
The University of Manchester Research

Biocatalytic Routes to Lactone Monomers for Polymer
Production
DOI:
10.1021/acs.biochem.8b00169

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Messiha, H., Ahmed, S., Karuppiah, V., Suardiaz, R., Ascue Avalos, G., Fey, N., Yeates, S., Toogood, H.,
Mulholland, A. J., & Scrutton, N. (2018). Biocatalytic Routes to Lactone Monomers for Polymer Production.
Biochemistry. https://doi.org/10.1021/acs.biochem.8b00169

Published in:
Biochemistry

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:26. May. 2023

https://doi.org/10.1021/acs.biochem.8b00169
https://research.manchester.ac.uk/en/publications/47d9d3ac-0ded-446c-8454-7f28c26437b3
https://doi.org/10.1021/acs.biochem.8b00169


 
1 

Biocatalytic Routes to Lactone Monomers for Polymer Production  
Hanan L. Messiha,†‡  Syed T. Ahmed,‡  Vijaykumar Karuppiah,†‡  Reynier Suardíaz,§ 

Gabriel A. Ascue Avalos,†‡ Natalie Fey,§ Stephen Yeates,‡ Helen S. Toogood,†‡ 

Adrian J. Mulholland,§ and Nigel S. Scrutton*†‡ 

†BBSRC/EPSRC Manchester Synthetic Biology Research Centre for Fine and Specialty Chemicals 

(SYNBIOCHEM), and ‡School of Chemistry, Faculty of Science and Engineering, University of 

Manchester, 131 Princess Street, Manchester M1 7DN, U.K. 

§Centre for Computational Chemistry, School of Chemistry, University of Bristol, Cantock’s Close, 

Bristol BS8 1TS, U.K. 

 

CORRESPONDING AUTHOR 

*Professor Nigel S. Scrutton, Phone: +44 (0)1613065152. Fax: +44 (0)1613068918. E-mail: 

nigel.scrutton@manchester.ac.uk 

KEYWORDS  

Baeyer-Villiger monooxygenases (BVMOs), biocatalysis, crystallography, molecular dynamics 

simulations, DFT mechanistic study, biopolymers, ring-opening polymerization 

  



 
2 

ABSTRACT  

Monoterpenoids offer potential as bio-derived monomer feedstocks for high performance renewable 

polymers. We describe a biocatalytic route to lactone monomers menthide and dihydrocarvide 

employing Baeyer-Villiger monooxygenases (BVMOs) from Pseudomonas sp. HI-70 (CPDMO) 

and Rhodococcus sp. Phi1 (CHMOPhi1) as an alternative to organic synthesis. The regio-selectivity 

of dihydrocarvide isomer formation was controlled by site-directed mutagenesis of three key active 

site residues in CHMOPhi1. A combination of crystal structure determination, molecular dynamics 

simulations and mechanistic modeling using density functional theory (DFT) on a range of models 

provides insight into the origins of discrimination of wild type (WT) and a variant CHMOPhi1 for 

producing different regio-isomers of the lactone product. Ring-opening polymerizations of the 

resultant lactones using mild metal-organic catalysts demonstrate their utility in polymer 

production. This semi-synthetic approach utilizing a biocatalytic step, non-petroleum feedstocks 

and mild polymerization catalysts, allows access to known and also to previously unreported and 

potentially novel lactone monomers and polymers.  

INTRODUCTION 

There is an increasing demand for the production of biodegradable plastics from renewable 

feedstocks due to both dwindling fossil fuel supplies and environmental concerns over the 

accumulation of petroleum-based non-recyclable plastic waste.1-3 This has led to the development 

biodegradable polymeric materials, including elastomers, plastics, hydrogels, flexible electronics, 

resins, engineering polymers and composites.4 Cyclic esters (lactones) have been widely used in the 

synthesis of biodegradable polymers, such as poly-ε-caprolactone (PCL)5 and polylactide (PLA) 

and related copolymers6-10, which are employed in a number of biomedical and pharmaceutical 

applications such as in drug delivery and tissue engineering11-14 and constitute the major component 

of many types of polyurethane biopolymers.15  

Other bio-derived monomers of commercial interest are monoterpenoids, which generate polymers 

such as polymenthide (PM), polydihydrocarvide (PDC) and polycarvomenthide (PCM) and related 



 
3 

ABA block copolymers of polylactide-polymenthide-polylactide triblocks (PLA–PM–PLA). These 

polymers have applications as thermoplastic elastomers and components of pressure sensitive 

adhesives.7, 15-17 Hybrid copolymers of PLA –PM-PLA triblocks are useful in pressure-sensitive 

adhesives formulations, as they have high-performing thermoplastic elastomer properties 

comparable to styrenic triblock copolymers.7-9, 17 

Monomeric compounds can be derived from either natural sources, or as reported more recently via 

metabolic engineering of microorganisms to generate industrially viable biosynthetic routes.18 

Currently the lactones menthide and dihydrocarvide are sourced primarily through chemical 

Baeyer-Villiger oxidation routes.19, 20 Alternatively, biocatalytic routes employing flavin-dependent 

Baeyer–Villiger monooxygenases (BVMOs)21-23 could offer an attractive strategy to access these 

monomers (Scheme 1), with the advantage of increased stereo- and enantiomeric control of the 

product.24-27 This was first reported by Alphand and Furstoss and further investigated in more detail 

by the Mihovilovic group. 28, 29 The BVMO reaction is often regio-divergent, generating two 

lactone products, known as the ‘normal’ and ‘abnormal’ isomers (as in Scheme 1).29 Therefore, 

candidates from the BVMO family could be selected as biocatalysts based on their enantio- and 

regio-selectivity for the production of targeted lactone monomers for polymer synthesis. 
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Scheme 1. Semisynthetic polymer production using lactone monomers.  

Semisynthetic polymer production via BVMO-catalyzed lactone production coupled with ROP oxidation 

using Mg(BHT)2(THF)2 and  benzyl alcohol.30 A) Polymenthide, B) Polydihydrocarvide. The abnormal 

lactone of (2R,5R)-(+)-dihydrocarvone is (3S,6R)-3-methyl-6-(prop-1-en-2-yl)oxepan-2-one. C) The BVMO 

reaction with (+)-pulegone. The normal lactone of (+)-pulegone is (R)-4-methyl-7-(propan-2-

ylidene)oxepan-2-one. The ROP of the lactone of (+)-pulegone was unsuccessful. 

 

Ring-opening polymerization (ROP) reactions of lactone monomers are a common strategy to 

access polymers such as PM and PDC and similar polymers such as PCL and β-pinene.7, 15, 19, 20, 31 

The use of metal catalysts for the polymerization of ε-caprolactone, menthide, dihydrocarvide and 

carvomenthide is well established.32-34 Alternatively, enzymatic approaches employing lipase 

enzymes have been reported for low molecular weight polylactide production.35, 36 

This report describes an alternative route to lactone-based biopolymers by employing a biocatalytic 

lactone production step using BVMOs with ROP using mild metal-organic catalysts. This approach 

utilizes bio-derived monoterpenoid starting materials to generate lactone monomers using the 
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BVMO enzymes cyclopentadecanone monooxygenase (CPDMO) from Pseudomonas sp. HI-7037 

and cyclohexanone monooxygenase from Rhodococcus sp. Phi1 (CHMOPhi1).38 To enable the 

production of the ‘normal’ lactone from (+)-dihydrocarvone, we performed site-directed 

mutagenesis of CHMOPhi1, and determined the crystal structures of the wild type (WT) and variant 

enzymes. A combination of structural analyses, molecular dynamics and computational mechanistic 

studies gave insights into the mechanisms that drive the formation of abnormal and normal lactone 

from (+)-dihydrocarvone. Finally, ROP reactions using a milder metal-organic catalyst than the 

ones utilized in the current polymerization process enabled the generation of polymers that were 

characterized and analyzed. Our method provides an alternative approach to access lactone 

monomers converting low-value renewable resources into value-added polymers. 

 

MATERIALS AND METHODS 

CHMO gene syntheses and mutagenesis. The genes encoding CPDMO from Pseudomonas sp. 

HI-70 (UniProtKB: T2HVF7) and CHMOPhi1 from Rhodococcus sp. Phi1 (UniProtKB: Q84H73) 

were synthesized by GenScript (USA), employing codon optimization for increased E. coli 

expression. CPDMO was sub cloned into pET15b, incorporating an N-terminal His6-tag and 

CHMOPhi1 into pET21b with a C-terminal His6-tag. The CHMOPhi1 triple variant F249A, F280A, 

F435A (variant thereafter) was generated by QuikChange site-directed mutagenesis (Agilent) 

according to the manufacturer’s protocols. Primer sequences used for the construction of the variant 

are shown in Table S1, Supporting Information). CPDMO and both CHMOPhi1 (WT and variant) 

constructs were transformed into E. coli strains BL21(DE3) and C41(DE3), respectively, for protein 

overexpression. 

The BVMOs were purified from the cell pellets using Ni-NTA affinity chromatography according 

to the manufacturers protocols (Qiagen), followed by gel filtration for crystallography studies. 

Protein concentrations were determined by either UV-Visible spectroscopy (ε450nm = 11,300 M-1cm-
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1 for flavins) or the Bio-Rad protein assay kit. Typical cell expression yields, purities and UV/Vis 

spectrum of each BVMO can be found in Table S2 and Figures S1-S2, respectively.  

Self-sufficient biocatalyst production. Each BVMO was fused to the C-terminus of the cofactor 

regenerating enzyme (CRE) phosphite dehydrogenase from Pseudomonas stutzeri (PTDH; 

thermostable variant 18-ptxD)39-41 via a six amino acid linker (SRSAAG) as described previously.41, 

42 Constructs were generated in pET15b, which positioned the His6-tag at the N-terminus of PTDH. 

Each CRE-BVMO was transformed into E. coli strain BL21(DE3) for protein overexpression (see 

Supporting Information for details). 

Analytical scale biotransformations. Biotransformations (1 mL) with either purified BVMOs (2 

µM) or cell-free extracts, CFEs (50 µL) were performed in buffer (50 mM Tris pH 7.0) containing 

substrate (5 mM unless otherwise stated) and a cofactor recycling system (15 µM NADP+, 15 mM 

glucose and 10 U glucose dehydrogenase (GDH) from Pseudomonas sp.). Reactions with CRE-

BVMOs contained sodium phosphite (100 mM) in the place of the cofactor recycling system. 

Reactions were agitated (140 rpm) for 12 h at 28 °C, and terminated by extraction with ethyl acetate 

(1 mL) containing an internal standard (0.1% sec-butyl-benzene). The extracts were dried using 

anhydrous magnesium sulfate, and analysed by GC/MS (see Supporting Information for further 

details). Quantitative analysis was carried out by a comparison of product peak areas to standards of 

known concentrations.  

Preparative scale reactions for lactone generation. Biotransformations (500 mL) were carried 

out with CRE-BVMOs (CFEs; 25 mL) in buffer (50 mM Tris pH 7.0) containing substrate (5 mM) 

and sodium phosphite (100 mM). The reactions were agitated (140 rpm) at 28 °C for 12 h followed 

by multiple ethyl acetate extractions (20 x 25 mL fractions). The pooled extracts were dried using 

anhydrous magnesium sulfate and concentrated in vacuo to give the crude lactone monomers as 

pale yellow oils. The crude samples were further purified by flash column chromatography 

(hexane:ethyl acetate, 9:1) to afford the pure lactone monomers as clear oils (46-14.5% isolated 
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yield of high purity product > 99.0%). The identity and purity of the lactone monomers produced 

were assessed by GC/MS and NMR (1H NMR and 13C NMR) analysis (Figures S3-S14).   

Lactone polymerization. The ROP of lactone monomers was performed using the metal-organic 

catalyst magnesium 2,6-di-tert-butyl-4-methylphenoxide [Mg(BHT)2(THF)2] at 80 °C as described 

previously, but conducting the reaction in 2 mL.30 Due to the oxygen and moisture sensitivity of the 

reaction, lactones were lyophilised, followed by an additional drying step over activated silica for 

48 h. ROP of the commercially available ε-caprolactone was also performed to produce PCL. 

Polymerization reactions were performed anaerobically, keeping a ratio of 50:1:1 for the 

monomers:catalyst:initiator (Table S3).The polymerization process was carried out in an oxygen- 

and moisture free environment (both < 0.5 ppm). Polymer PM was purified as reported,30 while 

PCL was purified by precipitation into hexane followed by a drying step. Purification of PDC was 

performed in a hexane/ethyl acetate (9:1) mixture, recovered from the immiscible layer and dried. 

Gel permeation chromatography (GPC) and 1H NMR spectroscopy was used to detect polymer 

formation.  

Protein crystallization and structure solution. Both CHMOPhi1 WT and variant proteins (8-10 

mg/mL) were subjected to crystallization as apoproteins and in the presence of NADP+ (2 mM). 

Crystallization drops (200 nL each of protein and reservoir solution) were generated using the 

Mosquito robot (TTP Labtech) with five screens (JCSG+, PACT Premier, SG1, Morpheus I and 

Morpheus II from Molecular Dimensions Limited) and incubated at 4°C for 1 week. The WT 

CHMOPhi1 crystallized in SG1 B5 condition (0.2 M calcium chloride and 20% w/v PEG 3350) and 

the variant crystallized in PACT Premier F2 condition (0.2 M sodium bromide, 0.1 M Bis-Tris 

propane pH 6.5 and 20% w/v PEG 3350). Plate-like crystals were cryo-protected with mother liquor 

containing 20% glycerol and flash cooled in liquid N2.  

