and GC analysis: Biocatalysis
reaction samples or time samples were extracted with ethyl acetate (2 V 500 mL) supplemented with an internal standard (5 mm
methyl benzoate). Between the extraction steps, the samples were
centrifuged at 17 000 g for 5–10 min. The organic phase was dried
with anhydrous sodium sulfate. GC analysis of the samples was
performed with a Hydrodex-b-3P column [heptakis(2,6-di-Omethyl-3-O-pentyl)-b-cyclodextrin] (25 m V 0.25 mm) (Macherey–
Nagel) with a GC2010 (Shimadzu). The injector and detector temperatures were set to 220 8C, and the column flow was
1.01 mL min@1 with a pressure of 39.5 kPa. The split ratio was 10,
and sample (1 mL) was injected. Separation of compounds was achieved with the isothermal method at 60 8C for 15 min followed by
a gradient of 10 8C min@1 to 130 8C held for 15 min followed by
a gradient of 20 8C min@1 to 200 8C held for 4 min to give the following retention times, as determined with analytical standards of
rac-1, (@)-1, (@)-1 a, and (@)-1 b. The two missing products were
+)-1,
identified by GC–MS: Standard, 24.2 min; (@)-1, 20.5 min; (+
21 min; (@)-1 b, 31.6 min; (+
+)-1 a, 32.3 min; (+
+)-1 b, 32.8 min; and
(@)-1 a, 33.3 min. The substrate conversion was calculated with the
help of a standard curve ranging from 0.16 to 30 mm. GC analysis
of the samples from the biocatalysis reactions with 2 was performed with a HYDRODEX b-TBDAc column [heptakis-(2,3-di-Oacetyl-6-O-tert-butyldimethylsilyl)-b-cyclodextrin] (25 m V 0.25 mm;
Macherey–Nagel) with a GC2010 (Shimadzu). The injector and detector temperatures were set to 220 8C, and the column flow was
1.88 mL min@1 with a pressure of 77.2 kPa. The split ratio was 30,
and sample (1 mL) was injected. Separation of compounds was achieved with the isothermal method at 100 8C for 20 min followed by
a gradient of 20 8C min@1 to 180 8C to give the following retention
times, as determined with analytical standards of all compounds:
+)-trans-dihydrocarvone, 18.83 min; normal
Standard, 12.29 min; (+
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lactone, 24.95 min; and abnormal lactone; 26.12 min. The substrate
conversion was calculated with the help of a standard curve ranging from 0.3 to 8 mm.
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Nine new putative Baeyer-Villiger monooxygenase encoding genes were identiﬁed in the eukaryote Yarrowia
lipolytica and eight were subsequently cloned and expressed. These enzymes, Yarrowia monooxygenases A-H
(YMOA-H), were used in biocatalysis reactions with ketones, sulﬁdes and sulfoxides as substrates. YMOB converts ketones and sulﬁdes, albeit with low activities. However, YMOA did not convert any of the tested ketone
substrates, but showed activity towards sulﬁdes and sulfoxides and also showed very high stereoselectivity. This
enzyme produced high amounts of sulfones and even converted dimethylsulfoxide (DMSO). Therefore, the
sulfoxidation activity of YMOA was investigated in a mutational study. Variants with increased and reduced
sulfone yields were created, indicating relevant amino acid positions for the control of sulfoxidation activity.
This work expands the set of eukaryotic BVMOs and explores the Yarrowia monooxygenase A, which might
belong to a new class of BVMOs as indicated by its unique activity and a phylogenetic analysis.

1. Introduction
Baeyer-Villiger monooxygenases (BVMOs) are a class of ﬂavin-dependent
monooxygenases that catalyze the oxidation of ketones to esters or lactones
(Scheme 1a) [1,2] analogous to the chemical Baeyer-Villiger oxidation,
which was published in 1899 by Adolf von Baeyer and Victor Villiger [3].
The mechanism of BVMOs was ﬁrst shown to proceed like the chemical
Baeyer-Villiger oxidation in 1982 by Ryerson et al. [4]. Instead of a peracid,
BVMOs utilize a ﬂavin-peroxyanion as elucidated in 2001 by Sheng et al. [5].
The enzymatic mechanism has been studied extensively for CHMO from
Rhodococcus sp. HI-31 with several crystal structures showing the movement
of enzyme domains during the catalytic cycle [6–8]. In 2011, Orru et al. [9]
published their work on the mechanism of Baeyer-Villiger oxidations for the
BVMO phenylacetone monooxygenase (PAMO). Their work highlights the
importance of the catalytic arginine residue R337 by providing crystal
structures of key steps in the mechanism. They showed that R337 enabled
the catalysis in two ways. Firstly, its positive charge (along with NADP+)
created an oxyanion hole stabilizing the negatively charged Criegee intermediate. Secondly, it activated the substrate by forming a hydrogen bond
with the carbonyl oxygen, thus activating it for nucleophilic attack by the
ﬂavin-peroxide group. The authors noted that they had found no distinctive
residues for the recognition of speciﬁc substrates [9]. This might also lead to
the high versatility of BVMO catalyzed reactions, as many BVMOs are able to
oxygenate heteroatoms like sulfur, nitrogen, phosphorus, boron or selenium
in an electrophilic mechanism in addition to the nucleophilic Baeyer-Villiger

⁎

oxidation [1]. The sulfoxidation activity of BVMOs has been the subject of
considerable research throughout the years as chiral sulfoxides are important
compounds as chiral auxiliaries for organic synthesis and pharmaceuticals
like esomeprazol or armodaﬁnil [10,11]. The synthesis of these chiral
sulfoxides through biocatalytic sulfoxidations is an important alternative to
the chemical synthesis due to the generally high regio- and enantioselectivities of enzymes and economical/ecological advantages because no toxic
waste is being generated [12–14]. In contrast to Baeyer-Villiger oxidations,
the sulfoxide product can be oxidized further to the achiral sulfone; however
in most cases this constitutes only a minor side product (Scheme 1b)
[15–22]. The highest sulfone formations with 4-hydroxyacetophenone
monooxygenase (HAPMO) were achieved with the cyclic sulﬁdes tetrahydrothiopyran (20%) and tetrahydrothiophen (24 %). BVMO Af1 from
Aspergillus fumigatus produces 75% sulfone from the substrate benzyl ethyl
sulﬁde [23]. The highest sulfone formation from methyl phenyl sulﬁde
(MPS) was discovered for BVMO Aﬂ210 from Aspergillus ﬂavus forming 14%
sulfoxide and 13% sulfone [24]. The role of the catalytic arginine in
sulfoxidations was investigated in a recent work on the Ar-BVMO from
Acinetobacter radioresistens [25]. It was shown that a mutation of the catalytic
arginine (R327 in Ar-BVMO) to alanine completely nulliﬁed Baeyer-Villiger
activity similar to previous work on PAMO and HAPMO [26,27]. However,
the variant retained 84% of its sulfoxidation activity towards the thioamide
ethionamide, while R327G retained 43%. This demonstrated the nucleophilic mechanism of Baeyer-Villiger oxidations in contrast to the electrophilic
one for sulfoxidations catalyzed by this enzyme. Conversely, the results
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ascomycetous, non-pathogenic yeast, that was ﬁrst discovered in the
1960s as Candida lipolytica and was reclassiﬁed several times until the
current genus Yarrowia. The name “lipolytica” derives from its isolation
from lipid-rich environments such as rancid butter [42,43]. Most interestingly, the BVMO called YMOA showed a high potential for sulfoxidation reactions producing high amounts of sulfone products as
well, but did not convert any of the tested typical ketone substrates
even though it displayed all of the typical BVMO ﬁngerprints. Thus, we
used YMOA in a mutational study in order to ascertain factors inﬂuencing sulfoxide and sulfone production in BVMOs.

Scheme 1. Exemplary reactions catalyzed by BVMOs. a) Oxidation of a ketone to an
ester/lactone. b) Oxidation of sulﬁdes to chiral sulfoxides. The sulfoxide can be further
oxidized to the sulfone.

2. Materials and methods
All chemicals were purchased from Sigma-Aldrich, Carl Roth, Merck
or abcr unless stated otherwise and were used without further puriﬁcation. Stock solutions for almost all substrates were prepared with a
concentration of 1 M in isopropanol. Stock solutions of the sulfones
were prepared with a concentration of 400 mM in isopropanol for
MTSO2 and methanol for MPSO2. DMSO2 was dissolved in DMF with a
concentration of 400 mM. All sequencing was performed by Euroﬁns
MWG GmbH. All primers used are listed in Tables S1–S3.

cannot be applied to sulfoxidations in general as the corresponding mutation
in PAMO also rendered the enzyme inactive towards benzyl methyl sulﬁde
[26]. The most comprehensive investigation into the eﬀects of active site
mutations on sulfoxidations was recently published in a work by Zhang et al.
[28] who investigated the synergy between mutations from iterative saturation mutagenesis in PAMO. They also provided docking simulations for
some mutants in order to explain the observed eﬀects on activity and
enantioselectivity. The models suggested that in the investigated single
mutants P440F and L443I the shape of the substrate binding pocket was
either directly (L443I) or indirectly changed through an increased ﬂexibility
of the loop (P440F). This also aﬀected another active site loop on which I67
was situated. These changes resulted in a diﬀerent binding mode of the
substrate so that the large p-methylbenzyl moiety might be signiﬁcantly
rotated. While this rotation did not change the conﬁguration, it increased
both activity and enantioselectivity, indicating that the diﬀerent binding of
the large substituent was beneﬁcial. In contrast, the quadruple mutant I67Q/
P440F/A442N/L443I changed the binding to eﬀect an inversion in
enantioselectivity. All the above described studies were performed with type
I BVMOs. While type I BVMOs contain a FAD cofactor and are NADPHdependent, type II BVMOs use FMN and NADH and are generally more
complex as they are composed of two diﬀerent kinds of subunits. The oxygenase performs the monooxygenation, while the reductase reduces FMN to
FMNH so that it can be used by the oxygenase [29]. The majority of characterized BVMOs are type I BVMOs, while only a few type II BVMOs have
been characterized to date like the 2,5-diketocamphane-1,5-monooxygenase
(2,5-DKCMO) and 3,6-diketocamphane-1,6-monooxygenase (3,6-DKCMO)
that are involved in the camphor degradation pathway of Pseudomonas putida ATCC 17453 [30,1,31,32]. For a long time, recombinant type I BVMOs
were only available from bacterial origin. The ﬁrst eukaryotic BVMO to be
cloned, expressed and characterized, the cycloalkanone monooxygenase
(CAMO) from Cylindrocarpon radicicola ATCC 11011, was reported by us in
2011 [33,34]. Since then, several eukaryotic BVMOs have been characterized from fungi (four in Aspergillus ﬂavus, one in Aspergillus fumigatus) and
photosynthetic eukaryotes (the red alga Cyanidioschyzon merolae and the
moss Physcomitrella patens) [23,24,35]. Furthermore, the identiﬁcation of
potential eukaryotic BVMOs has drastically increased. The very recent
screening of fungal strains for BVMO activity by Butinar et al. [36] identiﬁed
BVMO activity in 86 from 107 screened strains by using the benchmark
substrate bicyclo[3.2.0]hept-2-en-6-one. Yarrowia lipolytica was among the
strains that tested positive for BVMO activity and six putative BVMO sequences were identiﬁed by Mascotti, Lapadula [37] along with 92 new
BVMO sequences, including 69 eukaryotic sequences from fungi, haptophyta
and eumetazoa species. New type I BVMOs are usually identiﬁed through
genome mining by the presence of several conserved sequence motifs. These
ﬁngerprint sequences are FxGxxxHTxxW(P/D) and [A/G]GxWxxxx[F/Y]P
[G/M]xxxD [1,38]. They can also be used to distinguish BVMOs from group
B FMOs, which usually display Y(K/R) instead of W(P/D) in the ﬁrst ﬁngerprint and do not contain the second ﬁngerprint [39]. BVMOs also contain
two GxGxx(G/A) motifs corresponding to the two nucleotide-binding Rossmann-folds for the binding of FAD and NADPH [40,41].
The aim of this work was to expand the knowledge about eukaryotic
BVMOs by identiﬁcation, cloning and investigation of putative BVMOs
from the yeast Yarrowia lipolytica. Yarrowia lipolytica is an

2.1. Isolation of genomic DNA from Yarrowia lipolytica
Cells of Y. lipolytica Strain 63 from an YPD agar plate were dispersed
in 50 mL of YPD medium and incubated overnight at 30 °C and 180 rpm
15 mL of culture were centrifuged for 20 min at 4500 × g and 4 °C.
Genomic DNA was extracted with the innuSPEED Bacteria/Fungi DNA
Kit (Analytik Jena) according to the manufacturer’s instructions.
2.2. Cloning of the YMO genes into pET28a(+)
The genes encoding for the YMOs (Table S5) were successfully
cloned from the genomic DNA of Yarrowia lipolytica thanks to the absence of introns. Although Yarrowia lipolytica was found to contain the
most introns among the hemiascomycetous yeasts [44], only 15% of all
genes contain introns, which were not present in the genes targeted
here. YMOA and YMOB were cloned with the FastCloning method [45].
The insert and vector were ampliﬁed separately by PCR. The ampliﬁcation introduces overhangs at both ends of the insert corresponding to
the position in the vector while the vector is ampliﬁed to contain these
overlapping sequences at both ends. The respective PCR program for
the insert started with 95 °C, 5 min, followed by 17 cycles of denaturation (95 °C, 1 min), annealing (45 °C, 1 min) and extension (72 °C,
2 min), this was followed by 18 cycles increasing the annealing temperature to 55 °C. The ﬁnal extension was conducted at 72 °C for
10 min. The reaction mixture for the insert ampliﬁcation (50 μL) contained 150 ng template, 10x OptiTaq buﬀer C (5 μL), a mixture of
deoxynucleoside triphosphates (1 μL, 0.25 mM each), OptiTaq DNA
polymerase (0.3 μL) and the forward and reverse primers (Table S1,
0.2 μM). The PCR program for the ampliﬁcation of the vector was
performed similarly to insert ampliﬁcation; 10 cycles were used for
both ampliﬁcation rounds and the extension time during the cycles was
increased to 10 min. The reaction mix was prepared in the same way as
the one for insert ampliﬁcation. After DpnI digestion of the ampliﬁed
vector and insert to eliminate the DNA templates used in PCRs, they
were puriﬁed with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). Competent E. coli TOP10 cells were transformed with
mixtures of the puriﬁed inserts and vectors in diﬀerent ratios (1:5, 1:1;
5:1) to obtain the desired clones. In a ﬁrst step, the ymoA and ymoB
genes were cloned from genomic DNA (gDNA) of Y. lipolytica into pSK1
vectors. After plasmid isolation from the E. coli TOP10 transformants
with the “InnuPREP Plasmid Mini Kit” (analytik Jena), the success was
conﬁrmed by sequencing. Subsequently, the obtained pSK1 constructs
were used as templates for subcloning into pET28a vectors. The PCR
programs and reaction mixtures were the same as for cloning into the
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resuspended in 3 mL disruption buﬀer with 100 μM FAD. Sonication
was performed using the Sonoplus HD2070 (Bandelin) for 3 min (50%
power and cycle) with subsequent centrifugation (10,000 × g for
20 min at 4 °C). The supernatant was ﬁltered using a 0.45 μm ﬁlter and
the resulting cell free extract was used for substrate screening.

pSK1 plasmid. After transformation and plasmid isolation, the success
was conﬁrmed by sequencing.
YMOS C-H were directly cloned into pET28a(+) using the classical
cloning approach, where the insert (gene of interest) was ampliﬁed
using primers to introduce overhangs at both ends of the insert containing the speciﬁc recognition sites for NdeI and NotI. Ampliﬁcation
was performed according to the following protocol: 5 min at 95 °C,
followed by 30 cycles of denaturation (95 °C, 1 min), annealing (55 °C,
1 min) and extension (72 °C, 2 min). At last the temperature was held at
72 °C for 10 min. A typical reaction mix (50 μL) contained 10 x Pfu
buﬀer C (5 μL), a mixture of deoxynucleoside triphosphates (1 μL,
0.25 mM each), Pfu+ DNA polymerase (0.2 μL), plasmid DNA (500 ng)
and the forward and reverse primers (Table S2, 0.2 μM). Afterwards,
the insert was puriﬁed with the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). The ampliﬁed insert and the vector were separately
digested utilizing 2 μL each of NdeI and NotI, 15 μL ampliﬁed insert,
10 μL ampliﬁed vector and 5 μL 10x fast digest buﬀer in 50 μL reaction
volume. The digest reaction mixtures were incubated for 2 h at 37 °C
with a ﬁnal step of 10 min at 80 °C for enzyme inactivation. Afterwards,
they were puriﬁed with the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). 40–65 ng of the puriﬁed insert and 7–21 ng vector
were mixed together with 0.5 μL T4 ligase and 0.7 μL 10x T4 ligase
buﬀer in 7 μL reaction volume and incubated using the following protocol: 20 °C, 2 h; 16 °C, 4 h; 14 °C, 3 h; 12 °C, 3 h; 10 °C, 2 h and 72 °C
for 10 min to obtain the ligated vector construct, which was transformed into competent E. coli TOP10 cells to obtain the desired clones.
The success was conﬁrmed by sequencing of the isolated plasmids.

2.5. Determination of activity
The substrate screening was performed using cell extract of YMO-H.
The activities were determined by the depletion of NADPH. NADPH,
but not its oxidized form NADP+, has an absorbance maximum at
340 nm and can therefore be determined photometrically.
Measurements were performed in cuvettes. Each reaction volume (1 mL
in sodium phosphate buﬀer, 50 mM, pH 7.5) contained 2 mM substrate,
240 μM NADPH and 20–75 μL cell extract depending on the apparent
activity. The reactions were started with the addition of NADPH and
thoroughly mixed. The change in absorbance at 340 nm was measured
for 2 min with the V-550 photometer (Jasco). Measurements were
performed in triplicate; additionally blanks with no substrate were also
determined in triplicate. The limit of detection was deﬁned as the
average change of absorbance of the blank measurements plus three
times its standard deviation. Analogously, the limit of quantiﬁcation
was set as the average blank plus ten times its standard deviation [46].
Reactions with cell extract of E. coli BL21(DE3) carrying a pET28a
vector without the encoding gene served as control. A standard curve
for NADPH from 0 to 375 μM was prepared in triplicate. The determined molar absorbance coeﬃcient for NADPH was
εNADPH;340 nm = 4.29 mM −1 cm-1.

2.3. Site-directed mutagenesis
2.6. Whole-cell biocatalysis with YMOA-H
Site-directed mutagenesis was performed using a QuikChange™
protocol. A gradient PCR was performed and analyzed by agarose gel
electrophoresis to identify a suitable annealing temperature. The PCR
program started with 3 min at 95 °C, followed by 20 cycles of denaturation (95 °C, 0.75 min), annealing (55–70 °C, 1 min) and extension
(72 °C, 8 min). At last the temperature was held at 72 °C for 10 min. A
typical reaction mix (50 μL) contained 10 x OptiTaq buﬀer C (5 μL), a
mixture of deoxynucleoside triphosphates (1 μL, 0.25 mM each),
OptiTaq DNA Polymerase (0.3 μL), plasmid DNA (0.3 μL) and the forward and reverse primers (Table S3, 0.2 μM). Reactions that contained
ampliﬁed plasmid underwent DpnI digestion (1 μL of DpnI/reaction,
37 °C for 2 h, 80 °C for 10 min) to remove the template DNA.
Afterwards, 4 μL of reaction solution were transformed into E. coli
TOP10 and the success was subsequently conﬁrmed by sequencing.

Whole-cell biocatalysis experiments were performed in deep well
plates sealed with an oxygen permeable membrane. Resting cells from
cultivations (including E. coli BL21(DE3) cells carrying a pET28a vector
without the encoding gene serving as control) were resuspended in
sodium phosphate buﬀer (50 mM, pH 7.5). All reactions were performed in sodium phosphate buﬀer (50 mM, pH 7.5) in reaction volumes of 2 mL with 0.03 mg/mL resting cells. Reactions with the sulﬁdes MTS and MPS and the sulfoxide DMSO contained 5 mM substrate.
The kinetic resolutions of the sulfoxides MTSO and MPSO contained
10 mM of substrate. The ketone test reactions contained 2 mM of 2dodecanone, cyclohexanone and acetophenone for a total ketone concentration of 6 mM. In case of reactions for all variants including the
wild type were set up with all substrates. Reactions for YMOB-H were
set up with all substrates except DMSO. All reactions contained glucose
for cofactor recycling with concentrations equimolar to the respective
substrate concentration. The reactions were started with the addition of
the resting cells and were incubated for 4 h at 25 °C and 700 rpm on a
Thermomixer comfort (Eppendorf). 500 μL samples from the biocatalysis reactions were extracted with 500 μL dichloromethane containing
2 mM acetophenone as an internal standard. In the case of the ketone
analysis, pentadecane was used as the internal standard. After vortexing
and centrifuging for 1 min, 400 μL of the bottom, organic phase were
collected and dried with anhydrous Na2SO4. For analysis of MPS and its
oxidation products, 1 μL per sample were injected by the auto injector
of the GC 2010 (Shimadzu) and separated on a FS-Hydrodex ß-TBDAC
column (Macherey-Nagel) with an injector temperature of 220 °C and
detector temperature of 220 °C. The column temperature was held at
120 °C for 5 min, then increased with 2 °C/min up to 160 °C and held
for 3 min and ﬁnally increased with 20 °C/min up to 180 °C where it
was held for 5 min. The resulting retention times were 5.38 min (MPS),
5.94 min (acetophenone), 24.29 min ((R)-MPSO), 24.61 min ((S)MPSO) and 28.91 min (MPSO2). For analysis of MTS and its oxidation
products, 1 μL per sample were injected and separated on a FSHydrodex ß-TBDAC column (Macherey-Nagel) with an injector temperature of 220 °C and detector temperature of 220 °C. The column

2.4. Cultivation and expression in E. coli BL21 (DE3)
N-His6-YMOs A and C-H were expressed in Escherichia coli BL21
(DE3) encoded on a pET-28a-(+) plasmid. Precultures were prepared
by inoculating 5 mL LB medium (with 50 μg/mL kanamycin) with 5 μL
of a glycerol stock and subsequent incubation at 37 °C and 180 rpm
overnight. For expression, TB medium supplemented with 50 μg/mL
kanamycin was inoculated with a preculture (1/100). The ﬂasks were
incubated at 37 °C and 180 rpm until OD600 0.7–0.9 was reached. IPTG
(0.1 mM) was added for induction followed by incubation at 25 °C at
180 rpm. In case of coexpression of chaperones, chloramphenicol was
additionally added to the cultivation medium. For the optimized expression with pKJE7, the chaperones were induced with 2 mg/mL larabinose 30 min before YMOB induction with IPTG (0.1 mM) at an
OD600 of 0.4–0.6. For the production of resting cells, the cultivation was
harvested after approximately 6 h by centrifugation at 4000 × g, 4 °C
for 20 min. The pellet was washed two times with 30 mL sodium
phosphate buﬀer (50 mM, pH 7.5). After removal of the supernatant by
another centrifugation step, the cells were stored overnight at 4 °C. For
the preparation of cell extract, 50 mL of culture were harvested separately by centrifugation at 4500 × g, 4 °C for 20 min. The pellet was
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temperature was held at 120 °C for 5 min, then increased with 1.7 °C/
min up to 160 °C and held for 3 min and ﬁnally increased with 20 °C/
min up to 180 °C where it was held for 5 min. The resulting retention
times were 5.95 min (acetophenone), 9.05 min (MTS), 30.34 min ((R)MTSO), 30.41 min ((S)-MTSO) and 33.54 min (MTSO2). Standard
curves from 0 to 15 mM were prepared in duplicate for quantiﬁcation of
the respective concentrations. Reactions containing DMSO as substrate
were analyzed by injection of 1 μL per sample and separation on a
SolGel-WAX column (Trajan Scientiﬁc Europe Ltd) with an injector
temperature of 250 °C and detector temperature of 250 °C. The column
temperature was held at 80 °C for 5 min, then increased with 15 °C/min
up to 230 °C and held for 5 min. The resulting retention times were
9.16 min (DMSO2) and 17.52 min (DMSO). Standard curves from 0 to
15 mM were prepared in duplicate for quantiﬁcation of the respective
concentrations. 1 μL per sample of the extracted ketone reactions were
injected and separated on a FS-Hydrodex β-3P column (MachereyNagel) with an injector temperature of 200 °C and detector temperature
of 220 °C. The column temperature was held at 60 °C for 10 min, then
increased with 10 °C/min up to 160 °C and held for 3 min and ﬁnally
increased with 10 °C/min up to 180 °C where it was held for 5 min. The
resulting retention times were 13.21 min (acetophenone), 16.74 min
(phenyl acetate), 17.59 min (cyclohexanone), 19.74 min (ε-caprolactone), 21.34 min (decyl acetate), 21.42 min (2-dodecanone) and
21.79 min (pentadecane).

