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Abstract  29 
Objective  30 
A novel biocatalyst for Baeyer–Villiger oxidations is necessary for pharmaceutical and chemical 31 
industries, so this study aims to find a Baeyer–Villiger monooxygenase (BVMO) and to improve its 32 
stability by immobilization.  33 
Results 34 
Acetone, the simplest ketone, was selected as the only carbon source for the screening of microorganisms 35 
with a BVMO. A eukaryote, Fusarium sp. NBRC 109816, with a BVMO (FBVMO), was isolated from a 36 
soil sample. FBVMO was overexpressed in E. coli and successfully immobilized by the organic-inorganic 37 
nanocrystal formation method. The immobilization improved the thermostability of FBVMO. Substrate 38 



 2 

specificity investigation revealed that both free and immobilized FBVMO were found to show catalytic 39 
activities not only for Baeyer–Villiger oxidation of ketones to esters but also for oxidation of sulfides to 40 
sulfoxides. Furthermore, a preparative scale reaction using immobilized FBVMO was successfully 41 
conducted.  42 
Conclusions  43 
FBVMO was discovered from an environmental sample, overexpressed in E. coli, and immobilized by 44 
the organic-inorganic nanocrystal formation method. The immobilization successfully improved its 45 
thermostability.  46 
 47 
Keywords 48 
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 51 
Introduction 52 

The Baeyer–Villiger oxidation (BVO), the transformation of an acyclic ketone or cyclic ketone 53 
to the corresponding ester or lactone, respectively, is an important organic reaction for pharmaceutical 54 
and chemical industries. However, commonly used oxidants for BVO, such as meta-chloroperbenzoic 55 
acid (mCPBA) and trifluoroperacetic acid (TFPAA) (Know 1993), are potentially explosive. Moreover, 56 
the stoichiometric amounts of hazardous reagent, a peroxyacid, is converted to a carboxylic acid, 57 
producing chemical waste. Therefore, an effort to use environmentally benign oxidants such as H2O2 and 58 
O2 has been made (Bryliakov 2017; Liu et al. 2020). On the other hand, biocatalysts have been considered 59 
to be sustainable catalysts (Matsuda 2017; Dong et al. 2018; Sheldon and Woodley 2018; Birolli et al. 60 
2019; Wu et al. 2020; Koesoema et al. 2020). For biocatalytic BVO, Baeyer–Villiger monooxygenase 61 
(BVMO) can use oxygen in the air as an oxidant, producing water as a byproduct (Fig. 1), so that the 62 
reactions are not explosive (Morii et al. 1999; Kyte et al. 2004; Rehdorf et al. 2007; Franceschini et al. 63 
2012; Leipold et al. 2012, 2013; Fürst et al. 2017, 2019; Nguyen et al. 2017; Fordwour et al. 2018; Woo 64 
et al. 2018). Approximately a hundred of BVMOs (Fürst et al. 2019) such as Acinetobacter 65 
cyclohexanone monooxygenase (AcCHMO)(Donoghue et al. 1976; Chen et al. 1988; Bong et al. 2018), 66 
Pseudomonas putida 2,5-diketocamphane monooxygenase (2,5-DKCMO) (Cassimjee et al. 2014), and 67 
Thermocrispum municipale cyclohexanone monooxygenase (TmCHMO) (Delgove et al. 2019) have been 68 
used for biocatalytic BVO. However, comparing other kinds of biocatalysts such as lipases and carbonyl 69 
reductases, the number of available BVMOs are limited, so that there is a high demand to expand on the 70 
diversity (Fürst et al. 2019). Moreover, most of the research with isolated enzymes investigated 71 
prokaryotic BVMOs (Fürst et al. 2019); therefore, eukaryotic BVMOs are lacking (Leipold et al. 2012). 72 

While many BVMOs have been discovered by genome mining (Fürst et al. 2019), the potential 73 
of catalytic BVO activity found in the environments by function-driven screening is still underexplored. 74 
Therefore, this study aims to find a unique BVMO from environments. Acetone, the simplest ketone, was 75 
used as the only carbon source, expecting that the simplest substrate is the best to apply for further 76 
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development. Besides being the simplest, the three acetone metabolic pathways, including BVO, 77 
carboxylation to form acetoacetate, and terminal hydroxylation to form acetol (1-hydroxy-2-propanone), 78 
have been reported (Hausinger 2007). Therefore, acetone was used as the only carbon source for 79 
screening microorganisms with a BVMO in this study, resulting in the isolation of two species of 80 
Fusarium, eukaryote, with a BVMO from soil samples. The BVMO from one of them, Fusarium sp. 81 
NBRC 109816 (FBVMO), was overexpressed in E. coli. 82 