X-ray data were collected at Diamond Light Source beamlines I03 and I04-1. Data were processed 

using xia243 implementing XDS44 and XSCALE. The WT and the variant structures of CHMOPhi1 

were solved by molecular replacement using CHMOclosed structure (PDB 3GWD) from 
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Rhodococcus sp. HI-31 as the search model in Phaser.45 The models were built using the 

AutoBuild46 wizard in Phenix.47 The models were completed using iterative rounds of model 

building using Coot48 and refinement using phenix.refine.49 The structures were analyzed using 

PDB_REDO50 server and validated using Molprobity.51 The X-ray data collection and refinement 

statistics are provided in Table 1. The atomic coordinates and structure factors have been deposited 

in the Protein Data Bank with accession codes 6ER9 and 6ERA.  

 

Table 1.  X-ray data collection and refinement statistics 
 WT CHMOPhi1 Variant CHMOPhi1  
Space group P 1 21 1 P 1 21 1 
Unit cell dimensions a=54.08 Å, b=64.44 Å, c=186.22 Å; 

α=90°, β=96.02°, γ=90° 
a=53.86 Å, b=64.94 Å,  
c=187.59 Å; α=90°,  
β=97.03°, γ=90° 

X-ray source DLS I03 DLS I04-1 
Wavelength (Å) 0.97625 0.92819 
Resolution range (Å) 92.60-2.37 (2.43-2.37)a 62.06-2.49 (2.53-2.49)a 
Completeness (%) 98.8 (99.6) 99.8 (99.9) 
Multiplicity 3.2 (3.1) 4.1 (4.1) 
I/σ I 7.9 (1.3) 9.9 (1.1) 
Rmerge 0.085 (0.727) 0.082 (0.995) 
Rmeas 0.127 (1.10) 0.094 (1.093) 
Rpim 0.070 (0.614) 0.045 (0.525) 
CC1/2 0.993 (0.523) 0.998 (0.587) 
Total observations 163400 (11814) 187824 (9073) 
Total unique 51521 (3797) 45368 (2228) 
Refinement    
R-work 0.199 0.214 
R-free 0.245 0.260 
RMS (bonds) 0.006 0.005 
RMS (angles) 0.81 0.72 
Average B-factor (Å2) 
   Average 
   FAD 
   NADP+ 

 
72.40 
46.37 
59.92 

 
84.10 
80.94 
101.58 

Ramachandran plot    
    Favored 95.93 94.12 
    Allowed 3.97 5.78 
    Outliers 0.1 0.10 
aValues in the parentheses refer to the outer resolution shell. 

 

Computational modeling. Molecular dynamics simulations were performed on WT and variant 

CHMOPhi1 in the presence of FAD and NADPH, and also in the presence of the reaction 
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intermediate. Details of the simulations performed are described in the Supporting Information 

document. Mechanistic studies used “cluster models”52, 53 and density functional theory (mPW91 + 

modified B95 (PWB6K) functional) to identify the key structural elements controlling the reactivity 

and selectivity of these biocatalysts. Details of these calculations and additional calculated data are 

summarized in the Supporting Information.  

 

RESULTS AND DISCUSSION 

BVMO selection and production. Previous studies showed that CPDMO oxidizes (-)-menthone to 

produce menthide,37 and variant CHMOs from Arthrobacter sp. BP2 (CHMOAr) and Acinetobacter 

calcoaceticus (CHMOAc) generate dihydrocarvide (the normal lactone) from (+)-dihydrocarvone.54 

A screen of in house BVMOs showed that CHMOAr and CHMOAc expressed poorly (results not 

shown), while CHMOPhi1 was highly expressed and could oxidize (2R,5R)-(+)-dihydrocarvone 

isomer (as shown in this study). Therefore CPDMO and CHMOPhi1 were chosen for further study, 

and were expressed in E. coli, purified and assessed for flavin content (UV/Vis spectroscopy; 

Figures S1-S2; Table S2).  

Given that BVMOs are NADPH-dependent, a cofactor recycling system is required to minimize the 

prohibitive costs of nicotinamide cofactor addition.55 Prior studies with six BVMOs showed that the 

fusion of the C-terminus of a thermostable variant of phosphite dehydrogenase from Pseudomonas 

stutzeri (18-ptxD PTDH)40 to the N-terminus of the monooxygenase via a six amino acid linker 

(SRSAAG) generated self-sufficient enzymes (CRE-BVMO). Cofactor regeneration during 

biotransformations was achieved via the action of PTDH with sodium phosphite.41, 42 We used this 

strategy to generate CRE-CPDMO and CRE-CHMOPhi1 (WT and variant), all were expressed in E. 

coli, purified and assessed for flavin content (UV/Vis spectroscopy; Figures S1-S2; Table S2). This 

enabled comparative biotransformations to be performed in the presence of phosphite/NADP+ 

(CRE-BVMO) or an exogenously added cofactor recycling system (glucose/GDH/NADP+; 

BVMO).  
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Biotransformations of CPDMO. Biotransformations (1 mL) of purified CPDMO with (-)-

menthone (5 mM) showed a near complete conversion to menthide, with product identification later 

confirmed by GC/MS, 1H and 13C NMR (Figure S3-S4 and S11, respectively). Similarly, reactions 

with CFEs of CPDMO or CRE-CPDMO yielded 93.5% menthide, with a minor (6.5%) secondary 

peak detected (Figure S5). Subsequent analysis showed this minor product had identical mass 

fragmentation patterns to menthide, suggesting it may be a different isomer (Figure S6).  

To assess the scale-up potential of these reactions, reactions with CRE-CPDMO extracts were 

performed with variable (-)-menthone concentrations (5-50 mM). Analytical scale reactions with 

substrate concentrations above 10 mM led to a significant decrease in product yield (Table 2). 

Larger-scale reactions were performed with CRE-CPDMO extracts (500 mL), resulting in lower 

menthide yields of 73% and the detection of the substrate isomer isomenthone (Figure S7). The 

generation of isomenthone with CRE-CPDMO extracts, but not purified protein is not surprising as 

prior studies with CFEs of E. coli showed the isomerization of menthone, and isomenthone that is  

likely to proceed via a classical glutamate racemase-type mechanism.56  

Therefore, subsequent preparative-scale biotransformation reactions were performed with 5 mM of 

(-)-menthone to both optimize menthide yield and purity. 

 

 

  

 

 

  

 

 

Table 2. Effect of substrate concentration on menthide yields with 
CRE-CPDMO. 

(-)-Menthone (mM) Conversion (%)a Menthide yield  (%)b 

5 ∼100 91.4  

10 ∼100 92.2  

25 61.8 70.7  

50 40.5 66.4  

Reactions (1 mL) were performed in buffer (100 mM sodium phosphate, 
pH 7.0) containing (-)-menthone (5-50 mM) and CRE-CPDMO CFEs at 
28 °C for 24 h. Reaction products were extracted in ethyl acetate 
containing 0.1% sec-butyl-benzene and analysed by GC/MS using a DB-
Wax column. a% of (-)-menthone converted to product/s. b% of 
menthide in the product/s. 
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Biotransformations of CHMOPhi1. GC/MS analysis of biotransformations of purified WT 

CHMOPhi1 and CRE-CHMOPhi1 extracts with (+)-dihydrocarvone showed the formation of the 

‘abnormal’ lactone (3S,6R)-3-methyl-6-(prop-1-en-2-yl)oxepan-2-one); Scheme 1, Figures S9a, 

S10a. Product identification was confirmed by 1H and 13C NMR using lactone purified from larger 

scale reactions (Figure S12). However, PDC polymers require the ‘normal lactone’ dihydrocarvide 

monomer, so the regio-selectivity of CHMOPhi1 needed to be altered to enable the desired product to 

be formed. 

Prior mutagenesis studies of CHMOAr and CHMOAc showed that a substrate regio-selectivity 

change could be achieved by mutating three active site amino acids (F299A/F330A/F485A; 

CHMOAr numbering).54, 57 Homologous mutations in both enzymes led to a complete switch from 

producing the ‘abnormal’ to ‘normal’ lactone from (+)-dihydrocarvone.54 An amino acid sequence 

alignment of CHMOPhi1 with CHMOAr and CHMOAc showed moderate homology (55%; results not 

shown), enabling the 3 targeted phenylalanine residues to be identified (F249, F280 and F435). The 

homologous variant (F249A, F280A and F435A) was generated for both CHMOPhi1 and CRE-

CHMOPhi1. The variant was expressed, purified (UV/Vis spectroscopy; Figures S1-S2; Table S2) 

and tested for activity with (+)-dihydrocarvone.  

Biotransformations of variant CHMOPhi1 (both purified protein and CFEs) showed that the regio-

selectivity of the enzyme had successfully switched to forming the ‘normal’ lactone dihydrocarvide 

as the major product (Figure S9b, S10b). Product identification was confirmed by 1H and 13C NMR 

using lactone purified from larger scale reactions (Figure S13). (+)-dihydrocarvone is commercially 

available as a mixture of two isomers, the n-isomer (2R,5R) and the iso-isomer (2R,5S) at around 

77:20 ratio (Figure S8a). Interestingly, reactions of purified WT and variant CHMOPhi1 with the 

commercially available (+)-dihydrocarvone showed conversion of only the (2R,5R)-isomer (>99%; 

Figure S9a, S9b), yet both isomers appeared to be consumed in reactions containing CFEs (>99%, 

Figure S10). This is likely due to the activity of a native E. coli enzyme capable of reacting with the 

(2R,5S) isomer of (+)-dihydrocarvone. 
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Preparative-scale lactone production. Larger-scale reactions (2 x 500 mL; 5 mM substrate) were 

performed to generate both menthide and dihydrocarvide using CFEs of CRE-CPDMO and the 

CRE-CHMOPhil1 variant, respectively. Each product was solvent extracted and purified to generate 

lactone oils (> 99% purity) with yields of 403 mg of menthide (47%) and 211 mg of dihydrocarvide 

(33%).  The identity and purity of the lactones were confirmed by 1H and 13C NMR analysis (Figure 

S11 and S13).  

As further proof of principle, the same methodology was applied to generate the lactone of (+)-

pulegone ((R)-4-methyl-7-(propan-2-ylidene)oxepan-2-one), Scheme 2 and the abnormal lactone of 

(+)-dihydrocarvone, Scheme 1B using CRE-CPDMO and WT CHMOPhil1, respectively (Supporting 

Information  for more details and NMR data). The products were purified (> 99%) and the 

structures confirmed by 1H and 13C NMR analysis (Figure S12 and S14). The yield of lactone of 

(+)-pulegone and the abnormal lactone of (+)-dihydrocarvone were 121.4 mg (29.4%) and 190.1 

mg (14.4%), respectively. Optimization to improve both the product yield and recovery after 

purification would be needed to increase the applicability of biosynthetic lactone production on an 

industrial scale. 

 

Ring opening polymerization of lactone monomers. We have demonstrated the efficient 

biosynthesis of a range of monoterpenoid lactone monomers on a preparative scale. The next stage 

is to implement a more environmentally friendly ROP to further improve the production of existing 

and novel bio-based polymers. By controlling the molecular weight and composition of the 

polymers, their properties can be tailored for use in diverse applications. 58 Previous studies have 

described the synthesis and characterisation of polymers derived from menthide19, 59 and 

dihydrocarvide,20 including ROP reactions using the milder [Mg(BHT)2(THF)2] catalyst with 

menthide30 and ε-caprolactone.60  

The BVMO-derived lactones menthide, dihydrocarvide and pulegone lactone were subjected to 

ROP reactions using [Mg(BHT)2(THF)2] catalyst.30 As a control, we also performed comparative 
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ROP with commercially available ε-caprolactone, to enable a comparison of polymer sizes with 

previously published values. Each polymer was purified, and analysed by both 1H NMR 

spectroscopy (Figure S15-S16) and triple detection GPC (Figure S17-S18), to confirm the 

polymeric nature and molecular distribution of the products (Table 3). There was no evidence of 

polymer formation with the pulegone lactone (see Supporting Information for discussion).  

 

Table 3. GPC quantitative parameters of each polymer using OMISECTM Multi Detection GPC analysis. 

Polymer Mn (kDa) Mw (kDa) ĐM IV (dL/g) Rh (nm) 

Polymenthide (PM) 6.55 7.98 1.22 0.14 2.57 

Polydihydrocarvide (PDC) 6.11 7.42 1.21 0.11 2.29 

Polyε--caprolactone (PCL) 6.58 11.73 1.79 0.24 3.39 

Mw = weight average molecular weight; Mn = number average molecular weight; ĐM = sample dispersity; IV = intrinsic 
viscosity; Rh = hydrodynamic radius. The GPC was coupled with refractive index (RI), Right-Angle Light Scattering 
(RALS), Low-Angle Light Scattering (LALS) and viscometer detection. Samples were prepared in THF (3 mg/mL of 
solid polymer or 20 µL of liquid polymer/mL) and 50 µL injections of samples were separated isocratically on a set of 
standard ViscoGel columns. The columns and detectors were maintained at 35 °C. The detectors recorded the elution of 
the samples from the columns and the analysis was performed using the OMNISECTM V10.20 software. The data 
presented are the average of three measurements. The dn/dc value was fixed to 0.72 mL/g for PCL61 due to the reaction 
scale and impurities present. 

