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Abbreviations 
 

Å  Ångström 

ADH alcohol dehydrogenase 

γ-BL γ-butyrolactone 

BVMO Baeyer-Villiger  
 monooxygenase 

CAL-A Candida antarctica  
                       lipase A 

CD Circular dichroism 

CHL cyclohexanol 

CHMO cyclohexanone  
 monooxygenase 

CHO cyclohexanone 

E. coli Escherichia coli 

ee enantiomeric excess 

e.g. exempli gratia 

et al. et alia 

FAD flavin adenine  
                       dinucleotide 

FMN flavin mononucleotide 

GC gas chromatography 

GPC gel permeation 
 chromatography 

Me-CL methyl-substituted  
                       ε-caprolactone 

NAD(P)+ nicotinamide adenine 
                       dinucleotide                
                       (phosphate) 
                       oxidized form 

NAD(P)H nicotinamide adenine 
                       dinucleotide  
                       (phosphate) 
                       reduced form 

OCTD oxacyclotridecane 

OD600 optical density 

oligo-ε-CL oligo-ε-caprolactone 

PCL polycaprolactone 

PDB protein data bank 

pH pondus hydrogenii 

ROP ring-opening  
 polymerization 

sp. species 

Tm melting temperature 

U enzyme unit 

UCC Union carbide corporation 

vs. versus 

WT wild type 

ε-CL ε-caprolactone 

 
 

Moreover, the standard one and three letter codes for amino acids were used.  

 

 

 

 

 

 





 Scope and outline VI 
!
!

Scope and outline 
 

This thesis aims on the establishment of a sustainable biocatalytic production process 

of ε-caprolactone for industrial purposes by the development and optimization of an 

artificial enzymatic cascade consisting of an alcohol dehydrogenase (ADH), a Baeyer-

Villiger monooxygenase (BVMO) and a lipase (CAL-A). The major challenge for this 

specific biocatalytic route is the instability of the BVMO as well as the substrate and 

product inhibition. Article I  presents a strategy to improve the stability of this enzyme 

by protein design. The usefulness of the enzymatic cascade to obtain high product 

yields is comprehensively illustrated in Article I I  by showcasing the successful 

conversion of substrate concentrations exceeding 0.2 mol L!1 by direct in situ 

oligomerization of ε-caprolactone catalyzed by lipase A from Candida antarctica (CAL-

A). Article I I I  describes the application of this cascade for the synthesis of chiral 

methyl-substituted oligo-ε-caprolactone derivatives. An alternative synthetic approach 

towards ε-caprolactone via solvent engineering to enable faster biotransformations is 

shown in Article IV. 

 

Article I  The effect of disulf ide bonds and related single point Cys/Ser 

  mutations on stabil ity of cyclohexanone monooxygenase 

  S. Schmidt, M. Genz, K. Balke, U. T. Bornscheuer, J. Biotechnol. 2015, 

  214, 199-211. 

This article addresses the instability of cyclohexanone monooxygenase from Acineto-

bacter sp. NCIMB 9871 via protein design. This study highlights the fact that the 

mutations to increase protein stability are still hard to predict due to the incomplete 

knowledge of the mechanisms that leads to thermal and/or oxidative inactivation. The 

results from this study can serve as a basis for further stability studies on this enzyme to 

give better insights into the underlying mechanisms, which determine the stability of 

an enzyme class and to potentially create a variant with an even higher thermal and 

oxidative stability than the variant of the present work.  

 

Article I I  An enzyme cascade synthesis of ε-caprolactone and its oligo-

  mers                                                                                    

 S. Schmidt, C. Scherkus, J. Muschiol, U. Menyes, T. Winkler, W. Hummel, 

 H. Gröger, A. Liese, H. G. Herz, U. T. Bornscheuer, Angew. Chem. Int. Ed. 

 2015, 54, 2784-2787; Angew.Chem. 2015, 127, 2825-2828. 



VII! Scope and outline !

This publication describes the enzymatic cascade comprising an alcohol dehydroge-

nase and a BVMO to enable the production of the bulk chemical ε-caprolactone from 

cyclohexanol, as well as the way, how the challenges were met. Key to success was the 

efficient strategy to tackle the product inhibition via a subsequent direct ring-opening 

oligomerization of the in situ-formed ε-caprolactone using lipase A from Candida 

antarctica. This efficient three-enzyme cascade lead to the formation of oligo-ε-capro-

lactone at 20 g L!1 when starting from >20 g L!1 cyclohexanol. 

 

Article I I I  Biocatalytic access to chiral polyesters by an artif icial  enzyme 

  cascade synthesis 

  S. Schmidt, H. C. Büchsenschütz, C. Scherkus, A. Liese, H. Gröger, U. T. 

  Bornscheuer, ChemCatChem. 2015, Doi: 10.1002/cctc.201500823, ac-

  cepted. 

This article is a follow-up study of Article I I , where the substrate scope of the estab-

lished enzyme cascade was investigated for the synthesis of chiral methyl-substituted 

poly-ε-caprolactone derivatives. Several substrates were examined and provided 

access to functionalized chiral compounds in high yields (up to >99%) and optical 

purities (up to >99% ee). By enzymatic enantioselective ring opening of the enantio-

pure monomers, (S)- or (R)-oligomers were successfully synthesized. Additionally, the 

acyltransferase activity of CAL-A was further investigated using non-chiral lactones. 

The power of a biocatalytic oxidative cascade reaction for the synthesis of chiral oligo-

/polyesters was thereby further demonstrated. 

 

Article IV  Process development through solvent engineering in the bio-

  catalytic synthesis of the heterocyclic bulk chemical ε-capro-

  lactone  

  A. Reimer, S. Wedde, S. Staudt, S. Schmidt, D. Höffer, W. Hummel, U. 

  Kragl, U. T. Bornscheuer, H. Gröger, J. Heterocycl. Chem. 2015, submit-

  ted. 

In this article the process optimization via solvent engineering as promising route to 

obtain faster and quantitative conversions to the desired product is described. It was 

found, that biotransformations for the conversion of cyclohexanol to ε-caprolactone in 

an aqueous-isooctane biphasic solvent system proceed faster compared to the pure 

aqueous reaction medium. 
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Background  
 

Industrial importance of ε-CL and PCL 

ε-Caprolactone (ε-CL) as versatile building block represents an important bulk chemi-

cal and is manufactured at a multi-10.000 ton scale by established chemical meth-

ods.[1] The great majority of ε-CL serves as a precursor for the polymer industry and is 

especially used for the synthesis of poly-ε-caprolactone (PCL) and ε-caprolactam, 

which is also a building block for a widely used polymer (Nylon-6).[2] Further industrial 

applications of ε-CL include adhesives, coatings and varnishes. Moreover, the appli-

cation potential of this compound is still under investigation; like in the case of clo-

thing industry or in biomedicine, where PCL is used as a biodegradable polymer.[3] 

 Polyesters such as PCL are important polymers due to their mechanical, thermal 

and physical properties and thus allow versatile applications. In contrast to many other 

synthetic polymers, PCL shows several special properties like its biodegradability,[4] 

semicrystallinity,[5] the rare property of being miscible with many other polymers like 

polyvinylchloride or polystyrene-acrylonitrile and also the mechanical compatibility 

with polyethylene, polypropylene or natural rubber.[3] The biodegradability of PCL 

depends on the molecular weight, the degree of crystallinity and the environment of 

degradation.[4, 6] Many microbes are known, which can biodegrade PCL completely.[4] 

In contrast to the enzymatic degradation of PCL by microbes, humans are not able to 

degrade PCL due to the lack of the respective enzymes.[6d] This property makes this 

polymer useful in biomedical applications, e.g. in tissue engineering[7] or long-term 

drug delivery.[8] This wide applicability and the potential to be made from monomers 

derived from renewable sources makes PCL a very useful polymer.[3] 

!
!
Chemical vs. enzymatic synthesis of ε-CL and PCL 

 

Oxygen-functionalized synthons represent an important sector of today's product 

portfolio of bulk chemicals as well as pharmaceutical agents. Interestingly, the 

currently used chemical synthesis methods for the oxidation of aliphatic molecules 

(e.g. alkanes, cycloalkanes and corresponding alcohols and ketones) are associated 

with numerous disadvantages regarding the choice of the oxidizing agent, selectivity, 

yield and volumetric productivity. Accordingly, the oxidation of alkanes and the 

 1 
1.1 

1.2 
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corresponding aliphatic alcohols and ketones is still one of the biggest challenges in 

the industrial synthetic organic chemistry. The currently used industrial process for the 

preparation of ε-caprolactone, designated as UCC (Union Carbide Corporation) pro-

cess, is based on the reaction of cyclohexanone with peracetic acid (or highly con-

centrated acetic acid and H2O2) resulting in modest selectivity of only 85-90% 

(Scheme 1).[1, 9]  

 

 
Scheme 1: Current industrial  synthesis of ε-CL via the UCC process. The chemical 

oxidation (Baeyer-Villiger oxidation)[10] is mediated from a peroxy acid. By nucleophilic attack 

of the carbonyl carbon atom from the cyclic ketone, the “Criegee-like” intermediate is formed. 

After rearrangement, ε-CL and the corresponding carboxylic acid are released. 

 

A typical disadvantage of numerous chemical oxidation processes is the low selectivi-

ty, especially at higher conversions. This leads to a partial early termination of react-

ions associated with elaborate separation processes, recycling processes and product 

isolations with poor environmental factors (E-values).  

The polyester PCL, which derives from the monomer ε-CL can be synthesized by 

two different approaches: chemically and enzymatically. As there were several chemi-

cal and enzymatic methods established for the synthesis of PCL in the last decades, 

only the most prominent examples for ring-opening polymerization (ROP) reactions 

are briefly introduced here. An extensive review by Labet and Thielemans about PCL 

and its synthesis is highly recommended for further interested readers.[3]  

In general, the preparation of PCL by ROP leads often to a polymer of high mole-

cular mass and low polydispersity. ROP is actually a transesterification reaction and is 

the preferred route for PCL synthesis. Dependent on the catalyst, four main mecha-

nisms for ROP of lactones have been described: anionic, cationic, monomer-activated 

or coordination-insertion ROP. The catalytic systems include metals, organic acids or 

enzymes. An example for the ROP by an alkali-based catalyst was reported by Goury 

et al.[11] using lithium diisopropylamide in 1,4-dioxane. To address a catalytic system 

for ROP using organic compounds, a good example are organic acids with a pKa value 

between 3 and 5 (typically tartaric acid or citric acid). Such acids are able to catalyze 

the ROP of ε-CL in the presence of benzyl alcohol to initiate the reaction.[12] In contrast, 
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the enzymatic ring-opening polymerization catalyzed by lipases in organic solvents 

and its mechanisms have been studied most intensively since the mid ‘90s.[13] Koba-

yashi et al. described in detail the enzyme-catalyzed ROP of lactones and especially of 

ε-CL using lipases.[13a, 13b, 13d, 14] A wide number of different enzymes from different ori-

gins were examined including Candida antarctica lipase B (CAL-B) or porcine pan-

creatic lipase (PPL). Solvents investigated include heptane, benzene, tert-butyl methyl 

ether, 1,4-dioxane, acetonitrile or isooctane. All reactions take place in bulk organic 

solvents, only with a very small aqueous phase (typically far below 5%), as a minimum 

amount is important to maintain the lipase in an active form. The water content must 

be carefully controlled, as all lipases described above will otherwise catalyze 

hydrolysis of the lactone instead of the desired polymerization. CAL-B (usually used in 

immobilized form) was found best for the polymerization of ε-CL in organic solvents. In 

less than 24 h high conversions could be obtained while more than 10 days were 

usually needed with other lipases. Although the ring-opening polymerization of 

lactones in an aqueous system was already described by Namekawa et al. in 1998,[14e] 

Panlawan et al. in 2013[15] and Inprakhon et al. in 2014,[16] the lipases used (e.g. lipase 

CAL-B, Novozymes or lipase PS, Amano) resulted in the synthesis of oligomers of e.g. 

ε-caprolactone or ω-pentadecalactone. The authors observed that both direct 

hydrolysis of the lactone to the corresponding ω-hydroxyalkanoic acid as well as 

degradation of the oligomer to the dimer or monomer took place. Extended reaction 

times up to 72 h resulted in complete hydrolysis.[16] This result is not surprising, as the 

lipases used are well known to perform hydrolysis preferentially over a synthesis 

reaction in an aqueous system.  

Thus, there is still a need to find new ways to produce the desired polyesters from 

variable monomers and to simplify the chemical/enzymatic syntheses of the respective 

building blocks as well as the polymers itself. Especially the access to the lactone 

precursors can be achieved by the use of enzymes as alternative approach to the che-

mical synthesis. In general, such enzymatic reactions can be conducted under milder 

conditions leading to a more sustainable chemical process. In this context, Baeyer-

Villiger monooxygenases are the preferred candidates for the enzyme-catalyzed syn-

thesis of such lactones as these biocatalysts are able to catalyze oxidation reactions 

under mild conditions; that means using molecular oxygen from air as oxidant and 

without the need of organic solvents.  
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1.3  Cyclohexanone monooxygenases 

 

Among the large number of flavin-dependent monooxygenases, Baeyer-Villiger 

monooxygenases (BVMOs) have been studied most extensively for their application in 

biocatalysis. These enzymes usually exhibit high chemo-, regio- and/or enantio-

selectivity while converting a wide variety of substrates.[17]  

Until the mid 1990s, the investigation of BVMOs was mostly restricted to the enzymes 

isolated from two microorganisms, Acinetobacter calcoaceticus[18] and Pseudomonas 

putida.[19] The cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. 

NCIMB 9871 (EC 1.14.13.22) is the most studied BVMO and thus the most popular 

representative of prokaryotic origin BVMOs.[17a, 17c] In 1976, this enzyme was dis-

covered and biochemically characterized.[18] Chen et al. succeeded first in cloning and 

functional expression of this CHMO in 1988.[20] Due to the tremendous increase in the 

number of BVMOs identified in the past years, it was suggested to divide these en-

zymes into further subclasses according to sequence homologies and typical struc-

tural properties. The CHMO from Acinetobacter sp. NCIMB 9871 displays the 

common features of a Type I BVMO like the two dinucleotide-binding domains for bin-

ding of FAD and NADPH as well as the typical sequence motifs described in 2002 by 

Fraaije et al.[21] (therefore it belongs to the one-component class B BVMOs). It has 

been shown that this enzyme can convert hundreds of different compounds.[22] Fur-

thermore, this BVMO can catalyze sulfoxidations, oxidations of selenium and boron-

containing compounds, epoxidations and N-oxidations.[17a, 17c, 23]  

 Except for a few rare examples where the upscaling of BVMO-catalyzed re-

actions was successfully shown,[24] biocatalytic conversions on industrial scale using 

BVMOs are hampered by the relatively low stability, most notably against high temp-

eratures, but also towards oxidative stress and organic solvents. Such limitations are 

unfortunate due to the huge demand of a highly active and robust biocatalyst for the 

synthesis of ε-CL. The conversion of this particular cyclic ketone and its derivatives is of 

considerable interest for the biocatalytic synthesis to the corresponding lactone since 

the CHMO shows an excellent chemo, regio- and/or enantioselectivity by simul-

taneously catalyzing the conversion under mild reaction conditions. A robust bio-

catalyst is of high interest in industry as this monomer and derivatives, which are also 

accessible by the CHMO catalysis, are important building blocks for polymer synthesis 

as described in chapter 1.2.   

!
!



  

!

Enzyme cascades in biocatalysis  

 

 

Oxidoreductases, like CHMO, usually require expensive cofactors like NADPH for the 

electron transfer from one molecule (reductant) to another molecule (oxidant). In or-

ganic synthesis, such biocatalysts can be employed either as isolated enzymes in com-

bination with an appropriate cofactor recycling system or in whole cells, expressed in 

their original microorganism or recombinantly.[25] The utilization of whole-cells as 

tailor-made “biochemical factories” advantageously avoids the addition of an external 

regeneration system for the non-covalently bound cofactor NADPH and therefore 

represents the preferred way in enzyme catalysis. Enzymes like the CHMO are nowa-

days usually coupled in cascades enabling simultaneous and efficient regeneration of 

the cofactor leading to a more productive and economic oxidation-reduction reaction 

for the synthesis of high-value chemicals.[26] Very recently, a new class of redox-neutral 

reactions designated as convergent cascade involving a bi-substrate and a single 

product without intermediate formation was described.[27] This system involves the 

BVMO reaction for the oxidation of cyclohexanone to ε-CL and an ADH for the simulta-

neous regeneration of NAD(P)H by oxidation of 1,6-hexanediol which serves as 

‘double-smart co-substrate’ (Scheme 2).  

 

 
Scheme 2: ‘Double-smart co-substrate’ approach for the synthesis of ε-CL 

through a convergent cascade system. A BVMO-catalyzed oxidation of cyclohexanone 

(CHO) is coupled with an ADH-catalyzed oxidation of 1,6-hexanediol (1,6-HD) to ε-CL for the 

regeneration of two equivalents NAD(P)H. The scheme was adapted from Bornadel et al.[27]  

 

As one-pot enzyme cascades reduce the amount of the starting chemicals needed for 

a reaction, the efforts for down-stream processing are concomitantly lowered. A more 
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sustainable chemical process is accomplished thereby, avoiding the need for inter-

mediate isolations as well as the use of additional reagents leading to lowered energy 

costs, waste generation and also highly reduced operation expenses. In an impressive 

way, nature already shows such successful application of synthetic strategies. Living 

organisms built every second thousands of highly complex molecules from much 

simpler precursors in an astonishingly variety and efficiency. To achieve such high effi-

ciencies, the concept applied by these organisms is the arrangement of enzymatic 

transformations in cascading sequences (biosynthetic pathways).[26e] This strategy can 

be mimicked in vitro by the design of artificial enzyme cascades, which are often of 

high complexity;[26d, 28] either by the use of isolated multi-enzyme systems in a homo-

geneous phase to create an artificial metabolic pathway[29] or by combination of two or 

more catalytic activities in a single protein, e.g., by fusion of genes encoding different 

enzymes or by crosslinking several enzymes.[30]  

Recently, a novel approach named systems biocatalysis, that aims for the building 

of artificial metabolic pathways in vitro for the production of valuable products has 

arisen.[28a] An example where the concept of such “mini” metabolic pathway was 

successfully applied is the synthesis of 6-aminohexanoic acid, which is the open-chain 

form of ε-caprolactam (the precursor for Nylon-6) reported by the Kroutil group.[31] In 

their work, a two-step system consisting of cascading enzyme sequences was build. In 

the first module an alcohol dehydrogenase (ADH) and a BVMO were combined to 

synthesize ε-CL. In the second module the produced ε-CL was further converted to 6-

aminohexanoic acid via an in situ capping and uncapping step. The biocatalysts were 

either used as purified enzymes (in lyophilized form) or as freeze-dried cells containing 

overexpressed enzyme.  

Another interesting artificial pathway reported recently by Opperman et al. is 

directly related to the artificial cascade described in this thesis. The cascade consists of 

a cytochrome P450 monooxygenase for the initial oxyfunctionalization of a cycloalkane 

coupled with an alcohol dehydrogenase for ketone production and a Baeyer-Villiger 

monooxygenase for the subsequent conversion to the corresponding lactone (such as 

depicted in Figure 1).[32] Furthermore, this study shows the major potential of the 

enzyme cascade investigated in this thesis due to the numerous opportunities to 

extend this pathway and to provide access to various starting materials.  

 

!
!
!
!
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One-pot conversion of cyclohexanol into ε-CL 

 

An alternative strategy to overcome the drawbacks from the existing industrial cyclo-

hexanone oxidation (as described above) is represented by the enzymatic counterpart 

using oxygen from air and a stoichiometric amount of cofactor, catalyzed by a CHMO. 

Nevertheless, a further co-substrate for the in situ cofactor regeneration is required. By 

combining the CHMO with an ADH when starting already from the oxidation of cyclo-

hexanol, these two enzymatic activities provides a smart concept for in situ cofactor re-

generation (Figure 1). Already in 1991, such concept for the synthesis of bicyclic lac-

tones was described by Willetts et al.[33] This study represents the basis, which was 

adapted by Staudt et al.[34] and Mallin et al.[35] for the synthesis of the bulk chemical ε-
CL. In terms of economy and sustainability, this concept represents an attractive route 

for the synthesis of this chemical due to the independency of further co-substrates. 

Accordingly, the biocatalytic oxidation to obtain ε-CL consists of two combined enzy-

matic reaction steps and could be extended to provide access to various starting ma-

terials e.g. cyclohexane or phenol as displayed in Figure 1. 

%

Figure 1: Direct biocatalytic one-pot oxidation of cyclohexanol to ε-capro-

lactone. In the first step, cyclohexanol is converted by an ADH yielding cyclohexanone as 

intermediate and the reduced cofactor NADPH coupled in the second step with the subse-

quent conversion to ε-CL and recovery of the oxidized cofactor NADP+ catalyzed by a CHMO.  

 

In the first oxidation step, cyclohexanol is converted by ADH catalysis to yield the 

intermediate cyclohexanone while converting the oxidized cofactor NADP+ to the 

reduced form NADPH. In a second oxidation reaction, the cyclic ketone intermediate 

is directly converted to ε-CL under consumption of molecular oxygen and the reduced 

cofactor. By these two coupled oxidation reactions in a one-pot process, the oxidized 

form of the cofactor is recovered thus enabling the direct biotransformation of the 

OH O O

O

alcohol
dehydrogenase

cyclohexanone
monooxygenase

NADP+ NADPH NADPH NADP+

one-pot biotransformation

OH

O2 H2O
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cyclic alcohol to the corresponding lactone without the need for additional co-

substrates for the cofactor regeneration.  