Then, FBVMO was immobilized to improve stability since one of the major obstacles for the 83 
utilization of BVMO for organic synthesis is its low stability. So far, BVMOs have not been successfully 84 
immobilized due to their low stability, except in a few cases (Cassimjee et al. 2014; Delgove et al. 2019). 85 
A thermostable cyclohexanone monooxygenase from Thermocrispum municipale (TmCHMO) was co-86 
immobilized on an amino-functionalized agarose-based support with a glucose dehydrogenase (GDH) 87 
(Delgove et al. 2019). 2,5-Diketocamphane monooxygenase from Pseudomonas putida (2,5-DKCMO) 88 
was co-immobilized on controlled porosity glass (CPG) with two cofactor-reconverting enzymes 89 
(Cassimjee et al. 2014). Among enzyme immobilization methods (Liese and Hilterhaus 2013; Mohamad 90 
et al. 2015; Basso and Serban 2019; T.sriwong et al. 2021a), the protein-inorganic nanocrystal formation 91 
method is one of the simplest and most effective methods (Ge et al. 2012; Yin et al. 2015; Zhang et al. 92 
2020). Lipase (Zhang et al. 2020), peroxidases (Ge et al. 2012; Yu et al. 2015; Altinkaynak et al. 2016), 93 
alcohol dehydrogenases (López-Gallego and Yate 2015; T.sriwong et al. 2020), and aldehyde 94 
dehydrogenase (T.sriwong et al. 2021b) have been immobilized by this method, achieving the 95 
improvement in the activity and/or stability. However, no BVMO has been immobilized by this method, 96 
to the best of our knowledge. Therefore, immobilization of FBVMO by the method was conducted in this 97 
study, resulting in a significant improvement in thermostability. Substrate specificity investigation 98 
revealed that both free and immobilized FBVMO were found to show catalytic activities not only for 99 
BVO of ketones to esters but also for oxidation of sulfides to sulfoxides. Furthermore, a preparative scale 100 
reaction using immobilized FBVMO was successfully conducted. 101 
 102 
Materials and methods 103 
Reagents, materials, and apparatus  104 

Materials written in the Supplementary Information were used. 105 
 106 

Screening of microorganism using acetone as the only carbon source  107 
Environmental samples from soil, river, and ponds were collected, and diluted by 1.0-105 times 108 

with sterilized water, and cultivated at 30 oC and 250 rpm in a liquid medium (Wiegant and De Bont 109 
1980) at pH 7.0 consisting of K2HPO4 (1.55 g/L), KH2PO4 (0.97 g/L), NH4Cl (2.0 g/L), MgCl2·6H2O 110 
(0.075 g/L), (NH4)2SO4 (0.10 g/L), NaCl (0.39 g/L), FeSO4·7H2O (0.010 g/L), ZnSO4·7H2O (0.010 g/L), 111 
MnSO4·5H2O (0.010 g/L), KHCO3 (0.50 g/L), and acetone (50-300 mM). Out of 300 samples, two 112 
microorganisms were able to grow with acetone as the only carbon source. They were identified as 113 
Fusarium sp. and Fusarium oxysporum Schltdl based on morphological tests (Supplementary Fig. 1) and 114 
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ITS-5.8S rDNA sequencing. Fusarium sp. was deposited to the National Institute of Technology and 115 
Evaluation (Tokyo, Japan) as Fusarium sp. NBRC 109816. 116 
 117 
Isolation of the gene 118 

Among the known genomic sequences of various Fusarium species, F. oxysporum f. sp. 119 
conglutinans race 2 54008 (accession number AGNF01000703.1) was selected by searching a genome 120 
with the highest homology with one of the most studied BVMO, CHMO from Acinetobacter sp. 121 
NCIMB9871 (Donoghue et al. 1976). To determine the sequence of FBVMO, four sets of primers 122 
(Supplementary Table 1) were constructed based on the sequence of AGNF01000703.1. for PCR using 123 
the genetic DNA of Fusarium sp. NBRC 109816 as a template. To remove the intron, two sets of primers 124 
(Supplementary Table 1) were constructed for PCR using the genetic DNA of Fusarium sp. NBRC 125 
109816 as a template. The two PCR products were inserted into pUC19 and transformed into E. coli 126 
DH5α. Another set of primers (Supplementary Table 1) was used for PCR with pUC19-FBVMO as a 127 
template to obtain FBVMO gene to construct pET-21b(+)-FBVMO, which was transformed into E. coli 128 
BL21(DE3). 129 
 130 
Overexpression 131 