3. Results and discussion
3.1. Cloning and expression
The sequences of nine putative BVMOs from Yarrowia lipolytica were
identiﬁed by using the protein BLAST [53]. Sequences homologous to
CHMO from Acinetobacter sp. NCIMB 9871 were identiﬁed in the annotated proteins from the genome of Y. lipolytica [54]. These sequences
were subsequently identiﬁed as possible BVMOs by the presence of
BVMO ﬁngerprints and Rossmann-fold motifs. The genes were designated ymoA, ymoB, ymoC, ymoD, ymoE, ymoF, ymoG, ymoH and ymoI
and the corresponding enzymes YMOA-YMOI (Yarrowia monooxygenase A-I), respectively (Table S5). As described in the introduction, six putative BVMO sequences in Y. lipolytica had already been
identiﬁed by Mascotti et al. [37]; however these only included ymoB,
ymoD, ymoE and ymoF. Due to the absence of introns, the genes could
be directly cloned into pET28a(+) vectors for expression in E. coli BL21
(DE3). The cloning into the pET vectors enabled the addition of an Nterminal His6-tag to the sequences. In some cases deviations from the
published genome sequences were observed, possibly due to variations
in the Y. lipolytica strain used here compared to the genome sequenced
strain. YMOD contained ﬁve (L9S, A12P, L14S, P263L, K482E), YMOF
two (P319L, I328T) and YMOH three (T66A, T92A, L247P) mutations,
which could be identiﬁed in all sequenced transformants. Subsequently,
expression of the respective proteins in E. coli BL21(DE3) was investigated. Expression at 25 °C for 5 h led to the soluble expression of
YMOA, YMOE and YMOG (Figs. S2 and S4). In order to express YMOB
and YMOH solubly, coexpression of chaperones was necessary (Figs. S3
and S4). The use of the pKJE7 plasmid for the coexpression of the DnaKDnaJ-GrpE chaperone system [55,56] enabled soluble expression and
was used for further applications. YMOC, YMOD and YMOF were not
solubly expressed under any of the tested conditions and were thus
excluded from further studies.

2.7. Homology models
YASARA was used with default settings to create the homology
model of YMOA [47]. Based on the provided amino acid sequence,
YASARA performed three PSI-BLAST iterations to ﬁnd homologous
proteins which were used to model the YMOA structure. Eventually
YASARA created a hybrid model based on the best models. The
homology model was evaluated using MolProbity [48,49]. While there
were some outliers in the protein geometry, the overall quality of the
model was good, as evidenced by the clashscore, indicating no serious
steric overlaps, and by the excellent MolProbity score as a measure of
the overall protein geometry. Since the model was only needed for
structural alignments and visualization purposes, its quality was
deemed suﬃcient. All parts of the structure that were used in this work
were checked on whether they contained any of the geometry outliers
reported by MolProbity which was not the case.

3.2. Substrate screening
In order to identify substrates of YMOA and YMOB, a total of
fourteen compounds were screened with cell extracts of the respective
enzymes using the NADPH depletion assay. Activities with NADH could
not be tested as NADH is readily depleted by E. coli enzymes in the cell
extract, leading to a very low sensitivity of the assay [57]. The substrates consisted of a variety of ketones (aliphatic, cyclic, bicyclic and
aromatic) and additionally sulfur- and nitrogen-containing compounds
(Scheme 2). No ketone substrate could be identiﬁed for YMOA. Especially notable is the absence of activity with the bicyclic ketone bicyclo
[3.2.0]hept-2-en-6-one, which is accepted by most BVMOs and is routinely used as a benchmark substrate [35,58]. In contrast to the ketone
substrates, YMOA was active with four out of ﬁve tested sulﬁdes and
even had comparable activities with two of the sulfoxides (Table S6).
The only sulﬁde not converted was L-methionine, likely due to the large
diﬀerence of the sulfur substituents. These ﬁndings indicated that
YMOA is capable of converting methyl phenyl sulﬁde (MPS) into methyl phenyl sulfone (MPSO2) through a two-step oxidation and converting DMSO into its sulfone, dimethyl sulfone (DMSO2). This was
conﬁrmed by GC analysis, which additionally showed that YMOA was
able to convert methyl p-tolyl sulﬁde (MTS) into its sulfone, methyl ptolyl sulfone (MTSO2), as well. Unfortunately, YMOA displayed a signiﬁcant degree of instability in the cell extract with an activity towards
MPS that was reduced by 40% after two hours on ice.
In the case of YMOB, activities for two substrates could be determined, albeit with 15–20-fold lower speciﬁc activities compared to
YMOA (Table S6). Despite sharing the sulﬁde MTS as a common substrate with YMOA, YMOB was active with the ketone 2-dodecanone.
YMOC-H did not convert any of the used substrates.

2.8. Alignments
The structural alignments were performed by YASARA using the
MUSTANG algorithm [50]. A multiple sequence alignment of mostly
BVMOs with known sulfoxidation activity was created with Geneious
Pro using the ClustalW algorithm (Table S4) [51,52].

2.9. Preparation of the phylogenetic tree
First, a dataset of BVMO sequences was compiled. Proteins homologous to CHMO (Acinetobacter sp. NCIMB 9871), PAMO (Thermobiﬁda
fusca), CPDMO (Pseudomonas sp. HI-70) and YMOA (Y. lipolytica) were
identiﬁed in both the nr (non-redundant) and SwissProt databases.
Duplicates and sequences without both BVMO ﬁngerprints and both
Rossmann-fold ﬁngerprints were deleted. Subsequently, a multiple sequence alignment of the resulting 78 BVMO sequences was created with
Geneious Pro using the ClustalW algorithm [51,52]. The phylogenetic
tree was created from the BVMO alignment with Geneious Pro using the
Neighbor-joining method [51].
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Scheme 2. Overview of screened substrates.

BVMOs [7,64]. The sequence and structural alignments showed that
this was also the case for YMOA and YMOB. In the case of Ar-BVMO and
EtaA, it is likely that the arginine next to this position is actually the
corresponding residue to R368 and that the alignment is shifted by one
position for these sequences. This is supported by the mutational study
of Ar-BVMO in which mutation of arginine at this position was shown
to greatly reduce or completely destroy BVMO activity [25]. Under this
assumption, YMOA and BVMO Af1 were the only enzymes also having
an arginine at position 367. Instead, lysine was almost universally
conserved. Because of the apparent importance of this residue, R367K
was chosen to investigate the eﬀect of introducing the conserved residue. Lastly, two other residues involved in the binding of NADPH
were investigated. K274 and R275 were very unusual residues at these
positions as evidenced by the sequence alignment, in which arginine
and threonine/serine were conserved among all other BVMOs (including YMOB) (Fig. 1d). In a publication by Rebehmed et al. [38],
these residues were universally conserved among 116 type I BVMO
sequences with 100% of all sequences containing arginine in the position corresponding to K274 (e.g. R217PAMO) and a total of 97.4% had
either a threonine or serine at the following position. Mutations of the
arginine drastically decreased activity by up to a factor of 104 in PAMO
[18] and HAPMO [64], because the stacking interaction between the
guanidinium moiety and the adenine base were vital for catalysis. Since
YMOA deviated in both of these highly conserved residues, the double
mutant K274R/R275S was chosen for examination.

3.3. Mutational study
To determine the inﬂuence of residues on the stereoselectivity,
discrimination between sulfoxide/sulfone formation and activity towards ketones, a model- and sequence alignment inspired mutagenesis
of YMOA was performed. In a ﬁrst step, a homology model was created
with YASARA and subsequently validated by the web tool MolProbity,
which showed that the overall quality of the model was good (Table S7)
[59,60]. A structural alignment of the YMOA homology model and
PAMO (PDB code: 2YLR), arguably one of the best studied BVMOs in
general and also for sulfoxidations, was created. Additionally, a multiple sequence alignment with ﬁfteen sequences was performed. Apart
from YMOA and YMOB, it mainly consisted of BVMOs with proven
sulfoxidation activity with two exceptions. MekA was included for its
status as an atypical BVMO because of its ability to also utilize NADH
while type I BVMOs are usually strictly NADPH-speciﬁc [61]. To our
knowledge sulfoxidation by MekA has not been investigated yet. The
other exception was SMFMO, which displays sulfoxidation activity
common to FMOs, but is unusual in its ability to catalyze Baeyer-Villiger oxidations and its utilization of both NADH and NADPH [62]. The
structural alignment was investigated for positions at the FAD–and
NADPH–binding sites and especially the active site. Identiﬁcation of
positions and possible mutations was assisted by the sequence alignment and literature data about residues involved in the sulfoxidation
activity. The ﬁrst group of residues was identiﬁed at the active site. In
the model, V121 is located near the polar side of the isoalloxazine
moiety of FAD with a distance of 4.4 Å between the closest atoms
(Fig. 1a). The sequence alignment showed two groups of amino acids at
this position: The short, hydrophobic amino acids valine and isoleucine
were present in both Yarrowia enzymes, PAMO, HAPMO and BVMO4,
while most of the other sequences contained the short, polar amino
acids serine and threonine. Due to the relative abundance of serine/
threonine and the positive eﬀect of I67T on the sulfoxidation of MPS in
PAMO [63], the mutation V121T was selected for investigation. Furthermore, four other putative active site residues were targeted. Y477,
Y479, C480 and A483 are located on a diﬀerent loop near the polar side
of the isoalloxazine group (Fig. 1b). The mutation Y477P was chosen
since the sequence alignment showed that only YMOA contained a
large, hydrophobic amino acid (tyrosine) at position 477, while proline
was conserved in most of the regular BVMOs. Similarly, YMOA has a
tyrosine at position 479, while most other BVMOs have smaller, hydrophobic side chains. Here, the mutation Y479G was chosen. Due to
the proximity to the active site, C480 and A483 were also included and
mutated to the respective residue found in CHMOAcineto. Residues
R367 and R368 are in an intermediate position between the active site
and the NADPH-binding site (Fig. 1c). Arginine 368 is one of the most
important residues for the catalytic cycle and strictly conserved among

3.4. Whole-cell biocatalysis reactions
Wild-type (WT) YMOA-H and the seven YMOA variants were used in
whole-cell biocatalysis reactions. Two types of reactions were planned
for the aromatic sulﬁdes and sulfoxides (Scheme S1a). In the asymmetric synthesis approach, the enantioselectivity of the oxidation of the
sulﬁdes MPS and MTS (5 mM) to the corresponding sulfoxides was
evaluated. However, since the sulfoxides can also be further oxidized to
the corresponding sulfones, the enantioselectivity of this reaction also
inﬂuences the enantiomeric excess of the sulfoxide product. The oxidation to the sulfones was investigated separately in a kinetic resolution
approach, in which the enantioselectivity of the oxidation of a racemic
mixture of the sulfoxides MTSO and MPSO (10 mM) was examined as a
possible method to selectively oxidize only one of the sulfoxide enantiomers. Furthermore, the oxidation of 5 mM DMSO was investigated
as well. All of the described experiments were performed with YMOA
and its variants and, with the exception of the DMSO oxidation, with
YMOB. For the Baeyer-Villiger oxidation, three ketone substrates (2dodecanone, cyclohexanone and acetophenone) were investigated
using a substrate mix containing 2 mM of each ketone (Scheme S1b).
In the case of YMOB, both sulfoxides and MTS showed evidence of
35

Enzyme and Microbial Technology 109 (2018) 31–42

S. Bordewick et al.

Fig. 1. Multiple sequence alignments (left) and structural alignments (right) of YMOA with PAMO. Note that the isoalloxazine moiety of FAD is not planar, indicating that the model
contains a reduced FAD. Orange: FAD; Yellow: NADPH; Green: YMOA; Black: PAMO (2YLR). a) Alignments of YMOA V121. b) Alignments of active site residues Y479, Y477, C480 and
A483. V121 was included for reference. c) Alignments of R367/R368 in YMOA. d) Alignments of K274/R275 in YMOA. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

YMOC, D and F this was probably due to their insoluble expression. For
YMOE, G and H, product formation of at least one substrate was expected as they were in a soluble form. Nevertheless, even though different substrates were used for the investigation, it is possible that none
of them was a suitable substrate for any of these YMOs. There are
BVMOs with quite narrow substrate spectra like PAMO, BVMOBrevi2 and
CPMOComa, making it likely for the new enzymes to be speciﬁc for
diﬀerent compounds like steroids [65–67]. In case of YMOH there are
two additional possibilities why no product was formed. Firstly, it was
only soluble when coexpressed with pKEJ7. As discussed above for
YMOB, a chaperone can fold a protein into a soluble, but inactive state

minor product formation (≤1% conversion). The qualitative ketone
test produced no evidence of product formation for cyclohexanone or
acetophenone, but a minor peak corresponding to decyl acetate, the
product of the Baeyer-Villiger oxidation of 2-dodecanone, was detected
(data not shown). A possible explanation for the low activity of YMOB
could be a folding problem due to the N-terminal His6-tag. As soluble
YMOB could only be obtained with coexpression of chaperones, it is
possible that the chaperones enabled folding into soluble but not fully
functional N-His6-YMOB. Another possibility could be that chaperones
bound to YMOB interfered with the activity.
The putative BVMOs YMOC-H did not display activity. In case of
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overall tetrahedral geometry (including the lone electron pairs) [12].
However, there are also mechanistic diﬀerences between the BaeyerVilliger oxidation and sulfoxidations. The attacking species in sulfoxidations is a ﬂavin-hydroperoxide, which performs an electrophilic attack on a lone electron pair of the sulfur atom [28].
Regarding the whole-cell reactions with the created YMOA variants
using the sulﬁde substrates, it became obvious that both C480F and
A483L proved to be generally deleterious mutations (Table 1 and Figs.
2–4 and S5–S7). Most variants of YMOA retained the high enantioselectivity observed for the formation of MTSO with two exceptions
(Table 1). Both Y477P and Y479G were the only variants producing
relevant amounts of (R)-MTSO (4% and 10%, respectively). While (S)MTSO formation was also decreased by 65% with Y477P, it retained the
(S)-selectivity with 15% ee. Remarkably, Y479G exhibited a complete
inversion of enantioselectivity to over 99% (R)-MTSO. In case of MPS,
both variants, for which the enantiomeric excesses could be determined, showed improved enantioselectivities of 27% ee (K274R/
R275S) and 40% ee (Y477P) through a higher yield of (R)-MPSO. Regarding the kinetic resolutions using the sulfoxide substrates, the enantioselectivities were very low, showing that the variants convert both
substrate enantiomers to the respective sulfones (Table 1). In the
asymmetric synthesis, SO2/SO ratios were determined, highlighting the
inﬂuence of the diﬀerent mutations on the distribution of sulfoxide and
sulfone products. V121T and Y479G increased sulfone formation while
decreasing sulfoxide yield with MTS as substrate, thus increasing SO2/
SO to 3.7 and 2.7, respectively (Table 1 and Fig. 2). These variants also
decreased the sulfoxide and increased the sulfone formation in the reaction with MPS. In Y479G, this yielded in a more than 10-fold higher
SO2/SO ratio of 50. In V121T, no sulfoxide was present, making it the
variant with the highest relative sulfone formation compared to sulfoxide. All remaining variants displayed lower sulfone formation than
YMOA wild type with both substrates (Fig. 2). Especially, R367K seems

or after the folding process it can still be bound to the protein, hindering its activity.
No evidence of a Baeyer-Villiger oxidation catalyzed by YMOA was
found, although it displayed all common sequence motifs of a type I
BVMO. Nevertheless, whole-cell biocatalysis and analysis by gas chromatography conﬁrmed the activity of YMOA with the sulﬁdes MTS and
MPS, their corresponding sulfoxides MTSO and MPSO and additionally
DMSO (Table 1 and Figs. 2–4 and S5-S7). Signiﬁcant diﬀerences in
conversions of MTS and MPS were observed, although the only structural diﬀerence was the presence of a p-methyl group at the aromatic
substituent of MTS. The conversion of MTS led to the production of
equal amounts of sulfoxide and sulfone (SO2/SO = 0.9), whereas the
conversion of MPS showed a 5-fold higher sulfone than sulfoxide production (SO2/SO = 4.8). Additionally, YMOA exhibited a high enantioselectivity (95% ee) for the formation of (S)-MTSO, but no preference for MPSO from MPS. Similar diﬀerences in enantioselectivities
were also found for CHMOAcineto ((S)-MTSO; (R)-MPSO) [16].
Ottolina et al. [15] explained the diﬀerences observed for CHMOAcineto with an active site model constructed from the determined enantioselectivities of 30 sulﬁdes. Due to the p-methyl substituent, MTS
binds diﬀerently in the substrate binding pocket resulting in a reorientation of the sulﬁde group, thus producing the opposite enantiomer
during the reaction. A similar change in binding modes between both
sulﬁdes could explain the observed diﬀerence in YMOA. When comparing the structures of the aromatic sulﬁdes/sulfoxides and aromatic
ketones (Scheme 2), it is noteworthy that even acetophenone was not
accepted, although it could be considered a structural analogue to MPS/
MPSO. Considering their similar sizes, acetophenone should be able to
reach the catalytic center similar to MPS, but no Baeyer-Villiger oxidation took place. Although similar, the functional groups display
geometric diﬀerences. While ketones are planar due to their sp2-hybridization, both sulﬁdes and sulfoxides are sp3-hybridized with an

Table 1
Summary of YMOA whole cell biocatalysis with the aromatic sulﬁdes (5 mM) and sulfoxides (10 mM).
Variant

Methyl p-tolyl sulﬁde (MTS)

rac-Methyl p-tolyl sulfoxide (MTSO)

Conversion [%]

SO2/SO

SO

SO2

Total

WT
K274R_R275S
R367K
V121T
Y477P
Y479G
C480F
A483L

16
17
6
7
10
10
1
1

15
11
1
26
9
27
0
0

31
28
7
33
19
37
1
1

Variant

Methyl phenyl sulﬁde (MPS)
Conversion [%]

WT
K274R_R275S
R367K
V121T
Y477P
Y479G
C480F
A483L

SO2

Total

5
9
2
0
16
1
1
1

24
10
1
55
5
50
0
0

29
19
3
55
21
51
1
1

Conversion [%]

ee [%]

E

SO2
0.9
0.6
0.2
3.7
0.9
2.7
0
0

95
96
91
93
15
> 99
n.d.
n.d.

(S)
(S)
(S)
(S)
(S)
(R)

100
28
2
100
49
98
1
1

n.d.
37
n.d.
n.d.
20
n.d.
n.d.
n.d.

(S)
(S)
(S)

1
3
1
1
2
1
1
1

rac-Methyl phenyl sulfoxide (MPSO)
SO2/SO

SO

ee [%]

ee [%]

Conversion [%]

ee [%]

E

SO2
4.8
1.1
0.5
only SO2
0.3
50
0
0

n.d.
27
n.d.
n.d.
40
n.d.
n.d.
n.d.

(R)

(R)

63
1
1
36
31
14
1
0

Conversion SO: Conversion to the sulfoxide (MTSO or MPSO, respectively).
Conversion SO2: Conversion to the sulfone (MTSO2 or MPSO2, respectively).
n.d.: The enantiomeric excess could not be accurately determined for samples with very low sulfoxide concentrations.
SO2/SO: Ratio of sulfone to sulfoxide formation.
ee: Enantiomeric excess.
E: Enantiomeric ratio = ln[(1 − C)(1 − ees)]/ln[(1 − C)(1 + ees)] | C: Conversion; ees: enantiomeric excess of substrates.

37

52
4
n.d.
15
10
14
n.d.
n.d.

(S)
(R)
(R)
(R)
(R)
(R)
(R)

3
5
1
2
2
10
1
1
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Fig. 2. Relative amounts of sulfoxide and sulfone products obtained in the asymmetric synthesis reactions related to the amount of sulfone produced by YMOA wild type. a) Comparison
of MTSO and MTSO2 amounts. b) Comparison of MPSO and MPSO2 amounts.

Fig. 3. Relative amounts of sulfone obtained in the kinetic resolution using MTSO and MPSO as substrates related to the amount of sulfone produced by YMOA wild type. a) Comparison
of MTSO2 formation by YMOA variants. b) Comparison of MPSO2 formation by YMOA variants.

aromatic sulfoxides, the conversion of DMSO to DMSO2 was also investigated (Fig. 4). The resulting conversions were analogous to those
of MTSO with two exceptions: Both K274R/R275S and R376K reached
higher conversions, the former even achieving a complete conversion.
These results show that the selected mutations had a multitude of different eﬀects on the formation of sulfoxides or sulfones and respective
enantioselectivities. Five residues from the active site were chosen, out
of which three (V121, Y479 and A483) are directly facing the active site
with an average distance of approximately 7 Å from the C4α of FAD,
the location of the reactive (hydro-)peroxide group during the reaction.
Correspondingly, mutations at these positions correlated with the largest changes in enzyme activity. A483L and C480F practically rendered
the enzyme inactive in all examined reactions; the substitution to larger
residues apparently changed the substrate binding or active site in a
destructive way. In contrast, V121T and Y479G approximately doubled
the sulfone conversion for both MTS and MPS. While the change in side
chain size in V121T was relatively small due to the similar structure of
valine and threonine, the substitution of a hydrophobic with a polar
amino acid could have induced a change in the binding pocket. Out of
all mutations, Y479G constituted the largest change in side chain
structure, from one of the largest amino acids, tyrosine, to the smallest
amino acid glycine. The resulting large change in the substrate pocket

to be a promising variant, as sulfone production was dramatically decreased with both substrates compared to the wild type. Even though
the changes in the SO2/SO ratios for K274R/R275S were not as pronounced, the trend was the same as for R367K. Y477P more than tripled
the amount of sulfoxide produced from MPS and additionally the sulfone yield was signiﬁcantly decreased, making this a promising variant
as well. The eﬀect on the sulfone formation was inspected further by
performing kinetic resolutions with the respective sulfoxides MTSO and
MPSO. Generally, the sulfoxides were much more readily converted to
sulfones than the sulﬁdes to sulfoxides with the exception of C480F and
A483L, which were again practically inactive (Fig. 3). For MTSO, differences in conversion between variants were similar to the ones obtained for the sulﬁde substrate. The three variants with the highest
sulfone formations in the sulﬁde reaction (WT, V121T, and Y479G)
reached full conversions in the sulfoxide oxidation. Similarly, both
K274R/R275S and Y477P displayed a decreased MTSO2 formation from
MTSO. Across both MTS/MPS and MTSO/MPSO as substrates, R367K
severely diminished the sulfone yield to about 2%. In contrast, the results for MPSO deviated from those of the sulﬁde MPS. While V121T
and Y479G displayed the highest sulfone formations in the sulﬁde
oxidations (more than double the WT conversion), they displayed
drastically lower conversions for the oxidation of MPSO. Apart from the
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intermediate. Additionally, the negative charge is compensated by the
NADP+, which remains bound until the end of the catalytic cycle [7]. A
diﬀerent orientation of this cofactor could disturb this important
function and thus prevent Baeyer-Villiger oxidations similar to the inactivation observed for mutations of the catalytic arginine. However,
the two variants hypothesized to inﬂuence the NADPH orientation towards a CHMO-like orientation, K274R/R275S and R367K, did not
enable Baeyer-Villiger oxidations of acetophenone, cyclohexanone or 2dodecanone. It is possible that a more elaborate redesign of the NADPH
binding site would be necessary to induce the correct NADP+ orientation for BVMO activity.