Advantageously, cyclohexanol is a readily available bulk chemical and the only 

component of the reaction, which is required besides air as oxidant. A further 

advantage of this reaction setup is the applicability of both isolated[34] and 

immobilized[35] enzymes as well as the usability of whole-cell biocatalysts as described 

in the Articles I I  and I I I .! 
!

Solving the bottlenecks of enzymatic ε-CL synthesis 
 

To date, the biocatalytic large-scale production of ε-CL has not been achieved due to 

a number of reasons. The main drawbacks en route to a sustainable biotechnological 

process for the enzymatic synthesis of ε-CL arise from the substrate and product 

inhibition as well as deactivation effects on the enzyme by the involved compounds 

(cyclohexanol, cyclohexanone and ε-CL), especially at elevated concentrations which 

are mandatory for an industrial process. To avoid bottleneck effects on the enzymes` 

activity, the impact on the inhibition and deactivation by the substrate cyclohexanol 

and the ketone intermediate can be easily compensated by dosage at low concentra-

tions and a suitable ratio of the enzymes. In contrast, the suppression of the severe 

product inhibition[34] is much more sophisticated and requires ingenious process engi-

neering concepts. Several routes to remove this fully water-miscible lactone by in situ 

extraction with an organic solvent or the use of adsorbents suffer substantially from 

low productivity and additional costs and environmental disadvantages. Further major 

limitations, which must be overcome are particularly the instability of the BVMO 

against high temperatures, oxidative inactivation effects and the deactivation in the 

presence of organic solvents. Issues concerning the cofactor regeneration and the 

need for a stoichiometric amount of a co-substrate further hamper such a biocatalytic 

route. In contrast to fine chemicals, the avoidance of stoichiometric amounts of co-

substrates appears to be “mandatory” in the field of low-price bulk chemicals due to 

cost reasons and consequently such a process concept is of great interest for industry. 

 

!  

2.2 
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Stability of CHMO                                        Article I 

Improving the stability of BVMOs by rational protein design is not often straight-

forward due to the still incomplete structural information available for these classes of 

enzymes. To date, it was not possible to solve the crystal structure of the CHMO from 

Acinetobacter sp. NCIMB 9871, which is probably due to the poor stability of this 

enzyme. 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. For instance, the stabilization of CHMO towards oxidation via 

the mutation of surface-located cysteine and methionine residues, which are typical 

hot spots for oxidative inactivation of an enzyme, should be mentioned.[36] Another 

study focused on the thermostability of the CHMO by introducing disulfide bonds 

using a complex computationally guided approach as reported by van Beek et al.[37] 

The best variant obtained by this method was stabilized with respect to a higher 

melting temperature, 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. We simplified the identification of stabilizing 

disulfide bonds by using the program Disulfide by Design™.[38] A homology model 

based on the crystal structure of CHMO from Rhodococcus sp. (PDB code: 3GWD) 

was therefore used for the structure-guided engineering. The sequence identity of 

CHMO from Rhodococcus sp. and CHMO from Acinetobacter is 56.7%. Potentially 

stabilizing disulfide bonds were predicted in silico using Disulfide by Design™ from 

the homology model. The prediction of possible amino acid residues for the 

formation of a disulfide bond 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 χ3 torsion angles were decreased. According to literature,[38a, 39] the energy 

value of a naturally occurring disulfide bond is about 1.07 kcal mol!1. The distribution!
of the Cα

…Cβ
…Sϒ angle within known disulfide bonds is between 105° and 125° 

(maximum at 115.1°).[38b] Using these criteria, a restriction of nine possible disulfide 

bonds was imposed. In the last step, the spatial position of these nine disulfide bonds 

in the structure of CHMO was examined. All disulfide bonds located too close to the 

2.2 .1  
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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 Design™, a further variant was considered for disulfide 

bond formation. Due to the close spatial position of amino acid threonine 415 to 

alanine 463 and the appropriate Cβ
…Cβ distance within 5.0 Å, these residue pairs were 

also chosen, even if not predicted by the software. The selected four variants are 

displayed in Figure 2: P254C-D286C (DS1), N290C-A293C (DS2), T415C-A463C (DS3) 

and Y411C-A463C (DS4).  

 

 
Figure 2: Overall  structure of the designed disulf ide bond variants in the model 

structure of CHMO. The mutated residues P254C-D286C (DS1), N290C-A293C (DS2) and 

Y411C-A463C (DS4) form a disulfide bond, whereas the mutated residues T415C and A463C 

(DS3) are presented as! 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. 

 

These variants were successfully generated, expressed and purified. Various combina- 
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torial variants were additionally generated, solubly expressed and purified. Out of 

nine purified variants, four (especially the combinatorial mutants) displayed a signify-

cantly reduced specific activity compared to the CHMO wild type. All other variants, 

e.g. mutant DS3, showed a similar specific activity compared to the wild-type CHMO. 

CHMO wild type and the remaining variants (DS2, DS3, DS4, DS2+DS3) were purified 

to avoid possible stabilization by proteins present in E. coli and then they were sub-

jected to stability studies.  

The most relevant parameter for biocatalysis concerning the applicability of an 

enzyme in an industrial process is the lifetime of such biocatalyst. To determine the 

long-term stability of the CHMO variants, enzyme stability was monitored by 

incubation at a fixed temperature for 24 h. These studies revealed that mutant DS3 

showed a significantly increased long-term stability (12% residual activity after 24 h at 

25°C) compared to CHMO wild type (after 8 h only 9% residual activity). In addition, a 

significantly increased stability concerning temperatures of 20-45°C was achieved. 

The temperature were 50% of the activity remained after 1 h incubation was increased 

by 5 K for variant DS3. Thus, an improvement of mutant DS3 concerning the long-term 

stability and the thermostability with no significant loss of activity was achieved.  

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 circular dichroism (CD) spectroscopy at 222 nm. The DS3 variant 

showed an increase in melting temperature by 5 K, which shows that the stability data 

derived from structure are in line with the ones of the activity. Spectroscopy data con-

firmed that variant DS3 was stabilized and a 2-fold higher long-term stability without 

any loss in specific activity was achieved.  

Additionally to the thermostability of the CHMO variants, the stability against 

hydrogen peroxide (H2O2) was determined. Figure 3 gives an overview about the 

effects of disulfide bonds on the stability of CHMO towards 25 mmol L!1 H2O2 and a 

temperature of 35°C. Whereas the activity of CHMO wild type is strongly decreased in 

the presence of 25 mmol L!1 H2O2 after 10 min, the variant DS2 retained 46% of the 

initial activity (Figure 3). Although variant DS4 showed an increase in stability against 

25 mmol L!1 H2O2 (59% residual activity) compared to the wild type and DS2 (Figure 3), 

the activity at higher H2O2 concentrations (50 mmol L!1) decreased more compared to 

variant DS2 and is almost completely lost, whereas variant DS2 still showed a residual 

activity of 26%. Interestingly, the combinatorial variant DS2+DS3 showed neither an 

increased thermostability nor an increased oxidative stability.  
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Figure 3: Overview about the conducted stabil ity studies. The effects on the stability 

of CHMO wild type and the disulfide bond variants towards 25 mmol L!1 H2O2 and 35°C tem-

perature are depicted. The highest stabilization effect against 25 mmol L!1 H2O2 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%.  

 

The need of BVMOs to be stable against oxidative stress is based upon the enzymatic 

mechanism. If no substrate is present, hydrogen peroxide can be formed due to slow 

decay of the unproductive peroxiflavin. As a result, amino acid residues could be oxi-

dized by this highly reactive hydrogen peroxide leading to a loss of catalytic activity. 

This can occur not only in the active site, but also at distant parts of the protein 

through remote effects. In some studies it was stated that there is a correlation bet-

ween oxidation and temperature.[40] 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 as 

shown in a study by Morawski et al.[40] This aspect could not be confirmed in our study. 

The introduction of additional disulfide bonds led either to an improved oxidative 

stability, or an increased thermostability. Variant DS2 showed a higher resistance to-

wards hydrogen peroxide, but is at the same time less stable against higher tempera-

tures than the CHMO wild type (Figure 3). In contrast, variant DS4, which displayed 

the highest resistance towards oxidation (at 25 mmol L!1 H2O2), shows equal tempera-

ture instability like the wild type. For other variants it might even be possible that an 

improved thermostability is masked by a high rate of oxidative damage, so that this 

potentially improved variant would not be identified. 
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The mechanisms, which are used by proteins for the protection against structure 

perturbation, are very complex. The beneficial disulfide bonds leading either to an 

improved thermostability or oxidative stability are located in different regions of the 

enzyme, as can be seen in the structural model of the CHMO (Figure 2). Whereas the 

disulfide bond formed by variant DS2 exhibiting a higher oxidative stability is located 

closer to the active site, the disulfide bond formed by the more thermostable variant 

DS4 is in a remote location. In the work of van Beek et al.,[37] the best variant is located 

in the same region as 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 disulfide 

bond is present.   

The ABD-F-based fluorescence assay revealed that the disulfide bond in the DS3 

variant, which exhibits higher stability, is not formed. We observed that the fluores-

cence intensity is slightly higher for the native form than for the reduced form. An 

aspect that should not be disregarded is that the disulfide bond might be inaccessible 

for the reducing agent. To confirm that the disulfide bond is indeed not formed, this 

variant was expressed in E. coli BL21 (DE3), a strain, which is not able to form disulfide 

bonds in heterologous produced proteins. Stability experiments with variant DS3 ex-

pressed in E. coli BL21 (DE3) proved that this variant is stabilized against temperature, 

even if the disulfide bond is not formed. A reason for not forming the disulfide bond 

might be the distance between the two cysteines. The prediction of the disulfide 

bonds was based on a homology model of CHMO, thus the distance and angle bet-

ween these two cysteines can differ from the prediction.  

The stabilization of this variant by the introduction of two additional free cysteines is 

indeed surprising because cysteines contain sulfur centers, which are often respon-

sible for the oxidation of proteins leading to the loss of catalytic activity. This oxidation 

can occur much faster at higher temperature. However, many studies also have shown 

that methionine and cysteine residues constitute an important antioxidant mechanism 

in proteins and are therefore part of the defense against oxidative stress.[41] A variety 

of oxidants like H2O2 react readily with the sulfur in cysteine and methionine residues 

by forming 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 are found in the 

wild-type enzyme. A possible explanation for the higher thermal stability of variant 

DS3 containing two additional cysteines is their potential to function as antioxidant 

reagents at higher temperatures by scavenging the reactive oxygen species. This 
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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 beneficial behavior of the CHMO variant DS3, 

cysteine and serine single mutants at the positions threonine 415 and alanine 463 

were generated and screened for stability. Serine was chosen due to the close struc-

tural similarity compared to cysteine. The obtained data confirmed the importance of 

the amino acid position 415 when mutated to a cysteine (Figure 4).  

 
a)        b) 

   
Figure 4: Characterization of the disulf ide single and double Cys/Ser variants.  a) 

Long-term stability of CHMO wild type and variants. The relative initial rate at t = 0 min was nor-

malized to 100% wild-type activity. b) Activity-temperature profiles (T!!"!") of CHMO wild type (!), 

variant DS3 ("), variant T415C (!), variant T415S ("), variant A463C (#) and variant A463S (!).   

 

The single variant T415C shows by far the highest improvement in long-term stability 

(38% residual activity after 24 h incubation at 25°C, Figure 4a). The comparative 

mutation to a serine at this position led to a slightly higher, but not significantly im-

proved temperature stability (Figure 4b). In addition, the variant A463S shows the 

same stabilization in the long-term experiment as the variant DS3, but is not as stabili-

zed as the variant T415C. To give an explanation for the highly stabilizing effect of the 

cysteine mutation at this position, a database search was conducted to verify whether 

this is a highly conserved residue in the BVMO enzyme class. This search revealed, 

that threonine 415 is not highly conserved, but shows a ubiquitous occurrence in 

CHMOs from black yeasts, e.g. Nectria haematococca mpVI 77-13-4, Capronia 

epimyces CBS 606.96, Capronia coronata CBS 617.96 and Exophiala dermatitidis 

NIH/UT8656. The sequence identities of these CHMOs and the CHMO from 

Acinetobacter NCIMB 9871 are between 51% and 54%. The stability of enzymes 

derived from such organisms, which are highly adapted to many different or harsh en- 
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vironments, is often higher. Also the phenylacetone monooxygenase from Thermo-

bifida fusca shows a higher stability compared to all other known BVMOs. Due to that, 

it is cautiously assumed that a correlation between the occurrences of cysteine at this 

amino acid position in highly adapted black yeasts and the stability improvement by 

replacing the threonine with a cysteine exists.  

In conclusion, the stability of CHMO was extensively studied. The introduction of 

disulfide bonds led to the identification of two variants with higher stability towards 

oxidation without compromising the catalytic efficiency. In addition, a fast and easy 

fluorescence-based assay for the verification of the formation of the disulfide bonds 

was successfully applied. An increase in long-term stability was achieved for a CHMO 

variant containing just one exceptional cysteine mutation (Article I).  



!
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Product inhibition of CHMO                    Article I I  
 

Detailed earlier studies revealed that at concentrations >60 mmol L!1 of ε-CL product 

inhibition takes place in addition to a modest inhibition by the substrates cyclohexanol 

and cyclohexanone as described in chapter 2.2.[34] Substrate inhibition can be rather 

easily addressed by appropriate dosage of cyclohexanol. When both, ADH and 

CHMO, are expressed at sufficiently high levels, the concentration of cyclohexanone 

as an in situ-formed intermediate remains at a low level. In contrast, product inhibition 

and enzyme deactivation by ε-CL, particularly at higher concentrations, represents a 

major hurdle to overcome. Continuous in situ extraction of ε-CL with a water-

immiscible organic solvent is no option as this lactone is fully miscible with water. 

Thus, efficient (and selective) extraction of only ε-CL could not be achieved. Another 

alternative is in situ product removal using adsorbents such as ion exchange resins. 

However, this concept suffers from the additional costs for the resins, modest binding 

selectivity for lactones vs. ketones and the rather large reactor volume occupied by 

the resins lowering substantially the overall productivity. Finally, the product must be 

isolated from the resin in a subsequent processing step. Thus, efficient extraction of 

the water-miscible ε-CL remained an unsolved challenge. 

Hence, we developed an elegant solution in which the ε-CL produced by the one-

pot two-step enzymatic method is directly subjected to ring-opening polymerization 

using lipase CAL-A from Candida antarctica (Scheme 3).[42]  

 

 
Scheme 3: Enzyme cascade synthesis of oligo-ε-caprolactone (oligo-ε-CL, 4).  In 

the first oxidation step cyclohexanol (1) is converted by an alcohol dehydrogenase (ADH) to 

cyclohexanone (2) as intermediate and the reduced cofactor NADPH followed in the second 

step by the subsequent conversion to ε-CL (3) and the recovery of the oxidized cofactor NADP+ 

catalyzed by a CHMO. Product inhibition is avoided and higher productivity is achieved by the 

use of a lipase (CAL-A) owing to its acyltransferase activity in an aqueous system resulting in the 

formation of oligo-ε-CL without formation of 6-hydroxycaproic acid. 
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Such a process not only solves the problem of inhibition and deactivation by ε-CL at 

higher concentrations, but also enables the combination of monomer formation with 

in situ oligomer synthesis at the same time. Avoiding the isolation of the monomer 

represents an advantageous “removal” of the CHMO-inhibiting component ε-CL by 

transformation into the desired oligomer. Furthermore, improved product isolation 

could be achieved in strong contrast to ε-CL as the formed oligo-ε-CL is hydrophobic 

and can be isolated by extraction or precipitation. Although the enzymatic synthesis of 

polyesters is well documented in literature,[43] the formation of polyesters always 

required organic solvents and notably the absence of water to avoid undesired 

hydrolysis. Interestingly, lipase CAL-A has the unique feature of acyl-transferase 

activity enabling an efficient formation of product ester despite the presence of bulk 

amounts of water.[44] Indeed, when we determined the hydrolytic activity of CAL-A 

towards 1 mol L!1 ε-CL in aqueous solution, no hydrolysis above the detection limit 

was found. After a few hours of incubation, we even observed the formation of a white 

precipitate in the aqueous phase, which after isolation and examination by gel per-

meation chromatography (GPC) revealed that CAL-A catalysis led to oligomers of ε-CL 

with an average molecular weight of 1200 g mol!1 (11-mer). 

!
Table 1.  Characterization of oligo- and poly-ε-caprolactone obtained via  differ-

ent routes as analyzed by GPC.  

Product[a] Peak retention 

volume [mL] 

Mn [Da] Mw [Da] Mw/Mn 

PCLchem 12.0 35.426 48.248 1.4 

Oligo-ε-CLCascade 18.4 160 375 2.3 

Oligo-ε-CLCAL-A 16.4 615 1154 1.8 

Oligo-ε-CLCond. 12.2 21.662 37.773 1.7 
[a]PCLchem: chemically synthesized; Oligo-ε-CLCascade: obtained by using all three enzymes starting from cyclohexanol; 

Oligo-ε-CLCAL-A: obtained using lipase A starting from 1 mol L!1 ε-CL; Oligo-ε-CLCond: chemically polymerized Oligo-ε-
CLCAL-A. 

 

This oligomer (oligo-ε-CLCAL-A, Table 1) could be converted chemically with monobutyl 

tin oxide as catalyst into a high molecular weight polymer (oligo-ε-CLCond), which 

showed properties identical to standard chemically synthesized poly-ε-caprolactone 

(PCLchem). 1H-NMR spectroscopy also confirmed the identity of both polymers 

(Figure 5a). Additionally, the end groups of the obtained oligomers were identified 

from the 1H-NMR spectra, to be a carboxyl moiety and an alcohol moiety according to 

the expected enzymatic reaction mechanism.  
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a)       b) 

!
Figure 5: Characterization of the obtained oligomers via 1H-NMR spectroscopy. 

a) 1H-NMR (300 MHz) spectra in CDCl3 of the product mixture containing ε-CL and oligo-ε-
CLCAL-A extracted from a biocatalysis (blue), the monomer ε-CL (red) and the oligo-ε-CLCAL-A after 

distillation of the monomer (black). b) 1H-NMR (300 MHz) spectra in CDCl3 of oligo-ε-CLCAL-A 

(blue) prior to the addition of monobutyl tin oxide and the condensation product oligo-ε-CLCond 

obtained after addition of monobutyl tin oxide (black).   

 

The next investigations focused on the effect of CAL-A in a one-pot biocatalysis to-

gether with ADH and CHMO at different cyclohexanol concentrations. ADH and 

CHMO were used as a mixture of two E. coli cell suspensions (resting cells) containing 

these recombinant enzymes. It was found that the concentration of ε-CL strongly de-

creased compared to the one in biotransformations without addition of CAL-A. The 

lower concentration of ε-CL resulted from the formation of oligo-ε-CL catalyzed by 

lipase CAL-A, which was then confirmed by 1H-NMR spectroscopy analysis (Figure 5b). 

Furthermore, these experiments demonstrated that whole-cell biotransformation 

could be performed with all three enzymes (ADH, CHMO and CAL-A) in a single one-

pot cascade reaction. 

Parallel to the stabilization of CHMO by introducing disulfide bonds and related 

single Cys/Ser mutations, an already published CHMO variant was investigated. The 

double mutant C376L/M400I as reported by Opperman et al.,[36] conferring a higher 

oxidative and long-term stability of CHMO, was used in this study due to our ongoing 

stabilization studies by disulfide bond introduction at this point of the project.  
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a)         b) 

!
Figure 6: Improvement studies for the biotransformation of cyclohexanol to ε-
CL. a) Determination of the optimal ratio of ADH and the CHMO mutant C376L/M400I using a 

mixture of the two E. coli cell suspensions. b) Effect of different acetone concentrations on the 

conversion of 60 mmol L!1 CHL to ε-CL using whole-cell biocatalysis. 

 
As in preliminary experiments it turned out that using ADH and CHMO in separate 

E. coli cells is superior over their use in a single whole-cell system. Different ratios of 

whole cells containing recombinantly expressed ADH and the CHMO mutant 

C376L/M400I, respectively, were used together for the biotransformation of cyclo-

hexanol to ε-CL.  

The optimal ratio of ADH and CHMO is a very important factor due to differences 

in expression levels, specific activities and stabilities of both enzymes, in order to avoid 

bottleneck effect on the enzymatic cascade. At 60 mmol L!1 of cyclohexanol the high-

est conversion was achieved at a ratio of ADH/CHMO of 1:10 (Figure 6a). 

 

!
Scheme 4: Cofactor regeneration system. Whole-cell biotransformation of cyclohexa-

nol (1) to oligo-ε-caprolactone (4) using separate E. coli suspensions (containing either ADH or 

CHMO) and the additional cofactor recycling, which is necessary for substrate concentrations 

above 60 mmol L!1. 

 

Although in principle the system is self-sufficient with respect to cofactor recycling, the  
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addition of acetone and glucose is useful for faster regeneration of NADPH at high 

substrate loadings as both enzymes are expressed in separate E. coli cells (Scheme 4). 

A stoichiometric amount of acetone gave a conversion of 95% (Figure 6b). 