A single colony of the recombinant cells, BL21(DE3)-pET-21b(+)-FBVMO, was inoculated in 132 
LB medium (4.0 mL) with carbenicillin (125 μg/mL) at 250 rpm at 37 °C to an optical density at 600 nm 133 
(OD600) reached 0.8-1.0. The pre-cultured cells (2.5 mL) were transferred into LB medium (250 ml) with 134 
carbenicillin (125 μg/mL), and cultivated at 250 rpm at 37 °C until OD600 reached 0.5-0.6. Then, IPTG 135 
(0.2 mM) was added and cultivated at 250 rpm at 18 °C for 18 h. The cells were harvested by 136 
centrifugation at 10,000 G for 5 min at 4 °C, washed with 0.8% NaCl, and suspended in a sodium 137 
phosphate buffer (30 mL, pH 7.4, 20 mM) containing imidazole (5 mM), PMSF (1 mM), and DTT (1 138 
mM). The mixture was sonicated at 100 W for 20 min at 0 oC and centrifuged at 15,000 G for 30 min at 4 139 
oC, and the supernatant (30 mL) was used as a cell-free extract for further study. 140 
 141 
Purification 142 

The cell-free extract (30 mL) was loaded onto a HisTrapTMFF crude equilibrated with a sodium 143 
phosphate buffer (pH 7.4, 20 mM) with PMSF (0.2 mM), and DTT (0.2 mM). The bound protein was 144 
eluted by the buffers with 5 mM imidazole (20 mL), 10 mM imidazole (10 mL), 20 mM imidazole (10 145 
mL), 30 mM imidazole (5 mL), and the FBVMO was eluted by the buffer with 70 mM imidazole (5 mL) 146 
with PMSF (0.2 mM), and DTT (0.2 mM). The protein was concentrated by ultrafiltration using Amicon 147 
Ultra-4 10-K MWCO and used for further study. The protein concentration was measured by the Bradford 148 
method (Bradford 1976) using bovine serum albumin (BSA) as a standard. The purification steps are 149 
summarized in Supplementary Table 2.  150 
 151 
 152 
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Activity measurement of the free enzyme 153 
Cyclohexanone solution (10 µL, 0.1 M solution with 10 % diethylene glycol (final 154 

concentration 1 mM)) and sodium phosphate buffer (968 µL, pH 7.4, 50 mM) were mixed, and then 155 
NADPH solution (12 µL, 10 mg/mL), and purified enzyme (10 µL, 1.6-2.0 U/ml) were added. Initial 156 
velocity was determined by following NADPH consumption at 340 nm for 3 min. Activity assays were 157 
done at 25˚C in duplicate in a 1.0 mL scale. One unit of enzyme is defined as µmol of NADPH produced 158 
in 1 min under the above conditions. 159 
 160 
Immobilization 161 

The purified FBVMO was immobilized with a similar method to our previous study (T.sriwong 162 
et al. 2020, 2021b). The phosphate-buffer saline (PBS) was prepared by dissolving NaCl (0.80 g), KCl 163 
(0.020 g), Na2HPO4 (0.142 g), and KH2PO4 (0.024 g) in distilled water (100 mL) and adjusting pH to 7.4 164 
with HCl (aq). The metal solutions (50 mM (final concentration 5 mM), 100 mM (final concentration 10 165 
mM), 200 mM (final concentration 20 mM), and 400 mM (final concentration 40 mM)) were prepared by 166 
dissolving ZnSO4, MgSO4, MnSO4, CuSO4, FeSO4, NiCl2, CoCl2, or CaCl2 in distilled water. PBS (350 167 
μL), the purified FBVMO (100 μL, 1 U/mL in sodium phosphate buffer (50 mM, pH 7.4)), and metal 168 
solution (50 μL) were mixed by gently turning it upside down, and incubated at 4 ˚C for 8 h. The solution 169 
was centrifuged at 4 ˚C and 5,000 G for 5 min. The precipitant was suspended in PBS and centrifuged at 170 
4 ˚C and 5,000 G for 5 min twice, and suspended in PBS, giving immobilized FBVMO nanocrystal 171 
solution (500 μl). The residual protein concentration in the supernatant was determined by the Bradford 172 
method (Bradford 1976), and the immobilization yield was calculated using equation (1).  173 
 174 

Immobilization yield (%)  = 
[Protein]I -[Protein]R 

x 100 (1) 
[Protein]I 

 175 
[Protein]I = Initial protein concentration (mg/mL) 176 
[Protein]R = Concentration of protein in the supernatant after the FBVMO nanocrystal formation and 177 
centrifugation (mg/mL) 178 
 179 
Scanning Electron Microscope (SEM) analysis of immobilized FBVMO nanocrystal  180 

FBVMO nanocrystal was analyzed by SEM with a similar method reported in our previous 181 
study (T.sriwong et al. 2020, 2021b). The FBVMO nanocrystal was washed with distilled water several 182 
times before being dried at room temperature. 183 
 184 
Activity measurement of the immobilized enzyme 185 

Cyclohexanone solution (10 µL, 0.1 M solution with 10 % diethylene glycol (final 186 
concentration 1 mM)) and sodium phosphate buffer (928 µL, pH 7.4, 50 mM) were mixed, and then 187 
NADPH solution (12 µL, 10 mg/mL), and immobilized FBVMO solution (50 μL) were added. Initial 188 
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velocity was determined by following NADPH consumption at 340 nm for 3 min. Activity assays were 189 
done at 40˚C in duplicate in a 1.0 mL scale. 190 
 191 
Characterization of free and immobilized FBVMO 192 