3.5. Classiﬁcation
In contrast to YMOB, YMOA revealed several features, which were
found to be unusual among type I BVMOs. While no evidence of BVMO
activity with ketones was found, YMOA proved to be relatively promiscuous concerning sulfoxidations. It showed uncommonly high formation of sulfone and especially its acceptance of DMSO as a substrate
was unique to BVMOs. In order to compare YMOA with YMOB-H and
other BVMOs, a phylogenetic tree was created from the sequence
alignment of 78 BVMO sequences (Fig. 5). Most of the characterized
BVMOs are grouped in the orange branch, which contains both the
majority of bacterial BVMOs and all eukaryotic BVMOs that have been
characterized to date. The remaining characterized BVMOs are split
into two additional groups. The red group contains four putative
BVMOs from bacterial origin and also the bacterial BVMOs EtaA and
Ar-BVMO. The blue branch is further divided into one bacterial branch
with three putative BVMOs, AKMO, BVMO6 and both HAPMO sequences and one fungi branch containing YMOB and YMOE, YMOH and
YMOI. In contrast, the green fungi branch contains only putative
BVMOs from fungal origin, including YMOA and YMOs C, D, F and G
from Y. lipolytica. In contrast to all other sequences, the fungi branch
displayed an additional C-terminal sequence of approx. 30 residues
from which 12 residues were highly conserved (same residue in over
70% of sequences). YMOA and the other four BVMOs from Y. lipolytica
were unique among this group and all remaining sequences in their
deviation from the universally conserved arginine at position R274
(YMOA). Overall, the division of the BVMO sequences from Y. lipolytica
into two phylogenetically distinct groups is highly intriguing. Although
the activities of YMOB with ketones were very low, they constituted
BVMO activity and correlated with the placement of YMOB into a
phylogenetic group with HAPMO. Conversely, YMOA was placed into a
phylogenetic group distinct from all characterized BVMOs to date.
The activities identiﬁed for YMOB, albeit low, allow the classiﬁcation of YMOB as a type I BVMO; for YMOA the situation is decidedly
more diﬃcult. For the classiﬁcation as a type I BVMO or even any type
of BVMO, a suitable ketone substrate for an actual Baeyer-Villiger
oxidation would have to be found. With the current absence of BVMO
activity, the substrate spectrum of YMOA is more similar to that of
Group B FMOs, which overwhelmingly display no BVMO activity but
have promiscuous heteroatom oxygenation [68]. Intriguingly, the recent discoveries of FMOs that catalyze Baeyer-Villiger oxidations
[62,69] raise the question if YMOA, identiﬁed by its sequence as a
BVMO, could have evolved for solely performing sulfoxidations or
possibly other heteroatom oxygenations. Such an enzyme could perform detoxiﬁcation reactions similar to FMOs and the cytochrome P450
system [68,70] or participate in pathways similar to the desulfurization
of the sulﬁde dibenzothiophene (DBT) by Rhodococcus erythropolis, in
which the sulﬁde is ﬁrst oxidized to the sulfone and subsequently
cleaved [71,72]. Apart from these possibilities, both, the results from
biocatalysis and the phylogenetic tree, suggest that YMOA could be the
ﬁrst example of a new distinctive class of fungal monooxygenases separate from type I BVMOs.

Fig. 4. Relative amounts of DMSO2 obtained in the kinetic resolution with YMOA variants
related to the amount of sulfone produced by YMOA wild type.

likely enabled a diﬀerent binding of the substrate, resulting in the observed inversion in enantioselectivity. As already discussed, the different enantioselectivities of the wild type with MTS and MPS can likely
be explained by diﬀerent binding modes. The Y479G mutation might
have changed the binding mode of MTS from MTS-like to MPS-like, thus
causing the inversion for MTS, but retention of the selectivity for MPS.
The mutation of Y477 to proline also constituted a large change in residue size and additionally decreased backbone ﬂexibility. However,
this residue is not located directly in the substrate pocket so that its
eﬀects were not as severe. In the described work on PAMO by Zhang
et al. [28], mutation of the corresponding proline to isoleucine indirectly changed the binding pocket ascribed to a higher ﬂexibility of
the loop. In line with a higher O–S distance in the model, a higher
sulfone formation was observed. Congruently, the “opposite” mutation
Y477P in YMOA could have reduced the ﬂexibility of the loop and
caused the opposite eﬀect, a reduction in sulfone formation. Overall,
mutations of active site residues led to changes of the entire product
spectrum of the sulﬁde oxidation, inﬂuencing total activity, sulfone-tosulfoxide ratio and stereoselectivity. As already described, the presence
of K274 and R275 in the YMOA NADPH binding site instead of the
universally conserved arginine (position 274) and to a lesser degree
conserved threonine/serine (position 275) was highly unusual. Thus,
the eﬀects of mutations at the NADPH binding site were investigated by
the double mutant K274R/R275S and the single mutant R367K. Both
mutants decreased the sulfone production in all investigated reactions
and the mutations had only very little eﬀect on enantioselectivities. It is
likely that these residues exert their eﬀect on the activity through the
NADPH cofactor. A possible mechanism for this could be a change of
the NADPH orientation. The orientation of the phosphate group of
NADPH in CHMO is determined by the residues T184, S207, R208 and
Q210. With the exception of Q210, all of these residues show a nearuniversal conservation among BVMOs [38]. The corresponding residues
in YMOA, N251, R274, K275 and V277 show a high degree of structural
dissimilarity to the conserved residues, therefore it is possible that the
phosphate and by extension the NADPH adopts a diﬀerent orientation,
thus aﬀecting the active site through a change of the nicotinamide
position or orientation. The YMOA-like NADPH orientation could be
one of the determining reasons for the unusually high sulfone production of YMOA. Changing residues to the conserved ones could thus
promote a diﬀerent orientation similar to CHMOAcineto or other classic
type I BVMOs, which generally display lower rates of sulfone formation.
The hypothesis of a diﬀerent NADPH orientation could be a part of an
explanation for the peculiar absence of Baeyer-Villiger activity. As laid
out in the introduction, Orru et al. [9] proposed that BVMOs are
“oxygen-activating and ‘Criegee-stabilizing’ catalysts”. This is achieved
by the activation of the ketone substrate by the catalytic arginine (R368
in YMOA), which also stabilizes the negatively charged Criegee
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Fig. 5. Phylogenetic tree including YMOs A-I.

4. Conclusion
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a b s t r a c t
Baeyer–Villiger monooxygenases (BVMO) belong to the class B of flavin-dependent monooxygenases
(type I BVMOs) and catalyze the oxidation of (cyclic) ketones into esters and lactones. The prototype
BVMO is the cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. NCIMB 9871. This enzyme
shows an impressive substrate scope with a high chemo-, regio- and/or enantioselectivity. BVMO reactions are often difficult, if not impossible to achieve by chemical approaches and this makes these enzymes
thus highly desired candidates for industrial applications. Unfortunately, the industrial use is hampered
by several factors related to the lack of stability of these biocatalysts. Thus, the aim of this study was to
improve the CHMO’s long-term stability, one of the most relevant parameter for biocatalytic processes,
and additionally its stability against oxidation. We used an easy computational method for the prediction of stabilizing disulfide bonds in the CHMO-scaffold. The three most promising predicted disulfide
pairs were created and biochemically characterized. The most oxidatively stable variant (Y411C-A463C)
retained nearly 60% activity after incubation with 25 mM H2 O2 whereas the wild type retained only 16%.
In addition, one extra disulfide pair (T415C-A463C) was created and tested for increased stability. The
melting temperature (Tm ) of this variant was increased by 5 ◦ C with simultaneous improved long-term
stability.
After verification by ABD-F labeling that this mutant does not form a disulfide bond, single and double
Cys/Ser mutants were prepared and investigated. Subsequent analysis revealed that the T415C single
point variant is the most stable variant with a 30-fold increased long-term stability (33% residual activity
after 24 h incubation at 25 ◦ C) showcasing a great achievement for practical applications.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Among the large number of flavin-dependent monooxygenases,
Baeyer–Villiger monooxygenases (BVMOs) have been studied most
for their application in biocatalysis. These enzymes usually exhibit
high chemo-, regio- and/or enantioselectivity while converting a
wide variety of substrates.
Until the mid 1990s, the investigation of BVMOs was
mostly focused to two microorganisms, Acinetobacter calcoaceticus
(Donoghue et al., 1976) and Pseudomonas putida (York et al., 1961).
The cyclohexanone monooxygenase (CHMO) from A. calcoaceticus
(EC 1.14.13.22; type I BVMO) is the extensively studied BVMO and
the most popular representative of prokaryotic origin (Balke et al.,

Abbreviations: BVMO, Baeyer–Villiger monooxygenase; CHMO, cyclohexanone monooxygenase; PAMO, phenyl acetone monooxygenase; ABD-F, [4aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole]; TCEP, [Tris (2-carboxyethyl) phosphine hydrochloride]; DS, disulfide.
∗ Corresponding author. Fax: +49 3834 86 794367.
E-mail address: uwe.bornscheuer@uni-greifswald.de (U.T. Bornscheuer).
http://dx.doi.org/10.1016/j.jbiotec.2015.09.026
0168-1656/© 2015 Elsevier B.V. All rights reserved.

2012; de Gonzalo et al., 2010). In 1976, this enzyme was discovered and for the first time biochemically characterized (Donoghue
et al., 1976). This CHMO was first cloned and functionally expressed
recombinantly in Escherichia coli (Chen et al., 1988). It has been
shown that this enzyme can convert hundreds of different compounds (Kayser and Clouthier, 2006; Ryerson et al., 1982; Stewart,
1998; Fink et al., 2012). Furthermore, this BVMO is able to catalyze sulfoxidations, oxidations of selenium and boron-containing
compounds, epoxidations and N-oxidations (Balke et al., 2012; de
Gonzalo et al., 2010; Torres Pazmiño et al., 2010).
Except for a few rare examples where the up-scaling of BVMOcatalyzed reactions was successfully shown (Hilker et al., 2008,
2005; Rudroff et al., 2006; Schmidt et al., 2015; Bong et al.,
2013), biocatalytic conversions on industrial scale using BVMOs
are hampered by the relatively low stability, most notably against
high temperatures, but also towards oxidative stress and organic
solvents. Especially for the conversion of cyclohexanone to caprolactone catalyzed by CHMO, such limitations are unfortunate
due to the still huge demand of a highly active and robust biocatalyst for this particular reaction. The conversion of this cyclic ketone
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to the corresponding lactone is of considerable interest in the industry, as this monomer is an important building block for polymer
synthesis. Recently, we have established an enzyme cascade reaction to produce the corresponding oligomer and thus could achieve
very high productivities (Schmidt et al., 2015).
In the past, a few attempts addressing the usage of the
thermostable protein scaffold of phenylacetone monooxygenase
(PAMO) from Thermobifida fusca (Fraaije et al., 2005) for the introduction of CHMO-like activity have been made. The PAMO is an
example for a relatively thermostable and solvent tolerant BVMO
(de Gonzalo et al., 2006). Unfortunately, this enzyme shows a limited substrate scope and does not convert small aliphatic ketones
like 2-butanone or cyclic ketones like cyclohexanone (de Gonzalo
et al., 2005; Fraaije et al., 2005). Three examples dedicated to the
introduction of CHMO-like activity into the thermostable PAMOscaffold have been reported so far (Bocola et al., 2005; van Beek
et al., 2012; Parra et al., 2015). In the first approach, a homology
model of CHMO derived on the basis of the crystal structure of the
PAMO was used to identify a structural element crucial for substrate
acceptance and stereoselectivity (Bocola et al., 2005). By eliminating some amino acids in this identified loop, which occur in PAMO
(but not in the CHMO), it was successfully shown that the range
of accepted substrates and the enantioselectivity of PAMO were
enhanced while maintaining the thermal stability. Unfortunately,
the standard substrate cyclohexanone was still not converted by
this PAMO variant. Due to that, further studies attempted to introduce activity against cyclohexanone into the PAMO scaffold were
reported, e.g., a work focused on the creation of a chimeric enzyme
based on the robust PAMO scaffold (van Beek et al., 2012). The created PAMO-CHMO chimera showed increased substrate specificity,
but no activity against cyclohexanone was detectable. Finally, a
directed evolution approach using iterative saturation mutagenesis to introduce the desired activity against cyclohexanone was
reported recently (Parra et al., 2015). Indeed, by using this approach
they were able to convert small amounts (2 mM) of cyclohexanone,
but for an industrially feasible process future directed evolution
optimization will still be necessary.
An alternative and very promising strategy is the enhancement
of the stability of a less stable CHMO. In the past years, several
approaches have been reported where not only a higher temperature stability of the CHMO was targeted, but also an increased
stability against oxidative stress.
The need for BVMOs to be stable against oxidative stress is based
upon the enzymatic mechanism. Dioxygen from air reacts with the
flavin adenine dinucleotide (FAD), which is tightly bound to the
enzyme to form subsequently an alkylhydroperoxide intermediate.
This intermediate reacts in a nucleophilic attack with the carbonyl
function of the substrate leading to the formation of the short-lived
Criegee intermediate. After rearrangement and cleavage, the corresponding lactone product, water and oxidized FAD are released.
The reduced form of FAD is regained by NADPH-mediated regeneration (Bermudez et al., 2014). If no substrate is present, hydrogen
peroxide can be formed by the CHMO due to slow decay of the
unproductive peroxiflavin. As a result, amino acid residues could
be oxidized by this highly reactive hydrogen peroxide leading to
the loss of catalytic activity. This can occur not only in the active
site, but also at distal parts of the protein through remote effects
(Kim et al., 2001; Opperman and Reetz, 2010; Perry and Wetzel,
1987; Slavica et al., 2005).
Moreover, some studies stated a correlation between oxidation and temperature. This connection was observed in a study
showing the successful stabilization of the CHMO towards
oxidation by rational protein design (Opperman and Reetz, 2010).
All methionine and cysteine residues in the CHMO wild type were
mutated and the stability of the resulting single and combinatorial mutants was investigated. As cysteine and methionine residues

contain sulfur atoms, they are typical target sites to address the
oxidative sensitivity of an enzyme. Using this approach, it was
possible to identify methionine and cysteine residues, which are
susceptible towards oxidation and two methionine residues contributing to a higher thermal stability were identified.
Another study focused mainly on the thermostabilization of
CHMO (van Beek et al., 2014). Here, a complex computationally guided approach for the introduction of disulfide bonds was
used to create a small library of mutant enzymes with introduced
cysteine pairs. This library was screened for an improvement in
thermostability, identifying three stabilizing disulfide bonds. The
best disulfide bond variant showed an increased apparent melting
temperature of 6 ◦ C; however, this variant also showed a significant
loss of catalytic activity (reduced by 50% compared to the CHMO
wild type).
As we developed such an approach in parallel, it was possible to learn from this study and to focus our work on a further
stability improvement of CHMO while maintaining the whole catalytic activity. Additionally, we turned our attention to both, the
long-term stability at a single temperature and the stabilization of
CHMO towards oxidation. In particular the stabilization towards
oxidation by introducing disulfide bonds has not been thoroughly
studied even if the stabilization by introduction of disulfide bonds
was shown for a large number of different proteins (Imani et al.,
2010; Liu et al., 2012; Mansfeld et al., 1997; Matsumura et al., 1989;
Miyazaki-Imamura et al., 2003; Quang et al., 2012; Sakai et al.,
2015). In these studies disulfide bond introduction lead not only
to thermostabilization, but also to decreased pH sensitivity of the
enzymes.
In contrast to the complex in-house method used by van Beek
et al. (2014), we simplified the identification of stabilizing disulfide
bonds by using the program Disulfide by DesignTM (Dombkowski,
2003; Dombkowski et al., 2014). Since no crystal structure of the
CHMO from A. calcoaceticus has been solved until now, which is
probably due to the notorious poor stability of this enzyme, we used
a homology model based on the crystal structure of CHMO from
Rhodococcus sp. (PDB code: 3GWD) for the analysis with Disulfide
by DesignTM . The underlying algorithm estimates the 3 torsion
angles based on the Cˇ... Cˇ distances using a geometry model
derived from native disulfide bonds. For the C˛... Cˇ... S angle some
tolerance is allowed based on the wide range, which is observed
in naturally occurring disulfide bonds (Dombkowski et al., 2014).
In other computationally based methods like the MODIP algorithm
(Sowdhamini et al., 1989), this tolerance is not allowed. Disulfide
by DesignTM calculates the energy for each prospective disulfide to
enable a ranking. This prediction yielded in a total number of 70
residue pairs for potential disulfide bond formation. After further
decreasing the number of potential disulfides, all disulfide bonds
predicted by this design procedure were characterized experimentally.
During the characterization process it turned out that the disulfide bond in one variant (T415C-A463C) is not formed; however,
a high increase in long-term stability and melting behavior was
observed. After creation and investigation of related single and double Cys/Ser mutants, we identified the strongly stabilized single
point mutant T415C. This stability effect (both in terms of melting
temperature as well as long-term stability) is a great achievement
for practical applications.

2. Material and methods
2.1. Materials
Unless stated otherwise all chemicals were purchased from
Sigma–Aldrich (Steinheim, Germany), Fluka (Buchs, Switzerland),
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New England Biolabs (Ipswich, MA, USA) or Merck (Darmstadt,
Germany). Primers were synthesized by Life Technologies (Darmstadt, Germany) and Eurofins MWG Operon (Ebersberg, Germany).
Sequencing was done at Eurofins MWG Operon. TALON metal affinity resin was acquired from Clontech Laboratories, Inc. (Takara Bio,
Mountain View, USA).
2.2. Bacterial strains, plasmids and general culture conditions
E. coli TOP10, E. coli BL21 (DE3) and E. coli SHuffle T7 Express
(engineered to form proteins containing disulfide bonds in the cytoplasm) were purchased from New England Biolabs (Beverly, MA,
USA). Expression of the CHMO was performed as described previously (Mallin et al., 2013; Schmidt et al., 2015). Briefly, the gene
encoding the CHMO from Acinetobacter sp. NCIMB 9871 (GenBank
accession no. BAA86293.1) was cloned in pET28a(+) using BamHI
and NotI for recombinant expression of a N-terminal His6 -tagged
protein. Plasmids were transformed into E. coli strains by the heat
shock method as described previously (Chung et al., 1989). E. coli
BL21 (DE3) and E. coli SHuffle T7 Express were routinely cultured
in terrific broth medium and supplemented, if necessary, with
50 g mL−1 (for E. coli BL21 (DE3)) and 35 g mL−1 (for E. coli SHuffle T7 Express) kanamycin, respectively. Incubation was performed
in baffled Erlenmeyer flasks in an orbital shaker (InforsHT Multitron2 Standard, Infors, Bottmingen, Switzerland) at 180 rpm and
37 ◦ C. Bacteria on agar plates were incubated in an Incucell Incubator (MMM Medcenter-Einrichtungen GmbH, München, Germany).
All materials and media were sterilized by autoclaving or by filtration through 0.20 m sterile syringe filters. Agar plates were
prepared with LB medium supplemented with 1.5% (w/v) agar.
2.3. Homology modeling
A homology model was built using YASARA (Canutescu and
Dunbrack, 2003; Krieger et al., 2009; Marko et al., 2007; Muckstein
et al., 2002) based on a 2.3 Å resolution X-ray structure of the CHMO
from Rhodococcus sp. (PDB code: 3GWD) in the closed conformation
with bound FAD and NADPH (Bermudez et al., 2014; Mirza et al.,
2009). Among the aligned residues, the sequence identity was 57%
and the sequence similarity was 73%. The structural refinement was
carried out by energy minimization and molecular dynamics simulation in a water box. The resulting model was qualified as “good”
with a Z-score of −0.529 by YASARA.
2.4. Design of disulfide bond mutants
Disulfide bonds were designed using the computational method
Disulfide by DesignTM (Dombkowski, 2003) to allow the rational
design of novel disulfide bonds in proteins. PDB files of protein
structures and homology models can be analyzed using this software. Residue pairs that are the most promising candidates to form
a disulfide bond in terms of their spatial arrangement in the protein
structure were identified, assuming these residues are mutated to
cysteines. For that prediction, the Cˇ and backbone atomic coordinates of the original amino acid residues are used and compared
with characteristics of known disulfides. The disulfide bond model
used by the computational method possesses fixed Cˇ... S and
S ... S bond angles of 1.81 and 2.04 Å, respectively, as well as
Cˇ... S . . . S bond angles of 104.15◦ (Dombkowski, 2003; Petersen
et al., 1999; Sowdhamini et al., 1989). These values are consistent
with characteristics from natural occurring disulfides (Petersen
et al., 1999). The 3 torsion angle describes the rotation of the
Cˇ atoms around the S ... S bond. To match the disulfide model
between a residue pair, the used algorithm rotates the torsion
angles of the respective residues to obtain a Cˇ... Cˇ distance fitting
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the measured distance between Cˇ... Cˇ . Additionally, all possible
S orientations are examined and the atomic coordinates providing
the lowest energy value are selected. A mean energy value calculated from over 700 known disulfide bonds (1.07 kcal mol−1 ) was
used to compare the potential disulfides predicted by the algorithm. The energy values of the selected residue pairs were in
the range of 0.34–1.32 kcal mol−1 . The tolerance for the 3 torsion
angles was specified to the smallest range of +100◦ /−80◦ ± 30◦ and
for the C˛... Cˇ... S bond angles of 105–125◦ . After that setup, all
residue pairs having the appropriate geometric characteristics for
disulfide bond formation including their energy values as well as
the 3 torsion angles were displayed. This prediction yielded in a
total number of 70 residue pairs for potential disulfide bond formation. After further decreasing the number of potential disulfides
as described in Section 3.1, all disulfide bonds generated by this
design procedure were characterized experimentally.
2.5. Site-directed mutagenesis
Site-directed mutagenesis of the CHMO gene was performed
using the QuikChangeTM method. A typical PCR mixture (50 L)
consisted of 10× Pfu Plus! DNA Polymerase buffer (5 L), DMSO
(0.5 L), 1.25 L of a mixture of deoxynucleoside triphosphates
(0.25 g mL−1 each), Pfu Plus! DNA Polymerase (1 U), plasmid DNA
(10 ng) and the forward and reverse primers (Table S1, 0.1 mol
L−1 ).
After PCR, the reaction mixtures were digested for 2 h at 37 ◦ C
with DpnI, followed by transformation into E. coli TOP10 (Invitrogen). After overnight growth on agar plates, three clones (from each
PCR) were sequenced to validate the desired mutations in the gene.
An overview about all generated mutants is given in Tables 1 and
S2 .
2.6. Optimization of protein expression
After transformation in the respective E. coli strain (BL21 (DE3)
or SHuffle T7 Express), the protein expression was performed at
different cultivation temperatures and with varying IPTG concentrations.
In a 250 mL shaking flask, 50 mL TB medium supplemented with
kanamycin (35 g mL−1 and 50 g mL−1 , respectively) was inoculated with 500 L of an overnight culture. The cultures were
incubated at 37 ◦ C and 180 rpm until an OD600 of 0.5–0.6 was
reached. Afterwards, protein expression was induced with 0.05,
0.1 or 1.0 mM IPTG. The cultures were shaken at 20 ◦ C, 25 ◦ C or
30 ◦ C at 180 rpm for 20 h. After 0, 1, 3, 5 and 20 h 7/OD600 samples were taken, centrifuged and frozen at −20 ◦ C for subsequent
SDS-PAGE analysis. To analyze the 7/OD600 samples by SDS-PAGE,
the cell pellets were resuspended in 500 L sodium phosphate
buffer (50 mM, pH 8.0) and disrupted by sonication (50% power,
50% pulse). After centrifugation at 1344 g for 10 min, the supernatant was centrifuged again. The resulting supernatant was used
as soluble protein fraction. The cell pellet obtained after the first
centrifugation step was resuspended in 500 L buffer and used as
insoluble protein fraction. For SDS-PAGE analysis, 15 L sample and
5 L sample buffer were mixed and denatured at 95 ◦ C for 5 min.
The whole sample volume was loaded into the pockets of the gel
and 10% separation gels and 4% stacking gels were used.
2.7. Enzyme production
The cultivation for CHMO production was carried out by
inoculation of 400 mL TB media supplied with the appropriate antibiotic with an overnight culture to give an OD600 of
0.05. E. coli SHuffle cells were grown at 37 ◦ C in baffled shaking
flasks. Enzyme expression was induced at an OD600 of 0.6–0.8
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Table 1
Overview about all created and investigated DS bonds and the single and double Cys/Ser variants. Additionally, the half-live values (t1/2 ) are given to better compare the
stabilization effect of the respective enzyme variants.
CHMO variant

Wild type
LCAC
DS1
DS2
DS3
DS4
DS1 + DS2
DS1 + DS3
DS2 + DS3
DS1 + DS2 + DS3
Y411C
T415C
T415S
A463C
A463S
Ser DM

Mutated position(s)

–
L323C, A325C
P254C, D290C
N286C, A293C
T415C, A463C
Y411C, A463C
P254Cys, D290C, N286C, A293C
P254C, D290C, T415C, A463C
N286C, A293C, T415C, A463C
P254C, D290C, N286C, A293C, T415C, A463C
Y411C
T415C
T415S
A463C
A463S
T415S, A463S

Aspec a [U mg−1 ] Tm b [◦ C] Kinetic parametersc

6.37
2.80
<0.1
3.70
6.94
4.73
<0.1
<0.1
5.30
<0.1
4.15
7.86
5.47
3.60
4.85
3.78

31.6
n.d.
n.d.
n.d.
36.4
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
37.5
n.d.
n.d.
n.d.
n.d.