The performed preparative scale biotransformations (applying substrate dosage 

to avoid inhibition by cyclohexanol) with the combined system consisting of ADH, 

CHMO double mutant C376L/M400I and CAL-A led to complete conversion of 

0.2 mol L!1 of cyclohexanol after 48 h. Using the same amounts of enzyme at 

0.3 mol L!1 and 0.5 mol L!1 substrate, 74% and 43% conversion, respectively, were ob-

tained. The extraction of the reaction solutions with dichloromethane leads to a 

mixture of product consisting of 25% ε-CL and 75% oligo-ε-CL as confirmed by GC 

and 1H-NMR spectroscopy.     

In summary, this approach discloses a highly attractive route for a biocatalytic 

production of ε-CL by direct in situ transformation to the corresponding oligomer 

leading to high product yields at more than 0.2 mol L!1 substrate concentrations. With 

this setup, substrate concentrations exceeding those of previous studies by at least 

six-fold, were successfully applied enabling the combination of monomer formation 

with direct in situ oligomer synthesis. Still, future studies should address the additional 

improvement of the overall productivity by using bioprocess-engineering strategies. 
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 INTO THE NICHE:               Article I I I                    

  Chiral polyesters by cascading enzymes             
 

 

Chiral polyesters in general can be employed for versatile biomedical purposes like 

tissue engineering and drug delivery. The introduction of chirality in polyesters, which 

belong to the most important industrial polymer materials, changes their character-

istics and makes them particularly interesting for the application in microsphere drug 

delivery. Nevertheless, a biocatalytic route by a multi-step cascade to make these 

functional biodegradable chiral polyesters has been hardly investigated. With respect 

to chiral polyesters, until now only examples starting from substituted lactones of 

varying ring sizes using lipases in pure organic solvents and at high temperatures has 

been published. In this study, we extended the artificial cascade consisting of an ADH, 

a BVMO and CAL-A to the synthesis of chiral methyl-substituted oligo-ε-caprolactone 

derivatives to achieve both, the generation of chirality in a monomer and the sub-

sequent polymerization. In a one-pot two-step enzymatic reaction in aqueous solution 

(in the absence of any solvent) methyl-substituted ε-CL derivatives were produced and 

directly subjected to an in situ ring-opening oligomerization (ROO) by CAL-A, thus 

forming the corresponding chiral oligomer (Scheme 5). 

!

!
Scheme 5: The artif icial enzyme cascade. This cascade consists of an alcohol 

dehydrogenase (ADH), a cyclohexanone monooxygenase (CHMO) and a lipase (CAL-A) for the 

synthesis of chiral oligomers in an aqueous system. The result is the formation of oligo-(S)-4-

methyl-caprolactone with only trace amounts of free acid. The scheme shows the interplay of 

enzymes, substrates and cofactors. 

Starting from a diastereomeric mixture (cis/trans) of 4-methyl-cyclohexanol, the first 

aim of this study was to achieve good conversions for the oxidation to the desired 

chiral (S)-4-methyl-caprolactone when applying the reaction steps I  and I I  in a whole-
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cell biocatalysis reaction. We used ADH and CHMO as a mixture of two E. coli cell sus-

pensions containing these recombinant enzymes in a ratio of 1:10. GC analysis con-

firmed the acceptance of 4-methyl-cyclohexanol as substrate for the ADH. Neverthe-

less, the achieved conversions were not as high as with the non-methylated substrate. 

However, the CHMO shows >99% conversion to (S)-4-methyl-caprolactone having an 

ee of >99%. Due to that, we focused our attention on the dehydrogenase and first 

examined whether the conversion to the chiral lactone is improved under different 

reaction conditions. To improve the conversions obtained in the cascade, whole-cell 

biotransformations with four ADHs at different pH values and enzyme ratios were 

performed. None of the investigated ADHs showed an improved conversion in the 

cascade. Also with a lowered pH of the reaction (pH 7.0 compared to pH 8.0) we 

observed no increased conversion. The possible rate-limiting step of the cascade, the 

ADH-catalyzed oxidation to the methyl-substituted ketone, can be improved by an in 

situ-product removal through a fast subsequent and stereoselective conversion of the 

ketone intermediate into the chiral lactone. Due to the instability of the wild-type 

CHMO, the reaction rates were quickly reduced during biotransformations.[45] To over-

come this problem, a mutant of CHMO (CHMO-VM, containing four mutations: 

C376L/M400I/T415C/A463C) was used. This CHMO variant derives from a combi-

nation of the beneficial mutations identified in the previous studies as described in the 

Articles I  and I I  and exhibits a 40% higher long-term stability compared to the wild-

type enzyme and a 40% higher stability at 40°C. The melting temperature of CHMO-

VM was increased by 13.5°C to 45.1°C. Additionally, different ratios of whole cells con-

taining recombinantly expressed ADH or CHMO-VM were used together for the 

biotransformations. With 10 mmol L!1 4-methyl-cyclohexanol the highest conversion 

was achieved at a ratio of ADH/CHMO of 1:1.  

When we studied the effect of CAL-A in a one-pot biocatalysis reaction with E. coli 

cell suspensions containing ADH and CHMO using 10 mmol L!1 of 4-methyl-cyclo-

hexanol it was found, that the concentration of (S)-4-methyl-caprolactone strongly 

decreased compared to the one in biotransformation without addition of CAL-A 

(Figure 7). This is a result of the formation of the oligomer catalyzed by lipase CAL-A, 

which was confirmed by 1H-NMR spectroscopy analysis. Furthermore, these experi-

ments demonstrated that whole-cell biotransformation could be performed with all 

three enzymes (ADH, CHMO and CAL-A) in a single one-pot cascade reaction for the 

synthesis of oligo-(S)-4-methyl-caprolactone.   

Furthermore we investigated the oligomerization of additional methyl-and non-

methyl-substituted lactones by CAL-A in more detail, as summarized in Table 2. Even if 
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Figure 7: Whole-cell  biocatalysis using LK-ADH and CHMO-VM with and without 

addition of CAL-A. Substrate conversion (bottom) and product formation (top) after defined 

time intervals are displayed. For the sample at time 0 a small amount of product is already 

present due to a slight delay in the sampling procedure. 

 

γ-butyrolactone (γ-BL) and oxacyclotridecane-2-one (OCTD-2-one) are achiral 

compounds, the ROO was investigated to evaluate the acyl-transferase potential of 

this lipase. The incubation of 0.5-1.0 mol L!1 of the respective lactone with CAL-A in 

aqueous solution lead to the formation of a white precipitate which after analysis was 

proven to be the oligomers of the compounds displayed in Scheme 6 with a maximum 

molecular weight of 2500 g L!1 for the oligomer of OCTD-2-one (13-mer, Table 2).  

For γ-BL no formation of oligomers was observed. The oligomers obtained from 

the other lactones were analyzed by 1H-NMR spectroscopy and gel permeation chro-

matography (GPC). Oligomerization was confirmed by 1H-NMR data and the average 

degree of polymerization DPn and the number average molar mass Mn were calculated 

for all oligomers. For the oligomers derived from (S)-or rac-4-Me-CL also the specific 

optical rotations were determined (Table 2). Interestingly, the oligomer obtained from 

a racemic mixture shows a significantly lower optical rotation compared to the oligo-

mer derived from the enantiopure lactone. We assume that CAL-A accepts both 

enantiomers and statistically forms (R,R)-, (R,S)- and (S,S)-oligomers. However, the mo-

lecular weight of the monomers is different as we observed an increase in chain-length 

of the obtained oligomers with increasing ring-size of the corresponding monomers. 

In addition, (S)-4-methyl-caprolactone gave the highest Mn (3523 Da) with a DPn of 9 

(Table 2).  
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Table 2.  Characterization of oligomers obtained with CAL-A from different lac-

tones as analyzed by GPC and lactones investigated for r ing-opening oligo-

merization. The 4-methyl-substituted caprolactone was enzymatically synthesized with an ee 

of 99%, whereas the 2-and 3-methyl-substituted caprolactones were only available as racemic 

mixture. 

 

Product DPn
 [a] Mn [Da][b] Mw [Da] Mw/Mn [α]D [°][d] 

Oligo (S)-4-Me-CL 9 3523 896 3.8 -155.7°[e] 

Oligo rac-4-Me-CL 8 1802 296 1.9 -13.8° 

Oligo rac-2-Me-CL 7 2473 563 1.6 n.d. 

Oligo rac-3-Me-CL 2 915 842 1.7 n.d. 

Oligo-OCTD-2-one 4 1066 2500 3.9 n.a.[c] 

[a] DPn = Average degree of polymerization calculated from the 1H-NMR spectra. [b] Number average molar mass Mn 

calculated from the 1H-NMR spectra. [c] n.a. = not applicable (non-chiral lactone precursor). [d] The specific optical 

rotations were determined with 5-20 mg sample in THF and at 20°C. [e] The [α]D of the optically pure monomer of (S)-

4-Me-CL is -201.7°. 

 

In conclusion, with the proposed cascade consisting of evolutionary non-connected 

enzymes, the access to optically pure oligomers was attained, which underlines the 

potential of BVMOs and the usefulness of such enzyme cascades in organic synthesis.  
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  Are alternatives                   Article IV 

  pave the way to ε-CL?         
 

An alternative synthetic approach en route to the heterocyclic industrial chemical ε-CL 

is represented by a solvent engineering strategy to conduct biotransformations in a 

biphasic solvent system.  

        This system is still based on the biocatalytic double oxidation of cyclohexanol to ε-
CL with air, but conducted in an aqueous-organic solvent system catalyzed by an ADH 

from Lactobacillus kefir and the CHMO from Acinetobacter calcoaceticus (Scheme 6). 

 

!
Scheme 6: Biocatalytic double oxidation in a biphasic solvent system. Cyclohexa-

nol (1) is converted to ε-CL (3) catalyzed by an ADH and CHMO (wild type) in an aqueous-or-

ganic solvent system. 

 

In the past, solvent engineering became an interesting tool for the process 

optimization especially for reactions involving BVMOs.[17, 46] Due to the beneficial 

characteristic of the organic phase, substrate inhibition can be avoided by releasing 

the substrate cyclohexanol slowly into the aqueous phase, where the enzymes are 

located. Therefore, the impact of organic water-immiscible solvents on the reaction 

course of the targeted process was investigated. However, the search for a suitable 

organic solvent is challenging due to the sensitivity of the applied CHMO and the 

known rapid deactivation in the presence of more water-miscible solvents.[46b] In this 

study, the focus was placed on hydrophobic organic solvents with a high logP-value 

due to a range of reasons like the expected simple phase extraction, the function of 

the second phase as reservoir of the starting material cyclohexanol and the suitability 

of these co-solvents for other enzymes, thus making the applicability also for the 

CHMO promising. A solvent screening was carried out identifying isooctane as a 

suitable co-solvent. The application of this aqueous-isooctane biphasic solvent system

OH O

O

CHMO from A. calcoaceticus (3.82 U),
ADH from L. kefir (40 U),
NADP+ (1mol%), MgCl2

aqueous-organic
solvent system (5 mL)

O

1

2
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3
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for the biocatalytic double oxidation of 40 mmol L!1 or 60 mmol L!1 cyclohexanol, 

respectively, resulted in much faster conversions to the desired product compared to 

the analogues enzymatic reaction in pure aqueous reaction medium. In all reactions 

quantitative conversions were obtained after a reaction time of 23 h. To gain deeper 

insights into the impact of isooctane on the reaction, the kinetics for the reactions were 

determined. Whereas in pure aqueous buffer, initial conversion after 1 h was 8 % and 

after 3 h 34%, the conversions in the presence of 10% (v/v) isooctane were significantly 

higher at all stages of the reaction course. After only 1 h, already 13 % conversion was 

obtained, which rapidly increased to 58% and 82% after 3 h and 4 h, respectively. With 

80 mmol L!1 substrate concentration, the beneficial impact of 10% (v/v) isooctane was 

again proven. Using the BVMO as whole cell biocatalyst instead of isolated enzyme, a 

dramatic decrease of the conversion was observed and even after 23 h reaction time 

only 7% conversion was found. Thus, it is assumed that the cell wall and cell membra-

ne causing diffusion limitations due to the limited transport of substrate or accumula-

tion of products in the cell thus leading to an extended inhibition and deactivation 

effects.  

These results lead to the conclusion that this solvent engineering strategy is only 

applicable for the utilization of free enzymes rather than whole cell catalysts at the 

current stage of work, and represents a future challenge. Nevertheless, the 

achievements are of synthetic interest and indicate a high compatibility of 10% (v/v) 

isooctane with the enzymes as well as the potential for an in situ-removal of the 

organic reaction components leading to a decreased inhibition and/or inhibition 

effects of these organic compounds to the used enzymes.   !!!!!!! 
!

!

!

!

!

!

   
  
    



 

    
   Conclusion 
 

 

In this thesis an artificial enzyme cascade consisting of an ADH from Lactobacillus kefir, 

a CHMO from Acinetobacter sp. NCIMB 9871 and lipase A from Candida antarctica 

has been investigated for the biocatalytic synthesis of the bulk chemical ε-
caprolactone as well as several derivatives for their direct utilization as polymer 

building blocks. Due to major limitations, which hamper such a biocatalytic route, the 

first addressed demand in this work was the improvement of the stability of the 

CHMO. By structure-guided engineering, distinctively improved variants concerning 

the resistance against oxidation as well as temperature stability without compromising 

the catalytic activity were successfully created. Due to the incomplete knowledge of 

the mechanisms that lead to thermal and/or oxidative inactivation of enzymes, this 

study illustrates that the selection of mutations for increased protein stability is still 

hard to predict. Thus, these results can serve as a basis for further stability studies on 

this enzyme class to give better insights into the underlying mechanisms, which 

determine the stability of an enzyme. Such a highly stabilized biocatalyst will pave the 

way for the successful use of flavin-dependent enzymes for industrial applications.  

A further aim of this thesis was dedicated to the second major hurdle en route to 

polyester precursors represented by the product inhibition and enzyme deactivation 

caused by ε-CL, particularly at higher concentrations. To overcome this limitation, we 

developed an elegant solution in which the ε-CL produced by the one-pot two-step 

enzymatic method is directly subjected to ring-opening polymerization using the 

unique lipase A from Candida antarctica. Applying this enzyme cascade in a whole cell 

biocatalysis in combination with an improved cofactor regeneration approach, the 

problem of product inhibition problem was efficiently solved leading to the formation 

of oligo-ε-caprolactone at 20 g L!1 when starting from >20 g L!1 cyclohexanol. By a 

process development approach through solvent engineering it was found that bio-

transformations proceed much faster in an isooctane-containing biphasic solvent 

system when using free enzymes.  

Finally, the improved enzyme cascade was applied for the synthesis of chiral sub-

strates and provided access to functionalized chiral compounds in high yields (up to 

>99%) and optical purities (up to >99%ee). By subsequent enzymatic enantioselective 

ring-opening of the enantiopure monomers, oligomeric lactones were successfully 

synthesized, which can be directly serve as building blocks for the polymer industry. 
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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  reac-
tions 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  predic-
tion  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  H2O2 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, cyclohex-
anone monooxygenase; PAMO, phenyl acetone monooxygenase; ABD-F, [4-
aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole]; TCEP, [Tris (2-carboxyethyl) phos-
phine hydrochloride]; DS, disulfide.

! Corresponding author. Fax: +49 3834 86 794367.
E-mail address: uwe.bornscheuer@uni-greifswald.de (U.T. Bornscheuer).

2012; de Gonzalo et al., 2010). In 1976, this enzyme was discov-
ered 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 com-
pounds (Kayser and Clouthier, 2006; Ryerson et al., 1982; Stewart,
1998; Fink et al., 2012). Furthermore, this BVMO is able to cat-
alyze 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 BVMO-
catalyzed 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 biocata-
lyst for this particular reaction. The conversion of this cyclic ketone

http://dx.doi.org/10.1016/j.jbiotec.2015.09.026
0168-1656/© 2015 Elsevier B.V. All rights reserved.
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to the corresponding lactone is of considerable interest in the indus-
try, as this monomer is an important building block for polymer
synthesis. Recently, we have established an enzyme cascade reac-
tion 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 intro-
duction 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 lim-
ited 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 PAMO-
scaffold 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 eliminat-
ing 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 intro-
duce 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 cre-
ated PAMO-CHMO chimera showed increased substrate specificity,
but no activity against cyclohexanone was detectable. Finally, a
directed evolution approach using iterative saturation mutagen-
esis 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 temper-
ature 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 cor-
responding lactone product, water and oxidized FAD are released.
The reduced form of FAD is regained by NADPH-mediated regener-
ation (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 oxida-
tion 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 combinato-
rial 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 con-
tributing to a higher thermal stability were identified.

Another study focused mainly on the thermostabilization of
CHMO (van Beek et al., 2014). Here, a complex computation-
ally 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 possi-
ble to learn from this study and to focus our work on a further
stability improvement of CHMO while maintaining the whole cat-
alytic 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 experimen-
tally.

During the characterization process it turned out that the disul-
fide 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 dou-
ble 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 (Darm-
stadt, Germany) and Eurofins MWG  Operon (Ebersberg, Germany).
Sequencing was done at Eurofins MWG  Operon. TALON metal affin-
ity 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 cyto-
plasm) were purchased from New England Biolabs (Beverly, MA,
USA). Expression of the CHMO was performed as described previ-
ously (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 SHuf-
fle T7 Express) kanamycin, respectively. Incubation was performed
in baffled Erlenmeyer flasks in an orbital shaker (InforsHT Multi-
tron2 Standard, Infors, Bottmingen, Switzerland) at 180 rpm and
37 "C. Bacteria on agar plates were incubated in an Incucell Incuba-
tor (MMM  Medcenter-Einrichtungen GmbH, München, Germany).
All materials and media were sterilized by autoclaving or by fil-
tration 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 sim-
ulation 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 soft-
ware. 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 coordi-
nates 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

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 calcu-
lated from over 700 known disulfide bonds (1.07 kcal mol#1) was
used to compare the potential disulfides predicted by the algo-
rithm. 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 for-
mation. 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 (Invitro-
gen). 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 concen-
trations.

In a 250 mL  shaking flask, 50 mL  TB medium supplemented with
kanamycin (35 !g mL#1 and 50 !g mL#1, respectively) was  inoc-
ulated 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 sam-
ples 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 super-
natant 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 appropri-
ate 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 Mutated position(s) Aspec
a [U mg#1] Tm

b ["C] Kinetic parametersc

KM [!mol  L#1] vmax [mM min#1] kcat [s#1] t1/2 [h]

Wild type – 6.37 31.6 4.6 ± 2.5 7.5 ± 0.7 38.5 1.82
LCAC  L323C, A325C 2.80 n.d. 3.0 (van Beek et al., 2014) n.d. 6.1 (van Beek et al., 2014) n.d.
DS1  P254C, D290C <0.1 n.d. n.d. n.d. n.d. n.d
DS2  N286C, A293C 3.70 n.d. n.d. n.d. n.d. 0.74
DS3  T415C, A463C 6.94 36.4 10.9 ± 2.6 8.8 ± 0.2 44.9 5.20
DS4  Y411C, A463C 4.73 n.d. 13.8 ± 0.7 1.2 ± 0.2 6.15 2.85
DS1  + DS2 P254Cys, D290C, N286C, A293C <0.1 n.d. n.d. n.d. n.d. n.d.
DS1  + DS3 P254C, D290C, T415C, A463C <0.1 n.d. n.d. n.d. n.d. n.d.
DS2  + DS3 N286C, A293C, T415C, A463C 5.30 n.d. n.d. n.d. n.d. 0.37
DS1  + DS2 + DS3 P254C, D290C, N286C, A293C, T415C, A463C <0.1 n.d. n.d. n.d. n.d. n.d.
Y411C  Y411C 4.15 n.d. n.d. n.d. n.d. 1.80
T415C  T415C 7.86 37.5 20.9 ± 0.01 11.2 ± 1.2 57.4 14.6
T415S  T415S 5.47 n.d. n.d. n.d. n.d. 4.00
A463C  A463C 3.60 n.d. n.d. n.d. n.d. 0.60
A463S  A463S 4.85 n.d. n.d. n.d. n.d. 5.80
Ser  DM T415S, A463S 3.78 n.d. n.d. n.d. n.d. 0.80

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 pres-
sure 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 cofac-
tor FAD. A column bed volume of 5 mL  was used. Washing three
times with 10 mL  wash buffer equilibrated the column. For purifi-
cation, 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 gen-
tly 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 pro-
tein 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 manufac-
turer.

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 pro-
tein 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 chro-
matography 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 pro-
tein 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 suit-
able 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 stabil-
ity 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 spectropolarime-
ter 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 denat-
uration curves were fitted to sigmoidal curves. The temperature at
which half of the enzyme was in an unfolded state (melting tem-
perature 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 (4-
aminosulfonyl-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; Gen-
Bank 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 inves-
tigation of the native enzymes, distilled water was used instead of
TCEP.

The samples were incubated at 20 "C for 3 h to ensure a com-
plete 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 vari-
ants 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 sub-
strate (Table 2) and 60 mM d-glucose monohydrate (1 M stock
solution in reaction buffer). Glucose was required for the intracel-
lular cofactor recycling of NADPH. Biotransformations were sealed
with a gum plug, shaken at 25 "C and 120 rpm and 500 !L sam-
ples were taken periodically. Samples were extracted with 500 !L

dichloromethane containing 2 mM acetophenone as external stan-
dard. 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 GC-
14A equipped with a Hydrodex®-ˇ3P column (25 m $ 0.25 mm,
Macherey & Nagel, Düren, Germany) and flame-ionization detec-
tion (FID).