 
In each case, the NMR spectra of the derived polymers was consistent with previously published 

spectra for PM, PDC and PCL.19, 20, 30, 59, 60 The molecular mass and dispersity of purified PM 

(Table 3) was shown to be very similar to the previously described polymer generated using the 

same ROP catalyst with chemically-synthesised menthide (Mw ~ 8.0 kD; ĐM ~ 1.2).30 Therefore, the 

ROP polymerization of the bio-sourced menthide has successfully generated polymers of similar 

characteristics as PM from chemically synthesised monomers. 

Polymers of bio-derived dihydrocarvide showed a very similar molecular mass and dispersity as 

PM (Table 3). The only report of ROP using [Mg(BHT)2(THF)2] catalyst with dihydrocarvide was 

co-polymerizations with ω-pentadecalactone.30 Control PCL polymers showed similar number 

average molecular weight but broader dispersity (ĐM = 1.79) than PM and PDC (Table 3) reflective 

of a faster rate of polymerization. Previous ROP, using a manganese catalyst, gave similar PCL 

molecular masses under both aerobic and nitrogen environments.60 
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The Mark-Houwink plot was generated for the three polymers (Figure S25) showing the influence 

of lactone substitution on main chain flexibility in line with expectation (PDC > PM > PCL). This 

opens up great potential in generating de novo bio-plastics with variable properties by combining 

the strategies of BVMO-derived regio-specific lactone generation with milder ROP-based 

polymerizations. 

Crystal structure of WT and variant CHMOPhi1. To understand the role of active site residues 

F249, F280 and F435 in determining the regio-selectivity of CHMOPhi1 towards (+)-

dihydrocarvone, the crystal structures of both WT (2.4 Å) and variant (2.5 Å) were determined in 

complex with NADP+ (Figure 1). The structures were solved by molecular replacement using the 

coordinates of the closed form of CHMO from Rhodococcus sp. HI-31 (90% sequence identity) as 

the search model. Our repeated efforts to obtain structures in complex with either (+)-

dihydrocarvone or the lactone product failed.  

Both structures possessed BVMO-like Rossmann fold domains for FAD- and NADPH-binding and 

a third helical domain flanking the cofactor-binding domains (Figure 1A). Clear electron density is 

observed for FAD and NADP+ in both structures. Unusually for monomeric BVMOs, the structures 

contained two molecules in the asymmetric unit. Analysis of the dimer interface revealed no 

significant interactions between the two chains of the WT structure. The interface is significantly 

altered when compared to the one seen in the dimeric structure of 2-oxo-Δ(3)-4,5,5-

trimethylcyclopentenylacetyl-coenzyme A monooxygenase from Pseudomonas putida ATCC 

17453.62 Size exclusion chromatography showed both the WT and variant eluted from the column 

corresponding to their respective monomeric molecular weights. In addition, analysis of the 

assemblies by PISA63 gave a Complexation Significance Score (CSS) of zero for both CHMOPhi1 

structures excluding any formation of quaternary structure in solution and the observed dimeric 

arrangements are therefore crystallization artefacts. 

The WT CHMOPhi1 structure shows the presence of a well-ordered control loop (residues 489-506), 

which is implicated in the catalytic mechanism of BVMO enzymes.64 This suggests the enzyme is 
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in a ‘closed’ conformation, as it closely resembles previously described CHMOtight
65 and 

CHMOclosed structures.66 In contrast, the control loop region of the variant CHMOPhi1 structure 

exhibits altered conformation and lack of electron density for residues 496-504. The altered 

residues (487-495) have significantly moved away from the active site, which resulted in the side 

chain of W493 now positioned at a distance of 6.4 Å (measured between NE atoms) from WT 

location. There is also a significant conformational change between the NADP+-binding domains of 

the two structures (Figure 1B). The movement of the NADP+-binding domains is similar to that 

observed for the Rhodococcus sp. HI-31 CHMOopen and CHMOclosed structures,66 suggesting the 

variant CHMOPhi1 structure is in an ‘open’ conformation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Crystal structures of WT CHMO Phi1 and the F435A, F280A, F249A variant. A) Cartoon 

representation of CHMO Phi1 WT structure with the NADP+ domain is shown in blue, FAD domain in lilac 

and the helical domain in cyan. The control loop is shown as a red loop. B) Cartoon representation of an 

overlay of WT (lilac) and variant (aqua) structures of CHMOPhi1. The arrow indicates the movement of 

NADP+ domains when the FAD-domains are anchored. Active site of C) WT and D) variant CHMO Phi1 
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(chain A) structure showing side chains of key residues as lilac and aqua sticks, respectively. In all panels, 

the FAD and NADP+ are shown as atom colored sticks with orange and green carbons, respectively. 

 

There are several notable active site differences between the WT and variant structures of 

CHMOPhi1. In the WT closed structure, the nicotinamide ring of NADP+ is positioned almost 

parallel to the isoalloxazine ring of FAD, with a distance of 2.81 Å between the N7 atom of NADP+ 

and N5 of FAD. The conserved residues R330 and D60 form a salt bridge (Figure 1C), and are 

involved in the positioning of NADP+ and substrate, as noted in prior work.62 In the variant 

structure this interaction is absent, with one conformation of R330 positioned close to W493 (chain 

A, Figure 1D) and the second between mutated residues A280 and A435 (chain B; Figure 1C-D). 

Free from the salt bridge, D60 in the variant is pointing inwards into the active site. 

Variant mutations F280A and F249A are located close to the FAD and NADP+, resulting in the 

movement of the nicotinamide moiety downwards aligning with the face of the isoalloxazine ring of 

FAD and losing the interactions with S189 and N193. This change in position in the variant 

structure is likely facilitated by the displaced control loop, and has resulted in an increase in the 

distance between the NADP+ N7 atom and the FAD N5 atom to 6.4 Å. There is also a loss of the 

control loop residue W493 NE to NADP+ O3 hydrogen bond in the variant structure providing 

flexibility to the ribose moiety. Additionally, the F435A mutation has resulted in significant 

rearrangement of the nearby residues from 434 to 438, which forms the boundary to one side 

substrate binding pocket. This loop arrangement has caused the N437 side chain in the variant to 

twist horizontally towards the nicotinamide moiety and form a hydrogen bond.  

Two regions near the active site display significant backbone differences when the two structures 

were superposed. Residues 146-151 and 380-386 are positioned away from the active site in the 

variant, possibly to accommodate the new location of NADP+. It is worth noting that the observed 

backbone differences extend beyond the active site and continue to the NADP+-binding domain. In 

addition to D60, R330, N437, W493 and the three mutations discussed above, backbone differences 
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have also contributed to the change in the active site area in the variant. In particular, the side 

chains of L146 and L147 are now located considerably further away from the active site, 

contributing to the expansion of substrate binding pocket. In summary, the variant CHMOPhi1 

structure show that the three mutations have resulted in a significant increase in the overall size of 

the active site pocket, and changes in the interaction between NADP+, FAD and/or protein residues. 

Computational study of CHMOPhi1 regio-selectivity. The switch in regio-selectivity for lactone 

formation observed between WT and variant CHMOPhi1 suggests a change in the conformation(s) of 

(2R,5R)-(+)-dihydrocarvone bound in the active site. Detailed understanding of the structural and 

energetic effects of changes to the active site pocket and the interactions between cofactors, protein 

residues and substrate conformers will be important for the computational design, screening and 

optimisation of biocatalysts. Here, molecular dynamics simulations and DFT calculations on cluster 

models have been used to identify important features. The results are described briefly here, with a 

more in-depth discussion of the computational approaches used and insights gained in the 

Supporting Information.  

BVMOs catalyse the NADPH-dependent oxygen insertion into a carbon-carbon single bond of 

acyclic and cyclic ketones.67, 68 The reaction proceeds via a Criegee intermediate (Scheme 2A) The 

regio-selectivity of the reaction arises because the migrating substituent and the O-O bond of the 

peroxy group need to be anti-periplanar,69 which is controlled by the orientation of the substrate 

within the active site.54 The normal or abnormal lactone (Scheme 1) is formed dependent on 

whether oxygen insertion occurs adjacent to the more highly or less substituted carbon atom, 

respectively.54 
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Scheme 2. A) Mechanism of formation of the Criegee intermediates in the reaction between BVMO-FAD, 

NADPH, O2 and cyclohexanone. Mechanism is adapted from Yachnin, B.J. et al (2012)70 B) Molecular 

structure and conformations of (2R,5R)-(+)-dihydrocarvone.  

 

Detailed conformational studies of cyclohexanones show that the six-membered ring is likely to be 

most stable in a chair conformation,71 with the two substituents placed in either an equatorial, 

equatorial (eq, eq), or in an axial, axial (ax, ax) arrangement (Scheme 2B).72-77 For CHMOPhi1-

catalysed (+)-dihydrocarvone oxidation, only the (2R, 5R) isomer is consumed. For this isomer, the 

equatorial conformation is slightly more favorable (by 1.8 kcal/mol-1 in the isolated (2R,5R) isomer 

at the present level of theory, in agreement with molecular mechanical studies of related 

cyclohexanone75. In the cluster models of the active site considered here (Table 4 below), the 

energy preference (calculated by DFT) for the equatorial conformer increases in the reactant 

complex compared to the isolated substrate (by between 3.5 and 8.5 kcal mol-1), suggesting that the 

site is selective.  

As the crystallographic data suggested significant differences in the active site on going from WT to 

variant structures of CHMOPhi1, molecular dynamics (MD) simulations (see Supporting Information 

for details) were used to identify persistent steric interactions with the active site. Three 

independent replicas of molecular dynamics simulations were performed using the crystal structures 
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of WT and variant CHMOPhi1-NADPH-FAD without the substrate and the Criegee intermediate in 

both conformations. For the WT, this showed that the Criegee intermediate in the ax, ax 

conformation sterically clashes with nearby residues, making it less favorable than the eq, eq 

conformer. In contrast, both conformations are readily accommodated by the variant structure (see 

below and further discussion in Supporting Information for further discussion). 

Simulations with the WT enzyme showed that the Criegee intermediate in the eq, eq conformation 

was stable during the 100 ns of MD simulation in three replicas, and interacted with residues F435, 

F249, F280 and W493 (Figure 2 and S23a). In contrast, simulations with the Criegee intermediate 

in the ax, ax conformation showed a switch in conformation to the eq, eq form after 40 ns in the 

first replica, 16 ns and 21 ns in the second and third, respectively (Figure S23b). Interestingly, when 

the variant structure was used, both Criegee intermediate conformers were stable during the 

simulation time (Figure 2 and S23c-d). This may be due to the relatively larger active site cavity 

and increased flexibility of the control loop, which was seen during simulations of  the WT and 

variant CHMOPhi1 without the Criegee intermediate (Figure S22). In particular, accommodation of 

the ax, ax substrate conformer in the variant protein could be partly due to the movement of residue 

W493 (control loop residue) away from the active site.  

The MD simulations suggest that close contacts with W493 destabilise the ax, ax conformer of the 

substrate, making the WT selective for the eq, eq conformer and leading to the abnormal product. 

The mutations of F249A, F280A and F435A make the active site larger and, equally importantly, 

the control loop considerably more flexible. This suggests that both conformers, eq, eq and ax,ax, 

need to be considered to determine the balance between a kinetic preference for the normal lactone 

product and other factors (site selectivity, close contacts) which might favor the abnormal lactone 

instead. 
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Figure 2. Predictions of the binding of Criegee intermediates in CHMOPhi1. A) Predicted interactions 

between WT and variant CHMOPhi1 with the Criegee intermediates. The panels are in the same orientation. 

Criegee intermediate conformers (eq, eq and ax, ax) are shown as atom colored sticks with cyan and green 

carbons, respectively. Residues of WT and variant CHMOPhi1 are shown as atom colored sticks with pink and 

orange carbons, respectively. B) Calculated active site/Criegee intermediates in the eq, eq (left) and ax, ax 

(right) within WT CHMOPhi1 crystal structure. The orientation of the panels is slightly different to facilitate 

the viewing of the substrate interactions, especially with W493 at the top left of each panel. 

DFT calculations on a small ‘cluster’ model of the active site (M(med), see Supporting Information 

for full computational details) were used to explore selectivity and reactivity. These calculations 

were based on a previous mechanistic study of the active site, albeit with different substrates,78 and 

included the NADP+ and FADHOO- versions of the cofactors, and R330 with a protonated 

guanidium which, together with the NADP+ ribose hydroxyl groups, allows hydrogen bonds with 

the substrates. Additional calculations were performed with residue W493 in the 

crystallographically observed position (M(med_W) or in the absence of R330 (M(med_noR). 

Geometries of the reactant, Criegee intermediate, migration transition state and product were 

considered for both (2R,5R)-(+)-dihydrocarvone conformations, allowing comparison of the 

calculated potential energies (Table 4). The analyses did not model the Criegee intermediate 
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formation because previous work found this to be  energetically more accessible than the migration 

transition state for a cyclohexanone substrate.78  

Migration transition states for the regio-isomer of the lactone product in each case (where the 

migrating group is not antiperiplanar to the O-O peroxide bond) could not be accommodated in the 

cluster model, producing a range of close contacts that could not be relieved by optimisation within 

the geometry constraints used (chosen to reproduce the crystallographically-observed residue 

positions). The eq, eq conformer thus leads only to the abnormal lactone, whereas the ax, ax 

conformers gives only normal lactone. In contrast, optimization of the product complexes for both 

lactone products was successful. These active site models do not include any of the residues that 

were mutated to switch selectivity. Full structural analysis and breakdown of energies as well as a 

discussion of our approach can be found in the Supporting Information. 