KM [mol L−1 ]

vmax [mM min−1 ] kcat [s−1 ]

t1/2 [h]

4.6 ± 2.5
3.0 (van Beek et al., 2014)
n.d.
n.d.
10.9 ± 2.6
13.8 ± 0.7
n.d.
n.d.
n.d.
n.d.
n.d.
20.9 ± 0.01
n.d.
n.d.
n.d.
n.d.

7.5 ± 0.7
n.d.
n.d.
n.d.
8.8 ± 0.2
1.2 ± 0.2
n.d.
n.d.
n.d.
n.d.
n.d.
11.2 ± 1.2
n.d.
n.d.
n.d.
n.d.

1.82
n.d.
n.d
0.74
5.20
2.85
n.d.
n.d.
0.37
n.d.
1.80
14.6
4.00
0.60
5.80
0.80

38.5
6.1 (van Beek et al., 2014)
n.d.
n.d.
44.9
6.15
n.d.
n.d.
n.d.
n.d.
n.d.
57.4
n.d.
n.d.
n.d.
n.d.

n.d. = Not determined.
a
Aspec = specific activity determined after enzyme purification for CHMO wild type and the DS bond variants against the substrate cyclohexanone at 25 ◦ C.
b
Tm = melting temperature determined by CD spectroscopy.
c
Kinetic parameters were determined for cyclohexanone.

with 0.05 mM IPTG. Cultivation was continued for 20 h at 25 ◦ C.
Enzyme expression using E. coli BL21 (DE3) was performed
identically.
For biocatalysis reactions, enzyme expression was stopped after
5–6 h by harvesting (centrifugation at 1344 g at 4 ◦ C for 15 min).
Cells were washed twice in sodium phosphate buffer (50 mM, pH
8.0). The bacterial cell pellet was resuspended in the same buffer to
give a wet cell weight (WCW) of 100 gWCW L−1 . This cell suspension
was then used as resting cells in biocatalysis reactions as described
below.
2.8. Purification of the CHMO wild type and the mutants
Cell pellets obtained as described above were resuspended in
25 mL wash buffer (100 mM sodium phosphate buffer, 300 mM
NaCl, pH 7.5) containing 30 mM imidazole. For cell disruption,
the cell suspension was passaged twice through a French pressure cell at 2000 psi. Cell debris was separated from the crude
extract by centrifugation at 9000 g for 45 min. For the disulfide
bond variants, purification was performed by immobilized metal
ion affinity chromatography via the N-terminal His6 -Tag using
TALON Metal Affinity Resins to prevent the loss of the cofactor FAD. A column bed volume of 5 mL was used. Washing three
times with 10 mL wash buffer equilibrated the column. For purification, 10 mL crude cell extract were added to the column and
gently agitated horizontally on an orbital shaker on ice for 30 min.
The liquid was drained by gravity-flow and was kept as flow
through fraction. Afterwards, the resin with the bound protein
was washed with 10 mL wash buffer. The suspension was gently shaken on an orbital shaker on ice for 10 min to promote
thorough washing. This washing step was repeated three times
to finally give three washing fractions. The histidine-tagged protein was eluted by adding 2 mL of elution buffer (100 mM sodium
phosphate buffer, 300 mM NaCl, 300 mM imidazole, pH 7.5) and
incubation on ice for 3–5 min. The flow-through was collected to
give the first elution fraction. This elution step was repeated 5
times until all protein was eluted from the resin. Washing, flow
through, and elution fractions were analyzed by SDS-PAGE. For
removal of imidazole in the desired elution fractions desalting was
performed using PD-10 desalting columns (GE Healthcare, Munich,
Germany) according to the gravity protocol given by the manufacturer.

Purification of CHMO wild type, the single and double Cys/Ser
mutants was performed using the Äkta purifier (GE Healthcare,
Munich, Germany). The filtrated supernatant was applied to a
NiNTA column (GE Healthcare). After washing the column with a
triple volume of wash buffer at a flow rate of 5 mL min−1 , the protein was eluted with elution buffer. The fractions containing CHMO
were collected. Washing, flow through, and elution fractions were
analyzed by SDS-PAGE. The proteins were desalted by gel chromatography against 50 mM sodium phosphate buffer (pH 8.0) at a
flow rate of 2 mL min−1 .
To determine the protein content of the crude cell extract
as well as of the purified and desalted fractions, the BCA protein quantitation kit (Thermo Scientific, Carlsbad, USA) was
used. Standard curves were made using BSA in a range of
0.02–2 mg mL−1 . Samples were measured in triplicates using suitable dilutions.
2.9. Activity measurements and kinetics
Enzyme activity measurements for CHMO were performed
spectrophotometrically using the Jasco V550 spectrophotometer
by monitoring the NADPH consumption at 340 nm for 120 s in 1 mL
cuvettes. The standard reaction mixture (1 mL) contained 50 mM
sodium phosphate buffer (pH 8.0), 0.6 mM cyclohexanone (60 mM
in DMF), 0.3 mM NADPH and an appropriate amount of the enzyme
(purified). To determine the steady-state kinetic parameters, the
enzyme activities were measured at cyclohexanone concentrations
from 0 to 0.6 mM as the high affinity for the substrate turned out
to be increased.
2.10. Stability assays
To determine thermostability, the purified CHMO wild type
or the disulfide bond variants (0.3 mg mL−1 ) were incubated in
sodium phosphate buffer (50 mM, pH 8.0) at various temperatures
for 10 min. Afterwards the samples were immediately placed on ice
and activity was measured at room temperature using the NADPH
assay. Inactivation of the enzyme was determined by incubation
of the purified enzyme (0.3 mg mL−1 ) in sodium phosphate buffer
(50 mM, pH 8.0) at 25 ◦ C. After defined time intervals samples
were taken and immediately placed on ice. Residual activity was
measured at room temperature using the NADPH assay. Purified
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enzymes (0.3 mg mL−1 ) were used to determine oxidative stability by incubating the enzyme in sodium phosphate buffer (50 mM,
pH 8.0) containing various concentrations of hydrogen peroxide
(0–100 mM) at 20 ◦ C for 3 h. After the incubation time, 10 L of a
catalase solution (1 mg mL−1 in buffer) was added to the samples
and incubated further on ice. Residual activity of the CHMO variants
was measured using the NADPH assay as described above.
2.11. Circular dichroism (CD) spectroscopy
CD spectra were recorded using a Jasco J-810 spectropolarimeter equipped with a Peltier cell holder. Data were collected using
purified enzymes in a concentration range of 0.1–0.2 mg mL−1 in
sodium phosphate buffer (5 mM, pH 8.0). The ellipticity at 222 nm
over a temperature range from 10 to 80 ◦ C with a resolution of
0.1 ◦ C and a heating rate of 1 ◦ C min−1 was monitored to follow
the thermal unfolding of the enzymes. The plotted thermal denaturation curves were fitted to sigmoidal curves. The temperature at
which half of the enzyme was in an unfolded state (melting temperature Tm ) (Polizzi et al., 2007) was evaluated as the midpoint of
the normalized thermal transition.
2.12. ABD-F alkylation of free cysteine residues
CHMO wild type and the disulfide bond variants were purified
as described above. For the measurement of the ABD-F-labeling (4aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole, Scheme S1) (Kirley,
1989), the CHMO wild type and the DS-bond variants DS2, DS3,
DS4 and LCAC were used in the native and in the reduced form. As
positive control served an enzyme, which contains three confirmed
disulfide bonds (Sulfhydryl oxidase from Yarrowia lipolytica; GenBank accession no. XM 503294) (Dujon et al., 2004). The protein
content of all samples was adjusted to 1.5 mg mL−1 . The reaction
mixtures were composited as follows: 20 L 2× ABD-F reaction
buffer (200 mM boric acid, 4 mM EDTA, 6% (w/v) SDS, pH 8.0), 18 L
sodium phosphate buffer (50 mM, pH 8.0), 2 L 20× TCEP (20 mM
in distilled water), 4 L 10× ABD-F (40 mM in DMSO) and 16 L of
the enzyme solution to give a total volume of 60 L. For the investigation of the native enzymes, distilled water was used instead of
TCEP.
The samples were incubated at 20 ◦ C for 3 h to ensure a complete reduction of the variants and a quantitative labeling of the Cys
residues by ABD-F. Reduction and labeling of the disulfide bonds
takes place simultaneously. As control, the enzyme variants were
denatured by incubation for 20 min at 45 ◦ C. This control was used
to assess whether the ABD-F labeling can be performed at 37 ◦ C for
30 min or whether the disulfide bonds are not stable under these
reaction conditions. As a blank, a sample with 16 L distilled water
instead of enzyme was used. For the measurement, 10 L sample
was mixed with 140 L distilled water in a MTP. The excitation
of the fluorophore was performed at 385 nm. The emission was
measured at 520 nm.
2.13. Whole–cell biotransformations
CHMO wild type and the respective variants were expressed
as described above. For biocatalysis, 500 L of a 100 gWCW L−1 cell
suspension containing recombinantly expressed CHMO or the variants were used in 10 mL batches (in 100 mL shake flasks) in 50 mM
sodium phosphate buffer (pH 8.0, 1% NaCl) containing 5 mM substrate (Table 2) and 60 mM d-glucose monohydrate (1 M stock
solution in reaction buffer). Glucose was required for the intracellular cofactor recycling of NADPH. Biotransformations were sealed
with a gum plug, shaken at 25 ◦ C and 120 rpm and 500 L samples were taken periodically. Samples were extracted with 500 L
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dichloromethane containing 2 mM acetophenone as external standard. Determination of the substrate and product concentrations
were carried out by gas chromatography using a Shimadzu GC-14A
equipped with a Hydrodex® -ß3P column as described below.
2.14. GC analytics
2.14.1. GC column
The evaluation of the biotransformations for both the achiral
and the chiral compounds was performed using a Shimadzu GC14A equipped with a Hydrodex® -ˇ3P column (25 m × 0.25 mm,
Macherey & Nagel, Düren, Germany) and flame-ionization detection (FID).
2.14.2. Extraction procedure for GC analysis
For analysis, samples of the reaction mixture were taken periodically (500 L) and directly placed on ice before extraction or
were stored at −20 ◦ C. The extraction of the substrate and the
product was performed with the same volume of dichloromethane
(500 L). Acetophenone (2 mM) was added to the dichloromethane
and served as external standard. The separation of the two phases
was obtained via centrifugation (60 s). The lower organic phase was
transferred into a clean tube and dried with anhydrous Na2 SO4 . The
solution was mixed again (60 s) and centrifuged (10 min). Afterwards, the sample was transferred into a GC vial. A sample volume
of 1 L was injected into the GC instrument.
2.14.3. GC methods
Samples containing compounds 1a and 1b were analyzed
using Method A. For the compounds 2a–3c Method B was used.
Compounds 4a and 4b were analyzed with Method C whereas compounds 5a–5c were analyzed with Method D. All GC methods are
summarized in Table S3.
3. Results
3.1. Design and creation of DS variants
Since no crystal structure of the CHMOAcineto has been solved
until now, the designed homology model was used for the prediction of disulfide bonds with the program Disulfide by DesignTM
(Dombkowski, 2003). In a previous study, in silico designed disulfide bonds were restricted in a way that only disulfide bonds
between amino acids spanning maximal 15 residues were allowed
(Wijma et al., 2014). In this study, no such restriction was applied
to allow variability of the predicted DS bonds. The prediction of
possible amino acid residues for the formation of a disulfide bond
using Disulfide by DesignTM resulted in a total of 70 amino acid
pairs. To identify the most promising positions for disulfide bond
formation, the tolerance for the energy values and 3 torsion angles
was further decreased. According to literature (Dombkowski, 2003;
Petersen et al., 1999; Sowdhamini et al., 1989), the energy value of
a naturally occurring disulfide bond is about 1.07 kcal mol−1 . The
distribution of the C˛... Cˇ... S angle within known disulfide bonds
is between 105◦ and 125◦ (maximum at 115.1◦ ) (Dombkowski et al.,
2014). Due to that, only residue pairs displaying a value close to the
maximum of 115.1◦ were considered for the selection.
Using these criteria, a restriction to nine possible disulfide bonds
was imposed. In the last step, the spatial position of these nine DS
bonds in the structure of CHMO was examined. All DS bonds located
too close to the active site (within a radius of 8 Å) or being involved
in the coordination of the FAD and/or NADPH were excluded to prevent a loss of catalytic activity. Consequently, three positions were
chosen for creation in vitro. In addition to these predicted candidates by Disulfide by DesignTM , a further variant was selected to
possibly form a disulfide bond. Due to the close spatial position of
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Table 2
Conversion and enantioselectivities of the oxidatively and thermo-stabilized CHMO variants in an achiral transformation and a desymmetrization reaction.
Substratea

CHMO variant

Conv. [%]

ee [%]b

Cyclohexanone

WT
DS2
DS3
DS4
T415C
WT

>99
64
>99
17
>99
>99

n.a.c
n.a.
n.a.
n.a
n.a.
>99

4-Methylcyclohexanone

DS2
DS3
DS4
T415C

96
>99
67
>99

>99
>99
>99
>99

a
b
c

Product(s)

In all reactions the substrate concentration was 5 mM.
Determined by chiral GC.
n.a. = Not applicable.

amino acid Thr415 to Ala463 and the appropriate Cˇ... Cˇ distance
within 5.0 Å, these residue pairs were also considered as potential
disulfides, even if not predicted by the software. The selected four
potential DS bond variants are P254C-D286C (DS1), N290C-A293C
(DS2), T415C-A463C (DS3) and Y411C-A463C (DS4). In addition,
various combinatorial mutants of these DS bond variants were generated. A previous reported DS bond variant (L323C-A325C, LCAC)
(van Beek et al., 2014) was created to serve as control especially for
the ABD-F labeling experiments because this variant was proven to
form indeed a DS bond in vivo. In Table 1 a comprehensive overview
about all generated DS bond variants of CHMO is depicted.
3.2. Determination of activity
Engineered E. coli strains such as E. coli SHuffle used in this study
have enzymatic activities aimed for the formation as well as the
quality control of disulfide bonds within the cytoplasm (Lobstein
et al., 2012). Nevertheless, proteins containing disulfide bonds are
usually less well expressed (de Marco, 2009). Therefore, an expression optimization for all eight disulfide bond variants of CHMO
was performed (data not shown). Under the best expression conditions, a sufficient yield of purified enzyme for further studies of
the DS-bond variants was obtained.
Out of all purified mutants, five displayed a significantly reduced
specific activity against the substrate cyclohexanone compared
to CHMO wild type. Protein variant DS3 showed a similar specific activity of 6.94 ± 1.23 U mg−1 compared to the wild type with
6.37 ± 1.01 U mg−1 (Table 1), indicating no loss of catalytic activity
by the introduced DS-bond. The CHMO variants DS2, DS4 and the
combinatorial variant DS2 + DS3 showed a slight decrease in specific activity, whereas the LCAC variant spanning only one residue
showed about half reduced specific activity compared to variant
DS3 and the wild-type CHMO, respectively. All other combinatorial
variants showed no activity. Thus, these variants were not further
investigated.
3.3. Thermo-/oxidative stability
Once we succeeded in the purification of the variants in good
yields and with high specific activities, their stabilities were
studied. CHMO wild type and the remaining mutants (DS2, DS3,
DS4, and DS2 + DS3) were purified to homogeneity to avoid possible stabilization by proteins present in the E. coli cell extract and

then subjected to stability studies. To determine the lifetime of the
CHMO variants, enzyme stability was monitored by incubation at
a single temperature for 24 h (Fig. 2). For biocatalysis, this is the
most relevant parameter. CHMO variants were incubated at 25 ◦ C
and activity was measured with cyclohexanone as substrate after
defined time intervals. It was found that mutant DS3 () showed
a significantly increased long-term stability compared to CHMO
wild type (䊉). After 24 h incubation at 25 ◦ C, variant DS3 showed
a residual activity of 12%, whereas the wild-type enzyme showed
no residual activity (Fig. 2). Additionally, the calculated half-life for
variant DS3 showed a 3-fold increase compared to the half-life of
the wild type.
Concerning thermostability, variant DS3 showed a significant
improvement in stability over a temperature range of 20–45 ◦ C
(Fig. 2). Between 30 and 35 ◦ C, the activity of the CHMO wild type
(䊉) strongly decreases, whereas the activity of the variant DS3 ()
only gradually decreases. At 45 ◦ C, variant DS3 still has a residual
activity of 12% compared to the CHMO wild type and the other
variants. The temperature where 50% of the activity remained, was
increased by 5 ◦ C for variant DS3.
In addition to the determination of long-term stability and the
thermostability profiles, the melting temperatures (Tm ) of CHMO
wild type and the mutant DS3 were determined by CD spectroscopy
(Table 1 and Fig. S2).
Spectroscopy data confirmed that variant DS3 was stabilized
with an increase in melting temperature by 5 ◦ C (Table 1) and a 2fold higher long-term stability without any loss in specific activity
as shown for mutant LCAC.
In addition to to the thermostability of the DS-bond variants
of CHMO, the stability against hydrogen peroxide was determined
(Fig. S4). It was already found that very low concentrations of H2 O2
already had a strong impact on the activity of CHMO wild type
(Opperman and Reetz, 2010). Whereas the activity of CHMO wild
type is completely lost in the presence of 50 mM H2 O2 , the DS-bond
variant DS2 retained 26% of the initial activity. Although variant DS4
showed an increase in stability against 25 mM H2 O2 compared to
the wild type and DS2, the activity at 50 mM is almost completely
lost. Interestingly, the combinatorial variant DS2 + DS3 showed
neither an increased thermostability nor an increased oxidative stability. Fig. 3 gives an overview about the effects of disulfide bonds on
the stability of CHMO wild type and the DS-bonds variants towards
25 mM H2 O2 and higher temperature (35 ◦ C).
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Fig. 1. Location of the designed disulfide bonds in the model structure of CHMO. The mutated residues P254C-D286C (DS1), N290C-A293C (DS2) and Y411C-A463C (DS4)
build the disulfide bridge, whereas the mutated residues T415C and A463C (DS3) are free cysteines. Angles and distances of the respective DS-bond are given for each variant.
The cofactor FAD is shown in green, NADPH in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. ABD-F labeling
To verify the formation of disulfide bonds in the proteins, an easy
method for DS-bond analysis via ABD-F labeling was established.
ABD-F is a highly reactive and specific reagent for thiol-groups in
proteins and non-fluorescent before its reaction with thiol-groups.

The ABD-Cys adduct absorbs maximally at 385 nm and has a fluorescence emission maximum at 520 nm, allowing simple and
sensitive detection. The fluorescence intensity is directly proportional to the number of functionalized thiol groups. To use this as
indirect verification for disulfide bonds, the protein is functionalized with ABD-F in the native and in the reduced form. As reducing

10
Fig. 2. (a) Activity-temperature profiles (T50
) of CHMO wild type (䊉), variant DS2 () variant DS3 (), variant DS4 (△) and variant DS2 + DS3 (䊏). (b) Long-term stability of
CHMO wild type and the disulfide bond mutants. The relative initial rate at t = 0 min was normalized to 100% wild-type activity. The CHMO wild type (䊉), the variant DS2
(), the variant DS3 (), the variant DS4 (△) and the combinatorial variant DS2 + DS3 (䊏) are displayed.
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was expressed in E. coli BL21 (DE3), where no disulfide bonds can
be formed. The temperature profile (Fig. S5) shows that variant DS3
expressed in both, SHuffle T7 Express as well as BL21 (DE3), showed
a significantly higher stability over a temperature range of 20–45 ◦ C.
Between 30 and 40 ◦ C, the activity of CHMO wild type (䊉) as well as
variant DS3 expressed in SHuffle () strongly decreases, whereas
the activity of variant DS3 expressed in BL21 (DE3) () just slightly
decreases. At 45 ◦ C, both DS3 variants have a residual activity of 12%.
The temperature where 50% of the activity remained was increased
for variant DS3 expressed in BL21 (DE3) compared to the variant
expressed in SHuffle by 10 ◦ C. This result confirms that the higher
temperature stability of variant T415C-A463C (DS3) is not a result
of a disulfide bond formation.
3.6. Cysteine/serine single point and double mutants

Fig. 3. Overview about the conducted stability studies. The effects on the stability
of CHMO wild type and the disulfide bond variants towards 25 mM H2 O2 and 35 ◦ C
temperature are depicted. The highest stabilization effect against 25 mM H2 O2 is
given as green bars whereas the highest temperature improvement is shown in a
red bar. The enzymes were incubated for 10 min under the respective parameter. As
control reaction for each variant, a non-treated sample (incubation at 4 ◦ C for 10 min,
black bars) was measured and set to 100%. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

agent, TCEP [Tris(2-carboxyethyl) phosphine hydrochloride] was
used. The fluorescence intensity of the reduced form compared to
the native form of the protein is increased, when disulfide bonds
are present.
The ABD-F labeling was performed with the CHMO wild type, the
DS-bond variants DS2, DS3, DS4, LCAC and sulfhydryl oxidase from
Y. lipolytica, containing three confirmed disulfide bonds as a positive control. The measurement of the fluorescence intensity was
first conducted with native, native reduced, denatured and denatured reduced forms of the enzymes to verify whether a possible
unfolding (partial or complete) under assay conditions influences
the binding of the ABD-F to the protein thiol-groups. The native
reduced form and the denatured reduced form of the enzymes display nearly the same fluorescence (Fig. S1A). This is the case for
each variant, which indicates no influence of the denaturation of
the proteins on the ABD-F binding to the thiol groups. In addition, the native and denatured form of variant DS2, LCAC and the
control displayed a much lower fluorescence, which is due to the
reduced accessibility of free cysteines. For the CHMO wild type,
the fluorescence intensity of the native and the reduced form was
equal (Fig. S2B), which confirmed that no disulfide bond is present
in the wild-type enzyme. The difference between the fluorescence
intensity of the native and the reduced form corresponds nearly to
the number of disulfide bonds in the protein. While in the positive
control the difference of the relative fluorescence units (RFU) was
12,700, the difference of RFU was 4200 for variant DS2. Each cysteine residue contributed to a fluorescence intensity of around 2100
RFU. We observed that for variant DS3, the fluorescence intensity of
the native form is slightly higher than for the reduced form, which
lead us to the assumption that the disulfide bond is not formed in
this mutant. Interestingly, the mutations of residues Thr415 and
Ala463 to cysteines nevertheless contributed to a higher stability.
3.5. Expression of variant DS3 in different E. coli strains
To verify if the enhanced temperature stability of variant DS3
is indeed not a result of the disulfide bond formation, this variant