Effects of pH and on their activities were investigated at 25 oC using 50 mM MES-NaOH 193 
buffer (pH 5, 6), 50 mM sodium phosphate buffer (pH 7, 7.5, 8), 50 mM Tris-HCl buffer (pH 8, 8.5, 9), or 194 
50 mM Gly-NaOH buffer (pH 9, 10) with the methods described above. For pH 8 and 9, the averages of 195 
the activities in the two buffers are shown. Effects of temperature on their activity were investigated using 196 
sodium phosphate buffer (50 mM, pH 8.0) with the methods described above. Thermostabilities of free 197 
and immobilized FBVMO were investigated by incubating at 40 ˚C and collecting the portion of the 198 
enzymes at 0, 5, 10, 20, 30, 60, 120, and 300 min for activity measurement described above.  199 
 200 
Preparative-scale oxidation of cyclohexanone by the immobilized FBVMO 201 

FBVMO nanocrystal solution (1 mL) prepared from 1 U of free FBVMO, heat treated 202 
Thermoplasma acidophilum glucose dehydrogenase solution (1 mL, 1.95 U) prepared as reported 203 
previously (Are et al. 2021), cyclohexanone solution dissolving 100 mg of cyclohexane in 1 mL of 204 
aqueous solution containing 10% of diethylene glycol, NADPH (50 mg), glucose solution (1 mL of 1 M 205 
solution), and sodium phosphate buffer (17 mL, 50 mM, pH 8.0) were mixed and incubated at 40 ˚C at 206 
150 rpm for 3 days. The reaction was repeated 5 times to convert 500 mg (5.09 mmol) of cyclohexanone 207 
in total. The reaction mixtures were combined, and the product was extracted with diethyl ether (25 mL x 208 
3), dried over MgSO4, evaporated under reduced pressure, purified by silica gel column chromatography 209 
(hexane : ethyl acetate = 3:1), and characterized by 1H-NMR analysis using CDCl3 as a solvent. The 1H-210 
NMR spectrum was in agreement with that in literature (Omura et al. 2009). Yield 27 % (157 mg, 1.37 211 
mmol). 1H-NMR (400 MHz, CDCl3): δ 1.65-1.87 (6H, m), 2.55-2.65 (2H, m), 4.19 (2H, t, J = 4.7Hz). 212 
 213 
Result and Discussion 214 
Screening, overexpression, and purification of FBVMO 215 

Environmental samples from soil, river, and ponds were collected and cultivated using acetone 216 
(50-300 mM) as the only carbon source. Out of 300 samples, two microorganisms were able to grow with 217 
acetone as the only carbon. They were identified as Fusarium sp. and Fusarium oxysporum Schltdl based 218 
on morphological tests (Supplementary Fig. 1) and ITS-5.8S rDNA sequencing. Encouraged by the 219 
literature search showing the whole cell catalyzed BVO of 2-methylcyclohexanone by Fusarium sp. AP-2 220 
(Kawamoto et al. 2008) and the whole-cell catalyzed BVO of alkyl-substituted hexanones by Fusarium 221 
oxysporum and Fusarium avenaceum (Ratu et al. 2009), we examined the presence of BVMO in the 222 
newly isolated Fusarium sp. and F. oxysporum Schltdl. Cyclohexanone was used as a substrate for the 223 
whole-cell reactions. ε-Caprolactone was successfully obtained in both reactions, suggesting the presence 224 
of a BVMO in both species. Fusarium sp. has higher activity than F. oxysporum Schltdl, so that Fusarium 225 
sp. was deposited to the National Institute of Technology and Evaluation (Tokyo, Japan) as Fusarium sp. 226 
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NBRC 109816, and used for further study. 227 
For the use as an efficient biocatalyst, it is necessary to express BVMO from Fusarium sp. 228 

NBRC 109816 (FBVMO), heterogeneously. Therefore, the gene encoding FBVMO was identified, 229 
amplified, and cloned in an expression vector, pET-21b (+), after the removal of the intron, leading to 230 
pET-21b (+)-FBVMO. The vector was transformed into E. coli BL21(DE3). His-tagged FBVMO was 231 
induced by IPTG and purified by Ni affinity chromatography by 17.4 fold in 41% yield (Supplementary 232 
Table 2). The DNA sequence and amino acid sequence are shown in Supplementary Figs. 2 and 3, 233 
respectively. In the deduced amino acid sequences, type I BVMO fingerprint FxGxxxHTxxW[P/D] 234 
(Fraaije et al. 2002; Rebehmed et al. 2013) and [A/G]GxWxxxx[F/Y]P[G/M]xxxD (Riebel et al. 2012) 235 
and two Rossmann fold domains with a GxGxx[G/A] motif were found.  236 
 237 
Immobilization of FBVMO and morphology study 238 