 

Table 4: DFT-calculated potential energies for key stationary points (PWB6K/DZP, kcal mol-1, see SI for full 
details, method effects and structural analyses, as well as M(med_noR) data; NL denotes normal lactone, AL 
abnormal lactone). 
 

Conformer eq, eq ax, axa ax, ax onlyb 

M(med_W)    

Reactant 0.0 3.5 0.0 
Criegee IM 6.8 11.6 8.1 
Migration TSc 25.6 (AL) 35.3 (NL) 31.8 (NL) 
Product –66.7 (AL) –61.7 (NL) –65.2 (NL) 

M(med)    

Reactant 0.0 8.5  0.0 
Criegee IM 8.0  9.1  0.6 
Migration TSc 25.9 (AL)  28.4 (NL)  19.9 (NL) 
Product –67.3 (AL)  –64.0 (NL)  –72.5 (NL) 
a Energies relative to eq, eq reactant. b Energies relative to ax, ax reactant. c Only one TS could be located for each 
conformer. 

 

As discussed above and in greater detail in the SI, residue W493 is important for interactions 

between the substrate and the residues in the active site, and was therefore included in M(med_W), 

which we consider a suitable model for the WT, with M(med) a possible model for the variant in 

which this residue moves away from the reacting site.  
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Active site models of the WT  enzyme containing W493 (M(med_W)) show a clear preference for 

the eq, eq conformer of the substrate, with a lower barrier to reaction (18.8 vs 23.7 kcal moL-1 cf. 

Criegee IM) compared to the ax, ax conformer. The substrate (eq, eq) moves closer to R330 to 

relieve close contacts with W493, and possibly also F249 and F435 (Figure 2A). This model of the 

active site captures essential features of the WT enzyme. 

In the absence of W493, as could occur in the variant, but retaining R330 in the model (M(med)), 

site selectivity is actually predicted to be enhanced for the reactant complexes, increasing the 

preference for the equatorial conformer to 8.5 kcal mol-1. However, the MD simulations above and 

detailed structural analyses (see Supporting Information) suggest that interactions between the 

active site and the substrate or product are relatively weak and rely on hydrogen-bonding, making 

these calculation results noisy and more variable than for the Criegee intermediate in which the 

substrate is bound more strongly via O2. This is discussed in detail in the Supporting Information. 

We would encourage caution in over-interpretation of the reactant and product complex energies 

and their implications for selectivity. There is only a weak calculated preference for the Criegee 

intermediate of M(med) with respect to the equatorial conformer (near isoenergetic with ax, ax), 

with very similar transition state energies for the migration step (equatorial 17.9 kcal mol-1 vs. axial 

19.3 kcal mol-1 vs. the related Criegee IMs). However, when barriers to migration compared to the 

same conformer’s reactant complex are considered (considering the eq, eq and ax, ax only columns 

in Table 4), the axial conformer reacts via a lower barrier and the normal lactone product would be 

predicted to be produced in this case. This suggests the WT selectivity (modeled by M(med_W)) 

arises from a clear thermodynamic preference for the eq, eq conformer throughout, leading to the 

abnormal lactone, while the variant (modeled by M(med)) shows an erosion of the preference for 

the eq, eq conformer in the Criegee intermediate. At this stage, a switch to kinetic control may 

become possible, favoring the ax, ax conformer in the Criegee intermediate, which could then 

progress via a lower barrier to reach the migration transition state and produce the normal lactone.  
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The mutations were initially identified by Balke et al.79 after docking of the normal lactone product 

of (2R,5R)-(+)-dihydrocarvone (ax, ax substrate conformer) into protein crystal structure geometries 

of the WT; in later work, a different lactone product, from the reaction of the (2S, 5S)-(+)- 

dihydrocarvone enantiomer, was also considered.57 These considerations led the authors to propose 

the sites for mutation, aimed at opening up the active site to better accommodate the normal 

lactone, with experimental evaluation used to select the final triple site mutation (F249A, F280A, 

F435A in the organism used here).  As shown in Figure 2A for the relevant Criegee intermediates, 

these mutations do indeed give rise to a comparatively more open site. In addition, as discussed 

above, they increase the mobility of other residues, removing the W493 residue from close contacts 

in the reacting site. These changes could only be detected by MD simulation and crystallographic 

study of the variant CHMOPhi1 structure as reported here, and will probably reduce the number of 

unfavorable interactions with substrate conformers. By making the conformers more similar in 

energy to each other and so reducing inherent site selectivity, the kinetic preference for the O 

migrating to the more electron-rich 2-methyl substituent (axial conformer) becomes more 

important, producing the normal lactone. Such effects are subtle and require consideration of 

structures and reactivity. Quantifying the energy differences reliably would require extensive 

sampling (and calculations of binding affinities) rather than a cluster DFT or QM/MM calculation; 

as discussed in greater detail in the Supporting Information, this lies outside the scope of the present 

study. 

This computational analysis demonstrates the importance of considering key stationary points along 

the reaction pathway during the computational screening and design process, as the site selectivity 

for substrate and product alone is not sufficient for explaining the observed product preferences. 

The reactivity and selectivity changes are subtle, and several effects combine to give the observed 

outcome. Computational studies aimed at future design should carefully consider the whole range 

of potentially important and competing effects, of binding and reactivity. These computational 

models presented here should assist in prediction of selectivity for normal vs. abnormal lactone 
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formation by natural and designed CHMOs. This should allow extension to other potential terpene 

substrates.  

 

CONCLUSIONS 

We present a semi-synthetic approach utilising biocatalysis with non-petroleum feedstocks as a 

practical route to potentially novel lactone monomers. This approach employs BVMO enzymes 

which provide control over the enantio- and regio-specificity of monomer production. Further, we 

have combined experimental and computational approaches to investigate and analyse the causes of 

the observed selectivity.  

This interaction between structural biology, molecular dynamics simulations and quantum chemical 

models with experimental testing provides a guide for design and thus a roadmap for finding 

biocatalytic routes for the production of other monomers. We have also demonstrated that menthide 

and dihydrocarvide can be polymerized using a mild metal-organic catalyst. When combined with 

the control over isomers of the lactone monomers that biocatalysis enables, this opens up a broader 

range of polymer physical properties and behaviours for a wide range of applications.  

Our platform technology to existing and novel lactone-based polymers combines biocatalyst 

identification (and potentially future design), adaptation to optimize regio-selective control of 

monomer formation and environmentally friendly polymer chemistry. Access to existing and novel 

monomers with improved performance and functionality from feedstocks has the potential to 

transform polymer production by providing routes to their manufacture, a key element of a nascent 

circular economy.  
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General Information and Methods 

 

Chemicals and Reagents 

All chemicals, reagents, media, organic solvents, resins for chromatography and other materials 

used in this study were obtained from Sigma-Aldrich Co Limited, Fisher Scientific UK Limited, 

Agilent Technologies UK Limited, Roche Applied Sciences, and VWR International Limited. The 

Escherichia coli expression cells BL21 (DE3) and C41 (DE3) strains were obtained from Promega 

UK and Cambridge Bioscience Limited; respectively. Gene sequencing and oligonucleotide 

synthesis were performed by Eurofins MWG (Ebersberg, Germany). The expression vectors 

pET21b and pET15b were from Novagen. The substrates (-)-menthone, (+)-dihydrocarvone and 

(+)-pulegone used in this study were commercially available, and were dissolved in absolute 

ethanol (0.25 M or 0.5 M). The normal lactones of (-)-menthone, (+)-dihydrocarvone of (+)-

pulegone were synthesised by NewChem Technologies Limited to be used as authentic standards 

for qualitative and quantitative analyses only. The anhydrous organic solvents were of extra dry 

grade and were stored and opened under strict anaerobic conditions in a glove box. 

Mg(BHT)2(THF)2 was synthesised as previously reported,
1, 2

 kindly donated by Dr John Morrison, 

School of Chemistry, University of Manchester and stored in a glove box until used. 

Oligonucleotide primer sequences 

Site-directed mutagenesis of wild-type (WT) CHMOPhi1 was performed using the QuikChange 

lightning site-directed mutagenesis kit (Agilent) according to the manufacturer’s protocols. The 

sequence of the primer pairs for mutation introduction by PCR can be found in Table S1. 

 

Table S1. Primer sequences for the construction of the CHMOPhi1 F249A/F280A/F435A triple mutant (variant 

CHMOPhi1). 

Mutation Direction Sequence 

F249A Forward 

Reverse 

5’-GTGAAAAAAAGCGCAGTTGCCGCGGGTTTTGAAGAAAGCACCCTG-3’ 

5’-CAGGGTGCTTTCTTCAAAACCCGCGGCAACTGCGCTTTTTTTCAC-3’ 

F280A Forward 

Reverse 

5’-GCATGGGATCATGGTGGTGGCGCGCGTTTTATGTTTGGCACC-3’ 

5’-GGTGCCAAACATAAAACGCGCGCCACCACCATGATCCCATGC -3’ 

F435A Forward 

Reverse 

5’-GGGTCCGAATGGTCCGGCGACCAATCTGCCTCCGAG-3’ 

5’-CTCGGAGGCAGATTGGTCGCCGGACCATTCGGACCC-3’ 

The mutated bases are underlined 

Protein production and analysis 

Cultures of E. coli containing BVMOs/CRE-BVMOs were grown in 2xYT medium (500 mL; 

tryptone 16 g/L, yeast extract 10 g/L and 5 g/L NaCl pH 7.0), containing ampicillin (100 mg/mL) 

and a 1% inoculum of an overnight pre-culture in the same medium.  Cultures were incubated at 

37°C until OD600nm reached 0.6, followed by an 18 h induction with isopropyl-β-D-1-

thiogalactopyranoside (IPTG; 10 µM for CHMOPhi1, and  CRE-CHMO Phi1; 500 µM for CPDMO; 

100 µM for CRE-CPDMO) at 24 C. Cells were harvested by centrifugation at 5000g for 10 min at 

4°C. Cell-free extracts (CFE) for biotransformations were generated by resuspending the cell pellet 

in PBS buffer (10 mM pH 7.4) containing phenylmethylsufonylfluoride and lysing by 

ultrasonication (4 C). The extracts were clarified by centrifugation at 26600g, diluted to a protein 
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concentration of 15 mg/mL, stored at -20 C in 1 mL aliquots and either used directly or stored at -

20 C.  

Protein expressions were assessed by SDS-PAGE, using 12% Mini-PROTEAN TGX Stain-Free 

gels and the Precision Plus protein unstained markers (BioRad; Figure S1). Protein concentrations 

were measured by Bradford method using the Bio-Rad protein assay kit according to 

manufacturer’s instructions. Table S2 shows a representative example of purified protein yields, 

which varied from batch to batch. 

 

 

Figure S1. SDS-PAGE analysis of the BVMOs showing the protein expression levels in cell pellets/lysates. A) 

CPDMO from Pseudomonas sp. HI-70, lane 1: protein marker, lane 2: CFE of CRE-CPDMO, lane 3: cell pellet of 

CRE-CPDMO, lane 4: cell lysate of CPDMO, B) The WT CHMO from Rhodococcus sp. Phi1 (CHMOPhi1) and its 

F299A/F330A/F485A variant of, lane 1: protein marker, lanes 2, 3 CFE of WT CHMOPhi1, lane 4: CFE of the variant of 

CHMOPhi1. C) CRE-WT CHMOPhi1, lane 1: protein marker, lanes 2-7 CFEs from various batches. D) CRE-CHMOPhi1 

variant, lane1: protein marker, lanes 2-4 CFEs from various batches. 

 

Table S2. Total protein concentrations of the produced BVMOs in cell pellets. 

Enzyme Protein Yield 

(mg/g cell pellet) 

CPDMO 60.2 

CRE-CPDMO 70.0 

Wild type (WT) CHMOPhi1 59.2 

WT CRE-CHMOPhi1 86.0 

CHMOPhi1 variant  54.6 

CRE-CHMOPhi1 variant  69.0 
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Figure S2. UV-Visible spectra of the purified BVMOs.  A) CPDMO from Pseudomonas sp. HI-70 (20 µM), B) WT 

CHMOPhi1 (16 µM) and C) The variant of CHMOPhi1 (63 µM). Spectra were obtained in 50 mM Tris buffer, pH 7.0 at 25 

C. 

 

Gas Chromatography/Mass Spectroscopy (GC/MS) Analysis  

Biotransformation extracts were analysed on an Agilent Technologies 7890B GC system with a 

5977A MSD extractor EI source detector using a DB-WAX column (30 m x 0.32 mm x 0.25 M 

film thickness; Agilent Technologies). In this method the injector temperature was set at 240°C 

with a split ratio of 20:1 (1 L injection). The carrier gas was helium with a flow rate of 2 mL/min 

and a pressure of 4.6 psi. The program began at 50 °C (1 min hold), ramped to 230 °C at 8°C/min, 

with a hold at 230 °C (1 min). The ion source temperature of the mass spectrometer (MS) was set to 

230°C and spectra were recorded from m/z 50 to m/z 250. The mass spectra fragmentation patterns 

were entered into the NIST/EPA/NIH 11 mass spectral library for identification of a potential 

match. Compound identification was carried out using authentic standards and also by comparison 

to reference spectra in the NIST library of MS spectra and fragmentation patterns. Quantitative 

analysis using authentic standards was performed using experimentally determined relative 

response factors in relation to the internal standard used (0.1% sec-butyl-benzene).  