To further investigate the stabilization of CHMO variant T415CA463C (DS3), a double mutant with a serine at these positions
was generated. Additionally, cysteine and serine single mutants at
positions 415 and 463 were generated to examine, which residue
contributes more to the stabilizing effect or if synergistic effects
are the reason for the improvement. Serine variants were generated because serine and cysteine are structurally similar, so that
the investigation of the serine mutants could verify if the improved
behavior of variant T415C-A463C is only caused by slight structural
changes. It was shown before that an appropriate mutation like the
change to Cys/Ser leads to a rigidification and therefore enhanced
thermostability (Reetz et al., 2009).
The temperature stability profiles of the double serine variant (Fig. S6) and the single mutants T415S and A463C confirm
a strong similarity to the CHMO wild type except for the temperature stability profile of variants T415C and A463S (Fig. 4 ).
Variant A463S exhibits a higher residual activity at 20, 25 and 30 ◦ C
compared to the CHMO wild type. In contrast, variant T415C shows
a higher stability at higher temperatures (30–45 ◦ C). But both single
variants are not as stable as the combinatorial variant DS3 (T415CA463C). These results demonstrate that both amino acid positions
are important and contribute to an improvement of the temperature stability of variant DS3, but the influence of the mutation
threonine 415 to cysteine is higher. These data were also validated
by the determination of the long-term stability of these mutants
and the calculation of half-lives from these decay curves (Fig. 4 and
Table 1).
The obtained results for the long-term stability were indeed surprising. Also in this case, the curves for variant A463C and the CHMO
wild type show a strong identity. In addition, the variants T415S and
A463S have almost the same long-term stability curves as variant
DS3, but remained strongly below the long-term stability curve for
variant T415C (Fig. 4). After 24 h incubation at 25 ◦ C, variant T415C
still has a residual activity of 33%. The increased stability of this
variant was additionally confirmed by determination of the melting temperature (Table 1), which is 6 ◦ C higher compared to the
melting temperature of CHMO wild type and the calculated halflife. Variant T415C has a 8-fold increased half-life compared to the
wild-type CHMO (Table 1).
3.7. Kinetic parameters
The steady-state kinetic parameters were determined for the
CHMO variants containing beneficial mutations to confirm that the
enzymes are still effective and catalytically competent (Table 1).
While the activity of the mutants DS3 and T415C was found to be
significant higher compared to the wild type, the affinity for cyclohexanone of both is slightly decreased. The catalytic efficiencies,
determined by the turnover number kcat , were calculated using the
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10
Fig. 4. (A) Activity-temperature profiles (T50
) of CHMO wild type (䊉), variant DS3 (), variant T415C (), variant T415S (△), variant A463C (䊏) and variant A463S (䊐). (B)
Long-term stability of CHMO wild type and variants. The relative initial rate at t = 0 min was normalized to 100% wild-type activity. The CHMO wild type (䊉), the variant
T415C (), T415S (△), A463C (䊏) and A463S (䊐) are displayed.

maximal velocity Vmax . For variant DS4, the affinity for the substrate was increased, but kcat was decreased, which was already
observed by the determination of the specific activity against the
substrate cyclohexanone (Table 1). The catalytic constant kcat is 1.5fold higher for the variant T415C (kcat = 57.4 s−1 ) than for the wild
type enzyme (kcat = 38.5 s−1 ). Also the double variant T415C-A463C
showed a 1.2-fold increase (kcat = 44.9 s−1 ).
3.8. Substrate acceptance and stereoselectivity
The CHMO investigated in this study is well known for its wide
substrate acceptance as well as its high selectivity in oxidative
kinetic resolution and desymmetrization (Balke et al., 2012; de
Gonzalo et al., 2010; Mihovilovic, 2012; Torres Pazmiño et al.,
2010). Our aim was the generation of a broad-scope biocatalyst
with improved stability for versatile industrial applications. Thus,
various substrates to address all important reaction types (achiral transformation, desymmetrization, and kinetic resolution) were
applied using a whole cell biotransformations in order to circumvent a regeneration system for NADP+ (Scheme 1).
CHMO wild type and the variants DS2, DS3, DS4 and T415C
were compared concerning to their levels of conversion and
particularly to their stereoselectivities against 2-, 3- and 4-methylsubstituted cyclohexanones (2–a, Scheme 1, Tables 2 and 3) as
well as the non-methylated cyclohexanone (1a, Table 2) and racbicyclo[3.2.0]hept-2-en-6-one (5a, Table 4).
For every investigated reaction, the obtained conversion (activity) is almost identically to the catalytic profile of the wild type
except of the obtained conversions achieved with the variants DS2
and DS4. Obviously, the lower soluble expression as well as the
slight decrease in specific activities for both variants (Table 1)
contributes to this drop in conversion. Nevertheless, the obtained
stereoselectivities are gratifyingly unchanged or only slightly
different compared to the wild-type enzyme (Tables 2–4). The biotransformations of the bicyclic ketone 5a lead to almost identically
ratios of “abnormal” versus “normal” lactones as well as the corresponding stereoselectivities (Table 4).
5. Discussion
In this study, a CHMO variant with an increased stability towards
temperature and/or oxidative stress in combination with undimin-

Scheme 1. Baeyer–Villiger oxidation of various substrates to determine the substrate acceptance, enantio- and regioselectivity of the improved CHMO variants.

ished activity against the substrate cyclohexanone was targeted
for the purpose of industrial applications. Thus, potential stabilizing disulfide bonds were investigated in silico using the program
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Table 3
Comparison of the CHMO variants in oxidative kinetic resolution biotransformations of rac-2a to lactone 2b.
Substratea

Product(s)

CHMO variant
WT
DS2
DS3
DS4
T415C

a
b

Residual ketone 2d
Conv. [%]
ee [%]b

Abs. Conf.

Lactone 2b
C [%]

ee [%]b

Abs. conf.

51
43
44
42
52

R
R
R
R
R

55
47
57
23
42

81
81
81
77
81

S
S
S
S
S

60
70
54
98
64

In all reactions the substrate concentration was 5 mM.
Determined by chiral GC.

Table 4
Enantio- and regio-selectivities of the stabilized CHMO variants in whole–cell biotransformations.
Substratea

Product(s)

CHMO variant

C [%]

WT
DS2
DS3
DS4
T415C

>99
95
>99
31
>99

WT
DS2
DS3
DS4
T415C

>99
87
>99
28
>99

ee [%]b,c

Regioisomeric ratio

Proximal

Distal

Proximal:distal

95
93
95
89
95

98
98
98
98
98

51:49:00
45:55:00
51:49:00
42:58:00
51:49:00

Abnormal:normald

40:60
40:60
40:60
35:65
38:62

a

In all reactions the substrate concentration was 5 mM.
Determined by chiral GC.
Due to the lack of enantiopure (S)- and (R)-proximal and distal lactones, the absolute configurations were assigned by comparison of enantiomer retention times with
those of authentic compounds from CHMO mediated biotransformations.
d
Abnormal (5c)/normal (5b) lactone.
b
c

Disulfide by DesignTM (Dombkowski, 2003). Out of the 70 predicted
disulfides, three DS-bond variants were selected for characterization. Another disulfide bond variant (DS3), which was not predicted
by the program, was also considered due to the close spatial position of the amino acid residues T415 and A463. After the initial
set of variants was successfully generated, expressed and purified,
various combinatorial mutants were cloned, soluble expressed and
purified. Out of nine purified DS-bond variants, four (especially the
combinatorial mutants) displayed a significantly reduced specific
activity at 25 ◦ C compared to the wild type. Although stabilized
enzyme variants often have lower specific activity at the original
temperature but show higher specific activity at elevated temperature, this was not the case for the combinatorial variants and
variant DS2. The biggest drop in specific activity was slightly more
than 50% for variant DS2. Nevertheless, a variant with increased

oxidative stability is still beneficial for an industrial process even
with a small drop in specific activity. All other variants, e.g., mutant
DS3 showed a similar specific activity compared to the wild type
CHMO (Table 1) at the original temperature and increased specific
activity at higher temperatures. Catalytically competent enzymes
with slightly reduced or even better catalytic performance than the
wild-type CHMO, and thus suitable for industrial purposes, were
generated.
The mechanisms, which are used by proteins for the protection
against structural damage caused by oxidation or inactivation at
elevated temperatures, are very versatile. The beneficial disulfide
bonds leading either to an improved thermostability or oxidative
stability are located in different regions of the enzyme (Figs. 1 and
S7). The DS bond formed by variant DS2 (oxidatively stabilized) is
placed closer to the active site, whereas the DS bond formed by the
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more thermostable variant DS4 is located in a remote part of the
enzyme. The disulfide bond variant LCAC (van Beek et al., 2014) is
located in the same region as disulfide bond variant DS2 identified
in this study. The higher resistance of variant DS2 against oxidation
shows that this region is not only critical for thermal inactivation,
but also contributes to an antioxidant defense mechanism if a DSbond is present.
At elevated temperatures, oxidation of amino acid residues
caused by hydrogen peroxide can occur more readily. Consequently, a thermostable variant would also be stabilized towards
oxidation or vice versa (Morawski et al., 2001). This aspect was
not confirmed in our study. The introduction of additional DSbonds led either to an improved oxidative stability, or an increased
thermostability. DS-bond variant DS2 shows a higher resistance
towards hydrogen peroxide, but is at the same time more fragile against higher temperatures than the CHMO wild type (Fig. 3).
In contrast, variant DS4, which displayed the highest resistance
towards oxidation, shows equal temperature instability like the
wild type.
The simultaneous laboratory evolution of two different properties of an enzyme is often not straightforward. Consequently,
researchers often opt for the improvement of one property first,
followed by evolvement of the second desired feature. To optimize two different properties simultaneously, it was shown that
less stringent selection parameters should be considered for the
next round of evolution (Bougioukou et al., 2009). Moreover, Arnold
and co-workers stated that protein stability promotes evolvability
(Bloom et al., 2004, 2006). This could also apply for the evolvability
of protein stability. The oxidatively stable variants could therefore
serve as necessary precondition because other variants exhibiting
an improved thermostability might be masked by a high rate of
oxidative damage. Thus, this potentially improved variant would
not be identified. Another study hypothesized the need for compensatory mutations because mutations that endow enzymes new
functions trade off with stability (Tokuriki and Tawfik, 2009; Wang
et al., 2002). Although proteins can be extremely tolerant to single
or double amino acid substitutions, the behavior of proteins to multiple substitutions can be completely different. We assume that the
combinatorial variants were not stabilized due to the non-tolerant
behavior of the enzymes to multiple amino acid substitutions.
These multiple substitutions lead to a decreased fraction of
functional proteins (Shafikhani et al., 1997; Guo et al., 2004; Bloom
et al., 2005) what we also observed in the catalytic performance of
these combinatorial variants.
Our study of the enzymes thermostability revealed that mutant
DS3 show a significant increase in long-term stability (12% residual activity after 24 h at 25 ◦ C) and 3-fold higher half-life even if
the DS bond is not formed. Additionally, this variant showed an
increase in melting temperature by 5 ◦ C, which shows that the stability data derived from structure are in accordance with the ones
of the activity. We assume that the DS bond is not generated due
to the distance between the two cysteines. The prediction of the
disulfide bonds was based on a homology model of CHMO. Therefore, the distance and the angle between these two cysteines can
differ in the real protein. Nevertheless, two of the three predicted
disulfides resulted in a beneficial behavior regarding the stability of
the CHMO variants. The fourth CHMO variant was chosen for creation based on the spatial position of the residues and this is the
only disulfide bond that is not being formed demonstrating that
the program’s output indeed lead to disulfide bond formation by
choosing the right criteria for selection.
Indeed, the stabilization of this variant by introduction of two
additional free cysteines is surprising because cysteines contain
sulfur centers, which are often responsible for the oxidation of proteins leading to the loss of catalytic activity. This oxidation can occur
much faster at higher temperatures as described above.
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However, many studies have shown that methionine and cysteine residues constitute to an important antioxidant mechanism in
proteins and defend them against oxidative stress (Iwao et al., 2012;
Levine et al., 1996; Luo and Levine, 2009). A variety of oxidants like
H2 O2 react readily with the sulfur in the cysteine and methionine
residues and form sulfoxides. The CHMO contains a high number
of methionine residues (12 excluding the start codon methionine),
which are distributed over the whole protein and are mostly surface exposed. Additionally, five cysteine residues were found in the
wild-type enzyme. A possible explanation for the increased thermal stability of variant DS3 containing two free cysteines is their
potential to function as antioxidant reagents at higher temperatures by scavenging the reactive oxygen species. This protects the
CHMO from structural damage and hence from unfolding of the
protein, which will cause the loss of the catalytic function.
To gain deeper insights into this exceptional behavior of the
CHMO variant DS3, cysteine and serine single and double mutants
at the positions threonine 415 and alanine 463 were generated
and investigated for stability. Serine was chosen due to the close
structural similarity with cysteine. The obtained data confirmed the
importance of the amino acid position 415 and also the high impact
of the mutation to a cysteine. The single variant T415C shows by
far the highest improvement in long-term stability. The comparative mutation to a serine at this position led to a slightly higher, but
not that significantly improved temperature stability. In addition,
the variant A463S shows the same stabilization in the long-term
experiment as the variant DS3, but is not that much stabilized as
the variant T415C. We assume that the creation and stability studies of the single point variants of variant DS3, especially T415C and
T415S, provide the evidence that the disulfide bond is not needed
for the observed stability effect.
These data show that mutations strongly enhancing the thermal stability of the protein appear in a cluster in a particular region
of the protein, whereas similar substitutions introduced elsewhere
in the protein may have only a marginal effect on the thermostability (Eijsink et al., 2004). This phenomenon can be explained by
the location of stabilizing mutations at a hot spot where the protein starts to unfold. By improving the local structure stability, the
global stability of a protein can also be increased, especially when
the sites are positioned in a region that unfolds at a critical step
in an unfolding pathway controlled by kinetics. Unfortunately, the
pathways of unfolding are usually unknown making a guided
approach difficult (Wijma et al., 2013).
Using the Basic Local Alignment Search Tool (protein BLAST),
it was revealed that this threonine 415 is not a highly conserved residue. Various other amino acids were found in
flavin-dependent monooxygenases like serine (CHMOs from
Brachymonas petroleovorans, Ralstonia, Rhodococcus sp. HI-31),
methionine (CHMOs from Xanthobacter flavus, Sulfitobacter sp.
NAS-14.1, Rhodobacteraceae), alanine (CHMO from Pseudomonas
fluorescens and FMOs from Pseudomonas plecoglossicida, Pseudomonas sp. CFII64, Polaromonas sp. JS666), phenylalanine (CHMO
from Halotalea alkalilenta, Exophiala aquamarina CBS 119918),
asparagine (CHMO from Nocardiopsis sp. CNS639) and cysteine
(CHMOs from black yeasts; Nectria haematococca mpVI 77-134, Capronia epimyces CBS 606.96, Capronia coronata CBS 617.96,
Exophiala dermatitidis NIH/UT8656). Especially, the occurrence of
cysteine in the CHMOs from black yeasts, which show sequence
identities to the CHMO from Acinetobacter sp. NCIMB 9871
of 51–54%, is notable. The fungus Nectria haematococca mpVI
(member of the Fusarium solani species complex), which shows
ubiquitous distribution and colonizes in a wide variety of habitats,
is noteworthy in this context. These fungi are adapted to many
different environments as they can be found as soil inhabiting
saprophytes, as pathogens or as rhizosphere colonizers. Probably due to their “cosmopolitan lifestyle” they show impressive
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metabolic capabilities and tolerance against many compounds
(antibiotics, heavy metals and metabolic poisons) (Coleman et al.,
2009). The stability of enzymes derived from such organisms, which
are adapted to so many different or harsh environments, is often
higher. Also the PAMO from the thermophilic organism Thermobifida fusca shows a higher stability compared to all other known
BVMOs. To give an explanation for the highly stabilizing effect of
the cysteine mutation at this position, we cautiously assume that
a correlation between the occurrences of cysteine in these highly
adapted black yeasts and the stability improvement by replacing
the threonine with a cysteine exists.
Even if our findings deviate from the original working hypothesis concerning the thermal stabilization of CHMO by introduction of
additional disulfide bonds, we succeeded in its improved resistance
towards oxidation and the identification of important amino acid
positions, which obviously contribute to the inactivation and/or
denaturation behavior of the CHMO at elevated temperatures. This
illustrates that the selection of mutations for increased protein stability is still hard to predict due to the incomplete knowledge of
the mechanisms that lead to thermal and/or oxidative inactivation. Nevertheless, these results can serve as a basis for further
stability studies on this enzyme using iterative saturation mutagenesis to give better insights into the underlying mechanisms,
which determine the stability of this enzyme and to further investigate the additive and/or cooperative effects of the already identified
sites.
In summary, the stability of the cyclohexanone monooxygenase
from Acinetobacter sp. NCIMB 9871 was extensively studied. The
introduction of cysteine residues and disulfide bonds led to the
identification of two variants with much higher stability towards
oxidation without compromising the catalytic efficiency significantly. In addition, a fast and easy fluorescence-based assay for the
verification of the formation of the disulfide bonds was successfully
applied. A pronounced increase in long-term stability was achieved
for a CHMO variant containing just one exceptional cysteine mutation paving the way for the successful use of flavin-dependent
enzymes for industrial applications.
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Baeyer-Villiger monooxygenases (BVMOs) are versatile biocatalysts for the conversion of ketones to lactones or
esters while also being able to eﬃciently oxidize sulﬁdes to sulfoxides. However, there are limitations for the
application of BVMOs in synthesis. In this review we provide an overview of the protein engineering studies
aiming at optimizing diﬀerent properties of BVMOs. We describe hot spots in the active sites of certain BVMOs
that have been successfully targeted for changing the substrate scope, as well as the possibility to inﬂuence this
property by allosteric eﬀects. The identiﬁed hot spots in the active sites for controlling enantio- and regioselectivity are shown to be transferable to other BVMOs and we describe concepts to inﬂuence heteroatom
oxidation, improve protein stability and change the cofactor dependency of BVMOs. Summarizing all these
diﬀerent studies enabled the identiﬁcation of BVMO- or property-dependent as well as universal hot spots.

1. Introduction
The classical reaction catalyzed by Baeyer-Villiger monooxygenases
(BVMOs) is the enzymatic insertion of an oxygen atom next to the ketofunction of the substrate (Scheme 1a). Additionally, many BVMOs are
able to oxygenate heteroatoms like sulfur, nitrogen, phosphorus, boron
or selenium (Balke et al. 2012; Branchaud and Walsh 1985; de Gonzalo
et al. 2010). Compared to the chemically catalyzed reaction ﬁrst published by Baeyer and Villiger (1899), where peracids are needed as
oxidation agents, the enzymatic Baeyer-Villiger oxidation (BVO) uses
molecular oxygen directly from air. The mechanism of BVMOs was
shown to proceed analogous to the chemical Baeyer-Villiger oxidation
by Ryerson et al. (1982). In type I BVMOs, which represent the majority
of known BVMOs, molecular oxygen reacts with reduced FAD in the
active site of the enzyme. This leads to the formation of a deprotonated
ﬂavin-C4α-peroxide intermediate, which attacks the carbonyl carbon of
the substrate upon binding in the active site (Sheng et al. 2001). The
thus formed Criegee-intermediate, which exhibits a tetrahedral conﬁguration, rearranges so that the product and water are released. Reduced FAD is regenerated by the NADPH cofactor (Scheme 1b).
The enzymatic mechanism has been studied extensively for cyclohexanone monooxygenase from Rhodococcus sp. HI-31 (CHMORhodo)
with several crystal structures showing the movement of enzyme domains during the catalytic cycle (Mirza et al. 2009; Yachnin et al. 2014;

Yachnin et al. 2012). However, the ﬁrst crystal structure of a BVMO was
elucidated for phenylacetone monooxygenase from Thermobiﬁda fusca
(PAMO) (Malito et al. 2004) followed by studies on the mechanism of
this enzyme (Orru et al. 2011; Torres Pazmino et al. 2008). These
studies highlighted the importance of the catalytic arginine residue
R337 by providing crystal structures of key steps in the mechanism.
Fig. 1 shows the three-dimensional structure of PAMO including FADand NADP-binding domains and the cofactors NADP+ and FAD, as well
as relevant active site residues.
PAMO is solvent- and thermostable (Beneventi et al. 2013; de
Gonzalo et al., 2006a; Fraaije et al. 2005; Secundo et al. 2011), accepts
small aromatic ketones and sulﬁdes (de Gonzalo et al. 2005; Rodriguez
et al. 2007) and shows low activity with linear ketones (Fraaije et al.
2005). In comparison to the substrate proﬁle of other well known
BVMOs, like the CHMO from Acinetobacter sp. strain NCIMB 9781
(CHMOAcineto) and cyclopentanone monooxygenases from Comamonas
sp. strain NCIMB 9782 (CPMO), the substrate scope of PAMO is rather
narrow (Fink et al. 2012; Riebel et al. 2012). CHMOAcineto is the most
extensively studied BVMO and catalyzes a multitude of reactions enantioselectively (Walsh and Chen 1988). However, its low stability is a
major disadvantage in the application of this BVMO. Apart from the
application of BVMOs for the production of chiral lactones, which can
be used as building blocks, valuable sulfoxides, such as the drug
esomeprazole, can be produced by BVMOs. Quite a few comprehensive

Abbreviations: BVMO, Baeyer-Villiger monooxygenase; CHMO, cyclohexanone monooxygenase; CPMO, cyclopentanone monooxygenase; DKCMO, diketocamphane monooxygenase;
HAPMO, 4-hydroxyacetophenone monooxygenase; OTEMO, 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase; PAMO, phenylacetone monooxygenase; YMOA, Yarrowia
monooxygenase A
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Scheme 1. a) The classical reaction catalyzed by Baeyer-Villiger monooxygenases is the conversion of ketones to esters or lactones by the insertion of an oxygen atom supplied from air.
b) Enzymatic mechanism of the BVMO reaction.