To improve the stability, FBVMO was immobilized by the organic-inorganic nanocrystal 239 
formation method according to our previous report (T.sriwong et al. 2020, 2021b). The purified FBVMO 240 
was mixed with a metal solution to give a catalytically active protein-inorganic nanocrystal. The kind and 241 
the concentration of the metal ion were optimized by investigating 5 mM, 10 mM, 20 mM, and 40 mM of 242 
Zn2+, Mg2+, Mn2+, Cu2+, Fe2+, Ni2+, Co2+, and Ca2+. The activity of these nanocrystals toward the Baeyer-243 
Villiger oxidation of cyclohexanone is shown in Fig. 2. Nanocrystal formed using 10 mM of Ca2+ showed 244 
the best activity among those tested, while high activity was observed in the nanocrystals from most of 245 
the ions except Mn2+.  246 

Next, the stability of the nanocrystals formed under the optimum concentrations for each metal 247 
was investigated. The nanocrystals used for the activity assay were recovered by centrifugation as a 248 
precipitate, re-suspended in a buffer, and used for the activity assays (Fig 3(a)). To quantify the leakage of 249 
the protein from the nanocrystal, the protein concentration in the supernatant was measured. The amount 250 
of protein retained in the nanocrystal (immobilization yield) is shown in Fig 3(b). It was found that the 251 
FBVMO nanocrystal could be recycled up to 8 times with retained activity. The remaining activity after 252 
recycling largely depends on the kind of metal ions used for immobilization. The activity of the 10 mM 253 
Ca2+ nanocrystal, showing the best activity for the 1st usage, decreased dramatically by recycling, and its 254 
protein leakage was also obvious. On the other hand, while the activity of 20 mM Cu2+ nanocrystal was 255 
moderate for the 1st usage (52%), it did not decrease significantly for the 8th usage (42%), so as for the 256 
immobilization yield being 69% for the 1st usage and 53% for the 8th usage. Therefore, the best metal ion 257 
and its optimum concentration were determined to be Cu2+ and 20 mM. 258 
 The morphology study of FBVMO-Cu2+ nanocrystal was conducted by SEM analysis 259 
(Supplementary Fig. 4). We found that the FBVMO-Cu2+ nanocrystal forms a porous structure 260 
(Supplementary Fig. 4(b)), which could not be seen in the control copper (II) phosphate crystal without 261 
the enzyme (Supplementary Fig. 4 (a)). The high porosity of the sponge-like structure may cause the high 262 
activity of the FBVMO-Cu2+ nanocrystal. 263 
 264 
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Characterization of free and immobilized FBVMO 265 
First, the effect of pH on the activity of the free and immobilized FBVMO toward the 266 

oxidation of cyclohexanone was investigated. As shown in Fig. 4(a), similar results were obtained for the 267 
free and immobilized enzyme, showing the highest activity around pH 8.0 - 8.5. Next, the effect of 268 
temperature on the activity of the free and immobilized FBVMO toward the oxidation of cyclohexanone 269 
was investigated. As shown in Fig. 4(b), the optimum temperature for the free and immobilized FBVMO 270 
were 30 oC and 40 oC, respectively. The activity at 40 oC increased significantly by immobilization. The 271 
free enzyme activity at 40 oC was 1.27 nmol·min-1·mg-1 protein, while the immobilized enzyme activity at 272 
40 oC was 15.3 nmol·min-1·mg-1 protein. The immobilization improved the activity at 40 oC by 12 times. 273 
Then, the thermostability of the free and immobilized FBVMO was investigated. As shown in Fig. 4(c), 274 
the free FBVMO had only 18% of the remaining activity after incubation for 5 min at 40 ˚C, while >90% 275 
of the activity of the immobilized FBVMO was retained after 5 h at 40 ˚C. The thermostability of the 276 
FBVMO was significantly improved by immobilization. The nanocrystal formation method was proven 277 
as a promising approach for BVMOs immobilization. The confinement of enzymes in the nanocrystal 278 
may have fixed the unstable residue of the protein, as support materials act as a shell to protect the 279 
enzyme from harsh environments, including high temperatures in general immobilization methods (Hu et 280 
al. 2018; T.sriwong et al. 2021b). The successful result of immobilization of FBVMO, improving the 281 
thermostability, is remarkable since there are only a few examples (Cassimjee et al. 2014; Delgove et al. 282 
2019) for the immobilization of BVMOs due to the low stability of BVMOs. 283 