 

NMR Spectroscopy 

NMR analyses were performed on a Bruker 400 MHz NMR spectrometer. 
1
H NMR and 

13
C NMR 

spectra were recorded in deuterated chloroform (CDCl3) and the chemical shifts were referenced to 

internal tetramethylsilane (TMS). 
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GC/MS Chromatograms and Data Analysis 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. GC/MS chromatograms of A) (-)-menthone and B) menthide compound standards. Each compound (5 

mM) was dissolved in ethyl acetate containing 0.1% sec-butyl-benzene. The retention times (5.1 min for sec-butyl-

benzene here and throughout) and mass fragmentation pattern for each compound are shown in the upper and lower 

panels of each part, respectively.  

 

A 

 

B 
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Figure S4. GC/MS chromatograms of the biotransformation reaction product of the purified CPDMO with (-)-

menthone. Biotransformation reaction conditions: purified CPDMO (2 M), (-)-menthone (5 mM), NADP
+
 (15 M), 

glucose (15 mM), glucose dehydrogenase (GDH from Pseudomonas sp., 10U) in 1 mL 50 mM Tris buffer, pH 7.0 at 28 

C. The reaction products were extracted in ethyl acetate containing 0.1% sec-butyl-benzene as internal standard for 

GC/MS analysis. The retention times and mass fragmentation pattern for each compound are shown in the upper and 

lower panels, respectively. 
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Figure S5. GC/MS chromatograms of the biotransformation reaction products of CFE of CPDMO (A) and CFE 

of CRE-CPDMO (B) with (-)-menthone. Reaction conditions: A) CFE of CPDMO (50 L), (-)-menthone (5 mM), 

NADP
+
 (15 M), glucose (15 mM) and glucose dehydrogenase (GDH from Pseudomonas sp., 10U) in 1 mL 50 mM 

Tris buffer, pH 7.0 at 28 C. B) CFE of CRE-CPDMO (50 L), (-)-menthone (5 mM) and 100 mM sodium phosphite in 

1 mL 50 mM Tris buffer, pH 7.0 at 28 C The reaction products were extracted in ethyl acetate containing 0.1% sec-

butyl-benzene as internal standards for GC/MS analysis. The retention times and mass fragmentation pattern for each 

compound are shown in the upper and lower panels of each part, respectively. Additional tiny peaks at RT of 15.432 

was also identified. 

 

A 
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Figure S6. GC/MS chromatograms of the biotransformation reaction products of the CFE of CRE-CPDMO with 

5 mM (-)-menthone in a 500 mL reaction volume. Reaction conditions: CFE of CRE-CPDMO (50 L/mL), (-)-

menthone (5 mM) and  100 mM sodium phosphite in 500 mL 50 mM Tris buffer, pH 7.0 at 28 C. The reaction 

products were extracted in ethyl acetate containing 0.1% sec-butyl-benzene as internal standards for GC/MS analysis. 

The retention times and mass fragmentation pattern for each compound are shown in the upper and lower panels, 

respectively. The retention times for (-)-menthone, menthide product and a possible additional lactone isomer are 8.416, 

15.253 and 15.432, respectively. Additional tiny peaks at RT of 8.86 was also identified. 
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Figure S7. GC/MS chromatograms of the biotransformation reaction products of the CFE of CRE-CPDMO with 

10 mM (-)-menthone in 500 mL reaction volume. Biotransformation reaction conditions: CFE of CRE-CPDMO (50 

L/mL), (-)-menthone (10 mM) and 100 mM sodium phosphite in 500 mL 50 mM Tris, pH 7.0 at 28 C. The reaction 

products were extracted in ethyl acetate containing 0.1% sec-butyl-benzene as internal standards for GC/MS analysis. 

The retention times and mass fragmentation pattern for each compound are shown in the upper and lower panels, 

respectively. The retention times for (-)-menthone, menthide product and isomenthone are 8.447, 15.264 and 8.86, 

respectively. Additional tiny peaks at RT of 8.86 was also identified. 
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Figure S8. GC/MS chromatograms of the (+)-dihydrocarvone and dihydrocarvide (the normal lactone of 

(2R,5R)-(+)-dihydrocarvone) standards. A) Spectrum of (+)-dihydrocarvone (5 mM) which is a mixture of 77% of 

the  (2R,5R) isomer (RT = 10.585 min) and 22% of the (2R,5S) isomer (RT = 10.845 min). Both isomers have identical 

mass spectra as shown in red. B) Spectrum of the normal lactone (5 mM) in green (RT = 17.422). Both standards were 

prepared in ethyl acetate containing 0.1 % sec-butyl-benzene as internal standard for GC/MS analysis.  

 

 

A 
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Figure S9. GC/MS chromatograms of the reaction products of purified WT CHMOPhi1 A) and variant CHMOPhi1 

B) with (+)-dihydrocarvone. Biotransformation reaction conditions: WT CHMOPhi1 or its variant (2 M), (+)-

dihydrocarvone (5 mM), NADP
+
 (15 M), glucose (15 mM), glucose dehydrogenase (GDH from Pseudomonas sp., 

10U) in 1 mL 50 mM Tris buffer, pH 7.0 at 28 C. The reaction products were extracted in ethyl acetate containing 

0.1% sec-butyl-benzene as internal standard for GC/MS analysis. The retention times for the normal lactone,  abnormal 

lactone and unreacted (2R,5S)-(+)-dihydrocarvide are 17.42, 17.147 and 10.7, respectively. 
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Figure S10. GC/MS chromatograms of the reaction products of the CFE of WT CRE CHMOPhi1 in A) and its 

variant in B) with (+)-dihydrocarvone. Reaction conditions: CFE of WT CRE-CHMOPhi1 or its variant (50 L/mL), 

(+)-dihydrocarvone (5 mM) and 100 mM sodium phosphite in 500 mL 50 mM Tris, pH 7.0 at 28 C. The reaction 

products were extracted in ethyl acetate containing 0.1% sec-butyl-benzene as internal standard for GC/MS analysis. 

The retention times and mass fragmentation pattern for each compound are shown in the upper and lower panels of each 

part, respectively. The retention times for (2R,5R)-(+)-dihydrocarvone, (2R,5S)-(+)-dihydrocarvone,  abnormal lactone 

and normal lactone are 10.573, 10.845, 17.147 and 17.42, respectively. 

 

 

A 

B 



 
 

S13 

1
H and 

13
C NMR Spectra of Lactone monomers  

 

 

 
Figure S11. 

1
H and 

13
C Spectra of menthide. NMR analyses were performed on a Bruker 400 MHz NMR 

spectrometer.  

Menthide, CDCl3, 400 MHz 
(4R,7S)-7-isopropyl-4-methyloxepan-2-one 

Menthide, CDCl3, 100 MHz 
(4R,7S)-7-isopropyl-4-methyloxepan-2-one 
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Figure S12. 
1
H and 

13
C Spectra of the abnormal lactone of (2R,5R)-(+)-dihydrocarvone. NMR analyses were 

performed on a Bruker 400 MHz NMR spectrometer. 

 

Abnormal lactone of (2R,5R)-(+)-dihydrocarvone, CDCl3, 100 MHz 
(3S,6R)-3-methyl-6-(prop-1-en-2-yl)oxepan-2-one 
 

Abnormal lactone of (2R,5R)-(+)-dihydrocarvone, CDCl3, 400 MHz 
(3S,6R)-3-methyl-6-(prop-1-en-2-yl)oxepan-2-one 
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Figure S13. 

1
H and 

13
C Spectra of the normal lactone of (2R,5R)-(+)-dihydrocarvone (dihydrocarvide). NMR 

analyses were performed on a Bruker 400 MHz NMR spectrometer. 

  

Normal lactone of (2R,5R)-(+)-dihydrocarvone (dihydrocarvide), CDCl3, 400 MHz 

 

Normal lactone of (2R,5R)-(+)-dihydrocarvone (dihydrocarvide), CDCl3, 100 MHz 
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Figure S14. 
1
H and 

13
C Spectra of the lactone of  (+)-pulegone. NMR analyses were performed on a Bruker 400 

MHz NMR spectrometer.   

Lactone of (+)-pulegone, CDCl3, 100 MHz 
(R)-4-methyl-7-(propan-2-ylidene)oxepan-2-one 
 

 

Lactone of (+)-pulegone, CDCl3, 400 MHz 
(R)-4-methyl-7-(propan-2-ylidene)oxepan-2-one 
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Characterisation Data for the Lactone monomers 

 

(4R,7S)-7-isopropyl-4-methyloxepan-2-one [Menthide] 

Clear oil (402 mg) 
1
H NMR (400 MHz, CDCl3) 3.99-4.02 (1H, dd, J = 4, 4 Hz), 

2.40-2.54 (2H, m), 3.38-3.42 (1H, m), 1.77-1.93 (4H, m), 1.50-1.60 (1H, m), 1.20-

1.30 (1H, m), 1.00 (3H, d, J = 8 Hz), 0.91-0.94 (6H, t, J = 8 Hz) 
13

C NMR (100 

MHz, CDCl3) 175.00, 84.75, 42.61, 37.49, 33.37, 30.99, 30.46, 24.01, 18.44, 

17.14. 

 

(R)-4-methyl-7-(propan-2-ylidene)oxepan-2-one [lactone of (+)-Pulegone] 

Clear oil (121 mg) 
1
H NMR (400 MHz, CDCl3) 2.59-2.66 (1H, m), 2.34-2.43 (2H, 

m), 2.03-2.11 (1H, m), 1.90-1.98 (1H, m), 1.77-1.84 (1H, m), 1.67 (1H, s), 1.62 (1H, 

s), 1.26-1.35 (1H, s), 1.05 (3H, d, J = 4 Hz) 
13

C NMR (100 MHz, CDCl3) 173.31, 

143.58, 18.82, 41.00, 35.79, 29.80, 27.69, 22.32, 18.42, 17.37. 

 

(4R,7R)-7-methyl-4-(prop-1-en-2-yl)oxepan-2-one (Normal lactone of (2R,5R)-(+)-

dihydrocarvone= dihydrocarvide) 

Clear oil (211 mg) 
1
H NMR (400 MHz, CDCl3) 4.71 (1H, brs), 4.69 (1H, brs), 

4.40-4.47 (1H, m), 2.69 (1H, t, J = 12 Hz), 2.55-2.60 (1H, m), 2.25 (1H, t, J = 12 

Hz), 1.88-1.92 (2H, m), 1.69 (3H, s), 1.53-1.66 (2H, m), 1.32 (3H, d, J = 4 Hz) 
13

C NMR (100 MHz, CDCl3) 174.70, 148.49,  110.19, 76.70, 41.84, 40.24, 35.89, 

34.34, 22.66, 20.22. 

  

(3R,6S)-3-methyl-6-(prop-1-en-2-yl)oxepan-2-one (Abnormal lactone of (2R,5R)-(+)-

dihydrocarvone) 

Clear oil (190 mg) 
1
H NMR (400 MHz, CDCl3) 4.78 (1H, brs), 4.67 (1H, brs), 

4.12-4.14 (2H, m), 3.42 (3H, s), 2.69-2.77 (1H, m), 2.20-2.27 (1H, m), 1.72 (3H, 

brs), 1.51-1.69 (1H, m), 1.17 (3H, d, J = 8 Hz) 
13

C NMR (100 MHz, CDCl3) 

178.00, 145.69, 111.20, 71.66, 50.69, 46.49, 37.26, 34.19, 31.82, 21.84, 18.45. 
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Polymerization Methods 

 

Ring Opening Polymerization 

The composition of the polymerization reactions is described in Table S3.  

 

Table S3. Ring-opening polymerization (ROP) reaction setup. 

Monomer  [M]0 (mg) Catalyst 

(mg) 

Initiator 

(L) 

Toluene 

(mL) 

Polymer 

-Caprolactone  400 21.3 3.63 1.4 Polycarprolactone (PCL) 

Menthide  280.6 20 3.4 1.714 Polymenthide (PM) 

Dihydrocarvide  277.28 20 3.4 1.714 Polydihydrocarvide (PDC) 

[M]0 is the lactone monomer concentration of 1 M. both the catalyst[Mg(BHT)2(THF)2]0 and the initiator [BnOH]0 are 

at 0.02 M concentration. i.e. [M]0:[Mg(BHT)2(THF)2]₀:[BnOH]₀ is at a ratio of 50:1:1. The concentrations of the 

reactants are similar to the method reported previously.
3
  

 

Gel Permeation Chromatography (GPC) 

For GPC analysis, conventional measurements were performed using a Marlvern GPC (Viscotek 

GPC max model VE2001 GPC) with a Viscotek VE 3580 differential refractometer detector 

calibrated with polystyrene standards. Samples were dissolved in THF (1 mg/mL). The data were 

acquired and analysed on Viscotek OMNISEC software. The polymers were further characterised at 

Malvern Laboratories, UK using the OMNISEC system by advanced Mutli-Detection GPC from 

Malvern Instruments (Table 3 in the manuscript, Figure S17) . The GPC was coupled with 

refractive index (RI), Right-Angle Light Scattering (RALS), Low-Angle Light Scattering (LALS) 

and viscometer detection. Samples were prepared in THF (3 mg/mL). The three polymers were 

compared using the Mark-Houwink plot/equation (Equation 1). The temperature and solvent were 

fixed to investigate the relationship between the intrinsic viscosity []i and the molecular weight Mi 

of the fractionated polymer samples.  