2.14.2. Extraction procedure for GC analysis
For analysis, samples of the reaction mixture were taken peri-

odically (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 Na2SO4. The
solution was  mixed again (60 s) and centrifuged (10 min). After-
wards, 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 com-
pounds 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 pre-
diction of disulfide bonds with the program Disulfide by DesignTM

(Dombkowski, 2003). In a previous study, in silico designed disul-
fide 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 pre-
vent a loss of catalytic activity. Consequently, three positions were
chosen for creation in vitro. In addition to these predicted candi-
dates 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 Product(s) CHMO variant Conv. [%] ee [%]b

Cyclohexanone WT >99 n.a.c

DS2 64 n.a.
DS3 >99 n.a.
DS4 17 n.a
T415C >99 n.a.
WT  >99 >99

4-Methyl-
cyclohexanone

DS2 96 >99
DS3 >99 >99
DS4 67 >99
T415C >99 >99

a In all reactions the substrate concentration was 5 mM.
b Determined by chiral GC.
c 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 gen-
erated. 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 expres-
sion optimization for all eight disulfide bond variants of CHMO
was performed (data not shown). Under the best expression con-
ditions, 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 spe-
cific 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 spe-
cific 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 possi-
ble 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 (!). 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
(!) 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 2-
fold 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 H2O2
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 H2O2, the DS-bond
variant DS2 retained 26% of the initial activity. Although variant DS4
showed an increase in stability against 25 mM H2O2 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 sta-
bility. 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 H2O2 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 flu-
orescence emission maximum at 520 nm,  allowing simple and
sensitive detection. The fluorescence intensity is directly propor-
tional to the number of functionalized thiol groups. To use this as
indirect verification for disulfide bonds, the protein is functional-
ized with ABD-F in the native and in the reduced form. As reducing

Fig. 2. (a) Activity-temperature profiles (T10
50 ) of CHMO wild type (!), variant DS2 (%) variant DS3 (!), variant DS4 (&) and variant DS2 + DS3 ("). (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 (!), the variant DS2
(%),  the variant DS3 (!), the variant DS4 (&) and the combinatorial variant DS2 + DS3 (") are displayed.
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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 H2O2 and 35 "C
temperature are depicted. The highest stabilization effect against 25 mM H2O2 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 pos-
itive control. The measurement of the fluorescence intensity was
first conducted with native, native reduced, denatured and dena-
tured 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 dis-
play 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 addi-
tion, 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 cys-
teine 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

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 (!) 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

To further investigate the stabilization of CHMO variant T415C-
A463C (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 gener-
ated 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 vari-
ant (Fig. S6) and the single mutants T415S and A463C confirm
a strong similarity to the CHMO wild type except for the tem-
perature 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 (T415C-
A463C). These results demonstrate that both amino acid positions
are important and contribute to an improvement of the temper-
ature 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 sur-
prising. 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 melt-
ing temperature (Table 1), which is 6 "C higher compared to the
melting temperature of CHMO wild type and the calculated half-
life. 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 cyclo-
hexanone of both is slightly decreased. The catalytic efficiencies,
determined by the turnover number kcat, were calculated using the
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Fig. 4. (A) Activity-temperature profiles (T10
50 ) of CHMO wild type (!), variant DS3 (%), variant T415C (!), variant T415S (&), variant A463C (") and variant A463S (#). (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 (!), the variant
T415C  (!), T415S (&), A463C (") and A463S (#) are displayed.

maximal velocity Vmax. For variant DS4, the affinity for the sub-
strate 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 1.5-
fold 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 (achi-
ral transformation, desymmetrization, and kinetic resolution) were
applied using a whole cell biotransformations in order to circum-
vent 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-methyl-
substituted cyclohexanones (2–a, Scheme 1, Tables 2 and 3) as
well as the non-methylated cyclohexanone (1a, Table 2) and rac-
bicyclo[3.2.0]hept-2-en-6-one (5a, Table 4).

For every investigated reaction, the obtained conversion (activ-
ity) 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 bio-
transformations of the bicyclic ketone 5a lead to almost identically
ratios of “abnormal” versus “normal” lactones as well as the corre-
sponding 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 sub-
strate 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 stabiliz-
ing 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 Residual ketone 2d Lactone 2b
Conv. [%] ee [%]b Abs. Conf. C [%] ee [%]b Abs. conf.

WT 51 60 R 55 81 S
DS2  43 70 R 47 81 S
DS3  44 54 R 57 81 S
DS4  42 98 R 23 77 S
T415C 52 64 R 42 81 S

a In all reactions the substrate concentration was 5 mM.
b 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 [%] ee [%]b,c Regioisomeric ratio

Proximal Distal Proximal:distal Abnormal:normald

WT >99 95 98 51:49:00
DS2 95 93 98 45:55:00
DS3 >99 95 98 51:49:00
DS4 31 89 98 42:58:00
T415C >99 95 98 51:49:00

WT >99 40:60
DS2  87 40:60
DS3  >99 40:60
DS4  28 35:65
T415C >99 38:62

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

Disulfide by DesignTM (Dombkowski, 2003). Out of the 70 predicted
disulfides, three DS-bond variants were selected for characteriza-
tion. Another disulfide bond variant (DS3), which was not predicted
by the program, was also considered due to the close spatial posi-
tion 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 temper-
ature, 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 DS-
bond is present.

At elevated temperatures, oxidation of amino acid residues
caused by hydrogen peroxide can occur more readily. Conse-
quently, 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 DS-
bonds 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 frag-
ile 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 prop-
erties 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 opti-
mize 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 com-
pensatory 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 mul-
tiple 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% resid-
ual 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 sta-
bility 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. There-
fore, 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 cre-
ation 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 pro-
teins leading to the loss of catalytic activity. This oxidation can occur
much faster at higher temperatures as described above.

However, many studies have shown that methionine and cys-
teine 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
H2O2 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 sur-
face exposed. Additionally, five cysteine residues were found in the
wild-type enzyme. A possible explanation for the increased ther-
mal  stability of variant DS3 containing two  free cysteines is their
potential to function as antioxidant reagents at higher tempera-
tures 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 compara-
tive 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 stud-
ies 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 ther-
mal  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 thermosta-
bility (Eijsink et al., 2004). This phenomenon can be explained by
the location of stabilizing mutations at a hot spot where the pro-
tein 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 con-
served 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,  Pseu-
domonas 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 77-13-
4, 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. Proba-
bly 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 Thermob-
ifida 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 hypothe-
sis 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 sta-
bility is still hard to predict due to the incomplete knowledge of
the mechanisms that lead to thermal and/or oxidative inactiva-
tion. Nevertheless, these results can serve as a basis for further
stability studies on this enzyme using iterative saturation muta-
genesis to give better insights into the underlying mechanisms,
which determine the stability of this enzyme and to further investi-
gate 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 signifi-
cantly. 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 muta-
tion paving the way for the successful use of flavin-dependent
enzymes for industrial applications.
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Supporting Information 

 

Table S1: Primers used for site-directed mutagenesis. For all primers, the mutated codon is 

underlined.  
Primer name Sequence (from 5`to 3`) 

Primer_L323C_A325C_fw CAGGATTGCTATTGCAAACGTCCGTTG 

Primer_L323C_A325C_rv CTGCAAAGCATATGCATTTAGGACACCGTATTC 

Primer_T415C_fw GCTATATGGGTGTCTGCGTAAATAACTATCCAAAC 

Primer_T415C_rv CAGCTCGATATACCCACAGACGCATTTATTG 

Primer_Y411C_fw GAAGGTCCGTCGAGCTGCATGGGTGTC 

Primer_Y411C_rv GTTATTTACGGTGACACCCATGCAGCTCGACG 

Primer_A463C_fw GTTGAATCCATTGAATGCACAAAAGAAGCG 

Primer_A463C_rv CGCTTCTTTTGTGCATTCAATGGATTCAAC 

Primer_A293C_fw TGCATGGAATGCAATATCGAAGCGC 

Primer_A293C_rv TGCTTCCATTGCGGTGGCAATATC 

Primer_N290C_fw CTTTCGGTGATATTGCCACCTGCATG 

Primer_N290C_rv CATTCCATGCAGGTGGCAATATCACC 

Primer_P254C_fw GCACAGTGTGCGCAATGAGCGTATC 

Primer_P254C_rv CGCTCATTGCGCACACTGTGCTTTC 

Primer_D286C_fw CTTTCGGTTGCATTGCCACCAATATG 

Primer_D286C_rv GGTGGCAATGCAACCGAAAGTTTC 

Primer_T415S_fw GAGCTATATGGGTGTCAGCGTAAATAACTATC 

Primer_T415S_rv GATAGTTATTTACGCTGACACCCATATAGCTC 

Primer_A463S_fw GTTGAATCCATTGAAAGCACAAAAGAAGCG 

Primer_A463S_rv CGCTTCTTTTGTGCTTTCAATGGATTCAAC 

 

 

Table S2: Angles comprising Cα
…Cβ

…Sϒ, Cα
…Sϒ

…Sϒ and bond length between Sϒ
…Sϒ in the 

generated disulfide bonds. Additionally, the distance between the free cysteines in variant 

DS3 is displayed.  

Enzyme variant 
Angles [°] 

Distance [Å] 
Cα

…Cβ
…Sϒ Cα

…Sϒ…Sϒ…Cα 

DS1 (P254C-D286C) 116.4 (P254C) 

112.4 (D286C) 

104.2 2.0 

DS2 (N290C-A293C) 116.1 (N290C) 

113.2 (A293C) 

104.2 2.0 

DS4 (Y411C-A463C) 112.4 (Y411C) 

111.4 (A463C) 

104.2 

 

2.0 

DS3 (T415C/A463C) - - 1.9 

 



Table S3: GC-methods and retention times. 
                     Column Program (r = °C/min) Retention times [min] 

Method A Hydrodex-ß3P 60°C 10 min – 10r →   

160°C 5 min 

Cyclohexanone 1a: 13.7 

ε-Caprolactone 1b: 20.0 

Method B Hydrodex-ß3P 90°C 5min – 2r → 120°C 

5min – 20r → 180°C 5 min 

rac-2-Methyl-cyclohexanone 2a: 5.4 and 

5.5  

(R)-2-Methyl-caprolactone 2b: 20.7 

rac-3-Methyl-cyclohexanone 3a: 5.9 and 

6.1 

(R,S)-2-Methyl-caprolactone 3b and 3c: 

21.4 and 22.4 

Method C Hydrodex-ß3P 110°C, isothermal, 30 min 4-Methyl-cyclohexanone 4a: 4.3 

(S)-4-Methyl-caprolactone 4b: 25.9 

(R)-4-Methyl-caprolactone: 26.6 

Method D Hydrodex-ß3P Injection temperature 220 

°C; 60°C 5 min – 10r → 

180°C 3 min. 

rac-bicyclo[3.2.0]hept-2-en-6-one 5a: 

(1S,5R)-3-Oxabicyclo[3.3.0]oct-6-en-2-one 

5b: 16.4 

(1R,5S)-3-Oxabicyclo[3.3.0]oct-6-en-2-one 

5c: 16.1 
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Scheme S1: ABD-F alkylation of free cysteine residues.  

 

  
Figure S1: ABD-F labeling of CHMO wild type and the disulfide bond variants DS2, DS3 and 

LCAC. The sulfhydryl oxidase from Yarrowia lipolytica, which contains three DS-bonds, 

served as positive control. A) ABD-F labeling of the native and the denatured forms of the 

proteins. B) ABD-F labeling under the improved assay conditions using all DS-bond variants.  



 
Figure S2: Thermal denaturation curve of CHMO and its variant DS3. A) CHMO wild type 

and B) variant DS3 in sodium phosphate buffer (5 mmol L−1, pH 8.0). Melting temperature for 

CHMO wild type was determined with 31.6°C and for the variant DS3 with 36.4°C. 

 

 

 

 
Figure S4: Oxidative stabilities of CHMO wild type and the disulfide bond variants. The 

relative initial rate at 0 mmol L−1 H2O2 was normalized to 100 %. The CHMO wild type (!), 

the variant DS2 ("), the variant DS3 (!), the variant DS4 (") and the combinatorial variant 

DS2+DS3 (#) are displayed.  

 

 

 

 



 
Figure S5: Activity-temperature profiles ( ) of CHMO wild type expressed in E. coli 

SHuffle (!), variant DS3 expressed in E. coli SHuffle (") and variant DS3 expressed in E. 

coli BL21 (!). 
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Figure S6: A) Activity-temperature profiles ( ) of CHMO wild type (!), variant DS3 ("), 

variant DS4 (!) as well as the single Cys variants T415C (!) and A463C (") and the Ser 

double mutant T415S-A463S (#). B) Long-term stability of CHMO wild type and the single 

and double Cys/Ser muatnts. The relative initial rate at t = 0 min was normalized to 100% 

wild-type activity. The CHMO wild type, the variant T415S, A463S, T415C, T415C-A463C 

(DS3) and T415S-A463S are displayed. 
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Figure S7: Location of the designed disulfide bonds in the model structure of CHMO. The 

non-beneficial DS bond (DS1) is shown in gray, beneficial DS bonds (DS2 and DS4) are 

shown in yellow. The mutated residues P254C-D286C (DS1, grey), N290C-A293C (DS2, 

yellow) and Y411C-A463C (DS4, yellow) build the disulfide bridge, whereas the mutated 

residues T415C and A463C (DS3) are free cysteines. The cofactor FAD is shown in green, 

NADPH in blue.  
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Abstract: Poly-e-caprolactone (PCL) is chemically produced
on an industrial scale in spite of the need for hazardous
peracetic acid as an oxidation reagent. Although Baeyer–
Villiger monooxygenases (BVMO) in principle enable the
enzymatic synthesis of e-caprolactone (e-CL) directly from
cyclohexanone with molecular oxygen, current systems suffer
from low productivity and are subject to substrate and product
inhibition. The major limitations for such a biocatalytic route
to produce this bulk chemical were overcome by combining an
alcohol dehydrogenase with a BVMO to enable the efficient
oxidation of cyclohexanol to e-CL. Key to success was
a subsequent direct ring-opening oligomerization of in situ
formed e-CL in the aqueous phase by using lipase A from
Candida antarctica, thus efficiently solving the product inhib-
ition problem and leading to the formation of oligo-e-CL at
more than 20 gl!1 when starting from 200 mm cyclohexanol.
This oligomer is easily chemically polymerized to PCL.

Biocatalytic processes are well established for the synthesis
of high-value fine chemicals, especially for chiral pharma-
ceutical intermediates, by using natural or engineered
enzymes.[1] In contrast, examples for the enzymatic synthesis
of bulk chemicals are still rare.[2]

e-caprolactone (e-CL, 3) is an important industrial
chemical that is currently produced at a multi-10000 ton
scale per year by the UCC process to serve as a precursor for
polymer synthesis.[3] In this process, cyclohexanone is oxidized
by using stoichiometric amounts of peracetic acid. Besides

only modest selectivity (85–90%), further drawbacks arise
from the perspective of toxicity, ecology, and safety.

One obvious enzymatic alternative for the production of
e-CL is the use of Baeyer–Villiger monooxygenases
(BVMO).[4] These flavin-dependent enzymes only require
molecular oxygen as an oxidation reagent and the cofactor
NADPH. Within this enzyme class, the cyclohexanone
monooxygenase (CHMO) from Acinetobacter calcoaceticus,
which was already described almost 40 years ago,[5] is the
preferred candidate. Furthermore, this enzyme can be
produced recombinantly in yeast[6] and E. coli.[7] To date,
however, biocatalytic large-scale production of e-CL has not
been achieved for a number of reasons. These include stability
of the enzyme, the issue of cofactor regeneration, and the
need for a stoichiometric amount of a co-substrate. The major
challenge is to overcome substrate and product inhibition of
the CHMO. To enable an economic process, cheap and
efficient recycling of the cofactor NADPH without the need
for an external co-substrate is necessary. We recently reported
such a system, in which this CHMO is combined with an
alcohol dehydrogenase (ADH from Lactobacillus kefir or
a designed polyol dehydrogenase from Rhodobacter sphaer-
oides, left part of Scheme 1) to create self-sufficient cofactor

recycling when starting from the readily available bulk
chemical cyclohexanol.[10] These studies revealed that even
at concentrations of 60 mm, severe product inhibition by e-CL
takes place in addition to modest inhibition by cyclohexanol
1 and cyclohexanone 2.[8]

Substrate inhibition can easily be addressed through
appropriate feeding of cyclohexanol. When both ADH and
CHMO are expressed at sufficiently high levels, the concen-
tration of cyclohexanone as an in situ formed intermediate
also remains at low levels. By contrast, product inhibition and

Scheme 1. Synthesis of oligo-e-caprolactone (oligo-e-CL) 4 through an
enzyme cascade. First, cyclohexanol 1 is oxidized to cyclohexanone 2
by an alcohol dehydrogenase (ADH), followed by Baeyer–Villiger
oxidation by a cyclohexanone monooxygenase (CHMO) to produce
e-CL (3), with concurrent recycling of the cofactor NADPH. Severe
product inhibition is completely avoided and significantly higher
productivity is achieved through the use of lipase CAL-A as a result of
its acyltransferase activity in an aqueous system. The result is the
formation of oligo-e-CL only, without the formation of 6-hydroxycaproic
acid.
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enzyme deactivation by the product e-CL, particularly at
higher concentrations, represents a major hurdle to overcome.
Several routes to remove this fully water-miscible lactone by
in situ extraction with an organic solvent or the use of
adsorbents suffer substantially from low productivity and
additional costs and environmental disadvantages.

Herein, we report an elegant solution in which the e-CL
produced by the one-pot two-step enzymatic method is
directly subjected to in situ ring-opening oligomerization by
using lipase CAL-A from Candida antarctica[9] (Scheme 1).
Such a process solves the problem of enzyme inhibition and
deactivation by e-CL (3) at higher concentrations. Conven-
iently, the formed oligo-e-CL is hydrophobic and can be
isolated by extraction or precipitation. Although the enzy-
matic synthesis of polymers, especially enzymatic ring-open-
ing polymerization, is well documented,[10] the formation of
polyesters always required bulk organic solvents and notably
the absence of water to prevent undesired hydrolysis.[11]

Interestingly, lipase CAL-A has unique acyltransferase activ-
ity that enables efficient formation of the ester product
despite the presence of bulk amounts of water.[12] Indeed,
when we determined the hydrolytic activity of CAL-A
towards 1m of 3 in aqueous solution, we unexpectedly did
not detect any hydrolysis of this ester. After a few hours of
incubation, we observed the formation of a white precipitate
in the aqueous phase (Figures S1, S2 in the Supporting
Information), which after isolation and examination by gel
permeation chromatography revealed that CAL-A catalysis
led to oligomers of compound 3 with a maximum molecular
weight of 1200 gmol!1 (Table 1, peak retention volume
16.4 mL; Figure 1). Both end groups can be specified from

the expected enzymatic reaction mechanism, which is iden-
tical to the ring-opening polymerization performed in organic
solvents.[10h] These end groups are thus a carboxyl moiety and
an alcohol moiety.

This oligomer (oligo-e-CLCAL-A, Table 1) could be easily
converted chemically into high-molecular-weight polymer
(oligo-e-CLCond.), which showed properties identical to stan-
dard chemically synthesized poly-e-caprolactone (PCLchem).
1H NMR spectroscopy was used to confirm the identity of the
two polymers (Figure S3–S5).

Next, we used ADH and CHMO as a mixture of two E.
coli cell suspensions containing these recombinant enzymes

and studied the effect of CAL-A in one-pot biocatalysis
reactions at different cyclohexanol concentrations. The con-
centration of 3 strongly decreased in the presence of CAL-A
compared to the biotransformation without the addition of
CAL-A (Figure 2). The lower concentration of e-CL presum-

ably results from the CAL-A-catalyzed formation of oligo-e-
CL. With 1 gl!1 (per batch) of lyophilized CAL-A during the
biotransformation, much lower concentrations of e-CL were
observed compared to reactions without CAL-A, in which
only e-CL was formed. This result strongly indicates the
conversion of e-CL into oligo-e-CL, and the conversion was
confirmed by 1H NMR spectroscopy analysis (Figure S5).
Furthermore, these experiments demonstrated that whole-
cell biotransformation could be performed with all three
enzymes (ADH, CHMO and CAL-A) in a single one-pot
cascade reaction.

Table 1: Characterization of oligo- and poly-e-caprolactone obtained
through different routes and analyzed by GPC.

Product[a] Peak retention
volume [mL]

Mn [Da] Mw [Da] Mw/Mn

PCLchem 12.0 35.426 48.248 1.4
Oligo-e-CLCascade 18.4 160 375 2.3
Oligo-e-CLCAL-A 16.4 615 1154 1.8
Oligo-e-CLCond. 12.2 21.662 37.773 1.7

[a] PCLchem: chemically synthesized; Oligo-e-CLCascade: obtained by using
all three enzymes starting from 1; Oligo-e-CLCAL-A : obtained by using
lipase A starting from 1m 3 ; Oligo-e-CLCond: chemically polymerized
Oligo-e-CLCAL-A.

Figure 1. GPC chromatogram of oligo-e-CL 4 synthesized directly by
CAL-A (after extraction from the biocatalysis reaction). The single
narrow peak represents the internal standard toluene; the various
peaks between retention volumes 14.80 to 20.30 mL correspond to
oligomer 4.

Figure 2. Comparison of the e-CL concentration in biocatalysis by ADH
and wild-type CHMO with (grey bars) and without (black bars) the
addition of CAL-A. CAL-A leads to substantially lower levels of e-CL as
a result of the conversion of e-CL into oligo-e-CL.
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In addition to inhibition of the CHMO by 3, the instability
of this enzyme is a further reason why large-scale enzymatic
production of 3 has not so far been achieved. To overcome
this problem, the double mutant C376L/M400I of CHMO was
used since this double mutation has been reported[13] to confer
higher oxidative and long-term stability on CHMO.