Substrate specificities of the free and immobilized FBVMO were investigated using varieties 284 
of ketones and sulfides. Both of the free and immobilized FBVMO successfully oxidized a wide range of 285 
ketones (Table 1, Entries 1-8), and sulfides (Table 1, Entries 9-13). In general, it was clear that the broad 286 
substrate specificity of the free FBVMO was greatly retained after immobilization. However, the 287 
difference in the relative activities between the free and immobilized FBVMO were also seen for the 288 
bulky substrates. The free enzyme exhibited about 3-5 times higher activities for cyclooctanone, 2-289 
pentylcyclopentan-1-one, 4-phenylbutan-2-one, and diphenyl sulfide (Table 1, Entries 3, 4, 8, 13). The 290 
change in the substrate preference by the immobilization is an intriguing phenomenon, since it was not 291 
observed for the case of other enzymes such as Geotrichum candidum aldehyde dehydrogenase 292 
(T.sriwong et al. 2021b). This might be caused by the subtle structural change of the enzyme by the 293 
immobilization or by the restriction in the substrate transfer to the active site of the immobilized enzyme 294 
due to the diminished flexibility of the residue at the entrance caused by the metal shell.  295 

At last, a preparative scale reaction by the immobilized FBVMO was conducted using 296 
cyclohexanone as a substrate. The reaction proceeded smoothly, and the product was successfully 297 
isolated, purified, and identified by the 1H NMR (Supplementary Fig. 5).   298 
 299 
Conclusion 300 

FBVMO was discovered from an environmental sample by the screening of microorganisms 301 
using acetone as the only carbon source. FBVMO was successfully immobilized by the organic-inorganic 302 
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nanocrystal formation method, resulting in an improvement in thermostability. Both free and immobilized 303 
enzymes were characterized, and found to be versatile for both BVO and oxidation of sulfide. At last, 304 
preparative scale reaction of BVO of cyclohexane was successfully conducted. 305 
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Fig. 1 Baeyer–Villiger monooxygenase (BVMO) catalyzed reaction 484 
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 488 
Fig. 2 Effect of kind and concentration of metal ions for immobilization on residual activity. Activity 489 
before immobilization was set to 100%. The activity was determined at 40 oC, pH 7.4. 490 
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 491 
Fig. 3 Effect of recycling of immobilized FBVMO on (a) activity and (b) immobilization yield  492 
The activity was determined at 40 oC at pH 7.4. The optimum metal ion concentrations determined in Fig. 493 
1 was used. Activity before immobilization was set to 100%. Protein concentration before immobilization 494 
was set to 100%. 495 
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 496 
Fig. 4 Effect of (a) pH and (b) temperature on oxidation activity of FBVMO, and (c) thermo-stability of 497 
FBVMO at 40 oC. Closed blue circle: immobilized FBVMO, open red circle: free FBVMO  498 
(a) Activity at pH 8.0 was set to 100% for free enzymes, and activity at pH 8.5 was set to 100% for 499 
immobilized FBVMO.  500 
(b) Activity at 30 oC was set to 100% (0.0192 μmol·min-1·mg-1 protein) for free enzymes, and activity at 501 
40 oC was set to 100% (0.0153 μmol·min-1·mg-1 protein) for immobilized FBVMO.  502 
(c) The activities before the treatment were set to 100%. 503 
 504 
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Table 1 Substrate specificity of FBVMO  509 
Entry Substrate Relative activity (%) 

Free FBVMO Immobilized FBVMO 

1 Cyclohexanone 
 

100 100 

2 Cycloheptanone 
 

16 18 

3 Cyclooctanone 
 

5.1 1.8 

4 2-Pentylcyclopentan-1-one 
 

83 18 

5 Pentan-2-one 
 

5.1 4.6 

6 Heptan-2-one 
 

2.7 2.8 

7 1-Cyclopropylethan-1-one 
 

3.0 2.2 

8 4-Phenylbutan-2-one 
 

83 18 

9 Dimethyl sulfide  2.8  3.2  
10 Diethyl sulfide  14 16 
11 Dipropyl sulfide  3.2  3.0  

12 Methyl phenyl sulfide 
 

29 18 

13 Diphenyl sulfide 
 

3.1  0.6  

The activities were determined under the standard assay conditions at pH 8.0 in 50 mM sodium phosphate 510 
buffer at 25 oC for the assay with the free FBVMO and 40 oC for the assay with the immobilized FBVMO. 511 
The activities of free or immobilized FBVMO toward cyclohexanone were set to 100%, respectively.  512 
 513 
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Reagents, materials, and apparatus 

Chemicals were purchased from Nacalai Tesque (Kyoto, Japan), Tokyo Chemical Industry 
(Tokyo, Japan), or Wako (Tokyo, Japan) unless otherwise indicated. All reagents were used without 
purification. Restriction enzymes, DNA marker for Agarose gel electrophoresis, λDNA/HindIII Markers 
G1711, Pure YieldTM Plasmid Miniprep System, and Wizard SV Gel PCR Clean-Up System were 
purchased from Promega (USA). Ex Taq polymerase and In-Fusion HD Cloning Kit were purchased from 
Takara Bio (Shiga, Japan). Precision Plus ProteinTM All Blue Standards, and protein concentration 
measurement reagent (Bradford reagent) were purchased from Bio-rad (USA). GenElute™ Plant 
Genomic DNA Miniprep Kit and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were 
purchased from Sigma Aldrich (USA). HisTrapTMFF crude (1 mL) was purchased from GE Healthcare 
(Tokyo, Japan). Amicon Ultra-4 (10 k) was purchased from Merk Millipore (USA). 