 []i = KMi
a
      Equation 1 

 

  

 

 

Table S4.  Molecular weight and dispersitiesof the crude polymers obtained by conventional GPC analysis. 

Polymer Mn (kDa) Mw (kDa) ĐM 

Polymenthide (PM) 9.5 11.5 1.217 

Polydihydrocarvide (PDC) 6.8 8.4 1.235 

Polycaprolactone (PCL) 7.4 20.9 2.8 

Data were obtained by analysing the polymer samples in a Viscotek GPC max (model VE2001) with differential 

refractometer detector (Viscotek VE 3580) using narrow distribution polystyrene standards. Mn = number average 

molecular weight (kDa); Mw = weight average molecular weight (Da); Đ = sample dispersity (Mw/Mn). Samples were 

prepared in THF (1 mg/mL of solid polymer or 30 L of liquid polymer/mL), with fractions (200 L) separated on a set 

of standard ViscoGel columns. The columns and detectors were maintained at 35 C. 
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NMR Spectra of the Polymers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. 
1
H and 

13
C Spectra of polymenthide (PM). NMR analyses were performed on a Bruker 400 MHz NMR 

spectrometer. 

Polymenthide before purification 

Polymenthide after purification 
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Figure S16. 
1
H and 

13
C Spectra of polydihydrocarvide (PDC). NMR analyses were performed on a Bruker 400 MHz 

NMR spectrometer. 

 

  

Polydihydrocarvide before purification 

Polydihydrocarvide after purification 
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Polymer Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S17. Triple detection GP chromatograms of the produced polymers PM (in A), PDC (in B) and PCL (in 

C) using the OMISEC
TM

 triple detection method. The data were acquired and analysed by OMISEC
TM

 Multi-

Detection GPC system from Malvern Instruments. The GPC was coupled with refractive index (RI in black), Right-

Angle Light Scattering (RALS in green), Low-Angle Light Scattering (LALS in red) and viscometer detection 

(differential pressure, DP in blue). Samples were prepared in THF (3 mg/mL of solid polymer or 20 µl of liquid 

polymer/mL) and 50 µl injections of samples were separated isocratically on a set of standard ViscoGel columns. The 

columns and detectors were maintained at 35 C. The detectors recorded the elution of the samples from the columns 

and the analysis was performed using the OMNISEC
TM

 V10.20 software.   
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Figure S18. GP chromatograms for the polymer of the lactone of (+)-pulegone using the OMISECTM triple 

detection method. The data were acquired and analysed by the advanced OMISECTM Multi-Detection GPC system 

(Malvern Instruments). The GPC coupled with refractive index (RI in red), Right-Angle Light Scattering (RALS in 

green), Low-Angle Light Scattering (LALS in black) and viscometer detection (differential pressure, DP in blue). 

Samples were prepared in THF (3 mg/mL or 20 µl of liquid polymers/mL), 50 µl injections of samples were separated 

isocratically on a set of standard ViscoGel columns. The columns and detectors were maintained at 35 C. The detectors 

recorded the elution of the samples from the columns and the analysis was performed using the OMNISECTM V10.20 

software.  The analyte peak eluted very close to the permeation peak, at approximately 32 mL and the light scattering 

showed both positive and negative peaks 
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Figure S19. Mark-Houwink plot for the generated polymers PM (dotted line), PDC (dashed line) and PCL (solid 

line).  The plot was produced by plotting the Mw from the light scattering detector against the intrinsic viscosity on a 

log-log graph (Equation S1). Samples were prepared in THF (3 mg/mL for solid polymer or 20 µL of liquid 

polymer/mL) and 50 µL injections of samples were separated isocratically on a set of standard ViscoGel columns. The 

columns and detectors were maintained at 35 C. The detectors recorded the elution of the samples from the columns 

and the analysis was performed using the OMNISEC
TM

 V10.20 software. 

 

Similar ROP reactions were performed with the lactone of pulegone, with 
1
H NMR analysis 

showing a hint of polymer formation. However, GPC analysis did not show any evidence of 

polymer formations, with the potential analyte peak eluting very close to the permeation peak and 

light scattering showed both positive and negative peaks (Figure S24). This may be due to refractive 

index changes within the sample, due to low molecular weight compound presence (e.g. impurities).  

The lack of polymer formation with the lactone of pulegone may be due to steric hindrance of the 

orientation of the isobutene of the monomer. Further studies are required to determine suitable ROP 

conditions to enable polymers of pulegone lactone formation to be successful. 

 

Crystal Structure Discussion 

 

Sequence and Structural Holomogy 

Several structures of BVMO proteins were available in the protein data bank. The closest 

homologues to CHMOPhi1 are CHMO structures from Rhodococcus sp. HI-31
4-6

, phenylacetone 

monooxygenase (PAMO) from Thermobifida fusca
7, 8

, OTEMO from Pseudomonas putida
9
, steroid 

monooxygenase (STMO) from Rhodococcus rhodochrous
10

 and more recently BVMOAFL838 from 

Aspergillus flavus
11

 and CHMO structures from the thermophile Thermocrispum municipall.
12

 

Analysis using the DALI server
13

 identified CHMO structures from Rhodococcus sp. HI-31, namely 

CHMOopen (PDB 3GWF), CHMOclosed (PDB 3GWD), CHMOrotated in complex with cyclohexanone 

(PDB 3UCL), and CHMOTight (PDB 4RG3) and CHMOLoose (PDB 4RG4) in complex with -

caprolactone, have the highest similarity with CHMOPhi1, with RMSD values ranging from 0.6-0.9 

Å. CHMOPhi1 and CHMO from Rhodococcus sp. HI-31 share a very high sequence identity of 90%.  
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Computational Methodologies 

Molecular Dynamics Simulations 

The crystal structures for the CHMOPhi1 (WT and its variant) reported here have been used as 

starting coordinates for MD simulations. Six sets of different MD simulations were performed: WT 

and variant including the NADPH and FAD cofactor and no substrate (2 sets of MD simulations), 

plus WT and variant plus Criegee intermediate in eq, eq or ax, ax conformation at the starting 

geometry (4 sets of MD simulations). Missing residues (496-504) on the mutant were modelled 

based on the WT geometry.  

The Criegee intermediate was built from the crystal structure coordinates of the FAD cofactor, the 

axial or equatorial conformations refers to the (2R,5R)-(+)-dihydrocarvone moiety of the molecule. 

Ad hoc parameters were produced for the (2R,5R)-(+)-dihydrocarvone substrate and Criegee 

intermediates using the CHARMM General Force Field program (CGenFF)
14, 15

 via the ParamChem 

service. As CGenFF produces only a quick by-analogy parametrization we have no reason to expect 

good parameters for the Criegee intermediate, especially for the peroxide bridge moiety. For this 

reason, a dihedral restraint of 180° for the O-O-C-N dihedral (where the oxygen atoms correspond 

to the peroxide bridge and the N to the FAD moiety) was imposed based on the results of the DFT 

calculations, see below. Additionally, four distance restraints of 2 Å for the Criegee intermediate 

simulations were imposed (Scheme S1). These restraints were based on the distances reported in 

earlier work by  Polyak et. al.
16

 Please notice the distances reported by Polyak et. al involve H 

atoms and the distances used by us involve the corresponding H-bonded heavy atom. Thus, the 

distance CYHN:O1-Arg329:H (Polyak et al.’s nomenclature) = 1.60 Å becomes larger when we 

use the distance CYHN:O1-Arg329:N. As the N - H bond distance is approximately 1 Å but the 

angle CYHN:O1-Arg329:H-Arg329:N is not necessarily 180
o
, the distance CYHN:O1-

Arg329:N can range from approximately 1.60 Å to 2.60 Å, depending on the angle adopted. We 

have restrained the CYHN:O1-Arg329:N distance to a medium 2.0 Å distance; the same applies to 

the other distance restraints used. The simulations were set up using standard simulation protocols 

with the CHARMM-GUI.
17, 18

 Hydrogen coordinates were generated using standard protonation 

states for all ionizable residues using CHARMM.
19

 The system was solvated with a pre-equilibrated 

TIP3P truncated octahedral water box. Water molecules were randomly replaced by ions to ensure 

the neutralization of the system, and an additional KCl salt concentration corresponding to 0.15 M. 

We ran production trajectories of 100 ns after 10 ns of equilibration using NAMD, and for each MD 

starting configuration, we performed three replicas.
20

 Temperature and pressure were held constant 

at 300 K and 1 atm, respectively. We used the CHARMM36
21

 force field with periodic boundary 

conditions and the particle mesh Ewald method
22

 for the long-range electrostatics in combination 

with a 12 Å cutoff for the evaluation of the nonbonded interactions. 
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Scheme S1. Distance restraints (dashed lines) used during MD simulations of Criegee intermediate. All distance 

restraints were set to 2Å. Notice that the distances are between heavy (non-hydrogen) atoms. 

 

DFT Cluster Models 

All geometry optimizations used Jaguar (v. 8.5),
23

  and the Zhao and Truhlar modified mPW91 + 

modified B95 (PWB6K) functional.
24

  This functional was used in small-molecule studies of the 

Baeyer-Villiger rearrangement,
25, 26

 where it performed well. Single point energies of the enzyme 

active site (M(med), see below for discussion of active site models used) have also been calculated 

with the standard B3LYP functional
27-33

 as implemented in Jaguar, as well as the dispersion-

corrected version (D3
34, 35

) of this functional (B3LYP-D3). In addition, loose convergence criteria 

(5 times larger than default criteria) were used in the enzyme active site models. Test calculations 

on other complexes using the more stringent default convergence criteria did not lead to significant 

changes in energies, bond lengths, or angles, but were much more time-consuming.   

All calculations relating to the protein environment used the double zeta quality 6-31+G* basis set 

to save on computational cost. For the active site model of BVMO, energies including CDM solvent 

effects were determined from single point calculations on these geometries, incorporating the 

Poisson–Boltzmann finite-element model of solvation
36, 37

 as implemented in Jaguar. The dielectric 

constant was set to 4, as commonly used in the cluster model approach
38

 and the probe radius to 2 Å 

(labelled as CDM_protein).  

 

 

Figure S20. Cluster model (M(med_W) set-up. The carbon atoms constrained to crystallographically-observed 

positions are shown as purple spheres (2 in FADHOO
-
, 2 in NADP

+
 & ribose, 1 in R330, 1 in W493).  
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We have considered an active site model including substrates, NADP
+
 and FADHOO

-
 versions of 

the cofactors, as well as the side chain of an arginine residue R330 (R329 in Polyak’s work), with a 

protonated guanidium, which, together with the NADP
+
 ribose hydroxyl groups, contributes to the 

hydrogen-bonding with the substrates (labelled M(med), 5 Cartesian constraints of residues to 

crystallographically observed positions). As discussed in the manuscript, this model was extended 

by inclusion of a tryptophan residue W493 (M(med_W), 6 constraints, Figure S20) and simplified 

by omission of the R330 residue (M(med_noR), 4 constraints). In addition, a cut-down version of 

the active site including only the FADHOO
-
 cofactor (labelled M(sml), 2 constraints, -1 charge) was 

explored. The overall charge of these active site models is +1 for all apart from M(sml) where it is 

-1. The discussion below will also consider our attempts at optimising an extended model of the 

active site, including the residues identified for mutation (phenylalanines F249, F280, F435), as 

well as the conserved tryptophan (W493), threonine (T436) and leucine (L438) (labelled 

M(extWT), 11 constraints), and the corresponding variant (phenylalanines to alanines, F249A, 

F280A, F435A) (labelled M(extMU), 11 constraints).  

Unfortunately, we were unable to complete frequency calculations on the DFT models discussed 

here; structural similarity and the eigenvectors followed during optimizations strongly suggest that 

these geometries are the correct transition states. Unless otherwise stated, vibrational frequencies 

were not computed for other stationary points, and so the energetic data do not include a correction 

for zero-point energy, although we note that this would be expected to be quite small.  

The calculations reported here focussed on the active site, rather than the wider protein 

environment, and we used a small number of constraints to hold residues in the 

crystallographically-observed positions. This “cluster” approach has been used for the exploration 

of selectivity in enzyme catalysis with success (see, for example, reference 
39

), not in the least 

because, as long as the key properties of the active site are captured, all isomers considered are 

affected similarly by the constraints,  leading to some helpful cancellation of errors. The effect of 

the wider protein environment can be introduced by using a continuum dielectric model of solvation 

as described above, the impact on calculated relative energies was relatively small in the present 

case. 

To position the (2R,5R)-(+)-dihydrocarvone substrate in the cluster model (M(med)) for the 

reactant, Criegee intermediate and product geometry, we started with distance constraints as 

reported by Polyak and co-workers for QM/MM optimizations;
16

 once these constrained 

optimizations had converged, the constraints were removed and the structures re-optimised. Other 

optimizations started from these geometries, with addition/removal of residues as appropriate. Some 

structural adjustments were used, due to the different steric properties of the (2R,5R)-(+)-

dihydrocarvone substrate compared to the cyclohexanones considered by Polyak et al.,
16

 however, 

these were relatively minor, as shown by the structural data summarised below. 
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Computational Results and Discussion 

 

Active Site Models 

 

Figure S21. Superposition of CHMOrho structure used in Polyak’s QM/MM calculations
16

 3GWD
40

 (green) and 

CHMOPhi1 reported in this work (pink). A) FAD, NADPH cofactors, W493, R330 as well as the mutated 

phenilananines residues (249, 280, 435). b) superposition of residues used in DFT cluster calculations. Notice the 

geometries of both reported PDB entries are very similar. 