Preliminary experiments showed that expressing ADH
and BVMO in separate E. coli cells is superior to expressing
them in a single whole-cell system. Different ratios of whole-
cell cultures containing recombinantly expressed ADH or the
BVMO mutant C376L/M400I were thus used together for the
biotransformation of cyclohexanol to e-CL (Figure S7). The
optimal ratio of ADH and CHMO is a very important factor
because of differences in expression levels, specific activity,
and stability between the two enzymes. At 60 mm 1, the
highest conversion was achieved at an ADH/CHMO ratio of
1:10.

Although the system is in principle self-sufficient with
respect to cofactor recycling (Figure S6), we observed that the
addition of acetone and glucose is useful for faster regener-
ation of NADPH at high substrate loading (Figure S8) since
the two enzymes are expressed in separate E. coli cells
(Figure S6). A stoichiometric amount of acetone gave a con-
version of 95 %.

Next, preparative-scale biocatalysis with substrate feeding
(to avoid inhibition by 1) was performed by using the
combined system (ADH, CHMO double mutant C376L/
M400I, and CAL-A) and after 48 h, complete conversion of
200 mm of 1 was achieved (Table 2). At 300 mm and 500 mm

of substrate with the same amounts of the enzymes, 74% and
43% conversion, respectively, were observed. Analysis of the
product from the 200 mm reaction by GC analysis and
1H NMR spectroscopy confirmed that 75 % oligomer was
formed with 25 % e-CL present as co-product, which obvi-
ously can be easily co-extracted with the oligomer.

In summary, we disclose a biocatalytic approach to the
production of e-caprolactone followed by direct in situ trans-
formation into oligo-e-caprolactone. This method leads to
high product yields at substrate concentrations of more than
200 mm. This elegant setup enables the combination of
monomer formation with direct in situ oligomer synthesis at
substrate concentrations exceeding those of previous studies
by at least six-fold. Future work will address further improve-
ment of the overall productivity by using bioprocess engineer-
ing. Independently from our work, the Kroutil group very
recently reported a related cascade process with e-CL as an

intermediate for the production of monomeric 6-aminohex-
anoic acid.[14] This further underlines the power of BVMOs
for organic synthesis and especially the importance of enzyme
cascade synthesis of e-CL as a starting point to address
different fields of application.
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Supporting Information 
Material and Methods 

Materials. Unless stated otherwise all chemicals were purchased from Sigma-Aldrich 

(Steinheim, Germany), Fluka (Buchs, Switzerland), New England Biolabs (Ipswich, MA, 

USA) or Merck (Darmstadt, Germany). Primers were synthesized by Invitrogen and 

Eurofins MWG Operon. Sequencing was done at Eurofins MWG Operon. Lyophilized 

Candida antarctica (CAL-A; 34,000 TBU/gLyo) was obtained from c-LEcta (Leipzig, 

Germany). One tributyrin unit (TBU) is defined as the liberation of 1 µmol butyric acid per 

minute from tributyrin at 30°C and pH 7.0. Bacillus subtilis esterase 2 (BS2)[1] was 

produced by Enzymicals AG (Greifswald, Germany). Activity of esterase BS2 was 

specified as indicated by the supplier with >5 U/mgLyo as determined using a stock solution 

of p-nitrophenyl acetate (30 mM in DMSO) in sodium phosphate buffer (50 mM, pH 7.5) 

with a final DMSO concentration of 10 % in a volume of 1 mL.  

Bacterial strains, plasmids and general culture conditions. E. coli BL21 (DE3) [fhuA2 

[lon] ompT gal (λ DE3) [dcm] ΔhsdS] and E. coli TOP10 [F- mcrA Δ( mrr-hsdRMS-

mcrBC) Φ80lacZΔM15 Δ lacX74 recA1 araD139 Δ( araleu)7697 galU galK rpsL 

(StrR) endA1 nupG] were purchased from New England Biolabs (Beverly, MA, USA) and 

Life Technologies GmbH (Darmstadt, Germany). Expression of the alcohol 

dehydrogenase (ADH) and the cyclohexanone monooxygenase (CHMO) was performed 

as described previously.[2] The gene encoding the CHMO from Acinetobacter 

calcoaceticus (GenBank: BAA86293.1) was cloned into pET28a(+) containing an N-

terminal His6-tag. The gene encoding the ADH from Lactobacillus kefir DSM 20587 

(GenBank: AY267012.1) was cloned into pET22b(+).[3] Plasmids were transformed into E. 

coli strains by the heat shock method as described by Chung et al.[4] E. coli strains were 

routinely cultured in LB medium (10 g/l peptone, 5 g/l yeast extract, 10 g/l NaCl)[5] or terrific 

broth medium and supplemented, if necessary, with 100 µg/mL ampicillin or 35 µg/mL 

kanamycin. 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 µm syringe filters. Agar plates were prepared with 

LB medium supplemented with 1.5% w/v agar. 

Site-directed mutagenesis. Site-directed mutagenesis of the CHMO gene was performed 

using the QuikChange™ method to substitute residue cysteine 376 to leucine and 

methionine 400 to isoleucine (C376L/M400I). All primers are listed in Table S1. A typical 
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PCR mixture (50 µl) consisted of 10x Pfu Plus! DNA polymerase buffer (5 µl), DMSO (0.5 

µl), 1.25 µl of a mixture of deoxynucleoside triphosphates (0.25 mM each), Pfu Plus! DNA 

polymerase (1 U), plasmid DNA (10 ng), and the forward and reverse primers (Table S1, 

0.1 µM). First, a gradient PCR was performed revealing the best annealing temperature. 

After PCR, the reaction mixtures were digested for 2 h at 37°C with DpnI, followed by 

transformation into E. coli TOP10. After overnight growth on agar plates, 3 clones (from 

each PCR) were sequenced to validate the desired mutations in the gene.  

Enzyme production. The cultivation for enzyme production of ADH and CHMO was 

carried out by inoculation of 400 mL LB (or TB) media supplied with the appropriate 

antibiotic with an overnight culture to give an OD600 of 0.05. E. coli BL21 (DE3) cells were 

used for the expression of ADH as well as CHMO wild-type and the variant C376L/M400I. 

Cells were grown at 37°C in baffled shake flasks. ADH expression was induced at an 

OD600 of 0.6-0.8 with 1.0 mM IPTG (Isopropyl β-D-thiogalactopyranoside), whereas 

expression of CHMO wild-type and the C376L/M400I variant was induced with 0.05 mM 

IPTG. Cultivation was continued for 20 h at 25°C (Table S2). 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, 

1 % NaCl). The bacterial cell pellet was resuspended in the same buffer to give a wet cell 

weight (WCW) of 100 g/L. This cell suspension was then used as resting cells in 

biocatalysis reactions. 

Activity measurements. Enzyme activity measurements for ADH and 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 activity of ADH was 

determined against acetophenone in sodium phosphate buffer (50 mM, pH 7.0) at room 

temperature using a substrate concentration of 10 mM and 0.3 mM NADPH. A volume of 

1-20 µl crude cell extract solution with varying protein content (2-3 mg/mL) was used and 

the total volume of the reaction mixture was adjusted to 1 mL. The activity of CHMO was 

measured by monitoring the consumption of NADPH at 340 nm. 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 or as crude cell extract) using an extinction coefficient of ε=5.6 mM-1cm-1. 

The activity of CAL-A against ε-CL was determined by biocatalysis (Figure S2). Therefore, 

50 mg/mL lyophilized CAL-A was dissolved in 10 mL sodium phosphate buffer (50 mM, pH 

8.0). After addition of 20 mM ε-CL, the reaction vials were sealed with a breathable 

membrane, shaken at 25°C and 120 rpm and 500 µl samples were taken periodically. 
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Samples were extracted with 500 µl dichloromethane containing 2 mM acetophenone as 

external standard. Determination of ε-CL concentration was carried out by gas 

chromatography using a Shimadzu GC-14A equipped with a Hydrodex®-ß3P column (25 

m x 0.25 mm, Macherey & Nagel, Düren, Germany) and flame-ionization detection (FID). 

First, the oven temperature was kept at 60°C for 10 min, followed by an increase to 160°C 

with a heating rate of 10°C/min. Finally, the temperature was held at 160°C for 10 min. 

Retention time for ε-CL was 20.0 min.  

The activity of free cells was determined by biocatalysis. Therefore, approximately 100 mg 

cells were incubated in 10 mL sodium phosphate buffer (50 mM, pH 8.0, 1% NaCl) 

supplemented with! 20 mM substrate, an equimolar amount of D-glucose and/or an 

equimolar amount of acetone for co-factor recycling. The reaction solution was incubated 

in a shaking incubator (HT Infors Unitron or Multitron) at 120 rpm for 2 h at 25°C in 100 mL 

Erlenmeyer flasks sealed with a breathable membrane. Substrate and product 

concentrations were determined by gas chromatography as described below. 

pH-Stat experiments. All measurements were done with the 877 Titrino Plus from 

Metrohm (Filderstadt, Germany). The autohydrolysis of ε-caprolactone (ε-CL) at different 

temperatures and pH values was determined using the pH-Stat. Also the activity of 

lyophilized CAL-A was determined using tributyrin as standard substrate (5% in deionized 

H2O, 2% gum arabicum). Furthermore, it was investigated whether CAL-A is able to 

hydrolyze ε-CL in an aqueous reaction system. The Bacillus subtilis esterase 2 (BS2) 

served as positive control in the hydrolysis of ε-caprolactone to 6-hydroxycaproic acid 

leading to a measureable pH change in the pH-stat. For the determination of 

autohydrolysis, 100 mM ε-CL were dissolved in 20 mL Tris-HCl buffer (20 mM, pH 7.5) or 

20 mL distilled water. The measurement was carried out at 25°C and 30°C over 15 min. 

For titration, 0.01 N NaOH was used to maintain the pH value constant. 

To determine the enzyme activity of BS2, experiments were performed at 25°C with ε-CL 

(100 mM final conc.) in 20 mL Tris-HCl buffer (20 mM, pH 7.5) or distilled water. The 

reaction was started by addition of 100 µL enzyme solution (10 mg/mL BS2 lyophilisate 

dissolved in Tris-HCl buffer (20 mM, pH 7.5) or distilled water. For titration, 0.01 N NaOH 

was used. In a similar way, reactions with CAL A were performed by addition of 25 µL 

enzyme solution (100 mg/mL lyophilized CAL-A dissolved in 20 mM Tris-HCl buffer of pH 

7.5 or distilled water). 

Ring-opening oligomerization catalyzed by CAL-A. To verify whether CAL-A can be 

used for the ring-opening polymerization in an aqueous reaction system, 10 mL distilled 

water, ε-CL (1 M final conc.) and 100 µl of an enzyme solution (100 mg/mL lyophilized 
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CAL-A dissolved in distilled water) were mixed in a 100 mL shake flask. The shake flask 

was closed with a breathable membrane (AeraSeal film, Excel Scientific, Victorville, United 

States), shaken with 120 rpm in an Multitron Standard Shaker (Infors HT, Einsbach, 

Germany) for 30 h at 30°C. As a control, a reaction batch with cyclohexanol (CHL) instead 

of ε-CL, but otherwise identical composition, was used. CHL was used as control since it 

can be excluded as CAL-A substrate, but was used in the cascade reaction with ADH, 

CHMO and CAL-A. After the incubation time at 30°C, the reaction batch was placed at 

4°C. A characteristic of polycaprolactone is its crystallization at 4°C. In contrast, the 

melting point of ε-CL is –1°C. For that reason, the reaction batch was incubated at 4°C to 

allow the crystallization of oligo-/poly-caprolactone. 

Combined biocatalysis without addition of CAL-A. ADH, CHMO wildtype (or the 

C376L/M400I variant) were expressed as described above. For biocatalysis, different 

amounts of the two cell suspensions (100 gWCW/L) containing each ADH or CHMO were 

used in the appropriate ratio in 10 mL batches (in 100 mL shake flasks) in 50 mM sodium 

phosphate buffer (pH 8.0, 1 % NaCl) containing 0-100 mM cyclohexanol, D-glucose 

monohydrate and acetone in equimolar mass. Glucose was required for the intracellular 

cofactor recycling of NADPH, whereas acetone afforded the recycling of NADP+ by the 

ADH reaction. Biotransformations were sealed with a breathable membrane, shaken at 

25°C and 120 rpm and 500 µl samples were taken periodically. Samples were extracted 

with 500 µl dichloromethane containing 2 mM acetophenone as external standard. 

Determination of CHL, CHO and ε-CL concentrations were carried out by gas 

chromatography using a Shimadzu GC-14A equipped with a Hydrodex®-ß3P column (as 

described above). Retention times were: CHL = 15.9 min, CHO = 13.7 min, ε-CL = 20.0 

min). The conversion was determined by standard curves (calibration curves) for CHL, 

CHO and ε-CL. 

Combined biocatalysis with addition of CAL-A. This biotransformation comprised all 

three enzymes (ADH, CHMO, CAL-A) and was carried out in shake flasks containing 50 

mM sodium phosphate buffer (pH 8.0, 1 % NaCl), appropriate amount of the two cell 

suspensions (100 gWCW/L) containing ADH and CHMO, respectively, prepared as 

described above, enzyme solution (10 mg/mL lyophilized CAL-A in sodium phosphate 

buffer), D-glucose monohydrate and acetone in stoichiometric amount and different 

concentrations of CHL (0, 20, 40, 60, 80, 100 mM). The shake flask was sealed with a 

breathable membrane, shaken with 120 rpm at 25°C for 65 h and 500 µl samples were 

taken periodically. Samples were extracted with 500 µl dichloromethane containing 2 mM 
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acetophenone as internal standard. Determination of CHL, CHO and ε-CL concentrations 

were carried out by gas chromatography as given above.  

Preparative scale biotransformations. In general, a total reaction volume of 200 mL was 

used. Biocatalysis was carried out in a baffled reaction vessel equipped with a reflux 

condenser (Liebig-type) placed into an oil bath. The reaction medium was stirred using a 

magnetic stir bar and temperature was kept at 30°C using a heating-/stirring plate (RCT 

basic, IKA® Werke, Staufen, Germany and MR 3002, Heidolph Instruments, Schwabach, 

Germany) equipped with a temperature sensor. Substrate solution was fed into the 

reaction medium using a peristaltic pump (BioFlo110 Bioreactor/Fermentor from New 

Brunswick Scientific, Edison, USA) with a flow rate of 4-10 µl/min. Oxygen was supplied 

with 0.125 lpm[6] using the BioFlo110 Biorector/Fermentor from New Brunswick Scientific. 

The reaction mixture contained 50 mM sodium phosphate buffer (pH 8.0, 1 % NaCl), D-

glucose monohydrate in equimolar concentration to the substrate, the two cell 

suspensions (100 gWCW/L) of the ADH and the CHMO in the appropriate ratio (in total 5 

gWCW cells) and 1 g of lyophilized CAL-A (ca. 30 kTBU). A mixture of substrate 

(cyclohexanol) and acetone in equimolar amounts was fed during the first 30 h of 

biocatalysis. Samples were taken periodically, extracted with dichloromethane and 

analyzed by GC as described above. After 48 h, the reaction batch was extracted three 

times with 200 mL dichloromethane. After evaporation of the organic solvent, the extract 

was analyzed by GC analysis and by 1H-NMR spectroscopy (ARX300, Bruker, Karlsruhe).  

Gel permeation chromatography (GPC). GPC was used to determine the molecular 

weight (Mw) of the oligo-ε-caprolactone formed. For the GPC measurements, a system 

consisting of a LC-20AT pump (Shimadzu, Kyoto, Japan), the autosampler 3200 (Knauer, 

Berlin, Germany), a GMHHR-L mixed bed column (Viskotek, Waghäusel, Germany) in 

series with a PLgel 3_MIXED-E 30 K column (Latek, Eppelheim, Germany), a K2301 

refractivity detector (Knauer, Berlin, Germany) and a 270 dual detector (Viscotek, 

Waghäusel, Germany) were used. Tetrahydrofuran (THF) was used as solvent at a flow 

rate of 1 mL/min. A universal calibration with 12 closed polystyrene standards (66000, 

28000, 17600, 12600, 9130, 6100, 4920, 3470, 2280, 1250, 682 and 162 g/mol) (Polymer 

Standard Devices, Germany) was used. Toluene was the internal standard. 

From biotransformations, 500 µL samples were taken. These were extracted three times 

with 500 µL dichloromethane. After evaporation of the solvent, 5 mg of the extracted 

sample were dissolved in 800 µL THF. After filtration, 3 µL toluene were added as internal 

standard. For the measurement, 300 µl of the prepared sample were loaded onto the 

column. The flow rate was adjusted to 1 mL/min THF. The analysis of the chromatogram 
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was carried out using a standard curve of the retention volume. For determination of the 

Mw, the integration area along the retention volume in the chromatogram, in which all the 

polymer peaks are located, was fixed. The type of Mw is an average of all the polymers 

formed. Mn represents the distribution and Mw/Mn the polydispersity index (PDI), which 

indicates how uniformly polymers were formed. 

Chemical condensation of oligo-ε-caprolactone. After extraction and evaporation of the 

solvent, the extract from the biocatalysis reaction consisted of a mixture of oligo-ε-CL and 

residual ε-CL, which were first separated by distillation at 1x10-1 mbar (the temperature 

was constantly increased from 65°C to 100°C). After this, the residue was cooled to room 

temperature under a slight nitrogen stream. For condensation, this oligo-ε-CL (4.27 g) was 

polymerized in a 50 ml Schlenk flask (equipped with a Liebig condenser and a Claisen 

stillhead) with a magnetic stirrer and heated to 80°C. A mild nitrogen stream was used to 

remove water generated. Next 20 mg n-butyl tin oxide hydrate were added and the 

temperature was increased after 30 min to 160°C and after 80 min to 200°C. After 6 h, the 

reaction was stopped and the resulting polymer was analyzed by 1H-NMR spectroscopy. 

Comparison with the spectra of poly-ε-caprolactone chemically synthesized directly from ε-

caprolactone gave identical results (Fig. S4). 
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Figures 

 

 
Figure S1: Oligo-ε-CL produced in a biocatalysis reaction starting from 1 M ε-CL using 

lipase CAL-A in distilled water. After 2 days incubation at 4°C a white sediment was 

observed that represents the crystallized oligo-ε-CL. 

 

 
Figure S2: Initial activity of lipase CAL-A (25 mgLyo/mL) against ε-CL (20 mM) in sodium 

phosphate buffer (50 mM, pH 8.0) as determined by GC analysis.  
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Figure S3: 1H-NMR (300 MHz) spectra in CDCl3 of the product mixture containing ε-CL 

and oligo-ε-CLCAL-A extracted from a biocatalysis (blue), the monomer ε-CL (red) and the 

oligo-ε-CLCAL-A after distillation of the monomer (black).  
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Figure S4: 1H-NMR (300 MHz) spectra in CDCl3 of oligo-ε-CLCAL-A (blue) prior to the 

addition of monobutyl tin oxide and the condensation product oligo-ε-CLCond obtained after 

addition of monobutyl tin oxide (black).  
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Figure S5: 1H-NMR (300 MHz) spectra in CDCl3 of oligo-ε-CL extracted from a 

biotransformation with ADH/CHMO and CAL-A after 60 h. The signal at 2.17 ppm 

corresponds to acetone. 

 

 
Figure S6: Whole-cell biotransformation of cyclohexanol to oligo-ε-caprolactone using 

separate E. coli suspensions (containing either ADH or CHMO) and the additional cofactor 

recycling, which is necessary for substrate concentrations above 60 mM.  
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Figure S7. Determination of the optimal ratio of ADH and the CHMO mutant C376L/M400I 

using a mixture of the two E. coli cell suspensions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8: Effect of different acetone concentrations on the conversion of 60 mM CHL to 

ε-CL using whole-cell biocatalysis. 

  



! 12!

Supporting Information Tables 

 

Table S1: Primers used for site-directed mutagenesis. For all primers, the mutated codon 

is underlined.  
Primer name Sequence (from 5`to 3`) 

Primer_C376L_fw CAAAACCTGTGGCCAGTATCAGCATGTC 

Primer_C376L_rv CATGCTGATACTGGCCACAGGTTTTGATG 

Primer_M400I_fw CGGCTTGGCCATTAAAGACTACTG 

Primer_M400I_rv CTTCTTTCCAGTAGTCTTTAATGGCCAAG 

  

Table S2: Conditions for enzyme expression. 

Enzyme (origin) Expression strain 
(plasmid) Expression protocol Ref. 

ADH                 
(Lactobacillus kefir) 

E. coli BL21 (DE3) 
(pET22b(+)_LKADH) 

LBAmp, 37 °C, 180 rpm; at OD600 0.8 
+ 1.0 mM IPTG, 20 h or 6 h after 
induction, 25 °C 

[7] 

CHMO                  
(Acinetobacter 
calcoaceticus) 

E. coli BL21 (DE3) 
(pET28a(+)_CHMO) 

TBKan, 37 °C, 180 rpm; at OD600 0.6 
+ 0.05 mM IPTG; 20 h or 6 h after 
induction, 25 °C 

[8] 
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Biocatalytic Access to Chiral Polyesters by an Artificial
Enzyme Cascade Synthesis
Sandy Schmidt,[a] Hanna C. B!chsensch!tz,[a] Christian Scherkus,[b] Andreas Liese,[b]

Harald Grçger,[c] and Uwe T. Bornscheuer*[a]

Introduction

Polyesters belong to the most important industrial polymer
materials and modern applications also include their use in
biomedicine. The latter types of (biodegradable) polymers find
their application in tissue engineering and drug delivery. By in-
troducing chirality in such polyesters, the characteristics can
be changed, which is particularly important in microsphere
drug delivery.[1] The use of biocatalysts for Baeyer–Villiger-oxi-
dation reactions represents a powerful strategy to obtain enan-
tiomerically pure lactones as valuable precursors for chiral
polyesters in a one-step synthesis starting from readily avail-
able ketones.[2] In contrast to the nonstereoselective chemical
Baeyer–Villiger oxidation, which leads to racemic product, the
enzyme-catalyzed conversion is highly selective and no elabo-
rate separation of the enantiomers obtained in a subsequent
resolution step is necessary.