Experiments were done using Bio-shaker BR-43FL from Taitech (Nagoya, Japan), high speed 
centrifuge TOMY MX-301 from Tomy Seiko (Tokyo, Japan), Gen Amp PCR system 9700 from Applied 
Biosystems (USA), and insonator 201 M from Kubota (Tokyo, Japan). Enzyme activity assays were 
performed on a UV-1900-UV-Vis spectrophotometer from Shimadzu (Kyoto, Japan). GC analysis was 
performed on a GC-14B equipped with FID detector and CP-Chirasil DEX CB column (Varian, 25 m x 
0.32 mm, and 0.25 μm film thickness). 1H-NMR analysis was performed on a Bruker Biospin AVANCE 
III 400 spectrometer at 400 MHz in CDCl3. Morphological observation was done by Bench-top Scanning 
Electron Microscope (SEM) proX supplied by Phenom-World (Netherlands). 
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Table 1 Primers used for PCR to construct BL21(DE3)-pET-21b(+)-FBVMO 
Purposes Sequence 
Determination of 
FBVMO sequence 

Forward primer-1 (5’-GCAAAAGGTCCCGAACATAA- 3’) 
Reverse primer-1 (5’-ATGATGTGATGGCTGTCCAA-3’) 
 
Forward primer-2 (5’-GTGATCTCGGTGATGGGAGT-3’) 
Reverse primer-2 (5’-GGAAGCAAGCAAAAGAGAGC-3’) 
 
Forward primer-3 (5’-CTTGCCCCAAGCATGGAC-3’) 
Reverse primer-3 (5’-GTCAAGGCCGAGAAGCTGAT-3’) 
 
Forward primer-4 (5’-CATGTCACAGCAATACGGAGA-3’) 
Reverse primer-4 (5’-GATATCATCCAACACGCCAAC-3’) 

Removal of the intron 
and construction of 
pUC19-FBVMO 

pUC19-BVMO forward primer  
(5’-TCGGTACCCGGGGATCATGACCCCTTGTCCTGATTACG-3’) 
BVMO intron reverse primer  
(5’-AACATCGAAGGCGTCTCCGACATGGC-3’) 
 
BVMO intron forward primer  
(5’-GGATACGCCTTCGATGTT-3’) 
pUC19-BVMO reverse primer  
(5’-TCGACTCTAGAGGATCGTCACTTCAGAACGGTCTAAATCC-3’) 

Construction of  
pET-21b(+)-FBVMO 

Insert forward primer  
(5’-AAGGAGATATACATATGACCCCTTGTTCTGATTACG-3’) 
Insert reverse primer  
(5’-GTCATGCTAGCCATAAACGGTCTAAATCCTTTGTATCC-3’) 

 
Table 2 Summary of purification steps of FBVMO overexpressed in E. coli 

Step Total protein 
(mg) 

Total unit 
(U) 

Specific 
activity  
(U/mg)a 

Yield 
(%) 

Purification 
fold 

Cell free extract 1.50 1.91 1.27 100 1 
HisTrap FF crude 0.0352 0.78 22.1  41 17.4 

aThe specific activity was measured using 0.1% diethylene glycol to dissolve substrate, cyclohexanone, 
easily. The specific activity without using diethylene glycol was same as that with diethylene glycol. 
 