Fig. 1. Structure of phenylacetone monooxygenases (PAMO). a) Three-dimensional structure of PAMO showing FAD (dark grey), NADP+ (light grey) and R337 (turquoise) in the active
site of the enzyme. FAD-binding domain (10–158 and 390–542) is shown in blue and NADP-binding domain (159–389) is depicted in purple. b) Active site of PAMO showing the cofactors
NADP+ (light grey) and FAD (dark grey) and important active site residues (turquoise). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

There are diﬀerent approaches when performing protein engineering studies depending on the available knowledge of the enzyme's
structure and mechanism (Fig. 2) (Bornscheuer and Kazlauskas 2011;
Buchholz et al. 2012). If little is known about the enzyme of interest,
random mutagenesis of the gene of interest by methods like error-prone
PCR (epPCR) is the only choice for protein engineering. This necessitates a massive subsequent screening eﬀort in order to identify the best
mutant. The most frequently used high-throughput screening methods
are spectrophotometric and ﬂuorimetric assays performed in microtiter
plates as they allow an eﬃcient evaluation of a high number of variants.

reviews on the application of BVMOs in biocatalysis have been published in the past 7 years (Balke et al. 2012; Bucko et al. 2016; de
Gonzalo et al. 2010; Leisch et al. 2011), most of these focusing on accessible reactions and overcoming limitations by the utilization of immobilization methods and process optimization. The possibility of enabling application of BVMOs by means of protein engineering methods
has been reviewed in regard to stereo-/site-selectivity (Wang et al.
2017; Zhang et al. 2012). Apart from improving the enantioselectivity
and the substrate scope of BVMOs, the regioselectivity, cofactor usage
and heteroatom oxidation have also been targeted.
2
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Fig. 2. Protein engineering methods sorted by the available
knowledge vs. screening eﬀort.

generally exhibits a narrow substrate scope, there have been attempts
to broaden its substrate spectrum by means of protein engineering. It
was possible to achieve conversions of several substituted cyclohexanone derivatives, which are not converted by wild-type PAMO (Bocola
et al. 2005; Reetz and Wu 2008, 2009; Wu et al. 2010). Most of these
studies were inspired by structural comparison of the PAMO crystal
structure with homology models of CHMO and CPMO, since these enzymes exhibit a very broad substrate spectrum.
Comparison of the PAMO structure with the CHMO model led to the
identiﬁcation of a bulge in a PAMO loop near the active site spanning
residues 441–444, which is not present in CHMO (Fig. 3a). Deletion of
residues 441 and 442 enabled the conversion of 2-phenyl and 2-benzylcyclohexanone with high enantioselectivity, while wild-type PAMO
does not convert these substrates (Bocola et al. 2005). Site-directed
saturation mutagenesis using a reduced amino acid alphabet was subsequently employed on these bulge residues and some (R)-selective
variants exhibiting high E-values were identiﬁed for the conversion of
4-chlorophenylcyclohexanone, which is not converted by the wild-type
enzyme (Reetz and Wu 2008). Residue P440 is situated next to this
bulge and was mutated using a CASTing process, which led to the
identiﬁcation of PAMO variants with high enantioselectivities for the
conversion of several substituted cyclohexanone derivatives (Reetz and
Wu 2009).
CPMO also shows a relaxed substrate speciﬁcity and a high sequence identity to PAMO. Structural comparison of these enzymes led
to the identiﬁcation of three diﬀering residues in the active sites.
Residues Q152PAMO, L153PAMO and M446PAMO were mutated and variant M446G turned out to convert benzaldehyde, indole and some
aromatic sulﬁdes and amines (Torres Pazmino et al. 2007). Additionally, the mutation of methionine 446 to glycine led to an improved enantioselectivity in the conversion of several prochiral cyclic
ketones (Torres Pazmino et al. 2007).
A much bigger change in substrate speciﬁcity of PAMO was
achieved by the creation of a rationally designed library targeting 11
residues (Dudek et al. 2014). By that time a PAMO crystal structure
with bound inhibitor in the active site was available (Orru et al. 2011),
facilitating the selection of residues to be mutated. The PAMO15-F5
variant included mutations P253F/G254A/R258M/L443F and was able
to convert some typical CHMO and CPMO substrates, while retaining
activity for the classical PAMO substrates.
All of the above mentioned studies broadened the knowledge about
which active site residues interact with the substrate and can be targeted to widen the substrate scope of PAMO. These studies of PAMO
mutants revealed hot spots important for the substrate scope of this
enzyme: the bulge residues 440–444 and residue 446 (Bocola et al.
2005; Reetz and Wu 2008, 2009; Torres Pazmino et al. 2007). Interestingly, the corresponding residue to M446PAMO Q436 in BVMOAf1 was
mutated to alanine resulting in a variant with increased catalytic eﬃciency for the conversion of bicyclo[3.2.0]hept-2-en-6-one (Mascotti
et al. 2014). In a very recent study the activity of the Dietzia sp. D5

The screening of extensive mutant libraries using these methods can be
facilitated by robotic platforms (Dörr et al. 2016). Other methods,
which have been used to identify promising enzyme variants in large
libraries are FACS, phage display and selection methods, such as growth
assays. Available crystal structures enable rational protein design of the
target protein, thus limiting the amount of mutants that have to be
investigated. However, the speciﬁc inﬂuence of mutations, especially,
when they are not situated in the active site, is hard to predict, so that
random mutagenesis might sometimes lead to an interesting variant,
which would not have been identiﬁed by rational design. Particularly,
the eﬀect of multiple mutations cannot be estimated in advance, as they
will change the whole interaction network in the enzyme. In general,
the semi-rational protein design, which is a combination of rational
protein design and directed evolution utilizing methods like the combinatorial active-site saturation test (CAST) (Reetz et al. 2005) in
combination with iterative saturation mutagenesis (ISM) (Reetz et al.
2010), the protein sequence-activity relationships (ProSAR) strategy
(Fox et al. 2007) or a 3DM database (Kuipers et al. 2010), is a promising
approach for the generation of desired BVMO variants.
The results from protein engineering studies give hints to the mechanism of the enzymes and how speciﬁc enzyme properties can be
controlled. As mostly active site residues are targeted in order to
achieve signiﬁcant changes in enzyme characteristics, these mutations
usually aﬀect more than one feature. However, there are challenges in
the protein engineering of BVMOs that impede the generation of active
enzyme variants with the desired property. First of all, the complex
domain movements of BVMOs during the catalytic cycle make it hard to
predict relevant residues that interact with the substrate. Second of all,
the generation of H2O2 instead of product formation (called uncoupling
and referred to in a later chapter) is an undesired side reaction and the
rate might be increased by mutation of active site residues. Thirdly,
most BVMOs are quite unstable. Mutations might negatively aﬀect
stability and puriﬁcation of the generated enzyme variants might not be
possible. Thus, knowledge about potentially beneﬁcial mutations facilitates the process of generating BVMO variants with the desired
properties. This review gives an overview of protein engineering studies
conducted with BVMOs and highlights the discovered hot spots for
controlling diﬀerent enzymatic properties. Table 1 summarizes the
most relevant mutations in diﬀerent BVMOs and shows the corresponding residues in other BVMOs, thus facilitating the comparison of
mutated positions and allowing the assessment of the general impact
mutations in these positions have on BVMOs.
2. Results and discussion
2.1. Broadening the substrate scope
One of the most interesting Baeyer-Villiger oxidations for the industry is the standard CHMO reaction: the formation of ɛ-caprolactone
from cyclohexanone. As PAMO does not catalyze this reaction and
3
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Table 1
Summary of hot spots targeted in protein engineering studies. Bold positions highlight hot spots relevant for changing a variety of properties in diﬀerent enzymes. Italic positions show
crucial residues for BVMO activity that should not be mutated. Corresponding positions in other BVMOs are shown, when they were relevant in protein engineering studies as well.
CHMOAcineto

CHMORhodo

CHMOArthro

D57

D59 [3]

D110

Y132 d [10]
L143 a [11]

L145 f [12]

L196 c [13]

PAMO

OTEMO

V54 d [1, 2]
D66 [4, 5]
I67 d [1, 2]
Q93 a, b [8, 9]
P94 a, b [8, 9]

YMOA

Others

D59 [6]
V121 d [7]

Q152 a [1], d [1, 2]

P145 c [14]

CPMO: F156 a [15]
PntE: L185 c [16]

P169 d [10]
S186 e [17]
S208 e, f [17]
Q210 e [17]
F246 c [13], d [10, 20]
F277 c [13], d [10, 20]
M291 g [21]
A293 g [22]
L323 g [23]
A325 g [23]
K326 d [20], e, f [17]
R327
V361 d [10]
D384 d [10]
Y411 g [22]
M412 g [21]
T415 g [22], d [10, 20]
L426 a [27]

F299 c [13]
F330 c [13]

K328 f [24]
R329 [3]

F432 a[10, 11, 27], c [13], d [10,
20]

F255 c [14]
Y285 c [14]

R380

K336 f [19]
R337 [4, 5]

F485 c [13, 14]

A435 a [1]
P440 a, b [9, 28]; d [29]
S441 a, b [9, 30, 31]
A442 a, b [1, 9, 30, 31]; d
[1, 29]
L443 a, b [9, 33], d [29]

–
–

R337 [6]

W492 [3, 38]

W543

R367 d [7]
R368

HAPMO: K439 e [25]
Ar-BVMO: R292 d [26]

Y477 d [7]
Y479 d [7]
F443 c [14]

S444 a [1]
M446 a, b [36], d [1]

L435 a [11], c [35],d [20]
A463 g [22]
W490 f [17]
C520 g [21]

K274 d [7]
R275 d [7]

T218 f [18]
H220 e [19]

Dietzia sp. 5: Y499 b [32]
CPMO: F450 a [25] TmCHMO: F434 a [34]

BVMOAf1: Q436 d [37]TmCHMO: L437 a
[34]
W501 c [14]

a: enantioselectivity, b: substrate scope, c: regioselectivity, d: heteroatom oxidation, e: cofactor usage, f: uncoupling, g: stability.
[1] Dudek et al. (2011), [2] Zhang et al. (2014), [3] Mirza et al. (2009), [4] Malito et al. (2004), [5] Torres Pazmino et al. (2008), [6] Leisch et al. (2012), [7] Bordewick et al. (2017), [8]
Wu et al. (2010), [9] Parra et al. (2015), [10] Reetz et al. (2004b), [11] Reetz et al. (2004a), [12] Yachnin et al. (2012), [13] Balke et al. (2016), [14] Balke et al. (2017), [15] Clouthier
et al. (2006), [16] Chen et al. (2016), [17] Beier et al. (2016), [18] Colonna et al. (2002), [19] Dudek et al. (2010), [20] Zhu et al. (2011), [21] Opperman and Reetz (2010), [22] Schmidt
et al. (2015), [23] van Beek et al. (2014), [24] Yachnin et al. (2016), [25] Kamerbeek et al. (2004), [26] Catucci et al. (2016), [27] Mihovilovic et al. (2006), [28] Reetz and Wu (2009),
[29] Zhang et al. (2014), [30] Bocola et al. (2005), [31] Reetz and Wu (2008), [32] Bisagni et al. (2017), [33] Dudek et al. (2014), [34] Li et al. (2017), [35] van Beek et al. (2017), [36]
Torres Pazmino et al. (2007), [37] Mascotti et al. (2014), [38] Yachnin et al. (2014).

A completely diﬀerent approach to broaden the substrate scope of
PAMO was chosen by Wu et al. (2010). Residues Q93 and P94 are situated remote from the active site and were simultaneously mutated in
an attempt to induce domain movements by allosteric eﬀects leading to

BVMO towards cyclohexanone was increased by mutation of residue
Y499, which corresponds to A442PAMO (Bisagni et al. 2017). These
studies hint the general validity of the identiﬁed PAMO hot spots for
inﬂuencing the substrate scope in other BVMOs.

Fig. 3. Hot spots for the substrate speciﬁcity of PAMO. a) Bulge Residues 441–444 and residues P440 and M446. b) Residues Q93 and P94 are situated remote from the active site.
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a reshaping of the active site. The residues were chosen for mutagenesis, because they are located in the N-terminal region of a α-helix,
which loosely interacts with a loop segment in the FAD binding domain
(Fig. 3b). It was proposed that the introduction of appropriate mutations would lead to an enhanced interaction with the FAD binding
domain, which in turn might lead to domain movements bringing the
FAD and NADP-binding domains closer together. A library targeting the
two residues Q93PAMO and P94PAMO was created and screened. Q93N/
P94D selectively converts some 4-substituted cyclohexanones to the
(R)-enantiomers, while wild-type PAMO does not show activity towards
these ketones. The intended domain movements were veriﬁed by molecular dynamics simulations, proving that this approach can be a
promising tool to change enzyme properties.
The conversion of cyclohexanone by a PAMO variant has been
achieved recently by a combination of the previously identiﬁed hot
spots in PAMO (440–443 and 93/94). Parra et al. (2015) prepared the
variant Q93N/P94D/P440F, which was subsequently used in an iterative site mutagenesis (ISM) approach. This led to the creation of two
PAMO variants (B-PV: Q93N/P94D/D440F/A442P/L443V, CBA-GPTQ:
Q93N/P94D/D440F/S441G/A442P/L443T/S444Q) being able to fully
convert low concentrations of cyclohexanone. This study shows, that
the combination of diﬀerent concepts, being the actual reshaping of the
active site by mutation of the relevant residues and allosterically-induced domain movements enabled by mutation of residues remote from
the active site, can lead to the creation of valuable enzyme variants. It
also shows how the complexity of the BVMO mechanism complicates
the rational design of BVMO variants with the desired property.

Fig. 4. The regioselectivity for the conversion of 2-butanone to ethyl acetate and methyl
propanoate was changed by protein engineering. a) Reaction scheme. b) Comparison of
wild-type CHMOAcineto (WT) and its variants regarding substrate conversion and the
amount of produced methyl propanoate (van Beek et al. 2017).

oxygen supply (Bisagni et al. 2014; Ferroni et al. 2017; Rehdorf et al.
2010b; van Beek et al. 2014b). It has even been shown that the temperature has an impact on the ratio of normal to abnormal product (van
Beek et al. 2017). In the conversion of 2-butanone to ethyl acetate and
methyl propanoate by CHMOAcineto and some variants (Fig. 4a), the
regioselectivity for the formation of the abnormal product was improved 1.5-fold at 4 °C compared to 37 °C (van Beek et al. 2017). This
reaction is an example for an industrially relevant application of a regioselective BVMO reaction. The amount of produced abnormal product was increased by creating libraries, in which 35 residues near the
substrate and NADP+ binding sites were randomized. The triple mutant
T56S/L435N/I491A exhibited the highest ratio of methyl propanoate
producing equal amounts of normal and abnormal product, but the
total conversion decreased from 48% to 34% when compared to wildtype CHMOAcineto. This study shows that it is possible to inﬂuence the
regioselectivity of a BVMO for a small, aliphatic and asymmetric ketone. This is a quite interesting ﬁnding as it is diﬃcult to predict substrate orientation and interactions with active site residues for a small
substrate.
The investigation of chiral asymmetric substrates is challenging in
another way, as the enantiomers can be converted to a mixture of the
diﬀerent enantio- and regioisomeric product leading to a maximum
number of four possible products. This is due to the major inﬂuence of
substrate positioning on the regioselectivity as the enzyme exhibits the
same directionality for any reaction, meaning that the oxygen atom will
always be inserted at the same position next to the keto group.

2.2. Inﬂuencing the Regioselectivity
The conversion of asymmetric ketones by BVMOs can lead to the
formation of two possible regioisomers, which are usually referred to as
the normal and abnormal product. This can be explained by the migratory tendency during the rearrangement of the Criegee intermediate.
As ﬁrst proposed for the enzymatic reaction by Kelly et al. (1995) and
conﬁrmed by quantum mechanical (QM) studies for the chemical BVO
(Grein et al. 2006; Itoh et al. 2013; Reyes et al. 2009), the migrating
bond has to be in anti-periplanar positioning to the OeO bond of the
peroxy group (Scheme 2). The σ-bond with the highest migratory tendency connects the higher substituted residue to the carbonyl carbon, as
this residue stabilizes the partial positive charge of the Criegee intermediate more eﬃciently during the rearrangement. The product, which
is formed through migration of the higher substituted residue, is called
the normal product, whereas migration of the less substituted residue
leads to the formation of the abnormal product. The chemical BVO does
usually not allow access to the abnormal product, but abnormal product
formation has been documented for several BVMO-catalyzed reactions
(Fink et al. 2016; Moonen et al. 2005; Rehdorf et al. 2009; Rehdorf
et al. 2010a; Rehdorf et al. 2010b). However, in the majority of cases
the normal lactone/ester is the main product. In order to be able to
substantially alter the regioselectivity of BVMOs, it is essential to understand how it is controlled, so that the desired product can be exclusively formed. It has been observed that the regioselectivity can be
inﬂuenced by substrate and enzyme concentration and the rate of

Scheme 2. Formation of the Criegee intermediate and antiperiplanar positioning of the migrating bond.
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abnormal lactone (W501V). Residue W501 has been shown to have a
great impact on selectivity in diﬀerent BVMOs. However, in most cases
the activity of the enzyme was dramatically decreased, when this residue was mutated. In CHMORhodo mutation of the corresponding residue W492 led to a higher enantioselectivity and substrate selectivity,
resulting in diminished activity for some substrates (Mirza et al. 2009;
Yachnin et al. 2014). Residues F255OTEMO and F443OTEMO correspond
to the mutated residues in CHMO (F299Arthro/F246Acineto and F485Arthro/
F432Acineto, respectively) for switching the regioselectivity towards
(+)-trans-dihydrocarvone, hinting that there are hot spots in the active
site that are relevant for regioselectivity (Fig. 5).
Another important hot spot has been targeted while investigating
the regioselectivity of the ﬁrst identiﬁed BVMOs involved in anabolism
of diﬀerent Streptomyces strains in two subsequent studies (Chen et al.
2016; Seo et al. 2011). The BVMOs PntE and PenE from S. exfoliatus and
S. arenae catalyze the conversion of 1-deoxy-11-oxopentalenic acid to
the abnormal product pentalenolactone D, whereas PtlE from S. avermitilis converts the substrate to neopentalenolactone D, the normal
product. Hybrid proteins of PtlE and PntE were created in order to
determine, whether a speciﬁc enzyme region is responsible for the
control of regioselectivity (Seo et al. 2011). It was found that the Nterminal region speciﬁcally around the FAD-binding motif may have an
inﬂuence on the regioselectivity. The sequences of all three BVMOs
were aligned with CHMO, PAMO, the PtlE homologue B446_29680
from S. collinus and the PntE/PenE homologue SBI_09676 from S.
bingchenggensis. Six residues were identiﬁed that are conserved in
CHMO, PAMO, B446_29680 and PtlE and which diﬀer in PenE and
PntE. On this basis four PntE variants were created replacing selected
groups of these residues with the ones found in the sequence of PtlE
(Chen et al. 2016). Additionally, variants were created by a combination of these diﬀerent sets of mutations with the result that all variants
harboring mutations L185S and M186L showed reversed regioselectivity. Analysis of the single mutants led to the conclusion that only
mutation L185S is decisive for PntE regioselectivity. This variant
showed a complete switch in regiospeciﬁcity producing 93% of the
normal product neopentalenolactone D instead of 96% pentalenolactone D (Scheme 3). It was discussed that residue L185 corresponds to
Q152 in PAMO. The PAMO variant Q152F, where a neutral polar amino
acid is replaced by a neutral nonpolar amino acid, converts bicycloheptenone mainly to the abnormal product, whereas wild-type PAMO
produces the normal product (Dudek et al. 2011). The authors concluded that the polarity of this residue has a big inﬂuence on regioselectivity. Enzymes harboring a polar residue at this position, like PntE
L185S, PtlE and PAMO, preferentially produce the normal product.
PntE, PenE and PAMO Q152F, which have a nonpolar residue, form the
abnormal product (Chen et al. 2016). It would be interesting to test this
theory using diﬀerent enzyme/substrate-combinations. Even though it
is highly plausible that the polarity of this residue might generally have
an impact on regioselectivity, it is doubtful that a polar residue will
always lead to the formation of normal product due to the diﬀerent
substrate orientation of enantiomers.
The importance of residue L185PntE (Q152PAMO) for regioselectivity
can also be concluded from other studies, where corresponding residues
were targeted. L145 in CHMORhodo and F156 in CPMO among other
residues have been found to inﬂuence the enzymes' diﬀerent regioselectivities towards terpenones (Yachnin et al. 2014). Mutation of L196
in CHMOArthro aﬀected regioselectivity for (+)-trans-dihydrocarvone
(Balke et al. 2016). P145A in OTEMO showed changed

Fig. 5. Structural alignment of the active sites of CHMOArthro (‘tight’ homology model) and
OTEMO (pdb: 3up4) showing residues relevant for controlling the regioselectivity and the
catalytic arginine. The OTEMO structure is depicted in purple with FAD and NADP+
shown in dark grey; the CHMO structure is displayed in yellow with FAD and NADP+
shown in light grey (Balke et al. 2017). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

However, enantiomers are usually oriented diﬀerently in the active site,
so that they are converted to diﬀerent ratios of the regioisomers.
Studies showing diﬀerent regioselectivities for substrate enantiomers
include the conversion of terpenones and cis-bicyclo[3.2.0]hept-2-en-6one (cis-bicycloheptenone). Cis-bicycloheptenone is the benchmark
substrate for the investigation of BVMO activity and regioselectivity as
most enzymes are able to convert this substrate. The regioselectivity
towards terpenones was investigated for CHMOs from diﬀerent organisms and CPMOComa in the study by Cernuchova and Mihovilovic
(2007). They could show that the regioselectivity of some BVMOs is
inverted for the substrate enantiomers of dihydrocarvone and carvomenthone and that the regioselectivity also changes between cis-trans
isomers. This study highlights how slight diﬀerences in the substrate's
3-dimensional structure have a major inﬂuence on regioselectivity.
Recently, we have published two studies investigating and engineering the regioselectivity of BVMOs towards trans-dihydrocarvone
and cis-bicycloheptenone (Balke et al. 2017; Balke et al. 2016). We were
able to switch the regioselectivity of CHMOArthro towards (+)-transdihydrocarvone by mutating three active site phenylalanine residues to
alanine (F299A/F330A/F485A) (Fig. 5). The increased space in the
active site allowed for a rotated positioning of the substrate in the active site, so that the normal instead of the abnormal product was formed
(Balke et al. 2016). The same mutations were transferred to
CHMOAcineto and the switch in regioselectivity was observed as well
(mutations: F246V/F277A/F432A). In the second study, the regioselectivity of 2-oxo-Δ3–4,5,5-trimethyl-cyclopentenylacetyl-CoA monooxygenase (OTEMO) for the same substrate was also switched. For this,
only one phenylalanine residue was mutated to alanine (F255A) (Balke
et al. 2017). This residue corresponds to F299Arthro and F246Acineto when
superposing the structures (Fig. 5).
We then aimed at changing the regioselectivity of OTEMO for cisbicycloheptenone. OTEMO converts (−)-cis-bicycloheptenone to an
equal mixture of normal and abnormal product. We created variants
that exclusively form the normal lactone (F255A/F443V) and the

Scheme 3. Conversion of 1-deoxy-11-oxopentalenic acid to the abnormal product pentalenolactone D by wild-type PntE and to the
normal lactone neopentalenolactone D by wildtype PtlE and PntE variant L185S (Chen et al.
2016).
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T435L/L437A/F507C) harboring a mutation at the corresponding position to F432Acineto (Li et al., 2017). This enzyme is a very promising
bicatalyst as it combines high stability and a broad substrate scope.
It is intriguing that residue F432Acineto has such an impact on the
enantioselectivity of the enzyme as we have also identiﬁed this position
as a hot spot for controlling the regioselectivity. As described above,
this residue corresponds to residues F485Arthro and F443OTEMO.
Mutation of these residues has been shown to inﬂuence regioselectivity
as well. As enantio- and regioselectivity can both be described as siteselectivity, we propose that the site-selectivity in general depends on
the directionality of the enzyme (the position, where the oxygen atom is
inserted) and the positioning of the substrate. Thus, it can be concluded,
that the impact of a mutation of F432Acineto on enantioselectivity is
founded on the change of substrate positioning it may cause.
The protein engineering studies on PAMO mainly focused on
broadening the substrate scope. However, in a study by Dudek et al.
(2011) some mutations (Q152F, A435Y, A442G, S444C and L447P)
were identiﬁed, which might be considered interesting regarding the
enantioselectivity in the conversion of ketones.
The only studies targeting the enantioselectivity of other BVMOs
were performed with CPMO and BmoFI from Pseudomonas ﬂuorescens
(Clouthier et al. 2006; Kirschner and Bornscheuer 2008). The conversion of 4-hydroxy-2-decanone was investigated using BmoFI mutants
created by epPCR and QuikChange. L252Q, E308V, H51L/S136L and
H51L/F225Y/S305C showed signiﬁcantly increased E-values, with
L252Q and H51L/S136L also exhibiting improved conversion rates
(Kirschner and Bornscheuer 2008). CPMO mutants F156L/G157F and
F450I performed well in the conversion of 4-methylcyclohexanone
(Clouthier et al. 2006). F156CPMO aligns with Q152PAMO and L143Acineto
(Table 1). As mutation of these residues also led to an improved enantioselectivity, this position seems to be relevant for controlling enantioselectivity. Other important positions are A435PAMO and
L426Acineto, which align in a sequence alignment. In a structural alignment L426Acineto aligns with I434PAMO. Residues M446PAMO and
L435Acineto align regarding the sequence and the structure and have
both been mutated for an increased selectivity. The corresponding residue in TmCHMO (L437) was mutated as well. Undoubtedly, the biggest eﬀect on enantioselectivity of CHMOAcineto was achieved with
F432S. This residue aligns with L443PAMO, which is situated in the hot
spot region of the enzyme (Fig. 6). As expected all these residues are
situated in the active sites of CHMOAcineto and PAMO.