An increasing toolbox of Baeyer–Villiger monooxygenases
(BVMOs) as versatile catalysts for stereoselective biotransforma-
tions has become available in the past years. These enzymes
are able to transform a wide spectrum of nonnatural substrates
with high enantioselectivity. In organic synthesis, such biocata-

lysts can be employed either as isolated enzymes in combina-
tion with an appropriate cofactor recycling system or as re-
combinant (or native) whole cells.[3] By the use of whole cells,
no further regeneration of the noncovalently bound cofactor
NAD(P)H is required, which makes these tailor-made “biochem-
ical factories” the more preferred way in enzyme catalysis.

Additionally to the concept of utilizing whole-cell biocata-
lysts for the syntheses of high-value chemicals, multistep one-
pot reactions became of rising interest in recent years.[4] Such
one-pot enzyme cascades reduce the amount of the starting
chemicals needed for a reaction by concomitantly lowering
the efforts for down-stream processing. Avoiding the need for
intermediate isolations as well as the use of additional re-
agents, the energy costs, the produced waste and also the op-
eration expenses are highly reduced leading to a more sustain-
able chemical process. The successful application of synthetic
strategies is shown in an impressive way by nature. Living or-
ganisms are astonishingly efficient in building highly complex
molecules from simple precursors. Of outstanding importance
to achieve high efficiencies is the arrangement of the enzymat-
ic transformations in cascading sequences (biosynthetic path-
ways).[4e] This strategy can be mimicked by biocatalysis to
design artificial enzyme cascades, which are often of high com-
plexity.[4d, 5] This implementation of cascades by biocatalysis can
either be achieved by the use of isolated multi-enzyme sys-
tems in a homogenous phase to create an artificial metabo-
lism[6] or by combination of two or more catalytic activities in
a single protein, e.g. , by fusion of genes encoding different en-
zymes or by cross-linking several enzymes.[7]

Very recently, a novel approach named systems biocatalysis,
which aims the building of artificial metabolic pathways in vi-
tro for the production of valuable products, has arisen.[5a] A
current example in which this concept was successfully applied
is the combination of a vanillyl alcohol oxidase and a laccase

Chiral polyesters in general can be employed for versatile bio-
medical purposes, but in vitro enzyme catalyzed biocatalytic
routes by a multiple-step cascade to make these functional
biodegradable chiral polyesters have been hardly investigated.
Recently, we developed an artificial three-step enzymatic cas-
cade synthesis by combining an alcohol dehydrogenase (ADH),
a Baeyer–Villiger monooxygenase (BVMO) and a lipase (CAL-A).
Here, we extended this cascade for the synthesis of chiral

methyl-substituted oligo-e-caprolactone derivatives to achieve
both, the generation of chirality in a monomer and the subse-
quent polymerization. Several substrates were examined and
provided access to functionalized chiral compounds in high
yields (up to >99 %) and optical purities (up to >99 % ee). By
subsequent enzymatic enantioselective ring opening of the
enantiopure monomers, oligomeric lactones were successfully
synthesized.
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for the production of the fine-
chemical pinoresinol in a synthet-
ic cascade approach as reported
by Ricklefs et al.[8] Another exam-
ple was the synthesis of 6-ami-
nohexanoic acid, which is the
open-chain form of e-caprolac-
tam (the precursor for nylon-6),
reported by the Kroutil group.[9]

In their work, a two-step system
consisting of cascading enzyme
sequences was build. In the first
module an alcohol dehydrogen-
ase (ADH) and a BVMO were
combined to synthesize e-capro-
lactone (e-CL). In the second module the produced e-CL was
further converted to 6-aminohexanoic acid through an in situ
capping and uncapping step. The biocatalysts were either
used as purified enzymes or in lyophilized form or as freeze-
dried cells containing overexpressed enzyme.

Parallel to the Kroutil group, our group combined three dif-
ferent catalytic enzyme activities in a one-pot fashion for the
synthesis of oligo-/poly-e-caprolactone.[10] A self-sufficient
enzyme cascade with respect to the cofactor recycling was de-
signed consisting of an ADH from Lactobacillus kefir (LK–ADH),
a cyclohexanone monooxygenase from Acinetobacter calcoace-
ticus (CHMO)[11] and lipase A from Candida antarctica (CAL-
A).[10] Starting from the readily available bulk chemical cyclo-
hexanol in an exclusively aqueous solution, we were able to
conduct the biotransformation at substrate concentrations ex-
ceeding 200 mm. Subsequently, the resulting oligomer of e-CL
could be easily converted chemically into high-molecular-
weight polymer showing properties identical to standard
chemically synthesized poly(e-caprolactone). This successful
biocatalytic synthesis of oligo(e-caprolactone) in aqueous solu-
tion leading to product concentrations being now in an inter-
esting range for industry underlines the tremendous potential
of bio-based processes for the syntheses of polymer building
blocks although so far the number of such examples with ac-
ceptable product concentrations is still limited.[12] With respect
to chiral polyesters, however, until now only examples starting
from substituted lactones of varying ring sizes using lipases in
pure organic solvents and at high temperatures have been
published.[1, 13]

Herein, we report an elegant solution in which methyl-sub-
stituted e-CL derivatives produced by the one-pot two-step en-
zymatic method in aqueous solution in the absence of any or-
ganic solvent are directly subjected to an in situ ring-opening
oligomerization by CAL-A, thus forming the corresponding
chiral oligomers (Scheme 1). Starting from a diastereomeric
mixture (cis/trans) of 4-methylcyclohexanol 1 a, the first aim of
this study was to achieve good conversions for the oxidation
to the desired chiral (S)-4-methylcaprolactone 1 c (Scheme 2) if
applying the reaction steps I and II as whole-cell biocatalysis
as previously reported by us.[10]

Results and Discussion

According to the literature, the CHMO from Acinetobacter cal-
coaceticus shows (S)-selectivity[14] and converts the 4-methyl-
substituted ketone 1 b in good yields to enantiomerically pure
(S)-1 c (>99 % ee, Table 1). We used ADH and CHMO as a mix-

ture of two Escherichia coli cell suspensions containing these
recombinant enzymes. In such a whole-cell biocatalysis reac-
tion, these two enzymes were applied in a ratio of 1:10 to
ensure the conversion of the methyl-substituted substrate to
the desired enantiomercially pure product. The expression
levels of both enzymes are shown in Figure S1 (Supporting In-

Scheme 2. Lactones investigated for ring-opening oligomerization catalyzed
by CAL-A.

Table 1. Conversions obtained after 24 h using the methyl-substituted
substrates 1 a and 1 b in the cascade with ADH and/or CHMO.

Substrate[a] Substrate Enzyme(s) Conv.[c] Ee
conc. [mm] used[b] [%] [%]

5
10
15
20

LK–ADH CHMO WT

34
25
24
16

>99
>99
>99
>99

5
10
15
20

CHMO WT

>99
>99
>99

81

>99
>99
>99
>99

[a] Pure substrates were added. [b] Ratio of LK-ADH/CHMO of 1:10.
[c] The conversion was determined by GC and calculated through stan-
dard curves for each compound.

Scheme 1. An artificial enzyme cascade consisting of ADH, CHMO, and a lipase (CAL-A) for the synthesis of chiral
oligomers in an aqueous system. The result is the formation of oligo-(S)-4-methylcaprolactone with only trace
amounts of free acid. The scheme shows the interplay of enzymes, substrates and cofactors.

ChemCatChem 0000, 00, 0 – 0 www.chemcatchem.org " 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2&

"" These are not the final page numbers!"" These are not the final page numbers!

Full Papers



formation). In Table 1 the conversions obtained using different
substrate concentrations (5–20 mm) are shown for the cascade
(ADH and CHMO) and for the single CHMO reaction.

GC analysis confirmed that 1 a is accepted as a substrate by
the LK-ADH. Nevertheless, the conversions obtained in the cas-
cade were not as high as with the non-methyl-substituted sub-
strate (Table 1). However, the CHMO reveals >99 % conversion
to 1 c having an ee of >99 %. According to that, we focused
our attention on the dehydrogenase and first examined
whether the conversion to 1 c is improved under different re-
action conditions.

To improve the conversions obtained in the cascade, whole-
cell biotransformations with four other ADHs at different pH
values and enzyme ratios were performed. We used the RR-
ADH from Rhodococcus ruber,[15] , the ML-ADH from Micrococcus
luteus,[16] the LB-ADH from Lactobacillus brevis[17] and the Ras-
ADH from Ralstonia sp.[18] In contrast to the NADP+-dependent
LK-ADH, LB-ADH, and Ras-ADH, the other ADHs are NAD+-de-
pendent. The implementation of a whole-cell biocatalysis ap-
proach using E. coli cells provides the redox cofactors needed
for the performance of the NAD+-dependent ADHs. Owing to
the cofactor preference of the CHMO (NADPH), an ADH with
the same cofactor acceptance was preferred. Nevertheless, LB-
ADH shows a conversion of 1 a slightly reduced compared to
the one of the LK-ADH (Figure S4). All other investigated ADHs
showed no conversion to 1 c. We further investigated whether
a different pH of the reaction improves the conversion. The
ADHs favor a pH value between 7.0–7.5, whereas the CHMO
has its pH optimum at pH 8.4. Normally the reactions were
performed at a pH of 8.0 as a compromise between both en-
zymes. As the LK-ADH is the bottleneck in the reaction, we
lowered the pH to 7.5 to favor the oxidation of the alcohol to
the ketone, but observed no increased conversion at lower pH
(Figure S5).

The possible rate-limiting step of the cascade, the ADH-cata-
lyzed oxidation to the methyl-substituted ketone 1 b, can be
improved by an in situ product removal through a fast subse-
quent and stereoselective conversion of 1 b into the chiral lac-
tone 1 c. Owing to the instability of the wild-type (WT) CHMO,
however, the reaction rates were quickly reduced during bio-
transformations.[19]

To overcome this problem, a mutant of CHMO (CHMO-VM,
containing four mutations: C376L/M400I/T415C/A463C) was
used, which exhibits a 40 % higher long-term stability than the
wild-type enzyme (Figure S2 A) and a 40 % higher stability at
40 8C (Figure S2 B). The melting temperature of CHMO-VM was
increased by 13.5 8C to 45.1 8C (Supporting Information,
Table S3). As in a previous study by us, it turned out that using
ADH and BVMO in separate E. coli cells is superior over their
use in a single whole-cell system,[10] different ratios of whole
cells containing recombinantly expressed LK-ADH and CHMO-
VM, respectively, were used together for the biotransformation
of 1 a. The optimal ratio of ADH and CHMO is a very important
factor because of the differences in expression levels, specific
activities, and stabilities of both enzymes (Figure S1). At 10 mm
1 a the highest conversion was achieved at a ratio of ADH/
CHMO of 1:1 (Figure 1).

It was also observed that by supply of pure oxygen to the
reaction, the conversion was 2-fold increased after only 4 h
(Figure 2). Although full conversion was not achieved, the
whole-cell-catalyzed synthesis of enantiomerically pure (S)-1 c
was substantially improved.

As we studied the effect of CAL-A in a one-pot biocatalysis
reaction with E. coli cell suspensions containing ADH and
CHMO using 10 mm of 1 a, it was found, that the concentration
of (S)-1 c strongly decreased compared to the one in biotrans-
formation without addition of CAL-A (Figure 3). The lower con-
centration of (S)-1 c resulted from the formation of the oligo-
mer catalyzed by lipase CAL-A, which was confirmed by
1H NMR spectroscopy analysis. Furthermore, these experiments
demonstrated that whole-cell biotransformation could be per-
formed with all three enzymes (ADH, CHMO, and CAL-A) in
a single one-pot cascade reaction for the synthesis of oligo-(S)-
1 c.

The second aim of this study was dedicated to the oligome-
rization of the lactones 2 c–5 c (Scheme 2) by CAL-A. Even if
the lactones 4 c and 5 c are achiral compounds, the ring-open-
ing oligomerization was investigated to evaluate the acyltrans-
ferase potential of this lipase.

After a few hours of incubation of concentrations of 0.5–1 m
of the respective lactone with CAL-A in aqueous solution, the

Figure 1. Whole-cell biocatalysis with LK-ADH and CHMO-VM in different
ratio. Reactions were performed for 24 h at 25 8C.

Figure 2. Whole-cell biocatalysis with and without supply of pure oxygen.
The reaction was performed over 24 h and at 25 8C with 20 mm of 1 b.
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formation of a white precipitate was observed (Figure S3),
which after isolation and examination by gel permeation chro-
matography (GPC, see the Supporting Information for details)
was proven to be the oligomers of compounds 2 c–5 c with
a maximum molecular weight of 2500 g mol!1 for the oligomer
of 5 c (Table 2). For lactone 4 c no formation of oligomers was

observed (Figure S11). The oligomers obtained from 1 c–5 c
were analyzed by 1H NMR spectroscopy and GPC (Figure S9–
S15). Owing to the low sample concentration, oligomers ob-
tained from 3 c were unfortunately not measurable by GPC.
However, oligomerization was confirmed by 1H NMR data and
the average degree of polymerization DPn and the average
molar mass Mn were calculated for all oligomers. For oligomers
derived from (S)-1 c and rac-1 c also the specific optical rota-
tions were determined (Table 2). Interestingly, the oligomer ob-
tained from rac-1 c shows a significantly lower optical rotation
than the oligomer from (S)-1 c. We assume that CAL-A accepts
both enantiomers and statistically creates (R,R)-, (R,S)-, and

(S,S)-oligomers. However the molecular weight of the mono-
mers is different: we observed an increase in chain length of
the oligomers obtained with increasing ring size of the corre-
sponding monomers. In addition, lactone 1 c gave the highest
Mn (3523 Da) with a DPn of 9 (Table 2). The lowest Mn and DPn

values were achieved with lactone 3 c. Lactone 4 c was not
oligomerized by CAL-A. The values determined (Table 2) con-
firm the formation of oligomers.

Conclusions

We demonstrated the power of a biocatalytic oxidative cas-
cade reaction for the synthesis of chiral oligo-/polyesters. We
have successfully applied a diastereomeric mixture (cis/trans)
of 4-methylcyclohexanol as a substrate for the whole-cell bio-
catalytic synthesis to the enantiomerically pure (S)-4-methyl-
caprolactone with subsequent oligomerization by lipase A. This
underlines the power of Baeyer–Villiger monooxygenases for
organic synthesis and especially the importance of an enzyme-
cascade synthesis to successfully combine evolutionary non-
connected enzymes. Additionally, we have confirmed the use-
fulness of the acyltransferase of CAL-A for the oligomerization
of further chiral and nonchiral compounds in exclusively aque-
ous solution.

Experimental Section

All experimental details are given in the Supporting Information.
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Biocatalytic Access to Chiral Polyesters
by an Artificial Enzyme Cascade
Synthesis

Rotate me! By combining three en-
zymes (LK-ADH, CHMO, CAL-A), which
are evolutionary not connected, to an
artificial cascade, optically active chiral

oligomers can be synthesized from non-
chiral or racemic methyl-substituted
cyclohexanol derivatives.
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Experimental*section*

Materials*

Unless) stated) otherwise) all) chemicals) were) purchased) from) Sigma1Aldrich) (Steinheim,)

Germany),) Fluka) (Buchs,) Switzerland),) New) England) Biolabs) (Ipswich,)MA,) USA)) or)Merck)

(Darmstadt,) Germany).) (R,S)141Methyl1caprolactone) was) provided) by) Prof.) M.)Mihovilovic)

(University)of)Vienna,)Austria).)Primers)were)synthesized)at)Invitrogen.)Sequencing)was)done)

at) Eurofins) MWG) Operon) (Ebersberg,) Germany).) Lyophilized) Candida( antarctica) (CAL1A;)

34,000)TBU/gLyo))was)obtained)from)c1LEcta)(Leipzig,)Germany).)One)tributyrin)unit)(TBU))is)

defined)as)the)liberation)of)1)µmol)butyric)acid)per)minute)from)tributyrin)at)30°C)at)pH)7.0.)

)

Bacterial*strains*and*plasmids*

E.(coli)BL21)(DE3))[fhuA2)[lon])ompT(gal)(λ(DE3))[dcm])ΔhsdS])and)E.(coli)TOP10)[F1)mcrA)Δ()

mrr>hsdRMS1mcrBC))Φ80lacZΔM15)Δ) lacX74) recA1( araD139)Δ()araleu)7697)galU)galK) rpsL)

(StrR))endA1)nupG])were)purchased)from)New)England)Biolabs)(Beverly,)MA,)USA))and)Life)

Technologies)GmbH)(Darmstadt,)Germany).))

The)gene)encoding)the)CHMO)from)Acinetobacter(calcoaceticus)(GenBank:)BAA86293.1))was)

readily)cloned)into)pET28a(+))containing)an)N1terminal)His61tag.)The)plasmids)pET22_LK1ADH)

(GenBank:) AY267012.1)) was) provided) by) Prof.) W.) Hummel) (University) of) Düsseldorf,)

Germany).[1])The)plasmid)pEG180_LB1ADH)(GenBank:)KIR09363.1))was)provided)by)Prof.)W.)

Kroutil) (University)of)Graz,)Austria).[2]) The)plasmid)pET22b_Ras1ADH) (Genbank:)ACB78191))

was) provided) by) Jun.1Prof.) D.) Rother) (RWTH) Aachen,) Germany)[3]) and) pET15a_ML1ADH)

(GenBank:) KFC52507.1)) was) ordered) as) synthetic) gene) via) GenScript) (GenScript) USA) Inc.,)

Piscataway,)USA).))

)

Site9directed*mutagenesis**

Site1directed) mutagenesis) of) the) CHMO) gene) was) performed) using) the) QuikChange™)

method.)A)typical)PCR)mixture)(50)µl))consisted)of)10x)Pfu)Plus!)DNA)Polymerase)buffer)(5)

µl),)DMSO)(0.5)µl),)1.25)µl)of)a)mixture)of)deoxynucleoside)triphosphates)(0.25)mM)each),)

Pfu)Plus)DNA)Polymerase) (1)U),)plasmid)DNA)(10)ng))and) the) forward)and) reverse)primers)

(Table)SI)1,)0.1)µM).)First,)a)gradient)PCR)was)performed)to)find)the)best)reaction)condition.))
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After) PCR,) the) reaction) mixtures) were) digested) for) 2) h) at) 37°C) with) DpnI,) followed) by)

transformation)into)E.(coli)TOP10.)After)overnight)growth)on)agar)plates,)three)clones)(from)

each)PCR))were)sequenced)to)validate)the)desired)mutations)in)the)gene.))

)

Table*SI*1:)Primers)used)for)site1directed)mutagenesis.)For)all)primers,)the)mutated)codon)is)

underlined.))

Primer*name* Sequence*(from*5`to*3`)*

Primer_C376L_fw) CAAAACCTGTGGCCAGTATCAGCATGTC)

Primer_C376L_rv) CATGCTGATACTGGCCACAGGTTTTGATG)

Primer_M400I_fw) CGGCTTGGCCATTAAAGACTACTG)

Primer_M400I_rv) CTTCTTTCCAGTAGTCTTTAATGGCCAAG)

Primer_T415C_fw) GCTATATGGGTGTCTGCGTAAATAACTATCCAAAC)

Primer_T415C_rv) CAGCTCGATATACCCACAGACGCATTTATTG)

Primer_A463C_fw) GTTGAATCCATTGAATGCACAAAAGAAGCG)

Primer_A463C_rv) CGCTTCTTTTGTGCATTCAATGGATTCAAC)

)

Cultivation*conditions*

Expression) of) the) alcohol) dehydrogenase) from) Lactobacillus( kefir) (LK1ADH)) and) the)

cyclohexanone)monooxygenase)(CHMO))was)performed)as)described)previously.[4])

The)cultivation)of)the)ADHs)and)CHMO)(wild)type)and)variant))was)carried)out)by)inoculation)

of) 50) mL) TB) (or) LB)) media) supplied) with) the) appropriate) antibiotic) (Table) SI) 2)) with) an)

overnight)culture)to)give)an)OD600)of)0.05.)Except)for)LB1ADH)(E.(coli)C)43),)E.(coli)BL21)(DE3))

cells) were) used) for) the) expression) of) all) ADHs,) CHMO) wild1type) and) the) variant)

C376L/M400I/T414C/A463C) (CHMO1VM).)Cells)were)grown)at)37°C) in)baffled) shake) flasks.)

ADH) expression) was) induced) at) an) OD600) of) 0.610.8) with) 1.0)mM) IPTG) (Isopropyl) β1D1

thiogalactopyranoside),) whereas) expression) of) CHMO) wild) type) and) the)

C376L/M400I/T414C/A463C) variant) was) induced) with) 0.05) mM) IPTG.) Cultivation) was)

continued)at)20°C)for)Ras1ADH)and)25°C)for)the)other)enzymes)(Table)SI)2).))