 
Fig. 1 Microscopic observation images of Fusarium sp. NBRC 109816 
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ATGACCCCTTGTCCTGATTACGATGCTGTAGTAGTGGGAGCTGGCTTTGGTGGCATCTACATGT
GCAAGAAGCTCGTGGACCAGGGCCTGTCTGTGAAGCTTATCGAGGTTGCGCCGGATGTTGGC
GGCACTTGGTATTGGAATCGTTATCCGGGCGCCATGTCGGATACGCCTTCGATGTTGTATAGAT
ACTCTTGGGACCTCGAAGATCTTCAGCAGTATTCATGGGAAAAGCAATACCTCCAACAACATG
AGGTTTTGGCTTACCTACGGCATGTGGTTGATCGACATCAACTCCGTCAATATATGCAGTTCAA
CGCTGAGATGAAAGCTGCCAACTGGGATCCAGACCACTCAAAATGGACTGTTGGTCTATCTTC
TGGTCCGGATATCACATGTCGCTACTTGATCACCGCGATTGGGCTTCTTTCCAAGCAGAATTAT
CCAGAAATCCGGGGATTGGATTCCTTCAAGGGCGAAATGTATCACACAGGGAGCTGGCCAGC
GTCTTACGACTTCAAGAATAAGCGAGTCGGGGTTATTGGGAACGGATCGACCGGTGTTCAAG
TCATTACCGCAATTGCAGATGAAGTAAAGCTTCTGCGTTCATTCCAGCGGCACCCGCAGTATG
TTGTGCCTGCAGTCAATAGAGCGTTTCCTCCTGAAGATCGACGCGAGATTGACCGCCAATGGA
ACGAGATCTGGAAGCAAGCAAAAGAGAGCATGTTTGGTTTTGGATTCGAGGAGAGTCAAACT
CCTGCCTATAGTGTCACAGCAGAAGAGCGTGAAAAGATCTTCGAGAACGCCTGGCAAAAGG
GTGGCGGCTTCAACTTTATGTTCGGAACCTTTTCCGACATCTCTTCTGACGAAGCGGCAAACA
AAGAAGCAGCCGACTTTATCAAAAGAAAGATCCGCCAAATCGTCAAAGATCCTATCAAGGCC
GAGAAGCTGATTCCCACAGAGCATTATGCTCGTCGTCCACTGTGTGATACGGGTTATTATGAG
AAGTTCAACAGCCATAATGTGGATATCATTGATGTCAATGAGACTCCCATCACCGAGATCACG
CCTAAGGGTGTTCGAACAAGCGACGGGGCCGAGTATGACCTCGATGTTCTTGTGTTTGCCAC
AGGTTTTGATGCCGTAGATGGGAACTACAAGCGGATTCCGATCCAAGGTGTATCAAACAAGAC
TCTCAAGGACTGTTGGGCTGATGGACCAGACTCATATCTCGGTATCTCTGTATCAGACTTCCCA
AATCTCTTCATGATACTGGGTCCGAACGGTCCTTTTACAAATTTGCCCCCGACCATTGAGACCC
AGGTTGAGTTTGTATCTGACATCATCCAACACGCCAATGAATCGGCACGTCAGAACGGCAAG
AATCCTACTATTGAAGCAGAGCGAGAAGCGGTCCATGCTTGGAGCAAGATCTGTGACGAGCT
TAGCGCAAACAGTTTATTTAGAAGGACAGATTCTTGGATTTTTGGTGCTAACGTAGCTGGGAA
AAAGCCTTCGGTGCTCTTTTACTTTGGAGGTCTTGCAAACTATAGGAAGGCCTTGCAGGATTT
GATCGATGATGGATACAAAGGATTTAGACCGTTTATGGCTAGCATGACTGGTGGACAGCAAAT
GGGTCGGGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCAC
CACCACCAC 
 
Fig. 2 DNA sequence of FBVMO without intron 
green: sequence of FBVMO,  
yellow: sequence of restriction enzyme site,  
blue: sequence of His Tag,  
under line: sequence of T7・Tag  
 
 
 
 
 
MTPCPDYDAVVVGAGFGGIYMCKKLVDQGLSVKLIEVAPDVGGTWYWNRYPGAMSDTPSML
YRYSWDLEDLQQYSWEKQYLQQHEVLAYLRHVVDRHQLRQYMQFNAEMKAANWDPDHSKW
TVGLSSGPDITCRYLITAIGLLSKQNYPEIRGLDSFKGEMYHTGSWPASYDFKNKRVGVIGNGST
GVQVITAIADEVKLLRSFQRHPQYVVPAVNRAFPPEDRREIDRQWNEIWKQAKESMFGFGFEES
QTPAYSVTAEEREKIFENAWQKGGGFNFMFGTFSDISSDEAANKEAADFIKRKIRQIVKDPIKAEK
LIPTEHYARRPLCDTGYYEKFNSHNVDIIDVNETPITEITPKGVRTSDGAEYDLDVLVFATGFDAV
DGNYKRIPIQGVSNKTLKDCWADGPDSYLGISVSDFPNLFMILGPNGPFTNLPPTIETQVEFVSDII
QHANESARQNGKNPTIEAEREAVHAWSKICDELSANSLFRRTDSWIFGANVAGKKPSVLFYFGG
LANYRKALQDLIDDGYKGFRPF* 
 
Fig. 3 Amino acid sequence of FBVMO 
blue: type I BVMO fingerprint; FxGxxxHTxxW[P/D] (Fraaije et al. 2002; Rebehmed et al. 2013) 
green: type I BVMO fingerprint; [A/G]GxWxxxx[F/Y]P[G/M]xxxD (Riebel et al. 2012) 
red: two Rossmann fold domains harboring a GxGxx [G/A] motif 
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(a) 

 

(b) 

 

 
Fig. 4 SEM images of crystals formed by mixing PBS and CuSO4 solution  

(a) without and (b) with FBVMO 
 

 
 
 
 

 
 
Fig. 5 1H NMR spectrum of ε-caprolactone obtained by oxidation of cyclohexanone with immobilized 
FBVMO  
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