Fig. 6. Structural alignment of CHMOAcineto (homology model) and PAMO (pdb: 2ylr)
active sites showing residues relevant for controlling the enantioselectivity of both enzymes. The PAMO structure is depicted in turquoise with FAD shown in dark grey; the
CHMO structure is displayed in beige with FAD shown in light grey. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

regioselectivities for both enantiomers of bicycloheptenone and
(−)-trans-dihydrocarvone (Balke et al. 2017). The most important residues inﬂuencing regioselectivity in diﬀerent enzymes can be reviewed
in Table 1.
The possibility to change enzymatic site-selectivity by structure
guided evolution has also been the subject of a recent review published
by the Reetz group, in which the site-selectivity of BVMOs was discussed among others (Wang et al. 2017). While the regioselectivity only
describes the enzyme's selectivity for the conversion of asymmetric
ketones to the normal or abnormal product, the site-selectivity additionally refers to the enantioselectivity in the conversion of prochiral
symmetric ketones. A prochiral substrate, such as 4-hydroxycyclohexanone, can be positioned in two diﬀerent orientations in the
active site giving rise to either the (S)- or (R)-product enantiomer.

2.3. Improving the Enantioselectivity
The enantioselectivity of CHMOAcineto was targeted in the earliest
studies on protein engineering of BVMOs (Mihovilovic et al. 2006;
Reetz et al. 2004a; Reetz et al. 2004b). As these studies have been
thoroughly reviewed (Wang et al. 2017; Zhang et al. 2012) we keep the
description here short. Reetz et al. (2004a) performed epPCR and
screened the resulting mutant library for the conversion of 4-hydroxycyclohexanone. They obtained several variants with improved and
also inversed enantioselectivity. A second round of epPCR led to the
identiﬁcation of a quadruple mutant (L143F/E292G/L435Q/T464A)
with an ee value of 90% for the production of the (R)-enantiomer.
Mutant F432S exhibited high (S)-selectivity in the conversion of this
substrate. This variant was further used for the conversion of other 4substituted cyclohexanone derivatives and methyl-p-methylbenzyl
thioether showing high enantioselectivities (Reetz et al. 2004a; Reetz
et al. 2004b). The mutant library was later screened against an array of
structurally versatile ketones (Mihovilovic et al. 2006). Again, variant
F432S exhibited high enantioselectivity in most of the reactions. K78E/
F432S and F432Y/K500R also reached high ee values in some conversions, underlining the signiﬁcant inﬂuence of mutations in position
F432. L426P/A541V was another variant showing high enantioselectivity in some biocatalyses. In a very recent study the enantioselectivity
of a thermostable CHMO from Thermocrispum municipale (TmCHMO)
was reversed from (S)- to (R)-selectivity by applying directed evolution
based on ISM. The best variant was a 5-fold mutant (L146F/F434I/

2.4. Discovering key residues to inﬂuence sulfoxidation activity
Baeyer-Villiger monooxygenases not only catalyze the oxygenation
of ketones and aldehydes, but also the oxidation of heteroatoms like
sulfur, nitrogen, phosphorus, boron or selenium (Scheme 4) (Balke et al.
2012; Catucci et al. 2016; Colonna et al. 2004; Colonna et al. 2003;
Ottolina et al. 1995; Reetz et al. 2004b). The sulfoxidation activity of
BVMOs has been the subject of considerable research throughout the
years as chiral sulfoxides are important compounds both as chiral
auxiliaries for organic synthesis and pharmaceuticals like esomeprazole
or armodaﬁnil (Kagan 2009; Matsui et al. 2014). In a recent work on
the Ar-BVMO from Acinetobacter radioresistens the role of the catalytic
arginine in heteroatom oxidations was investigated (Catucci et al.
2016). By mutation of R292 (R327Acineto/ R337PAMO) to alanine,
Baeyer-Villiger activity was completely demolished similar to previous

Scheme 4. Heteroatom oxidation catalyzed by BVMOs.
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of these mutations for a decreased sulfone formation.
The substrate scopes of PAMO and HAPMO were found to include
sulﬁdes as well (de Gonzalo et al. 2005; de Gonzalo et al., 2006b; Dudek
et al. 2010). Torres Pazmino et al. (2007) performed a structure-inspired redesign of PAMO. By comparison of the PAMO structure and a
homology model of CPMO, three residues were selected as targets for
mutagenesis, which diﬀered in the active sites of both enzymes. Q152,
L153 and M446 in PAMO aligned with F156, G157 and G453 in CPMO
and thus were adapted accordingly. As the generated double and triple
mutants were completely uncoupled and only one single mutant
(M446G) was investigated, the importance of the other two residues
was not explored. However, M446G showed an altered substrate speciﬁcity as altered kinetics for all tested substrates were determined and
it was active towards benzaldehyde, isopropyl(phenyl)sulfane, N-methylbenzylamine and indole, which were not accepted by the wild type.
Especially the conversion of indole leading to the formation of indigo
blue was interesting as this was the ﬁrst time this was reported for a
BVMO. Furthermore, the enantioselectivities towards the sulﬁdes MPS,
MTS and ethyl phenyl sulﬁde were signiﬁcantly improved from 41% ee
to 92–95% ee. For the latter substrate even an inversion of enantioselectivity from (S) to (R) could be achieved. Through a more detailed
structural investigation, Dudek et al. (2011) identiﬁed 15 residues
diﬀering between the active sites of PAMO and CPMO. In order to
broaden the narrow substrate scope of PAMO, these residues were exchanged with the corresponding ones from CPMO so that in total 30
single and combinatorial variants were generated. Several mutants
displayed an altered substrate scope and enantioselectivity in sulfoxidations. Five enzyme variants (V54I, Q152F, M446G, Q152F/A442G,
5-fold mutant) reached a higher ee than displayed by the wild type
enzyme for MPS with M446G displaying the highest value (90% ee).
Interestingly, benzyl phenyl sulﬁde was not accepted by PAMO wild
type, but was converted by the majority of the mutants. In case of I67T,
M446G and the 5-fold mutant, an enantiomeric excess of even ≥93% ee
was obtained. Using methyl 2-naphthyl sulﬁde as a substrate, WT
PAMO reached only 18% conversion and an ee value of 37%. Using
variant M446G, this could be increased to 60% conversion and 78% ee.
Intriguingly, with A442G an inversion of the enantioselectivity was
observed for MPS (from R to S) and methyl 2-naphthyl sulﬁde (from S
to R). Because of their observations, the authors concluded that positions V54, I67, Q152, A435, A442, and M446 can be good targets for
altering the substrate scope, activity and enantioselectivity (Table 2).
The most comprehensive study of the eﬀects of mutations in the
active site on sulfoxidations was recently performed by Zhang et al.
(2014). Iterative saturation mutagenesis was applied on identiﬁed hot
spots in PAMO (V54, I67, Q152, P440, A442, L443). The best resulting
variant, the quadruple mutant I67Q/P440F/A442N/L443I, displayed
an inversion in enantioselectivity towards p-methylbenzyl methyl
thioether. The enantiopreference could be inverted from (S) to (R) with
95% enantiomeric excess and 97% conversion. In contrast to the WT
and the majority of the variants, no overoxidation to the corresponding
sulfone occurred. Remarkably, deconvolution of this mutant to explore
additive and nonadditive mutational eﬀects showed that all single
mutants were (S)-selective, demonstrating an unexpected synergy between the amino acid replacements. In order to explain this observation, docking simulations for some mutants were provided. In the investigated single mutants P440F and L443I the shape of the substrate
binding pocket was either directly (L443I) or indirectly changed
through an increased ﬂexibility of the loop (P440F). The conformation
of the side chain of I67 is altered as well, even though this residue is
situated on a diﬀerent loop. These changes resulted in a diﬀerent
binding mode of the substrate, so that the large p-methylbenzyl moiety
was signiﬁcantly rotated. The diﬀerent binding pose of the substrate in
the active site did not change the conﬁguration of the product though,
the (S)-sulfoxide was still formed. However, it increased both conversion from 69% to 96% and enantioselectivity from 90% ee to 97–98%
ee, indicating that the diﬀerent binding of the p-methylbenzyl methyl

Scheme 5. Oxidation of a chiral sulfoxide to the sulfone.

work on PAMO and the 4-hydroxyacetophenone monooxygenase
(HAPMO) (Torres Pazmino et al. 2008; van den Heuvel et al. 2005),
while R292G only showed a residual activity of ≤ 4.5% with the tested
ketone substrates. Conversely, R292A and R292G retained their S- and
N-oxidation activity – 84% and 43% of the wild-type sulfoxidation of
the thioamide ethionamide and 60% and 5.3% residual activity towards
tozasertib. This was a clear demonstration for the diﬀerence in the
mechanism of Baeyer-Villiger oxidations versus sulfoxidations for this
enzyme. However, this ﬁnding cannot be generalized, as the corresponding mutation in PAMO rendered the enzyme inactive towards
benzyl methyl sulﬁde as well (Torres Pazmino et al. 2008).
In addition to the oxidation of the sulﬁde, the sulfoxide product can
be further oxidized to the achiral sulfone (Scheme 5) (Branchaud and
Walsh 1985; Carrea et al. 1992; Colonna et al. 1996; de Gonzalo et al.
2005; de Gonzalo, Gonzalo et al., 2006; Dudek et al. 2010; Kelly et al.
1996; Ottolina et al. 1995). Even though in most cases the overoxidation to the sulfone constitutes only a minor side product, it is
undesirable as it leads to decreased yields of the valuable sulfoxides.
While many BVMOs catalyze the oxidation of sulﬁdes to sulfoxides,
their ability to further oxidize them to the corresponding sulfones varies
between diﬀerent enzymes and substrates. BVMOAf1 from Aspergillus
fumigatus was found to produce 75% sulfone from the substrate benzyl
ethyl sulﬁde – one of the highest reported conversions of a sulﬁde to the
corresponding sulfone (Mascotti et al. 2013). With methyl phenyl sulﬁde (MPS), BVMOAﬂ210 from Aspergillus ﬂavus formed 14% sulfoxide
and 13% sulfone (Ferroni et al. 2014). The recently characterized
Yarrowia monooxygenase A (YMOA) showed a high potential for sulfoxidation reactions producing equal amounts of sulfoxide and sulfone
from methyl p-tolyl sulﬁde (MTS) and a 5-fold excess of sulfone from
MPS and even converting DMSO (Bordewick et al. 2017). To ascertain
factors inﬂuencing sulfoxide and sulfone production in BVMOs, a
model- and sequence alignment inspired mutational study of YMOA
was performed (Bordewick et al. 2017). The structural alignment with
PAMO was investigated for promising positions at the FAD- and
NADPH-binding sites and especially the active site. The ﬁrst group of
residues (V121, Y477, Y479, C480 and A483 – I67, P440, A442, L443
and M446 in PAMO) was identiﬁed in the active site. R367 (K336PAMO)
is in an intermediate position between the active site and the NADPHbinding site. Lastly, the two residues K274 (R217PAMO) and R275
(T218PAMO), located at the NADPH 2′-phosphate binding site and thus
probably involved in coordinating this cofactor, were investigated as
well. Only with variants Y477P and Y479G relevant amounts of (R)MTSO were produced (4% and 10%, respectively). Y479G exhibited a
complete inversion of enantioselectivity to over 99% (R)-MTSO. For
MPS, K274R/R275S and Y477P showed improved enantioselectivities
of 27% ee and 40% ee through a higher yield of (R)-MPSO. In asymmetric synthesis, sulfone/sulfoxide ratios were determined (Figs. 7a and
b). All variants, except for V121T and Y479G, displayed lower sulfone
formation than YMOA wild type with both substrates. Especially with
R367K, sulfone production was dramatically decreased in the conversion of both substrates. Mutation Y477P more than doubled the amount
of sulfoxide produced from MPS and additionally the sulfone yield was
signiﬁcantly decreased.
The conversion of DMSO to dimethyl sulfone (DMSO2) has not been
reported for any other characterized BVMO even though it has been
commonly used as a solvent. YMOA wild type and most of the variants
reached full conversion of DMSO. Only variants R367K and Y477P reduced their activity towards this substrate highlighting again the value
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Fig. 7. a) Relative amounts of MTSO and MTSO2 obtained in the asymmetric synthesis reaction with MTS related to the amount of sulfone produced by YMOA wild type. b) Comparison of
MPSO and MPSO2 amounts in the asymmetric synthesis reaction with MPS related to the amount of sulfone produced by YMOA wild type. c) Formation of DMSO2 from DMSO by YMOA
variants (Bordewick et al. 2017).

1995). Directed evolution was applied by Reetz et al. (2004b) to improve the enantioselectivity of CHMOAcineto. While in the asymmetric
synthesis with methyl-p-methylbenzyl thioether using the wild-type
enzyme an ee of just 14% in favor of the (R)-sulfoxide was reached, ﬁve
mutants from the error-prone library reached values > 95% ee. Two
variants (D384H and F432S) were (R)- and three (K229I/L248P,
Y132C/F246I/V361A/T415A and F16L/F277S) (S)-selective. In contrast to the wild type, the mutants displayed small amounts of overoxidation to the corresponding methyl-p-methylbenzyl sulfone. D384H
and Y132C/F246I/V361A/T415A were therefore applied in a kinetic
resolution. Due to their ability to overoxidize the unpreferred sulfoxides
with high enantioselectivity (98.7% ee and 98.9% ee, respectively) to
the sulfones, the preferred sulfoxides were produced with high purity.
In an attempt to reduce sulfone formation while maintaining high enantioselectivity, epPCR was performed once more, this time with the
variant Y132C/F246I/V361A/T415A as the template. This resulted in
the (S)-selective variant Q92R/Y132C/P169L/F246N/V361A/T415A
reaching 99.8% ee and forming a negligible amount (< 5%) of the
sulfone. The most remarkable example to mention here was the design
of CHMOAcineto by Codexis for the production of the drug esomeprazole
(Bornscheuer et al. 2012; Matsui et al. 2014; Zhu et al. 2011). In total,
41 mutations were applied to obtain an engineered variant displaying a
104-fold increased stability and an enantioselectivity towards the desired enantiomer with 99% ee (Bucko et al. 2016). Among the targeted
positions were again the active site residues F246, F277 and T415,

thioether was beneﬁcial. In the double mutant P440F/L443I the substrate binding is similar. However, the performance was altered in
terms of conversion (increased to 94%) and enantioselectivity (decreased to 73% ee). The triple mutant I67Q/P440F/L443I formed the
(R)-product (88% conversion and 70% ee). Here, the binding mode is
altered in a way that the NH2 group of Q67 can interact with the pro-(S)
lone electron pair of the sulfur atom in the substrate leading to a reaction of the pro-(R) lone pair with the FAD moiety. In the quadruple
mutant I67Q/P440F/A442N/L443I, the additional mutation of A442 to
asparagine altered the conformation about the eOOH moiety of FAD,
which ﬁnally resulted in a changed conformation of the side chain of
R337. As a result, the substrate is allowed to take in a position closer to
the hydroperoxy group of the FAD, where oxidation of the pro-(R) lone
electron pair is favored leading to the observed eﬃcient formation of
the (R)-sulfoxide.
In conclusion, active site residues are the best targets to inﬂuence
the sulfoxidation activity of PAMO (Fig. 1b). It becomes obvious that
there are corresponding positions in PAMO and YMOA relevant for the
heteroatom oxidation: V121YMOA equals I67PAMO, Y477YMOA and
P440PAMO align as well as Y479YMOA and A442PAMO.
CHMOAcineto has been extensively investigated as it not only accepts
ketone substrates, but also catalyzes sulfoxidations, often displaying
excellent enantioselectivities on a wide range of substrates like alkyl
aryl sulﬁdes, disulﬁdes, dialkyl sulﬁdes and cyclic and acyclic 1,3-dithioacetals (Carrea et al. 1992; Colonna et al. 1996; Ottolina et al.
Table 2
Conversion of four sulﬁdes by puriﬁed PAMO variants (Dudek et al. 2011).
Enzyme varianta

Methyl benzyl sulﬁde

Methyl phenyl sulﬁde

Methyl 2-naphthyl sulﬁde
Benzyl phenyl sulﬁde

WT
V54I
I67T
Q152F
A442G
M446G
Q152F/A442G
5-fold mutantd
a
b
c
d

cb (%)

ee (%)

Conﬁg

cb (%)

ee (%)

Conﬁg

cc (%)

ee (%)

Conﬁg

cb (%)

ee (%)

Conﬁg

70
70
40
18
42
78
25
71

34
50
25
54
10
90
75
50

R
R
R
R
S
R
R
R

97
95
97
70
45
82
92
96

97
96
95
90
42
60
93
82

S
S
S
S
S
S
S
S

5
13
28
≤3
17
80
7
75

ND
46
93
ND
34
97
ND
92

ND
R
R
ND
R
R
ND
R

18
51
25
36
36
60
41
25

37
45
19
40
28
78
40
56

S
S
S
S
R
S
S
S

c: conversion, conﬁg: absolute conﬁguration of enantiomer formed, ND: not determined.
Reactions were stopped after 24 h.
Reactions were stopped after 48 h.
variant S441A/A442G/S444C/M446G/L447P.
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Fig. 8. Relevant residues in CHMOAcineto for inﬂuencing the
sulfoxidation activity.

binding pocket, form hydrogen bonds not only with the oxygen atoms
of the phosphate, but also with the 3′-hydroxyl group (Brinkmann-Chen
et al. 2013; Cahn et al. 2017). In contrast, in enzymes speciﬁc for
NADH, residues with a negative charge can be found. These repulse the
2′-phosphate electrostatically and display hydrogen bonds to the 2′- and
3′-hydroxyl groups of NADH (Cahn et al. 2017). Even though these
aspects are known, a successful remodeling proved to be diﬃcult in
many cases as various residues determine the respective speciﬁcity.
Furthermore, in the majority of the cases the switch in cofactor preference was accompanied with a loss of catalytic activity caused by
various factors (Cahn et al. 2017; Eppink et al. 1999). Even though the
cofactor binding pockets of the proteins are not in proximity of the
catalytic sites, they aﬀect their activity. Mutations in that region can
inﬂuence enzyme kinetics and sometimes substrate speciﬁcity (Cahn
et al. 2016; Eppink et al. 1999; Maddock et al. 2015). Variants harboring multiple mutations also tend to become less eﬀective with every
additional mutation due to the strong nonadditivity of mutational effects (Bastian et al. 2011; Cahn et al. 2017; Rodríguez-Arnedo et al.
2005; Rosell et al. 2003).
The ﬁrst study with the aim to change the cofactor speciﬁcity of a
BVMO was reported by Kamerbeek et al. (2004). They analyzed the
roles of three conserved, basic residues in HAPMO for cofactor speciﬁcity (R339, K349, R440). Mutation of the catalytically relevant R440
(equivalent to R327Acineto and R337PAMO) to alanine produced a totally
inactive enzyme. R339A (R207Acineto/R217PAMO) drastically decreased
catalytic eﬃciencies for both NADPH and NADH. However, mutation
K439N led to a sixfold increase in catalytic eﬃciency with NADH, and
K439F led to a sevenfold increase. They also showed that transferring
the mutation K439A to CHMOAcineto (K326A) resulted in a changed
coenzyme speciﬁcity as well.
Dudek et al. (2010) investigated PAMO mutants based on sequence
alignments of type I BVMOs and available structures for PAMO and the
CHMO from Rhodococcus sp. HI-31. Their ﬁndings conﬁrmed the central role of the conserved R217 (R207Acineto) in cofactor binding, as
R217 mutants showed a drastic decrease in eﬃciency with both cofactors. In contrast to Kamerbeek et al., they found decreased eﬃciency
with NADH for the mutant K336N (K439N in HAPMO). Mutations of
H220 (Q210Acineto) to asparagine or glutamine increased eﬃciencies for
NADH threefold. The PAMO variants with improved speciﬁcities towards NADH were also utilized in biocatalysis (Dudek et al. 2010). With
H220N, showing a 3.3-fold improved catalytic eﬃciency in the NADH
depletion assay, a higher conversion of MPS could be achieved as well
(37% vs. 14% wild-type performance). Conversion of 3-methyl-4-phenylbutan-2-one was decreased from 32% to 17%, though. However, to

which had already been mutated by Reetz et al., positions F432
(L443PAMO) and L435 (M446PAMO) and K326 aligning with R367YMOA
(Fig. 8). The information gathered from the eﬀects of diﬀerent mutational studies aiming to alter the oxidation of sulﬁdes can give indications on how the sulfone production in BVMO catalyzed reactions might
be circumvented and the enantioselectivity and even substrate acceptance could be altered.
2.5. Changing the cofactor speciﬁcity of BVMOs
Even though BVMOs are remarkable biocatalysts, their application
in industry would be more economic if it were possible to use NADH
instead of NADPH, since the latter is ten times more expensive and even
less stable (Wu et al. 1986). Furthermore, recycling of NAD+ can be
performed more easily compared to NADP+-recycling (Weckbecker
et al. 2010). There are BVMOs able to eﬃciently utilize NADH for
catalysis, indicating that the 2′-phosphate is not essential for their activity. Völker et al. (2008) characterized MekA, the BVMO from Pseudomonas veronii MEK700; this enzyme is unique as it accepts NADH
with an activity of 55% compared to NADPH. Also SMFMO accomplishes Baeyer-Villiger oxidations with NADH (Jensen et al. 2012).
Moreover, FMOs, e.g. from Rhodococcus jostii RHA1, with Baeyer-Villiger oxidation activity have been discovered, showing a relaxed cofactor speciﬁcity as well (Jensen et al. 2012; Riebel et al. 2013; Riebel
et al. 2014). Type I BVMOs usually do not display suﬃcient activity
with NADH, the kcat/KM of CHMOAcineto for NADPH being 600-fold
higher than for NADH (Kamerbeek et al. 2004). However, with the tools
protein engineering is oﬀering, it is possible to change the cofactor
speciﬁcity of these enzymes. The change of cofactor speciﬁcity of an
enzyme was ﬁrst reported in 1990 for a glutathione reductase (Scrutton
et al. 1990). In the majority of the successfully designed enzymes, the
phosphate binding site of the cofactor binding pocket was targeted
(Brinkmann-Chen et al. 2013; Cahn et al. 2017; Eppink et al. 1999). The
reason is obvious – the only structural diﬀerence between NADPH and
NADH is the additional esteriﬁcation of the 2′-hydroxy group of the
ribose unit with phosphoric acid. Thus, a major inﬂuence on the discrimination between NADPH and NADH seems to come from the polarity of the cofactor binding pocket (Cahn et al. 2017). In NADPH
utilizing enzymes, residues with a positive charge are dominant to bind
the negative 2′-phosphate group. Here, a conserved arginine (“face”)
can be found, of which the positively charged guanidinium moiety
displays cation-pi stacking interactions with the adenine moiety
(Brinkmann-Chen et al. 2013; Cahn et al. 2017; Gallivan and Dougherty
1999; Wong et al. 2012). This, as well as the other residues of the
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Fig. 9. a) View at the residues of CHMOAcineto that are in the proximity of the 2′-phosphate group of NADPH. b) View at the NADH binding pocket of the triple mutant S186P/S208E/
K326H of CHMOAcineto. The protein scaﬀold is shown in beige, NADPH is presented in grey, oxygen in red, phosphorus in orange, nitrogen in blue and hydrogen in white. Water molecules
are represented as red spheres. Dashed lines indicate hydrogen bonds. The structure was modeled based on the structure of the CHMO from Rhodococcus sp. (pdb-code 3GWD) (Beier et al.
2016). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

the variants L55R, S186P, T187L and W490Y displayed an increased
activity with NADH. Various mutations were combined and the resulting variants were tested for increased activity. In the course of that,
the two best variants were discovered: S186P/S208E/K326H and
S186P/S208E/K326H/K349R. They displayed a 9- and 8-fold improvement, respectively, in the activity with NADH as determined by
the spectrophotometric depletion assay using cyclohexanone as substrate. When looking at NADH speciﬁcity, a 1920 and 4170-fold increased activity ratio (NADH/NADPH) could be achieved. Compared to
the best example in literature for a “cofactor-switched” BVMO described before, variant H220D from PAMO (Dudek et al. 2010),
a > 4165-fold higher improvement could be reached with the variant
S186P/S208E/K326H/K349R, illustrating the achievement accomplished here. Kinetics of the wild-type CHMOAcineto and the triple variant S186P/S208E/K326H diﬀer substantially. The catalytic eﬃciency
with NADH for this variant is 8-fold higher, the KM is 2.5-fold lower and
the kcat is 3-fold higher making NADH a well-accepted cofactor for
CHMOAcineto. The good performance can be explained by the extensive
network of hydrogen bonds enabled by the right combination of mutations (Fig. 9b). Both hydroxyl groups of NADH are positioned through
water molecules that are coordinated directly and through bridging
water molecules by the residues T184, R207, E208 and Q210. There is

determine kinetic data spectrophotometrically they used the substrate
phenylacetone, but for biocatalytic reactions the two other substrates,
making a clear comparison of both approaches rather diﬃcult.
In our recently published study, we aimed to rationally design the
cofactor speciﬁcity of CHMOAcineto (Beier et al. 2016). Employing
structure- and sequence alignments with diverse BVMOs (PAMO,
HAPMO, MekA, SMFMO), promising mutations were selected. Six positions in CHMOAcineto (T184, R207, S208, Q210, K326 and K349) were
striking due to their proximity to the 2′-phosphate group of NADPH and
thus their possible participation in cofactor discrimination (Fig. 9a).
Another six residues (L55, D57, S186, T187, F380 and W490) showed
direct or indirect hydrogen bonds towards the cofactor molecule. L55,
D57, F380 and T378 were also targeted for being situated in the conserved regions of this BVMO. S186 and T187 seemed further interesting
for their position in the Rossmann fold and I182 and V189 are directly
adjacent. Utilizing structure and sequence alignments, the best possible
mutations for the 21 most interesting residues were predicted and 46
single and combinatorial variants were generated. Mutations in proximity of the phosphate group of NADPH that led to a substantially increased activity with NADH were S208D, S208E, Q210N, Q210S,
K326H, K326N and K349R (Fig. 10). Also mutation of residues in
proximity of the rest of the cofactor turned out to be a good strategy as