For) biocatalysis) reactions,) enzyme) expression) was) stopped) after) 5) 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,) 1)%)NaCl).) The) bacterial) cell) pellet) was) resuspended) in) the) same)

buffer) to) give) a)wet) cell)weight) (WCW))of) 100) g/L.) This) cell) suspension)was) then)used)as)

resting)cells)for)biocatalysis.)

*
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Table*SI*2:)Cultivation)conditions)for)all)used)enzymes.)

Enzyme* E.#coli*strain* Medium* Antibiotic*

[concentration]*

Inducer*[concentration]* Additive*

[concentration]*

CHMO)WT) BL21)(DE3)) TB) Kan)[50)µg/mL]) IPTG)[0.05)mM]) )

CHMO1VM) BL21)(DE3)) TB) Kan)[50)µg/mL]) IPTG)[0.05)mM]) )

RR1ADH) BL21)(DE3)) TB) Chl)[25)µg/mL]) IPTG)[0.1)mM]) ZnCl2)[1)mM])

ML1ADH) BL21)(DE3)) TB) Amp)[100)µg/mL]) IPTG)[0.1)mM]) )

LK1ADH) BL21)(DE3)) TB) Amp)[100)µg/mL]) IPTG)[0.1)mM]) )

LB1ADH) C)43) LB) Amp)[100)µg/mL]) Anhydrotetracycline)

[4µM])

MgCl2)[1)mM])

Ras1ADH) BL21)(DE3)) TB) Amp)[100)µg/mL]) IPTG)[0.1)mM]) )

*

*

Figure*SI*1:*SDS1PAGE)analysis)of)7/OD600)samples)for)the)expression)LK1ADH,)ML1ADH)and)

CHMO1VM) after) 22) h) of) cultivation.) In) lane) 1) (t0h)) a) 7/OD600) of) the) cell) lysate) before)

induction) of) protein) expression) is) displayed.) The) overexpressed) proteins) after) 22) h) of)

cultivation) (lane) 214))were)marked) in) red) frames.)M:) RotiMark) Standard) protein) standard)

(Carl)Roth,)Karlsruhe,)Germany))

*

Enzyme*production*for*purification*

The)cultivation)for)enzyme)production)of)CHMO)was)carried)out)by)inoculation)of)400)mL)TB)

media)supplied)with)50)µg/mL)kanamycin)with)an)overnight)culture)to)give)an)OD600)of)0.05.)

E.( coli) BL21) (DE3)) cells) were) used) for) the) expression) of) CHMO)wild) type) and) the) variant)
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C376L/M400I/T414C/A463C) (Table)S1).) Cells)were) grown)at) 37°C) in) baffled)plastic) shaking)

flasks.) Expression) was) induced) at) an) OD600) of) 0.610.8) with) 0.05)mM) IPTG) (Isopropyl) β1D1

thiogalactopyranoside).)Cultivation)was)continued)for)20)h)at)20°C.))

*

Purification*of*the*CHMO*wild*type*and*the*mutants**

Cell) pellets) obtained) as) described) above) were) resuspended) in) 25) mL) sodium) phosphate)

buffer)(100)mM,)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.))

Purification)of)CHMO)wild) type)and)the)variant)was)performed)using) the)Äkta)purifier) (GE)

Healthcare,) Munich,) Germany).) The) filtrated) supernatant) was) applied) to) a) Nickel1NTA)

column)(GE)Healthcare).)After)washing)the)column)with)a)triple)volume)of)100)mM)sodium)

phosphate) buffer) containing) 300) mM) sodium) chloride) at) a) flow) rate) of) 5) ml) min11,) the)

protein)was) eluted)with) 100)mM) sodium)phosphate) buffer) containing) 300)mM) imidazole)

and)300)mM)sodium)chloride.)The)CHMO)containing)fractions)were)collected.)Washing,)flow)

through,)and)elution) fractions)were)analyzed)by)SDS1PAGE.)The)proteins)were)desalted)by)

gel)chromatography)against)50)mM)sodium)phosphate)buffer)(pH)8.0))at)a)flow)rate)of)2)ml)

min11.)To)determine)the)protein)content)of)the)crude)cell)extract)as)well)as)of)the)purified)

and) desalted) fractions,) the) BCA) protein) quantification) kit) (Thermo) Scientific,) Carlsbad,)

United) States) of) America))was) used.) Standard) curves)were)made) using) BSA) in) a) range) of)

0.0212)mg/mL.)Samples)were)measured)in)triplicates)using)suitable)dilutions.))

*

Activity*measurements*

Enzyme)activity)measurements)for)ADH)and)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) activity) of) ADH)was) determined) against) acetophenone) in)

sodium) phosphate) buffer) (50) mM,) pH) 7.0)) at) room) temperature) using) a) substrate)

concentration)of)10)mM)and)0.3)mM)NADPH.)A)volume)of)1120)µl)crude)cell)extract)solution)

with) varying) protein) content) (213)mg/mL))was) used) and) the) total) volume) of) the) reaction)

mixture) was) adjusted) to) 1)mL.) The) activity) of) CHMO) was) measured) by) monitoring) the)

consumption)of)NADPH)at)340)nm.)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)
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and) an) appropriate) amount) of) the) enzyme) (purified) or) as) crude) cell) extract)) using) an)

extinction)coefficient)of)ε=5.6)mM11cm11.)The)activity)of)CAL1A)against)ε1CL)was)determined)

by)biocatalysis)as)previously)reported.[4a]))

The)activity)of) free)cells)was)determined)by)biocatalysis.)Therefore,)approximately)100)mg)

cells) were) incubated) in) 10) mL) sodium) phosphate) buffer) (50) mM,) pH) 8.0,) 1%) NaCl))

supplemented) with) 20) mM) substrate,) an) equimolar) amount) of) D1glucose) and/or) an)

equimolar)amount)of)acetone)for)co1factor)recycling.)The)reaction)solution)was)incubated)in)

a)shaking) incubator) (HT) Infors)Unitron)or)Multitron))at)120)rpm)for)2)h)at)25°C) in)100)mL)

Erlenmeyer) flasks) sealed) with) a) breathable) membrane.) Determination) of) substrate) and)

product)concentrations)were)carried)out)by)gas)chromatography)as)described)vide(infra.(

(

Stability*assays*)

Inactivation) of) the) enzyme) was) determined) by) incubation) of) the) purified) enzyme) (0.3)

mg/mL)) 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) activities)were)measured) at)

room)temperature)using) the)NADPH)assay) (Fig.)SI)2,)A).)To)determine)thermostability,) the)

purified)CHMO)wild) type)or) the)variant) (0.3)mg/mL))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)(Fig.)SI)2,)B).))

*

A)* * * * * * *****B)*

Figure*SI*2:*A)*Long1term)stability)of)CHMO)wild)type)and)variant.)The)relative)initial)rate)at)

t)=)0)min)was)normalized)to)100)%)wild1type)activity.)B))Activity1temperature)profiles)(!!"!"))
of)CHMO)wild)type)(!))and)the)variant)CHMO1VM)(").))!
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Circular*dichroism*(CD)*spectroscopy))

CD) spectra) were) recorded) using) a) Jasco) J1810) spectropolarimeter) (Jasco,) Tokyo,) Japan))

equipped) with) a) Peltier) cell) holder.) Data) were) collected) using) purified) enzymes) in) a)

concentration) range) of) 0.110.2) mg/mL) 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)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)[5]) was)

evaluated) as) the) midpoint) of) the) normalized) thermal) transition.) The) measured) melting)

temperatures)are)given)in)Table)SI)3.))

)

Table*SI*3:*Melting)temperatures)of)CHMO)wild)type)and)the)variant)CHMO1VM.)

CHMO*variant* Tm*(°C)*

Wild)type) 31.6)

CHMO1VM) 45.1)

*

Enzymatic*synthesis*of*enantiopure*lactones*

The) syntheses) of) the) enantiopure) lactones) were) performed) by) the) CHMO1catalyzed)

conversion)of)20)mM)methyl1substituted)cyclohexanone)in)a)volume)of)50)mL.)The)cofactor)

NADPH)was)regenerated)by)the)glucose)dehydrogenase)(GDH))recycling)system)(0.5)mg/mL)

GDH).)For)the)reaction,)around)400)U)of)purified)enzyme)were)used.)Table)SI)4)shows)the)

composition)of)the)reactions.)The)total)reaction)volume)was)extracted)three)times)with)50)

mL)dichloromethane)and)dried)over)Na2SO4.)Afterwards)the)solvent)was)evaporated)using)a)

rotary) evaporator.) The) final) products) were) enzymatically) synthesized) enantiopure) (S)141

methyl1caprolactone)and))racemic)31methyl1caprolactone)and)21methyl1caprolactone.))

*

*

*

*

*

*
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Table*SI*4:*Composition)of)the)biocatalytic)reactions.)

Compound* Concentration*stock*solution** Volume*per*reaction* Final*concentration*

Glucose)dehydrogenase) 0.5)mg/mL) 1.25)mL) 12.5)µg/mL)

D1Glucose) 1)M) 750)µL) 150)mM)

NADPH) 0.5)M) 150)µL) 0.15)mM)

FAD) 1)mM) 500)µL) 10)µM)

Methyl1substituted)

cyclohexanone)
) 122.724)µL) 20)mM)

CHMO)VM) 9.06)mg/mL) 8)mL) 0.18)mg/mL)

*

Ring9opening*oligomerization*of*lactones*catalyzed*by*CAL9A*

To) verify)whether) CAL1A) can) be) used) for) the) ring1opening) oligomerization) in) an) aqueous*

reaction)system,)distilled)water,)the)lactone)(lactones)and)final)concentration)see)Table)SI)5))

and)10)mg/mL) lyophilized)CAL1A)dissolved) in)distilled)water)were)mixed) in)a)2)mL)GC)vial.)

The)whole)reaction)volume)was)1.5)mL.)The)reactions)were)shaken)at)700)rpm)at)70)°C)for)

96) h.* Afterwards,) the) samples) were) extracted) two) times) with) 1) mL) dichloromethane.)

Afterwards)the)solvent)was)evaporated)using)a)speed)vac)and)the)samples)were)analyzed)by)
1H)NMR)spectroscopy)and)gel)permeation)chromatography)(GPC))as)described)vide(infra.))

*

Table* SI* 5:* Lactones) used) for) ring1opening) oligomerization) catalyzed) by) CAL1A.) Final)

concentrations)in)the)reaction)are)given.)

Lactone* Concentration*[M]#

γ1Butyrolactone) 1.0#

Oxacyclotridecan121one) 1.0#

(R,S)141Methyl1caprolactone) 1.0#

(S)141Methyl1caprolactone) 0.46#

(R,S)121Methyl1caprolactone) 0.5)

(R,S)131Methyl1caprolactone) 0.5#

)
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)
Figure*SI*3:*Oligo9rac131methyl1caprolactone)and)oligo1oxacyclotridecan121one)produced)in)a)

biocatalysis)reaction)starting)from)0.5)M)(1)M)for)C12)lactone))monomer)using)lipase)CAL1A)

in) sodium) phosphate) buffer) (50) mM,) pH) 8.0).) After) 2) days) incubation) at) 70°C) a) white)

sediment)was)observed)that)represents)the)synthesized)oligomer.)

*

Combined*biocatalysis*without*addition*of*CAL9A*

ADH,) CHMO) wildtype) (or) the) C376L/M400I/T415C/A463C) variant)) were) expressed) as)

described)vide( supra.) For) biocatalysis,) different) amounts) of) the) two) cell) suspensions) (100)

gWCW/L))containing)each)ADH)or)CHMO)were)used)in)the)appropriate)ratio)in)10)mL)batches)

(in)100)mL)shake)flasks))in)50)mM)sodium)phosphate)buffer)(pH)8.0,)1)%)NaCl))containing)51

20) mM) 41methyl1cyclohexanol,) D1glucose) monohydrate) and) acetone) in) equimolar)

concentration.) Glucose) was) required) for) the) intracellular) cofactor) recycling) of) NADPH,)

whereas)acetone)afforded)the)recycling)of)NADP+)by)the)ADH)reaction.)Biotransformations)

were)sealed)with)a)gum)plug,)shaken)at)25°C)and)120)rpm)and)500)µl)samples)were)taken)

periodically.) Samples) were) extracted) with) 500)μl) dichloromethane) containing) 2) mM)

acetophenone) as) external) standard.) Determination) of) 41Me1CHL,) 41Me1CHO) and) 41Me1CL)

concentrations)were)carried)out)by)gas)chromatography)using)a)Shimadzu)GC114A)equipped)

with)a)Hydrodex®1ß3P)column)as)described)vide(infra.))

)

O

O

CH3 !
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)
Figure*SI*4:*Conversions)of)1a)to)2d)obtained)with)different)ADHs)in)a)whole1cell)biocatalysis)

with)CHMO)(ratio)ADH:CHMO)=)1:10).))

)

)
Figure* SI* 5:*Conversions)of)1a) to)2d)obtained)with)LK1ADH)and)CHMO)VM) in)a)whole1cell)

biocatalysis)(ratio)ADH:CHMO)=)1:10))at)different)pH)values.))

*

*

*

*
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Determination*of*optical*rotations*by*polarimetry*

The) optical) rotations) of) oligo1(S)141methyl1caprolactone,) oligo1(R,S)141methyl1caprolactone)

and) the) standard) (S)141methyl1caprolactone)were)measured)using) an) Jasco)DIP1360)digital)

polarimeter)(Jasco,)Tokyo,)Japan).))Oligo1(S)141methyl1caprolactone)(3)mg/mL),)oligo1(R,S)141

methyl1caprolactone)(11)mg/mL))and)(S)141methyl1caprolactone)(12)mg/mL))were)dissolved)

in) 2) mL) THF.) The) whole) sample) volume) was) used) for) the) measurement) of) the) optical)

rotation.) The)measurement)was) performed) at) a)wavelength) of) 589.3) nm) (sodium) vapour)

lamp))and)at)room)temperature.)The)length)of)the)cuvette)was)1)dm.))

Using)the)following)formula)the)specific)optical)rotation)for)each)sample)was)calculated:)

)

! !
!! =

!
! ∙ !)

)

α:)measured)rotary)angle)

c:)sample)concentration)[g/100)mL])

l:)length)of)the)cuvette)[dm])

λ:)589.3)nm)

T:)room)temperature)[K])

)

Note)to)the)calculation)of)the)specific)optical)rotation:)

The)specific)optical)rotation)is)related)to)g)/)100)mL)sample.)This)has)to)be)considered)for)the)

calculation.)

*

Analytics*

Gas)chromatography)(GC))

GC(analysis(>(column(

The)evaluation)of) the)biocatalysis) reactions) for)both) the)achiral)and) the)chiral)compounds)

was)performed)using)a)Shimadzu)GC114A)equipped)with)a)Hydrodex®1ß3P$column$ (25$m$x$

0.25)mm,#Macherey#&#Nagel,#Düren,#Germany)#and#flame1ionization)detection)(FID).))

)

Quantification(of(conversion(

Extraction)procedure)for)GC)analysis:)
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For) the) analysis) of) the) reaction,) samples) of) the) reaction)mixture) were) taken) periodically)

(500)µl))and)directly)placed)on)ice)before)extraction)or)were)stored)at)120)°C.)The)extraction)

of)the)substrate,)the)intermediate)and)the)product)was)performed)with)the)same)volume)of)

dichloromethane) (500) µl).) Acetophenone) (2)mM))was) added) to) the) dichloromethane) and)

served) as) internal) standard.) The) separation) of) the) two) phases) was) obtained) via)

centrifugation)(60)sec).)The)lower)organic)phase)was)transferred)into)a)clean)tube)and)dried)

with)Na2SO4.)The) solution)was)again)mixed) (60) sec))and)centrifuged) (10)min).)Afterwards,)

the) samples) were) transferred) into) GC) vials) and) 1) µl) sample) was) injected) into) the) GC)

instrument.)

GC(analysis(–(Compound(1,#2,#3a#and#b(

The) analysis) of) the) compounds) 41methyl1cyclohexanol,) 41methyl1cyclohexanone,) (S)141

methyl1caprolactone)and) (R)141methyl1caprolactone)was)performed)with)a)program)where)

the)oven)temperature)is)continuously)held)on)160)°C)for)30)min.)Using)this)program,)it)was)

possible)to)analyze)all)four)compounds)with)one)program)and)to)separate)the)(S)1)and)(R)1

enantiomers)of)the)methyl1substituted)caprolactone)(Table)SI)6).))

*

Table*SI*6:*Retention*times*of*the*49methyl*substituted*compounds.*

Name* Compound* Number* Retention*time*[min]*

41Methyl1cyclohexanol)

)

1a* 5.71)

41Methyl1cyclohexanone)

)

1b* 4.33)

(S)141Methyl1Caprolactone)

)

2d* 25.95)

(R)141Methyl1Caprolactone)

)

3d* 26.57)

OH

CH3

CH3

O

O

O

H3C

O

O

H3C
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*
Figure*SI*6.*Representative*chromatogram*showing*the*separation*of*3.*

)

)
Figure*SI*7.*Representative*chromatogram*showing*the*separation*of*compounds*1,*2*and*

3a.*The)peak)at)a)retention)time)of)7.816)min)belongs)to)acetophenone,)which)was)used)as)

internal)standard.))

solvent(

solvent(

aceto+
phenone(
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! !
Figure* SI* 8:) Standard) curves) for) 41methyl1cyclohexanol) (left;) y) =) 94673x,) R2) =) 0.9919),) 41

methyl1cyclohexanone) (middle;) y) =) 112500x,) R2) =) 0.9963)) and) (S)141methyl1caprolactone)

(right;)y)=)100966x,)R2)=)0.9992).))

)
1H1NMR)spectroscopy)

All) measurements) were) recorded) on) a) Bruker) NMR) unit) (ARX300,) Bruker,) Karlsruhe,)

Germany)) at) 300) (1H)) MHz.) The) 1H) NMR) spectra) were) recorded) in) CDCl3.) The) impurities)

observed)in)the)spectra)were)identified)according)to)Gottlieb)et)al.[6])

)

)
Figure* SI* 9:) 1H1NMR) (300) MHz)) spectra) in) CDCl3) of) oligo1(R,S)141methyl1caprolactone)

extracted)from)a)biotransformation)with)CAL1A)after)96)h)(below))in)comparison)with)the)1H)

NMR)spectra)of)the)monomer)(C6).)1H)NMR)(CDCl3):)d)4.1514.3)(t,)CH2OCO),)3.68)(t,)CH2OH)

end1group),)2.25–2.45)(m,)CH2COO),)1.4–1.8)(m,)CH2,)CH))0.8–1.1)(d,)CH3).)

)

monomer&

oligomer&
sample&
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)
Figure* SI* 10:) 1H1NMR) (300) MHz)) spectra) in) CDCl3) of) γ1butyrolactone) extracted) from) a)

biotransformation)with)CAL1A)after)96)h)(below))in)comparison)with)the)1H)NMR)spectra)of)

the)monomer)(C4).))

)

)
Figure*SI*11:)1H1NMR)(300)MHz))spectra)in)CDCl3)of)oligo1oxacyclo1tridecan121one)extracted)

from) a) biotransformation)with) CAL1A) after) 96) h) (below)) in) comparison)with) the) 1H) NMR)

spectra)of)the)monomer)(C12).))

)

monomer&

oligomer&
sample&

monomer&

oligomer&
sample&
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)
Figure* SI* 12:) 1H1NMR) (300) MHz)) spectra) in) CDCl3) of) oligo1(R,S)121methyl1caprolactone)

extracted)from)a)biotransformation)with)CAL1A)after)96)h)(below))in)comparison)with)the)1H)

NMR)spectra)of)the)monomer)(C6).)

)

)
Figure* SI* 13:) 1H1NMR) (300) MHz)) spectra) in) CDCl3) of) oligo1(R,S)131methyl1caprolactone)

extracted)from)a)biotransformation)with)CAL1A)after)96)h)(below))in)comparison)with)the)1H)

NMR)spectra)of)the)monomer)(C6).)

)

Gel)permeation)chromatography)(GPC))

GPC)was)used) to)determine) the)molecular)weight) (Mw))of) the)oligomers) formed.) For) the)

GPC)measurements,)a) system)consisting)of)a)LC120AT)pump) (Shimadzu,)Kyoto,) Japan),) the)

autosampler) 3200) (Knauer,) Berlin,) Germany),) a) GMHHR1L) mixed) bed) column) (Viskotek,)

Waghäusel,) Germany)) in) series) with) a) PLgel) 3_MIXED1E) 30) K) column) (Latek,) Eppelheim,)
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Germany))were)used.)Tetrahydrofuran)(THF))was)used)as)solvent)at)a)flow)rate)of)1)mL/min.)

A) conventional) calibration) with) 12) closed) polystyrene) standards) (66000,) 28000,) 17600,)

12600,)9130,)6100,)4920,)3470,)2280,)1250,)682)and)162)g/mol))(Polymer)Standard)Devices,)

Germany))was)used.)Toluene)served)as)flow)marker.)