 

Enzyme active site models were generated from the same structure determined by X-ray 

crystallography described by Polyak and co-workers
16

 (CHMOrho, Rhodococcus sp., strain HI-31, 

PDB code 3GWD).
40

 An overlay of the active site with the structure of CHMOPhi1 was shown to be 

very similar (Figure S21).  

MD Simulation Results 

 

Figure S22. Superposition of MD simulation snapshots collected at uniform intervals showing the WT (blue), 

variant (red) CHMOPhi1. a) Zoomed control loop (residues 489 to 506). b) RMSD during the MD simulations of 

control loop residues. 

F435

F249

F280
R330

FAD

NADPH

a) b)

R330

FAD

NADPH

W493

W493

R489	G490	D491	S492	W493	I494	F495	G496	A497	N498	V499	S505	V506

a)

b)
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The MD simulations of the enzyme without substrate (Figure S22) show segments 486 to 506 are 

more disordered in the  variant (RMSD of each amino acid in Figure S22b). A disordered control 

loop is characteristic of an open conformation which is consistent with the experimental 

crystallographic data. Figure S23 shows a superposition of the frames along the MD simulations of 

the protein with the Criegee intermediate. In the case of the WT, the eq, eq conformation is stable 

during the whole MD simulation (Figure S23a) while the ax, ax conformation changes to eq, eq 

after 40 ns (Figure S23b; this inversion was observed after 16 ns and after 21 ns in replicas 2 and 3 

respectively). This change is mainly due to the strong steric interaction with W493 that is very close 

to the substrates putative position in the WT. In the case of the variant, both eq, eq and ax, ax 

conformation can be accommodated in the binding pocket during the whole MD (Figure S23c,d). 

This is because the active site in the variant is considerably larger and so able to better 

accommodate the ax, ax conformation. Additionally the control loop is more flexible and the W493 

moves away to a different position.   

 

Figure S23. Superposition of MD simulation snapshots collected at uniform intervals showing part of the Criegee 

intermediate and NADP
+
, residues 249, 280, R330, 435 and W493 in CHMOPhi1. A) WT with Criegee intermediate 

in eq, eq conformation; B)  WT with Criegee intermediate in ax, ax conformation; C) variant with Criegee intermediate 

in eq, eq conformation and D) variantwith Criegee intermediate in ax, ax conformation.  
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DFT Calculations 

 

Cyclohexanone Monooxgenase (CHMO) Catalysis 

For our initial studies of the enzyme-catalysed Baeyer-Villiger oxidation, we based our calculations 

on the active site model as shown in the MD, QM/MM and QM studies reported by Polyak and co-

workers.
16, 41

 This model (M(med)) includes the relevant co-factors, including the ribose side-chain 

of NADP
+
, as well as an arginine residue adjacent to the site found to hydrogen bond with the 

substrate (denoted R330 here, but R329 in Polyak et al’s work). Both the dihydrocarvone substrate 

(2R,5R isomer) and a 2-methyl-substituted cyclohexanone were introduced to the active site and 

reactant, Criegee intermediate, migration transition state and product complexes were optimised 

with five cluster model constraints as described above, at the PWB6K/6-31+G* level of theory. The 

relevant equatorial and axial conformers of the substrates were considered and Table S5 shows the 

calculated potential energies. 

 

 

The energy differences between conformers are much better defined for the (2R,5R)-(+)-

dihydrocarvone substrate than for 2-methyl-cyclohexanone. Note that interactions between the 

substrate and the active site are stronger in the Criegee intermediate than for the reactant, such that 

the calculated energy differences between conformers are less reliable/more noisy in the reactant. 

The eq, eq conformer shows short contacts between the substrate and the ribose attached to the 

NADP
+
 co-factor, which destabilise the Criegee intermediate. These results suggest that the overall 

barrier to reaction is lower for the axial conformer, leading to the normal lactone product. In 

addition, the active site shows a preference for the normal lactone product in both conformers, 

although again this may be prone to conformational noise as interactions are weaker than for the 

Criegee intermediate and transition state.  

Table S5. Relative potential energies for conformers of (2R)-methyl-cyclohexanone and (2R,5R)-(+)-

dihydrocarvone (M(med), PWB6K/6-31+G*, kcal mol
-1

). 

 

 (2R)-Me, eq (2R)-Me, ax (2R,5R)-(+)-

dihydrocarvone, 

eq, eq 

(2R,5R)-(+)- 

dihydrocarvone,  

ax, ax 

Reactant 0.0 1.1 0.0 8.5 

Criegee 

Intermediate 

7.2 2.1 8.0 9.1 

Transition 

State
a
 

25.8 (AL) 24.4 (NL) 25.9 (AL) 28.4 (NL) 

Product  -68.2 (AL), -

68.9 (NL) 

-65.5 (NL), -

62.4 (AL) 

-67.3 (AL), -69.2 

(NL) 

-64.0 (NL) , -60.1 (AL) 

a
Only one TS could be located for each conformer.   

 

O

eq, eq

O

ax, ax
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For the (2R,5R)-(+)-dihydrocarvone substrate, reactant, Criegee intermediate and transition state 

energies favour the eq, eq conformer which leads to the abnormal lactone product. For the ax, ax 

conformer, reactant and Criegee intermediate are again close in energy, while the selectivity here 

favours the normal lactone. For all product complexes, the normal lactone is energetically favoured 

in this model.  

For the (2R,5R)-(+)-dihydrocarvone in M(med), method effects were also explored, considering 

dispersion, free energy and solvation corrections to model the protein environment, as well as 

exploring the effect of different density functionals. These results are summarised in Table S6. We 

note that the PWB6K functional was optimised to capture thermochemistry, thermochemical 

kinetics and nonbonded interactions
24

 reasonably well, which should include dispersion effects to 

some extent.  

 

 

While changes to the computational approach affect the calculated barriers, especially when 

dispersion corrections are used with the B3LYP functional, they do not substantially alter the 

predicted selectivities in this case. The active site reactant model is consistently favouring the eq, eq 

conformer, and once the substrate is in the active site, the Criegee intermediate also favours the eq, 

eq conformer whereas the migration barrier is lower for the ax, ax conformer. Both product 

geometries can be accommodated in the active site, but only transition states leading to the 

experimentally observed lactone product could be located.  

Barriers to this reaction are lower for the dispersion-corrected B3LYP-D3 functional, and these are 

also in better agreement with the QM/MM data reported by Polyak and co-workers
16

 for the 

cyclohexanone substrate. While dispersion corrections have been found unlikely to affect relative 

energies significantly in Polyak et al.’s work,
16

 here they seem to improve on results obtained with 

other functionals, even though the PWB6K functional is designed to capture nonbonded interactions 

well. Note, however, that the attractive interactions within the active sites modelled could perhaps 

also be exaggerated in cluster models such as this when a dispersion correction is included, as the 

“balancing interactions” with the wider protein and solvent environment are not likely to be fully 

captured by thecontinuum model of solvation, so the two sets of optimizations with different 

Table S6. Method effects on calculated energies (kcal moL
-1

) for M(med) cluster model. 

 PWB6K E 

(opt) 

PWB6K E, sl 

(eps=4) (SP
a
) 

B3LYP E 

(SP
a
) 

B3LYP-D3 E 

(SP
a
) 

B3lYP-D3 E 

(opt) 

eq, eq      

Reactant 0.0 0.0 0.0 0.0 0.0 

Criegee IM 8.0 5.5 18.2 9.5 9.6 

Transition State
b
 25.9 24.2 23.5 14.5 15.5 

Reactant -67.3 (AL), -

69.2 (NL) 

-67.1 (AL), -

66.2 (NL) 

-65.4 (AL), -

65.5 (NL) 

-62.7 (AL), -61.6 

(NL) 

-61.5 (AL), -63.4 

(NL) 

ax, ax      

Reactant 8.5 8.4 10.5 7.9 7.8 

Criegee IM 9.1 8.8 20.3 10.8 11.1 

Transition State
a
 28.4 (19.9)

c
 27.7 (19.3)

 c
 25.6 (15.1)

 c
 18.8 (10.9)

 c
 18.6 (10.8)

c
 

Reactant -64.0 (NL) , 

-60.9 (AL) 

-63.0 (NL), -

61.4 (AL) 

-60.9 (NL), -

58.4 (AL) 

-60.0 (NL), -57.3 

(AL) 

-58.8 (NL), -56.0 

(AL) 
a
Using PWB6K optimised geometry. 

b
Only one TS could be located for each conformer. 

c
 Barrier relative to ax, ax 

reactant. 
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functionals may provide a guide to the likely range of values. Most importantly, our interpretation 

looks to be robust to changes in the DFT approach used. 

Residue W493 is important for interactions between the substrate and the residues in the active site, 

and has thus been included in M(med_W), with M(med) a possible model for the variant where this 

residue moves away from the reacting site. A number of different changes can be observed in the 

crystal structure geometry and MD simulations for the variant and we have explored some of these 

by modifying the cluster models in DFT calculations. Thus, the increased conformational freedom 

of R330 might lead it to move away from the reacting site, this has been probed with M(med_noR), 

which does not include W493 or R330. The NADP
+
 co-factor might also become more mobile, with 

M(sml) considering interaction with only the FADHOO
-
 moiety. Table S7 compares the calculated 

potential energies for these variations with the data for M(med). 

 

 

Table S7. Relative potential energies for conformers of (2R,5R)-(+)-dihydrocarvone, PWB6K/6-31+G*, kcal 

moL
-1

 

 M(sml) M(med_noR) M(med) M(med_W) 

eq, eq     

Reactant 0.0 0.0 0.0 0.0 

Criegee IM 8.4 -1.2 8.0 6.8 

Migration TS
a 
(AL) 26.7 19.3 25.9 25.6 

Product (AL) -62.7 -69.8 -67.3 -66.7 

ax, ax     

Reactant 5.0 1.9
b
 8.5 3.5 

Criegee IM 10.2 0.9 9.1 11.6 

Migration TS
a
 (NL) 29.5 (24.5)

c
 24.4 (22.5)

c
 28.4 (19.9)

c
 35.3 (31.8)

c
 

Product (NL) -72.7 -67.7 -64.0 -61.7 

a
Only one TS could be located for each conformer.

 b
Change in O2 orientation due to loss of H-bonding. 

c
Barrier 

relative to ax, ax reactant. 

 

Comparison of M(med) and M(med_W) showed interactions with the tryptophan residue probably 

destabilise the eq, eq conformer somewhat, reducing the energy difference between the two 

conformers in the reactant complexes. For these cluster models, substrate and product lactone are 

held quite loosely by a range of hydrogen bonds in the protein active site, making these energies 

more prone to be affected by computational noise, slight differences in starting geometries and the 

consideration of additional residues (see below) than the Criegee intermediates and migration 

transition states. This could affect M(sml) and M(med_noR) energetics here and Table S8 

summarises the barriers to reaction from each Criegee intermediate to the migration transition state. 

Tables S9-S14 and Figure S24 show the values for the structural parameters. 
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Table S8. Barriers to reaction from Criegee intermediates as indicated for conformers of (2R,5R)-(+)-

dihydrocarvone, PWB6K/6-31+G*, kcal mol
-1

. 

 M(sml) M(med_noR) M(med) M(med_W) 

eq, eq 18.3 20.5 17.9 18.8 

ax, ax 19.3 23.5 19.3 23.7 

 

These results suggest that FADHOO
-
 alone is catalytically competent once a Criegee intermediate 

has been formed; there may be other factors such as substrate interactions with the active site which 

are compromised by these simplifications, but the barriers to reaction are relatively consistent, if a 

bit high with the DFT approach used here. There are some differences between the reactivity of the 

two conformers, but these are small and may stretch the reliability of both the cluster approach and 

the computational methodology and software used here. In addition, structural analysis of M(sml) 

for the ax, ax conformers shows substrate rotation into an area normally occupied by the NADP
+
 

co-factor, while for M(med_noR), some movement into the site of the arginine residue occurs. 

These changes suggest that more extensive sampling to fully understand the dynamic behaviour of 

the active site in variant and WT are necessary before such energy differences can be considered 

reliable; this lies outside of the scope of the present study. 