Fig. 10. NADH/NADPH speciﬁc activity ratios for
CHMOAcineto variants. Black bars indicate mutants with
NADH speciﬁc activity of > 0.4 U/mg (Beier et al. 2016).
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until substrate enters the active site. When the cofactor is changed to an
unnatural one and/or the structure of the enzyme is disturbed by mutations, stabilization of the ﬂavin-C4α-peroxide is not guaranteed any
more, though. Thus, the hydride transferred from NAD(P)H to the ﬂavinperoxide yields H2O2 instead of the desired oxidized product (ester,
lactone, sulfoxide etc.) and water. However, uncoupling is also possible
when substrate is available, making it necessary to diﬀerentiate between desired activity (hence product formation) and uncoupling
(yielding H2O2) from consumption of the cofactor NAD(P)H) (Beier
et al. 2016; Yachnin et al. 2016). The formation of hydrogen peroxide is
not only problematic as it leads to a reduced eﬃciency of the catalyst,
but it also damages the enzyme (Opperman and Reetz 2010).
Cahn et al. attempted to switch the cofactor speciﬁcity of PAMO
utilizing CSR-SALAD (Cahn et al. 2017; Cahn 2016). This resulted in a
variant (R217T/T218E/K336Y) displaying a higher activity with NADH
than the wild type with NADPH. However, the cofactor oxidation here
was completely (> 99%) uncoupled so that no product formation occurred. In case of PAMO variant R217T/T218E/K336Y, none of the
additionally investigated mutations restored the coupled activity.
Therefore, it was concluded that the complex and not fully understood
multistep electron transfer pathways found in BVMOs can easily be
disturbed by mutations, especially in the cofactor binding pocket,
leading to a state in which the donor-acceptor pairs are not aligned
precisely enough anymore. Consequently, it was possible to increase the
activity ratio NADH/NADPH of PAMO, but mainly by destruction of the
native activity with NADPH.
Uncoupling was not investigated in the studies by Kamerbeek and
Dudek for HAPMO and PAMO, respectively, making their increased
activities with NADH questionable (Dudek et al. 2010; Kamerbeek et al.
2004). In 1987 it was shown that with CHMOAcineto a good coupling of
NADPH oxidation and oxygenation of cyclohexanone with just 0.3%
loss of O2 as H2O2 occurred, which increased up to 3% when old enzyme was used (Latham and Walsh 1987; Walsh and Chen 1988).
However, when NADH was used, the major part of the activity of the
wild type comes from uncoupling, kcat_unc being 83% of kcat in that case
(Beier et al. 2016). Thus, the improvement of the S186P/S208E/K326H
mutant was not only limited to its activity, as it showed a decreased
uncoupling of just 15%. When comparing the formation of H2O2 of
other selected variants of CHMOAcineto, one can clearly see the eﬀects of
the mutations introduced into this BVMO (Table 3). The majority of the
variants showed a higher uncoupling compared to the wild type (115%)
under the conditions tested. In these cases, the ratio of the activity with
NADH alone to the activity with the substrate cyclohexanone was even
higher than for the wild type. Interestingly, formation of hydrogen
peroxide from NADH was higher than the production of ε-caprolactone
from cyclohexanone, except for K349R, S208E/Q210N, S186P/S208E/
K326H and S186P/S208E/K326H/K349R. Regarding these data, one
could assume that the activity with NADH for the wild type and most of
the variants is completely uncoupled. However, this was refuted by
biocatalysis in which even the wild type produced ε-caprolactone with
NADH, using higher cofactor and substrate concentrations. Nevertheless, the variants S186P, K349R, S208E/Q210N, S186P/S208E/
K326H, S208E/K326H/K349R and S186P/S208E/K326H/K349R
showed decreased uncoupling rates. Especially the quadruple mutant
exhibiting 54% uncoupling is improved as it showed 61% less uncoupling than the wild type. In biocatalytic reactions, the triple and
quadruple mutants S186P/S208E/K326H and S186P/S208E/K326H/
K349R reached > 79% conversion with NADH (cf. 10% WT), exceeding
even the values determined using NADPH.
For CHMORhodo the uncoupling was determined for several variants
in the course of structural investigations (Yachnin et al. 2016; Yachnin
et al. 2012). With the aim to validate the relevance of the obtained
rotated CHMORhodo structure variants L145N, L145D and F507Y were
created, which are supposed to coordinate NADP+ in the rotated conformation. All of these variants exhibit a higher degree of uncoupling
than the wild-type enzyme (Yachnin et al. 2012). In a subsequent study,

Table 3
Uncoupling of enzyme variants of CHMOAcineto with NADH. The percentage of uncoupling
using NADH is shown (Beier et al. 2016).
Variant

Speciﬁc
activity[a]
[U/mg]

Speciﬁc
activity[b]
[U/mg]

Uncoupling
[%]

WT
S186P
S208E
Q210N
K326H
K349R
W490Y
S208E/Q210N
S208E/K326H
Q210N/K326H
S186P/S208E/K326H
S208E/Q210N/K349R
S208E/K326H/K349R
S186P/S208E/K326H/
K349R

0.16
0.32
0.19
0.19
0.28
0.22
0.35
0.32
0.32
0.17
0.91
0.15
0.59
0.90

0.18
0.34
0.27
0.30
0.38
0.19
0.54
0.30
0.38
0.27
0.67
0.21
0.60
0.49

115
107
144
157
137
83
155
97
121
153
74
134
103
54

a
b

Using 1 mM cyclohexanone as substrate.
In the absence of cyclohexanone.

also a contact between E208 and R207 that stabilizes the binding
pocket. Additionally, Q210 and H326 interact with the catalytically
important R327 through a water molecule. S186P is a crucial mutation
as it changes the conformation of the Rossmann fold, which positions
the NADH in a slightly diﬀerent angle. Presumably, this compensates to
some degree for the slightly diﬀerent conformations of NADPH and
NADH enabling a better electron transfer, which is a must for a cofactor-switched BVMO to function.
In the group headed by Frances Arnold, many interesting insights
into the switch of cofactor speciﬁcity of a class of oxidoreductases, the
keto-acid reductoisomerases (KARIs), have been provided in the last
years (Bastian et al. 2011; Brinkmann-Chen et al. 2014; BrinkmannChen et al. 2013; Cahn et al. 2016; Cahn et al. 2015), which led to the
development of the tool “Cofactor Speciﬁcity Reversal: Structural
Analysis and Library Design” (CSR-SALAD). Using this tool the successful recapitulation of the precise combination of mutations present
in cofactor switched BVMOs previously reported was possible (Cahn
et al. 2017). We also employed the tool on the homology model of
CHMOAcineto (unpublished data). Only T184A, S208D and K326N are
among the predicted mutations, the ﬁrst even being a deleterious mutation. Especially worth mentioning is the residue S186, which could
not be identiﬁed by CSR-SALAD. Corresponding residues in other
BVMOs have not been targeted so far. However, residue K326, which
was mutated to histidine in our work, was also crucial for cofactor
dependency of HAPMO (K439). For a more comprehensive comparison
of the manual selection eﬀorts and predictions by the tool, more of the
predicted mutations need to be investigated.
2.6. Uncoupling in BVMO-catalyzed reactions
One major aspect that has to be considered when using BVMOs, but
especially when performing protein engineering with them, is the uncoupling reaction (NADPH oxidase activity). This occurs, when instead
of the desired insertion of oxygen into the substrate leading to product
formation, the ﬂavin-C4α-(hydro)peroxide intermediate decays to hydrogen peroxide.(Beier et al. 2016; Latham and Walsh 1987; Opperman
and Reetz 2010; Walsh and Chen 1988; Yachnin et al. 2016) In 1982
ﬁrst studies on the CHMOAcineto demonstrated that the reduction of the
bound FAD by NADPH is independent from the presence of cyclohexanone (Ryerson et al. 1982). In the following reaction cycle the reduced
FAD reacts with molecular oxygen leading to the formation of a ﬂavinC4α-peroxide intermediate. The formed NADP+ stays bound to the
enzyme stabilizing the otherwise labile ﬂavin-peroxide intermediate
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promoted at higher temperatures, mutating the sulfur-containing residues might enhance thermostability as well. Out of the 17 created
single mutants, six were identiﬁed with optimized properties, which
were subsequently combined. Most of the combinatorial mutants
showed either an improved thermostability or oxidative stability. The
variant M19 with the highest tolerance towards 100 mM H2O2 contained six mutations (M5I/M291I/C330S/C376L/M481A/C520V). The
addition of the M412L mutation (Mut16) led to a slight decrease in
oxidative stability, but to an increased thermostability. Including mutation M400I as well, resulted in the variant with the highest thermostability (Mut15), but with an even further decreased oxidative stability. Neither activity nor selectivity of Mut15 and Mut16 changed much
for the investigated reactions compared to the wild type. This study
showed that it is not trivial to enhance thermostability and oxidative
stability at the same time. However, an oxidatively stabilized enzyme
might be a better starting point to create a thermostable enzyme, as the
enzyme will not be inactivated by oxidative damage at elevated temperatures (Opperman and Reetz 2010).
Two studies conducted in parallel aimed at increasing CHMOAcineto
thermostability by introducing disulﬁde bonds. The study conducted by
van Beek et al. (2014a) used an in-house designed computational protocol for the prediction of disulﬁde bonds based on a CHMOAcineto
homology model. Out of the 27 predicted and investigated disulﬁde
bond mutants, three showed a higher apparent melting point than the
wild-type enzyme as determined in ThermoFAD (Forneris et al. 2009)
experiment. All of these disulﬁde bonds were situated in the same region of the protein hinting that this region is crucial for thermostability.
Only one of these mutants showed an increased half-life when incubated at 30 °C for a longer time period. The L323C-A325C disulﬁde
bond spans only one residue, but leads to an increased melting temperature of 6 °C indicating that the assumption that the stabilizing effect of a disulﬁde bond is increased with an increasing number of
spanned residues is obsolete. Unfortunately, the catalytic eﬃciency
(kcat/KM) for the conversion of cyclohexanone was reduced by about
50% when using the disulﬁde bond mutant compared to the wild type.
Schmidt et al. used the software Disulﬁde by Design™ (Dombkowski
2003) for the prediction of disulﬁde bonds also using a CHMOAcineto
homology model. Three amino acid pairs predicted for the formation of
disulﬁde bonds were chosen for experimental investigation. Additionally, the amino acids T415 and A463 were mutated to cysteines
due to their close spatial positioning, even though they were not predicted by the software. Activity measurements of these disulﬁde mutants and several combinatorial mutants showed that only variant DS3
(T415C-A463C) retained its activity compared to the wild type. Variant
DS3 also showed increased long-term stability and thermostability. The
melting temperature of this double mutant was increased by 5 °C
compared to the wild-type enzyme. Variants N290C-A293C (DS2) and
Y411C-A463C (DS4) showed a higher oxidative stability than
CHMOAcineto wild type. In order to conﬁrm the formation of disulﬁdebonds in the mutants ABD-F labeling was conducted. Interestingly, the
improved variant DS3 did not form a disulﬁde-bond, so that single
mutants with cysteine and serine were created. T415C turned out to be
the best variant with an 8-fold increased half-life and a melting temperature, which is 6 °C higher than that of the wild-type enzyme.
When comparing the three studies on stabilizing CHMOAcineto, it is
notable that there seem to be two areas in the enzyme where mutations
have the highest impact on thermostability (Fig. 11). The ﬁrst region
contains the disulﬁde bond mutants created by van Beek et al. (red
spheres), the DS2 variant from Schmidt et al. (blue spheres) and residues M481 and M291 targeted by Opperman (orange spheres). The
second region includes the DS3 and DS4 mutants (blue spheres), but
also residues C520 and M412 (orange spheres), which were shown to
have a high impact on thermostability in the study by Opperman and
Reetz (2010). All of these studies show that it is possible to enhance
BVMO stability or broaden the substrate scope of a stable BVMO by
protein engineering. Many diﬀerent methods of protein engineering

the mutants K328A, W492A, K328A/W492A, N497A, K501A and
N497A/K501A were investigated (Yachnin et al. 2016). Under limiting
NADPH concentrations, the consumption of the cofactor was measured
spectrophotometrically for several days. After NADPH depletion was
achieved, the reactions were analyzed by GC to determine product
formation. This way, the authors could demonstrate that all of their six
generated mutants showed a higher degree of uncoupling than the wildtype enzyme (Yachnin et al. 2016). As uncoupling can always occur
when working with BVMOs, such a conﬁrmation of product formation
is absolutely required, as measuring NAD(P)H consumption must not be
correlated to product formation at all. As an alternative, the oxygen
consumption during the reaction with and without addition of catalase
can be followed using a Clark electrode. Subsequent comparison of
these results enables the estimation of the eﬃciency of the oxidation
(Entsch et al. 1976; Eppink et al. 1998; Eschrich et al. 1993; Seibold
et al. 1996).
Brondani et al. (2014) made use of the enhanced uncoupling eﬀect
of PAMO variant C65D in a positive way. As an NADPH oxidase this
enzyme was useful for the cofactor regeneration in a process with an
alcohol dehydrogenase producing NADPH while oxidizing an alcohol to
a ketone. The relevant positions for increasing the unproductive formation of H2O2 are quite consistent in the diﬀerent BVMOs. Mutation of
K326Acineto, K328Rhodo and K336PAMO leads to an increased uncoupling,
as well as changing S208Acineto and T218PAMO. L145, which was mutated in CHMORhodo, was a crucial position for the right coordination of
NADP+ and this residue is equivalent to L143Acineto, L196Arthro,
Q152PAMO, P145OTEMO, F156CPMO and L185PntE. These residues have all
been targeted while aiming at improving diﬀerent enzyme properties as
discussed in the other chapters of this review. This indicates the importance of determining the eﬃciency of the substrate oxidation when
mutating the respective position.
2.7. Creating stable BVMOs
As mentioned before, many BVMOs exhibit poor protein stability,
which is a major drawback in their application. In general, the protein
stability can be diﬀerentiated into diﬀerent kinds of stability. The storage stability of puriﬁed BVMOs is usually very low, so that most enzymes cannot be used after a prolonged storage at room temperature or
even at 4 °C. Lyophilizing the isolated enzymes with appropriate additives (van Beek et al. 2015) or shock-freezing them with added glycerol increases the activity after long-term storage. The operational
protein stability, which has a major inﬂuence on the total turnover
number (TTN) of the enzyme, depends on thermo-, pH-, solvent- and
oxidative stability. Additionally, substrate- and/or product inhibition
can drastically reduce the TTN of an enzyme. The solvent stability of
BVMOs has not been targeted in protein engineering studies so far.
However, the solvent tolerance of a BVMO can be increased by careful
solvent engineering (de Gonzalo et al. 2012; Secundo et al. 2011).
There have been quite a few eﬀorts to optimize reactions using
CHMOAcineto, as the enzyme does not only show low thermo- and oxidative stability, it is also inhibited by high substrate and product concentrations (Mallin et al. 2013; Schmidt et al. 2015a; Schmidt et al.
2015c). This is likely the reason why the crystal structure of this enzyme has not been solved so far, even though there doubtlessly have
been many attempts. The long-term stability and product inhibition of
CHMOAcineto were targeted by creating a mutant library of the enzyme
and screening the mutants with the help of a robotic platform (Dörr
et al. 2016). Six variants with decreased product inhibition were
identiﬁed harboring mutations R26K, D230A and D233A among others.
Opperman and Reetz (2010) reported the creation of CHMOAcineto
with increased oxidative stability and improved thermostability. Due to
uncoupling reactions, methionine and cysteine residues all over the
enzyme are prone to oxidation by H2O2 leading to loss of activity. Thus,
the aim of their study was to mutate all of these residues and increase
the enzyme's tolerance towards oxidative stress. As oxidative damage is
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Table 4
Comparison of thermostability data for diﬀerent wild-type BVMOs and some variants.
Enzyme

Tm [°C]

TmCHMO
Cm-BVMO
PockeMO
hFMO5
PAMO

48a [1]
56a [2]
47a [3]
47a [4]
60.5-61a [5,
6]
39a [5]
37-39a [1, 5,
8]/ 31.6b [9]

STMO
CHMOAcineto

PAMO P3
PASTMO
PACHMO
PAMEMO1
PAMO B-PV
PAMO CBA-GPTQ
CHMOAcineto Mut15
CHMOAcineto Mut16
CHMOAcineto A255CA293C
CHMOAcineto A325CL483C
CHMOAcineto L323CA325C
CHMOAcineto DS3
T415C-A463C
CHMOAcineto T415C

Fig. 11. Comparison of targeted residues in diﬀerent studies aiming at improving the
stability of CHMOAcineto. The orange spheres indicate the mutated residues in the study by
Opperman and Reetz (2010), residues depicted as blue spheres were mutated by Schmidt
et al. (2015b), red spheres are residues L323 and A325 mutated by van Beek et al. (2014a)
and green spheres show relevant positions identiﬁed by a screening using a robotic
platform (Dörr et al. 2016). FAD (dark grey) and NADP+ (light grey) are situated in the
active site of the enzyme. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

have been applied in these works. However, a stable CHMO ﬁt for industrial application has not been generated so far. Other promising
BVMOs are the two newly identiﬁed BVMOs TmCHMO and PockeMO.
These enzymes have melting temperatures of 48 °C and 47 °C, respectively (Fürst et al. 2017; Romero et al. 2016). The ﬁrst identiﬁed human
BVMO hFMO5 also shows an increased thermostability (Tm = 47 °C)
(Fiorentini et al. 2016). However, the enzyme with the second highest
melting temperature identiﬁed so far is Cm-BVMO from the photosynthetic eukaryote Cyanidioschyzon merolae with a Tm of 56 °C
(Beneventi et al. 2013) and the most thermostable BVMO is PAMO.
Protein engineering studies with the aim to broaden the substrate scope
of PAMO mostly led to a slight decrease in thermostability of the enzyme (Bocola et al. 2005; Parra et al. 2015; van Beek et al. 2012).
Table 4 shows a summary of all relevant enzyme variants and their
thermostability data.
It is notable that the Tm values measured by the ThermoFAD method
are higher than the ones measured by CD-spectroscopy. For some variants only the T5010 value or the half-life (which was determined at
diﬀerent temperatures for the diﬀerent enzymes) is given. A comparison of all published t1/2 values for CHMOAcineto is provided in the
publication by Goncalves et al. (2017), highlighting the major discrepancies in those values and how diﬃcult comparison of those values
can be. In this study, a very eﬀective method for stabilizing BVMOs
without protein engineering eﬀorts is described. The researchers were
able to increase the half-life of CHMOAcineto by 103–104-fold by adding
certain amounts of NADPH, FAD, superoxide dismutase and catalase.
The conditions were also applied to two other BVMOs (OTEMO and
FMO-E) and the stabilizing eﬀect could be conﬁrmed. It was also shown
that it is possible to quantitatively translate the half-life to turnover
conditions. The highest degree of stabilization was achieved when using
100 μM FAD and 2.5 mM NADPH together with catalase and superoxide
dismutase as additives to the reaction at 20 °C. This publication highlights that it is mandatory to carefully control reaction conditions when
determining critical parameters like the half-life of an enzyme as this
will increase the comparability of the results.

10
T50

t1/2

24 he [7]

40.5 [10]/
32.5 [9]

4 minc [8]/ 1.82 hd [9] /
57 hf [11]/ 17 hd [11] /
11 hc [11]
17he [12]

49a [5]
55a [5]
51a [5]
57.5a [6]
58.5a [6]
47.3 [10]
43.4 [10]
40.5a [8]
40.5a [8]
44a [8]
36.5a [8]/
36.4b [9]
37.5b [9]

45 minc [8]
38 [9]

5.2 hd [9]

35 [9]

14.6 hd [9]

[1] (Romero et al. 2016), [2] (Beneventi et al. 2013), [3] (Furst et al., 2017), [4]
(Fiorentini et al. 2016), [5] (van Beek et al. 2012), [6] (Parra et al. 2015; van Beek et al.
2012), [7] (Fraaije et al. 2005), [8] (van Beek et al. 2014a), [9] (Schmidt et al. 2015b),
[10] (Opperman and Reetz 2010), [11] (Goncalves et al. 2017), [12] (Bocola et al. 2005).
a
Determined by Thermo-FAD method.
b
Determined by CD-spectroscopy.
c
Measured after incubation at 30 °C.
d
Measured after incubation at 25 °C.
e
Measured after incubation at 52 °C.
f
Measured after incubation at 20 °C.

studies have been conducted with CHMOAcineto while studies on PAMO
have mainly focused on the hot spot region 440–446. There are certain
positions that seem to inﬂuence only one enzyme property. For example
positions I67PAMO and V121YMOA were targeted to alter the sulfoxidation activity of these enzymes. Some positions mainly changed the regioselectivity of the enzymes and others the enantioselectivity. However, there are also positions that are relevant for inﬂuencing several
enzyme properties. The most evident hot spot for protein engineering of
BVMOs aligns with residue F432 in CHMOAcineto (F485Arthro, L443PAMO,
F443OTEMO, F434TmCHMO, F450CPMO, C480YMOA). Mutating this residue
in all these enzymes resulted in a variety of changed enzyme properties.
Enantioselectivity was inﬂuenced as well as regioselectivity, sulfoxidation activity and substrate scope. Another position relevant for enantio- and regioselectivity is L143Acineto (L196Arthro, Q152PAMO,
P145OTEMO, F156CPMO, L185PntE.) However, mutation of the corresponding residue L145Rhodo led to an increased uncoupling, so therefore
it is essential to determine product formation by GC or HPLC for the
respective BVMO variants. Mutating position L435Acineto and M446PAMO
led to variants with varied enantioselectivity, substrate scope and regioselectivity. Additionally, the sulfoxidation activity was changed by
mutating this position in PAMO, YMOA and BVMOAf1. Targeting these
hot spots in future protein engineering studies with BVMOs might facilitate the discovery of even more useful enzyme variants. Additionally, it is to be expected that mutating other BVMOs will result in
the identiﬁcation of further hot spots. Overall, these protein engineering studies not only improve our understanding of the basic enzymology of the biocatalysts, but eventually will lead to a toolbox of
robust BVMOs useful for industrial applications.

3. Conclusion
Comparing all these diﬀerent protein engineering studies allows the
identiﬁcation of hot spots that can be targeted to alter a variety of
diﬀerent enzyme properties in Baeyer-Villiger monooxygenases
(Table 1). Table 1 shows that the majority of protein engineering
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