From) biotransformations,) 500)μL) samples) were) taken.) These) were) extracted) three) times)

with) 500)μL) dichloromethane.) After) evaporation) of) the) solvent,) 5)mg) of) the) extracted)

sample)were)dissolved) in)800)μL)THF.)After) filtration,)3)μL) toluene)were)added)as) internal)

standard.)For) the)measurement,)100)μl)of) the)prepared)sample)were) loaded)onto) the) full)

loop)and)300)µL)were)loaded)onto)the)sample)loop.)The)flow)rate)was)adjusted)to)1)mL/min)

THF.) The) analysis) of) the) chromatogram) was) carried) out) using) a) standard) curve) of) the)

retention) volume.) For) determination) of) the)Mw,) the) integration) area) along) the) retention)

volume) in) the) chromatogram,) in)which) all) the) polymer) peaks) are) located,)was) fixed.) The)

type)of)Mw) is) an)average)of) all) the)polymers) formed.)Mn) represents) the)distribution)and)

Mw/Mn) the) polydispersity) index) (PDI),) which) indicates) how) uniformly) polymers) were)

formed.)

)

(

Figure*SI*14:*GPC)chromatogram)of)oligo131methyl1caprolactone)synthesized)directly)by)CAL1

A) (after) extraction) from) the) biocatalysis) reaction).) The) single) narrow)peak) represents) the)

internal) standard) toluene;) the) various) small) peaks) between) retention) volumes) 12.00) to)

21.00)mL)correspond)to)oligomers)of)4d*of)varying)lengths.)

*

*

*
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Conventional*calibration*and*summary*of*the*results:#

(

(

(

Figure* SI* 15:* GPC) chromatogram) of) oligo1oxacyclo1tridecan121one) synthesized) directly) by)

CAL1A) (after) extraction) from) the)biocatalysis) reaction).) The) single) narrow)peak) represents)

the) internal) standard) benzophenone) (violet);) the) peak) at) higher)molecular)weights) (blue))

corresponds)to)oligomers*of)varying)lengths.))

*

*

*

*

*

*

*
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ABSTRACT 

For an alternative synthetic approach towards the heterocyclic industrial chemical ε-caprolactone, 

which is based on a biocatalytic oxidation of readily available cyclohexanol with air in aqueous 

media (using an alcohol dehydrogenase and a Baeyer-Villiger monooxygenase as enzyme 

components), a solvent engineering has been carried out identifying isooctane as a suitable co-

solvent. Biotransformations in an aqueous-isooctane biphasic solvent system were found to 

proceed faster at both investigated substrate concentrations of 40 mM and 80 mM, respectively, 

compared to the analogous enzymatic reactions in pure aqueous medium. In addition, in all cases 

quantitative conversions were observed after a reaction time of 23h. The achievements are not 

only of synthetic interest but also indicate a high compatibility of isooctane (10%(v/v)) with the 

enzymes as well as the potential for an in situ-removal of the organic reaction components, thus 

decreasing inhibition and/or destabilization effects of these organic components on the enzymes 

used. 
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INTRODUCTION 

The heterocyclic compounds ε-caprolactam and ε-caprolactone belong to one of the most 

important industrial bulk chemicals due to their need as monomers for the manufacture of 

polymer products.[1,2] With respect to the latter one, its today´s favored industrial production 

technology running on a multi-10.000 tons scale is based on a Baeyer-Villiger oxidation of 

cyclohexanone utilizing acetic peracid as oxidizing agent.[1] Besides limited selectivity, however, 

hazardousness of the needed peracid reagent represents a drawback. Recently, jointly with the 

company Enzymicals AG we reported a de novo approach towards ε-caprolactone, which starts 

from the industrial basic chemical cyclohexanol and undergoes a direct oxidation towards ε-

caprolactone utilizing only molecular oxygen as a reagent in aqueous medium.[3] As a catalyst, 

two enzymes were used, namely an alcohol dehydrogenase from Lactobacillus kefir[4] for the 

initial dehydrogenation of cyclohexanol to cyclohexanone, and a cyclohexanone monooxygenase 

(CHMO) from Acinetobacter calcoaceticus[ 5 ,6 ] for the subsequent Baeyer-Villiger oxidation 

under formation of ε-caprolactone. It is noteworthy that apart from molecular oxygen (required 

for the second step) no other co-substrates are required since the cofactor for the first step 

(NADP+ being transformed to NADPH) is recycled in the second step (by oxidation of NADPH 

to NADP+ and simultaneous reduction of molecular oxygen to water). This concept, for which 

also the Bornscheuer group developed independently a similar process,[7] is graphically shown in 

Scheme 1.  

 

Insert Scheme 1 
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Although we could achieve an excellent conversion (>95%) for this biotransformation at 

substrate concentrations of 20-60 mM, elevated substrate concentrations led to decreased 

conversion.[3] We identified inhibition as well as deactivation effects of the involved organic 

components (cyclohexanol, cyclohexanone and ε-caprolactone) as reasons. In addition, 

Bornscheuer et al. recently found an opportunity to circumvent these inhibition and deactivation 

effects at elevated substrate and product concentration by a reactive in situ-product removal 

through in situ-oligomerization of ε-caprolactone with an additional enzyme (lipase CAL-A).[8] 

As in the past for a range of enzymes in general and other Baeyer-Villiger monooxygenases,[9,10] 

in particular solvent engineering turned out as a promising tool for process optimization, we 

became interested in studying the impact of organic water-immiscible solvents on the reaction 

course for our target process. However, what makes this search challenging is the fact that the 

CHMO is known as a sensitive enzyme, which, e.g., is deactivated rapidly in the presence of 

more water-miscible solvents as demonstrated by Secondo and Fraaije et al. recently.[9b] For our 

purpose, we focused on the use of hydrophobic organic solvents with a high logP-value (in 

particular exceeding logP of 3) due to the following reasons: (i) expected simple phase 

separation, (ii) the second phase could serve as a reservoir of the starting material cyclohexanol, 

the intermediate cyclohexanone and the product ε-caprolactone leading to a decreased solubility 

of these components in the aqueous phase and, thus, suppressing the observed negative impact of 

these components on the CHMO enzyme, (iii) proven as suitable co-solvents for other enzymes 

(or expected to be suitable due to positive results with related solvents for such other 

enzymes),[11] thus making its application also for the CHMO from Acinetobacter calcoaceticus 

promising. Accordingly, we studied the influence of organic solvents, and in the following the 
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results, revealing isooctane as a promising organic solvent for this biotransformation, are 

described.  

RESULTS AND DISCUSSION 

In our initial solvent screening we chose ethyl acetate (EtOAc; logP 0.73 (±0.05)),[12] methyl 

tert-butyl ether (MTBE; logP 0.94 (±0.30)),[12] toluene (logP 2.73 (±0.10)),[12] 

methylcyclohexane (logP 3.88 (±0.40)),[12] n-heptane (logP 4.5 (±0.25)),[12] and isooctane (logP 

4.5)[ 13 ] as solvent components due to their frequent use in organic synthesis as standard 

extraction solvents. Furthermore, in terms of sustainability, most of them are listed as “preferred” 

or “usable” according to the Solvent Guide from the pharmaceutical company Pfizer (within 

their Green Chemistry / EHS programme).[ 14 ] When conducting the biotransformations and 

determining the conversion/yield/product concentration of the resulting ε-caprolactone, several 

surprising/interesting results were obtained (Figure 1). First, differences between the use of water 

and buffer were found. These results might be explained by potential shift of pH when using 

non-buffered solutions due to the occurrence of small amount of 6-hydroxyhexanoic acid as the 

undesired hydrolytic by-product ε-caprolactone. Second, whereas most of organic solvents gave 

a decrease of conversion it is noteworthy that with isooctane as a highly hydrophobic solvent a 

conversion in the same range (and even being slightly superior) to the one achieved in free buffer 

was detected. In contrast, some of the solvents such as ethyl acetate and toluene led to a more 

rapid deactivation. Our hypothesis is that due to the high logP for isooctane, in this case 

solubility of the organic solvent in water is low thus leading to a low or negligible deactivation 

of the enzyme. Nevertheless it is remarkable, that the presence of the second liquid phase does 

not deactivate the enzyme (as this is true for other cases as observed in the past,[11] e.g., for 

oxynitrilases and alcohol dehydrogenases).   
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Insert Figure 1 

Having in hand a promising co-solvent candidate with isooctane, next we get interested in a more 

detailed insight into the kinetics of this process, as well as a comparison with the reaction course 

in the presence and absence of this co-solvent isooctane. The reaction courses of these two 

processes, which were again carried out at a substrate concentration of 40 mM, are shown in 

Figure 2 (for these experiments the enzyme activities was measured prior to use and gave 

significantly lower activities than stated for the commercial sample; thus, the amount of added 

enzyme (in mg) was accordingly higher). In both cases, a quantitative conversion was reached 

after a sufficient reaction time (23h). However, an interesting insight into the impact of isooctane 

as a solvent one can gain when looking into the kinetics. Whereas in pure aqueous buffer, initial 

conversion after 1h was 8%, followed by 20%, 34% and 50% after 2h, 3h, and 4h, respectively, 

the conversions in the presence of 10%(v/v) of isooctane were significantly higher at all stages of 

the reaction course (before reaching a quantitative conversion).  After only 1h reaction time, 

already 13% conversion was obtained, which rapidly increased to 34%, 58% and 82% after 2h, 

3h and 4h, respectively. These results clearly indicate a beneficial impact when using 10%(v/v) 

of isooctane as a co-solvent.  

 

Insert Figure 2 

 

In addition, when increasing the substrate concentration up to 80 mM while keeping the overall 

amount of enzyme unchanged, we observed a similar tendency of the reaction course. The 

kinetic reaction courses of these reactions at 80 mM substrate concentration are shown in Figure 
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3 (for comparison, data for analogous reactions at 40 mM substrate concentrations are added in 

this figure). When conducting the reaction in the presence of 10%(v/v) of isooctane as a co-

solvent, reaction proceeds faster reaching 11%, 27%, 42% and 60% after 1h, 2h, 3h and 4h, 

respectively. After 23h reaction time full conversion was observed. Although full conversion was 

also observed in the absence of isooctane in pure aqueous buffer, reaction proceeds much slower 

with 5%, 14%, 22% and 33% after 1h, 2h, 3h and 4h, respectively. It should be added that 

preliminary studies showed a similar reaction course when using an increased volume of 

30%(v/v) of the co-solvent isooctane (data not shown). 

 

Insert Figure 3 

 

Next, we were interested about the impact of the “enzyme formulation” on the reaction course, in 

particular about the influence of the use of the Baeyer-Villiger-monooxygenase as isolated 

enzyme or integrated in a whole-cell catalyst on the reaction course. Thus, we prepared whole-

cells of Baeyer-Villiger-monooxygenase and as a benchmark reaction we conducted the 

biotransformation using disrupted cells and the resulting free enzymes (in combination with non-

soluble cell materials such as disrupted cell wall pieces). When conducting the reaction with this 

prepared crude extracts containing cell material we got a slightly lower (compared with the 

commercial BVMO, see Figure 3) but still satisfactory reaction course, leading to a conversion 

of 78% after a reaction time of 23h (Figure 4; conversion after 1h, 2h, 3h and 4h: 4%, 8%, 12% 

and 17%). However, when utilizing the whole-cells collected directly from the fermentation 

broth (and although adding the same amount of external cofactor as in the processes with the 

“free” enzymes) a dramatic decrease of conversion was observed and even after 23h reaction 
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time only 7% conversion was found (Figure 4; conversion after 1h, 2h, 3h and 4h: 1%, 1%, 2% 

and 2%). Thus, obviously permeation processes through the cell wall and cell membrane and 

thus limitations due to limited transport of substrate or accumulation of products in the cell (thus 

causing to an increasing extend inhibition and deactivation effects) might play a role. Thus, 

currently the favored process option is based on utilization of free enzymes rather than whole 

cell catalysts and improvement of whole-cell catalysis represents a task for future work.  

 

Figure 4 

 

 

CONCLUSION 

In this study we conducted a solvent engineering for our recently developed alternative synthetic 

approach towards the heterocyclic industrial chemical ε-caprolactone, which is based on a 

biocatalytic oxidation of readily available cyclohexanol with air in aqueous media (using an 

alcohol dehydrogenase and a Baeyer-Villiger monooxygenase as enzyme components). After 

identifying isooctane as a suitable co-solvent, biotransformations were conducted in an aqueous-

isooctane biphasic solvent system. It is noteworthy that these oxidation processes proceed faster 

at both investigated substrate concentrations of 40 mM and 80 mM, respectively, compared to 

the analogous enzymatic reactions in pure aqueous medium. In all cases quantitative conversions 

were observed after a reaction time of 23h. The achievements are not only of synthetic interest 

but also indicate a high compatibility of isooctane (10%(v/v)) with the enzymes as well as the 

potential for an in situ-removal of the organic reaction components, thus decreasing inhibition 

and/or destabilization effects of these organic components on the enzymes used. Further process 
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development of this novel oxidation process for the synthesis of ε-caprolactone is currently in 

progress.  

  

EXPERIMENTAL 

 

Screening of aqueous-organic reaction media (according to Figure 1):  

In a 10 mL flask the crude-extract of CHMO from Acinetobacter calcoaceticus (3.82 U) is 

dissolved in a solvent-mixture and well shaken. Cyclohexanol (1, 40 mM referring to the overall 

volume of solvent, consisting of aqueous and organic phase), MgCl2 (1 mM) and ADH from 

Lactobacillus kefir (40 U, crude extract/glycerol 1:1(v/v)) are added. The mixture is stirred for 

20 min at RT. The reaction is started by addition of NADP+ (1 mol-%, 1.57 mg) and stirred for 

24 h at RT. KPi-buffer (pH 7, 50 mM) or dest. water with added organic solvent as well as 

solvent-saturated PKi-buffer and distilled water, respectively, are being used as solvent mixture, 

the latter prepared by stirring KPi-buffer or distilled water with organic solvent (10 mL) for 24 h 

at RT and 1200 rpm to obtain a saturated aqueous phase.  The reaction mixture is distributed on 

7 reaction vessels (Eppendorf) with 0.7 mL each and treated with 0.7 mL DCM. After 30 min 

shaking in a Thermomixer (Eppendorf) the two-phase-system is separated by centrifugation at 

13000 rpm for 5 min. The lower organic phase is removed and the remaining aqueous phase as 

well as the denatured enzymes are treated with DCM again and the extraction is repeated two 

times. The organic phases are collected in a 50 mL-volumetric flask, which is filled up to the 

calibration mark. Three probes are bottled and the conversion is determined via GC. For the 

determination of the conversion via NMR the solvent of the collected organic phases are 

evaporated at 900 mbar and 40 °C bath temperature. The entire reaction mixture is transferred 
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into a NMR-tube together with a freshly prepared urotropine solution (0.17 M in CDCl3, 0.1 mL) 

as well as CDCl3 (0.7 mL). The conversion is determined by comparison with the intensity of the 

singlet peak of the standard urotropine. 

Biotransformations in the absence and presence of (10%(v/v)) of isooctane (according to 

Figure 2):  

The biotransformations were performed in a 10 mL round-bottom flask with 5 mL aqueous 

reaction volume at 25 °C in a temperated water bath on magnet stirrer (IKA). Cyclohexanol (40 

mM or 80 mM) was dissolved in an aliquot of KPi-buffer (pH 7, 50 mM, 1 mg MgCl2). 0.002 

mmol NADP+ and CHMO from Acinetobacter calcoaceticus (3.82 U of lyophilized crude-

extract supplied by Enzymicals AG; the enzyme activity is referred to cyclohexanone in KPi-

buffer (pH 7, 50 mM, 1 mg MgCl2) and was measured prior to use spectrophotometrically; since 

significantly lower activities were measured than stated for the commercial sample, a higher 

amount of enzyme (in mg) has to be added compared to the amount calculated based on the 

given enzyme activity of the commercial sample) were added dissolved in KPi-buffer. ADH 

from Lactobacillus kefir (40 U crude extract/glycerol 1:1(v/v) recombinantly over expressed in E. 

coli as previously described[4]; the enzyme activity is referred to acetophenone as reference 

substrate in KPi-buffer (pH 7, 50 mM, 1 mg MgCl2)) was added and filled up to 5 mL aqueous 

reaction volume with KPi-buffer. The solution was mixed by pipetting up and down several 

times and during the reaction a 1.5 cm stirring bar mixed the solution by rotating with 340 rpm. 

In the experiments with organic solvent 0.5 mL or 1.5 mL isooctane (corresponding to 10%(v/v) 

and 30%(v/v), respectively) were added. After 1h, 2h, 3h, 4h and 23h an aliquot of 0.5 mL of the 

reaction mixture was taken and extracted three times with 0.5 mL ethylacetate (with 2 mM 

acetophenone as an external standard) by mixing on a vortexer (Scientific Industries) for 1 min at 
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maximum speed and phase separation for 1 min at 21.500g in a microcentrifuge (VWR). The 

organic phases were combined and filled up to 2 mL with ethylacetate (2 mM acetophenone) in a 

volumetric flask. After mixing the liquid was dried with a spatula tip of sodium sulfate 

(anhydrous). The samples were analyzed by gas chromatography using A GC-2010 (Shimadzu) 

with a BP5MS-column (SGE Analytical Science) with the following temperature profile: starting 

with a plateau at 70 °C for 3.8 min followed by heating up to 200 °C with 40 °C/min (SPLI1: 

230 °C; flow control: linear velocity; linear velocity: 46.9; split ratio 100; injection volume: 1 

µL; FID: 230 °C). Retention times of the analytes were as followed: cyclohexanol 3.2 min, 

cyclohexanone 3.3 min, acetophenone 5.5 min, caprolactone 6.0 min, 6-hydroxyhexanoic acid 

6.8 min. The conversion was determined by relative analysis as it has been shown that 

cyclohexanol and caprolactone were extracted in the identical ratio. 

 

Preparation of whole-cells containing a Baeyer-Villiger-monooxygenase in recombinant 

form:  

A glycerol stock of E. coli BL21(DE3) (New England Biolabs) containing the plasmid encoded 

gene of the CHMO from Acinetobacter calcoaceticus (GenBank: BAA86293.1 – cloning was 

described previously[8]) was used for inoculation of 30 mL LB medium (10 g/L peptone, 5 g/L 

yeast extract, 10 g/L NaCl)[15] containing 50 µg/ml kanamycin. Cultivation was performed in a 

300 mL shaking flask with baffles at 37 °C on an orbital shaker (Infors) at 140 rpm overnight. 

The overnight culture was used as an inoculum to adjust 200 mL terrific broth medium 

containing 50 µg/ml kanamycin to OD600 0.05. Cultivation was performed in a 1 L shaking flask 

with baffles at 37 °C and 140 rpm. CHMO expression was induced between OD600 0.6 and 0.8 

with 0.05 mM ITPG. Cultivation was continued at 25 °C for 5 to 6 hours. Cells were harvested 
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by centrifugation at 4.000g for 10 min at 4 °C and washed twice with in KPi-buffer (pH 7, 50 

mM, 1 mg MgCl2). Subsequently the cell pellet was adjusted with KPi-buffer to 250 gcww/L. 

 

 

Determination of the enzyme activity (of the Baeyer-Villiger-monooxygenase and alcohol 

dehydrogenase, respectively):  

Enzyme activity was measured (in analogy to standard protocols reported, e.g., in reference [16]) 

spectrophotometrically at 340 nm by consumption of NADPH through oxidation toward NADP+ 

with a spectrophotometer V630 (Jasco). 440 µL KPi-buffer (pH 7, 50 mM, 1 mg MgCl2) were 

mixed with 500 µL cyclohexanone (20 mM in KPi-buffer) for CHMO activity determination or 

with 500 µL acetophenone (22 mM in KPi-buffer) for ADH activity measurement. After 

performing a blank measurement 50 µL NADP+ (8 mM in KPi-buffer) were added under 

rigorous mixing. The reaction was started by the addition of 10 µL enzyme solution under 

rigorous mixing. The slope (∆E) of the observed linear range of minimal 60 seconds was used 

for activity calculation using the following equation:  

A = (∆E٠V٠f)/(ε٠v٠d) 

with the enzyme activity A (U/mL), the time depending change in extinction ∆E (1/min), the 

total volume V (mL), the dilution factor f, the extinction coefficient ε of NADPH at 340 nm 

(6.300 L/mol٠cm) and the layer thickness d (cm). 

 

Biotransformations with whole-cells in the presence of (10%(v/v)) of isooctane (according 

to Figure 3):  
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The experimental setup was identical to the biotransformations described above with the 

exception of using lysed or intact resting E. coli whole-cells over-expressing CHMO from 

Acinetobacter calcoaceticus instead of commercially supplied CHMO crude-extract. For the 

determination of the CHMO activity of the whole-cells, first an aliquot of the whole-cell catalyst 

was lysed. After cell lysis the solution was centrifuged at 4.000 g for 10 min at 4 °C. An enzyme 

activity measurement was spectrophotometerically performed with the crude extract of the 

supernatant as described above. As the measured activity of free enzyme (U/mL) correlates with 

the engaged cell concentration (250 gcww/L) one can examine the volume of the cell suspension 

that is needed to achieve 3.82 U. 
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Scheme 1. Concept of a direct one-pot transformation of cyclohexanol with air towards ε-
caprolactone 
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Figure 1. Screening of aqueous-organic reaction media  
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Figure 2. Biotransformations of 40 mM cyclohexanol with commercial BVMO enzyme in the 
absence and presence of isooctane (10%(v/v)) 
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Figure 3. Biotransformations with recombinant BVMO in the presence of isooctane (10%(v/v)) 
at substrate concentrations of 40 mM and 80 mM [for comparison, the reactions course of the 

analogous reaction using 40 mM substrate concentration as given in Figure 2 is shown again here 
in Figure 3] 
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Figure 4. Biotransformations with lysed cells and resting whole-cells bearing the BVMO in 
recombinant form in the presence of isooctane (10%(v/v)) 
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