 

 

Figure S24. Modelled structure, indicating atom numbering for Tables S9- S14. 
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Table S9. Key structural parameters from calculated geometries for PWB6K with substrate (2R,5R)-(+)-

dihydrocarvone . A) M(med_W) 

Interaction Reactant Criegee IM TS Product  

eq, eq   (AL) (AL) 

rel. E (kcal mol
-1

) 0.0 6.8 25.6 -66.7 

FAD_C – FAD_O1 1.411 1.438 1.384 1.363 

FAD_O1 – FAD_O2 1.429 1.426 1.837 4.726 

FAD_O2 – Cyh_C 2.919 1.514 1.341 1.316 

Cyh_C – Cyh_O 1.217 1.326 1.299 1.217 

NAD_NH – FAD_O1 1.975 2.604 2.362 1.925 

Arg_NH1 – Cyh_O 3.167 1.800 1.823 2.061 

Arg_NH2 – FAD_O2 1.593 1.879 1.935 4.128 

Rib_OH1 – Cyh_O 1.820 1.824 1.898 1.986 

Rib_OH2 – Cyh_O 2.527 1.702 1.668 2.468 

Rib_OH2 – Arg_NH1 2.227 2.005 2.149 2.616 

shortest contact with 

W493 

3.524 (NH-MeH) 2.482 (CH-CyhH) 2.678 (CH-MeH) 3.638 (CH-MeH) 

ax, ax   (NL) (NL) 

rel. E (kcal mol
-1

) 3.5 11.6 35.3 -61.7 

FAD_C – FAD_O1 1.402 1.435 1.376 1.361 

FAD_O1 – FAD_O2 1.434 1.425 1.826 5.113 

FAD_O2 – Cyh_C 3.212 1.522 1.337 1.314 

Cyh_C – Cyh_O 1.219 1.325 1.290 1.218 

NAD_NH – FAD_O1 2.194 2.474 2.266 1.843 

Arg_NH1 – Cyh_O 3.152 1.767 1.726 1.846 

Arg_NH2 – FAD_O2 1.566 2.450 1.860 3.008 

Rib_OH1 – Cyh_O 1.757 1.936 2.582 2.678 

Rib_OH2 – Cyh_O 2.596 1.589 1.704 2.212 

Rib_OH2 – Arg_NH1 2.232 2.057 2.216 2.641 

shortest contact with 

W493 

2.409 (CH-

propMeH) 

2.238 (CH-

propMeH) 

2.294 (CH-

propMeH) 

2.223 (NH_propCH) 
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Table S10.  Key structural parameters from calculated geometries for PWB6K with substrate (2R,5R)-(+)-

dihydrocarvone. B) M(med) 

Interaction Reactant Criegee IM TS Product (NL) Product (AL) 

eq, eq   (AL) (NL) (AL) 

rel. E (kcal mol
-1

) 0.0 8.0 25.9 -69.2 -67.3 

FAD_C – FAD_O1 1.406 1.436 1.379 1.357 1.360 

FAD_O1 – FAD_O2 1.433 1.426 1.866 4.551 4.223 

FAD_O2 – Cyh_C 2.940 1.510 1.333 1.316 1.318 

Cyh_C – Cyh_O 1.216 1.326 1.295 1.217 1.216 

NAD_NH – FAD_O1 2.003 2.425 2.303 1.847 1.857 

Arg_NH1 – Cyh_O 2.918 1.789 1.823 1.918 2.400 

Arg_NH2 – FAD_O2 1.555 1.971 1.939 4.936 3.516 

Rib_OH1 – Cyh_O 1.827 1.876 1.902 2.528 1.894 

Rib_OH2 – Cyh_O 2.215 1.641 1.672 1.960 1.980 

Rib_OH2 – Arg_NH1 2.287 2.155 2.779 2.477 2.560 

ax, ax   (NL) (NL) (AL) 

rel. E (kcal mol
-1

) 8.5 9.1 28.4 -64.0 -60.1 

FAD_C – FAD_O1 1.401 1.432 1.380 1.360 1.358 

FAD_O1 – FAD_O2 1.433 1.426 1.811 5.188 4.054 

FAD_O2 – Cyh_C 2.820 1.518 1.339 1.315 1.301 

Cyh_C – Cyh_O 1.220 1.323 1.299 1.217 1.223 

NAD_NH – FAD_O1 1.944 2.352 2.209 1.810 1.850 

Arg_NH1 – Cyh_O 2.108 1.719 1.715 1.843 1.957 

Arg_NH2 – FAD_O2 1.500 1.891 1.892 4.443 4.351 

Rib_OH1 – Cyh_O 2.294 2.116 2.232 3.037 2.224 

Rib_OH2 – Cyh_O 1.789 1.591 1.620 2.076 1.932 

Rib_OH2 – Arg_NH1 2.448 2.128 2.120 2.618 2.353 

Table S11. Key structural parameters from calculated geometries for PWB6K with substrate (2R,5R)-(+)-

dihydrocarvone. C) M(med_noR) 

Interaction Reactant Criegee IM TS Product 

eq, eq   (AL) (AL) 

rel. E (kcal mol
-1

) 0.0 -1.2 19.3 -69.8 

FAD_C – FAD_O1 1.398 1.421 1.371 1.360 

FAD_O1 – FAD_O2 1.439 1.422 1.823 4.223 

FAD_O2 – Cyh_C 2.847 1.520 1.339 1.318 

Cyh_C – Cyh_O 1.214 1.316 1.287 1.216 

NAD_NH – FAD_O1 2.167 2.237 2.470 1.857 

Rib_OH1 – Cyh_O 1.773 1.761 1.679 1.894 

Rib_OH2 – Cyh_O 2.765 1.618 1.614 1.980 

Rib_OH2 – FAD_O2 1.642 3.592 3.203 3.662 

ax, ax   (NL) (NL) 

rel. E (kcal mol
-1

) 1.9 0.9 24.4 -67.7 

FAD_C – FAD_O1 1.395 1.419 1.371 1.360 

FAD_O1 – FAD_O2 1.438 1.416 1.807 5.188 

FAD_O2 – Cyh_C 3.263
a
 1.511 1.341 1.315 

Cyh_C – Cyh_O 1.221 1.320 1.286 1.217 

NAD_NH – FAD_O1 1.758 2.168 2.283 1.810 

Rib_OH1 – Cyh_O 1.849 1.848 1.817 3.037 

Rib_OH2 – Cyh_O 1.836 1.565 1.585 2.076 

Rib_OH2 – FAD_O2 3.187 3.198 3.020 4.186 
a
O2 rotation away from substrate. 
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Table S12. Key structural parameters from calculated geometries for PWB6K with substrate (2R,5R)-(+)-

dihydrocarvone. D) M(sml) 

Interaction Reactant Criegee IM TS Product 

eq, eq   (AL) (AL) 

rel. E (kcal mol
-1

) 0.0 8.4 26.7 -62.7 

FAD_C – FAD_O1 1.366 1.388 1.351 1.317 

FAD_O1 – FAD_O2 1.447 1.429 1.804 3.971 

FAD_O2 – Cyh_C 3.725
a
 1.652 1.372 1.336 

Cyh_C – Cyh_O 1.212 1.257 1.253 1.201 

ax, ax   (NL) (NL) 

rel. E (kcal mol
-1

) 5.0 10.2 29.5 -72.7 

FAD_C – FAD_O1 1.368 1.387 1.350 1.318 

FAD_O1 – FAD_O2 1.446 1.421 1.785 4.621 

FAD_O2 – Cyh_C 4.017
a
 1.621 1.362 1.430 

Cyh_C – Cyh_O 1.212 1.265 1.244 1.205 
a
 Substrate has moved “above” O2. 

Table S13. Key structural parameters from calculated geometries for B3LYP-D3 with substrate (2R,5R)-(+)-

dihydrocarvone.  

Interaction Reactant Criegee IM TS Product (NL) Product (AL) 

eq, eq   (AL) (NL) (AL) 

rel. E (kcal mol
-1

) 0.0 9.6 15.5 -63.4 -61.5 

FAD_C – FAD_O1 1.440 1.468 1.411 1.377 1.382 

FAD_O1 – FAD_O2 1.466 1.476 1.846 4.441 4.120 

FAD_O2 – Cyh_C 2.906 1.551 1.371 1.333 1.337 

Cyh_C – Cyh_O 1.233 1.338 1.325 1.233 1.230 

NAD_NH – FAD_O1 1.951 2.429 2.349 1.828 1.846 

Arg_NH1 – Cyh_O 3.147 1.729 1.777 1.859 2.447 

Arg_NH2 – FAD_O2 1.577 1.866 1.833 4.841 3.459 

Rib_OH1 – Cyh_O 1.776 1.867 1.892 2.526 1.869 

Rib_OH2 – Cyh_O 2.493 1.625 1.625 1.905 1.939 

Rib_OH2 – Arg_NH1 2.226 2.080 2.135 2.449 2.588 

ax, ax   (NL) (NL) (AL) 

rel. E (kcal mol
-1

) 7.8 11.1 18.6 -58.8 -56.0 

FAD_C – FAD_O1 1.434 1.465 1.406 1.378 1.376 

FAD_O1 – FAD_O2 1.467 1.472 1.843 5.075 3.987 

FAD_O2 – Cyh_C 2.827 1.561 1.361 1.333 1.319 

Cyh_C – Cyh_O 1.239 1.335 1.318 1.231 1.239 

NAD_NH – FAD_O1 1.996 2.302 2.178 1.799 1.842 

Arg_NH1 – Cyh_O 2.380 1.695 1.771 1.787 1.907 

Arg_NH2 – FAD_O2 1.421 1.815 1.769 4.327 4.276 

Rib_OH1 – Cyh_O 1.960 2.134 2.202 3.249 2.191 

Rib_OH2 – Cyh_O 1.807 1.570 1.632 2.030 1.911 

Rib_OH2 – Arg_NH1 2.397 2.094 2.115 2.589 2.346 
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These data suggest that different versions of the DFT cluster model used are quite well-defined and 

able to retain a range of short contacts with the substrate/product molecules throughout all steps, 

supporting the catalysis. The two substrate conformers lead to slight differences in their interactions 

with the residues modelled, likely dominated by the steric bulk of the propenyl substituent for the 

dihydrocarvone. These are best illustrated by inspection of Figure S20 which illustrates differences 

between the key species for M(med).  

 

Figure S25. Comparison of conformers in active site region. 

Table S14.  Key structural parameters from calculated geometries for PWB6K with substrate 2-methyl-

cyclohexanone.  

Interaction Reactant Criegee IM TS Product (NL) Product (AL) 

eq   (AL) (NL) (AL) 

rel. E (kcal mol
-1

) 0.0 7.2 25.8 -68.9 -68.2 

FAD_C – FAD_O1 1.409 1.436 1.379 1.358 1.361 

FAD_O1 – FAD_O2 1.432 1.425 1.869 4.580 4.290 

FAD_O2 – Cyh_C 2.932 1.508 1.331 1.314 1.316 

Cyh_C – Cyh_O 1.218 1.330 1.291 1.217 1.218 

NAD_NH – FAD_O1 2.008 2.512 2.321 1.867 1.881 

Arg_NH1 – Cyh_O 2.916 1.713 1.831 1.892 2.141 

Arg_NH2 – FAD_O2 1.589 1.900 1.935 1.714 1.761 

Rib_OH1 – Cyh_O 1.833 1.853 1.902 2.456 1.992 

Rib_OH2 – Cyh_O 2.476 1.660 1.674 1.983 2.099 

Rib_OH2 – Arg_NH1 2.249 2.023 2.161 2.446 2.492 

ax   (NL) (NL) (AL) 

rel. E (kcal mol
-1

) 1.1 2.1 24.4 -65.5 -62.4 

FAD_C – FAD_O1 1.408 1.435 1.381 1.359 1.356 

FAD_O1 – FAD_O2 1.431 1.425 1.813 4.974 4.647 

FAD_O2 – Cyh_C 3.357 1.495 1.336 1.311 1.317 

Cyh_C – Cyh_O 1.220 1.332 1.302 1.221 1.216 

NAD_NH – FAD_O1 1.983 2.423 2.214 1.907 1.860 

Arg_NH1 – Cyh_O 3.570 1.677 1.725 1.958 1.956 

Arg_NH2 – FAD_O2 1.571 1.877 1.885 4.383 4.955 

Rib_OH1 – Cyh_O 1.768 1.924 2.030 1.980 2.476 

Rib_OH2 – Cyh_O 2.797 1.580 1.623 2.239 2.031 

Rib_OH2 – Arg_NH1 2.256 2.100 1.381 1.359 1.356 
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Transition states were initially located for a cut-down model (M(sml) containing only the 

FADHOO
-
 cofactor and not the NADP

+
 or the relevant arginine residue. Despite these 

simplifications, transition states could not be found for the less-favourable product in either case; 

some transition states involved rotation of the substrate relative to the co-factor’s plane, which 

could not be accommodated in the active site due to close contacts with other residues present and 

perhaps suggest that selectivity arises because this site is well-defined. For both Criegee 

intermediate and transition state, the eq, eq conformer is favoured due to fewer short contacts 

between the methyl substituent and the cofactor, twisting the substrate away from favourable 

alignment for the migration step.  

The structural analysis of WT and variant CHMOPhi1 suggested that additional residues “behind” 

the active site play an important role in determining the experimentally observed selectivity, as 

discussed in the manuscript. We experimented with calculations on such an extended cluster model, 

initially including the W493 in both WT and variant, as well as the mutated residues and additional 

residues from the control loop. This gave a model containing 240 atoms (2384 basis functions) for 

the WT (M(extWT) and 210 atoms (2036 basis functions) for the variant (M(extMU)), with 11 

constraints used in each case. At this stage of our study, we did not have a full variant crystal 

structure geometry, so used the tryptophan position as observed in the WT for W493.  

Optimizations of these extended models proved possible for both reactants and Criegee 

intermediates, but were found to be very sensitive to starting geometry and the constraints used, as 

well as very slow to converge. In the WT, the phenylalanine residues were the likely source of this 

sensitivity, while the interactions between ax, ax substrate and some of the mutated residues 

appeared important for the variant model. While these calculations showed a switch in energy 

preference for the Criegee intermediates, in line with experimental observations, the reactant 

optimizations appeared less consistent, giving quite variable energies and structures in response to 

minor changes in the starting geometries. In view of the MD simulation results reported here, which 

also suggest considerable flexibility in this region, we judged our current static cluster models too 

unreliable for selectivity predictions and have thus not attempted transition state optimizations to 

evaluate the overall reaction barriers. A more complete exploration of selectivity, combining MD 

sampling and QM/MM calculations from multiple starting configurations, lies beyond the scope of 

this study. 
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