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59

60 Materials and methods 

61 Chemicals and materials. All other commercial chemicals were purchased from Sigma-Aldrich (Stockholm, Sweden), Aladdin 
62 (Beijing, China) or Macklin (Shanghai, China). All PCR reagents and enzymes were purchased from TaKaRa Biotechnology 
63 Co. (Dalian, China). Primers were synthesized by Talen-bio Biological Technology Co. (Shanghai, China).

64 Homology modeling and structure analysis. Homology modeling of RaBVMO was performed using AlphaFold2 software 1 
65 (https://alphafold.ebi.ac.uk/). The structure of RaBVMO was evaluated by SAVES v6.0 2 (https://saves.mbi.ucla.edu). CAVER 
66 3.0 3 (http://www.caver.cz) was used to identify the tunnels existing in RaBVMO. The RaBVMO mutants were generated using 
67 Chimera (version 1.16). Molecular docking analysis was performed by Discovery studio 4.5 and the docking results were selected 
68 according to their binding affinities and molecule conformations.

69 Library construction. Variants were generated using whole-plasmid mutagenesis protocol with the plasmid of the WT and 
70 corresponding mutants as a template. Saturation mutagenesis was then performed on selected sites using the NNK codon. Sites 
71 exhibiting over 50% activity or 25% ee were subjected to further iterative combinatorial mutagenesis (ISM). The primers used 
72 in the library creation process are listed in the Supporting Information (Table S1). The PCR procedures were as follows: 95 °C 
73 for 2 min, followed by 25 cycles of 94 °C for 30 s, 50 °C for 30 s, and 68 °C for 3 min and 40 s. After Dpn I digestion at 37 °C 
74 for 1h, the PCR products were transformed into competent E. coli BL21 (DE3) cells and plated onto LB agar plates supplemented 
75 with 50 μg/mL kanamycin. The cells were spread on the LB-agar plates supplemented with 50 μg·mL–1 kanamycin for overnight 
76 incubation at 37 °C.

77 Library screening. Colonies were randomly picked and introduced into 96-well plates that containing 300 μL of LB medium 
78 (10 g·L–1 NaCl, 10 g·L–1 tryptone, 5 g·L–1 yeast extract) with 50 μg·mL–1 kanamycin. After overnight growth at 37 °C, with 
79 shaking at 180 rpm, 100 μL overnight cultures were inoculated into 4 mL of fresh LB medium containing 50 μg·mL–1 kanamycin 
80 in a new 24 deep-well plate. For protein expression, IPTG was added to a final concentration of 0.2 mM after cultivation at 25°C 
81 for 16 h. Then the cultures were centrifuged at 4000 rpm and at 4 °C for 15 min to collect cells. Subsequently discarding the 
82 supernatants, the cells were lysed with 500 μL lysis buffer (pH 9.0 Tris-HCl buffer, 750 mg·mL–1 lysozyme) at 4 °C for 4 h and 
83 then centrifuged at 4 °C and 4000 rpm for 15 min. 400 μL of each supernatant were transferred into a new 24 deep well plate to 
84 prepare the reaction mixture. In each well of the plate, 500 μL of reaction mixture was added, containing 1 mM NADPH, and 1 
85 mM substrate with 5% (v/v) methyl alcohol. The reaction plates were incubated at 30 °C with shaking at 180 rpm for 4 h. After 
86 500 μL of acetonitrile was added into each well, the reaction plates were centrifuged at 4 °C and 4000 rpm for 30 min. Then 200 
87 μL of the supernatants in each well were subjected to HPLC analysis. The mutants with improved selectivity or activity were 
88 picked out, and the results were confirmed by repeating the reaction in Eppendorf tubes. The mutations in the gene of the mutants 
89 were confirmed by sequencing.

90 Enzyme expression and purification. The single colonies of RaBVMO WT and mutants were inoculated into 4 mL of LB 
91 media supplemented with 50 μg·mL–1 kanamycin. After overnight growth at 37 °C, 1 mL of culture were transferred into 100 
92 mL of LB media containing 50 μg·mL–1 kanamycin as an inducer at 25 °C with shaking at 180 rpm for 16 h for enzyme 
93 expression. Cell pellets were harvested by centrifugation and washed once with 100 mM, pH 9.0 Tris-HCl buffer. The pellets 
94 were suspended in 10 mL of 100 mM Tris-HCl buffer (pH 9.0) and were disrupted by sonication. The supernatant containing 
95 the crude enzyme was obtained by centrifugation at 4 °C and 8000 rpm for 30 min. After going through the filter, the supernatant 
96 was subjected to affinity chromatography (HisTrap™ FF column, 5 mL) for purification. The impurity was removed by flushing 
97 the column with 50 mM imizadol, and the enzyme was eluted by 25 mM Tris-HCl buffer containing 250 mM imizadol and 0.5 
98 M NaCl. The elution fractions were subjected to a desalination column for removal of salt and imizadol. The purified enzymes 
99 were dissolved in 100 mM, pH 9.0 Tris-HCl buffer and stored at -80 °C for use. The purity of the enzyme was confirmed by 

100 SDS-PAGE (Fig S6 in Supporting Information). The concentration of the purified enzyme was determined by a Bradford protein 
101 assay method, following the provided protocol.

102 Specific activity and enantioselectivity assays. The specific activity and stereoselectivity of RaBVMO variants toward 
103 cyclohexanone (1a), thioanisole (1b), methyl(naphthalen-2-yl)sulfane (1c), benzyl(phenyl)sulfane (1d) and omeprazole sulfide 
104 (1e) were measured using purified enzymes. In a 500 μL reaction system, 2 mM substrate 1a or 1b (1 mM for 1c or 1e), 2 mM 
105 NADPH for 1a or 1b (1 mM NADPH for 1c or 1e), and diluted enzyme were mixed in Tris-HCl (100 mM, pH 9.0). After the 
106 reaction was performed at 30 °C for 30 min, the reaction mixture was extracted with an equal volume of ethyl acetate. The 
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107 specific activity and enantioselectivity were determined by GC or HPLC, as described elsewhere 4, 5. All the measurements were 
108 carried out in triplicate.

109 Determination of kinetic parameters. The kinetic constants (Km and kcat) of MT2 were assayed by varying the concentration 
110 of omeprazole sulfide (1e) from 0.01 to 1 mM with 1 mM NADPH present in each reaction. The reaction time was 30 min at 30 
111 ℃ and the conversion rate relative to substrate was maintained within 20%. The kinetic parameters were calculated according 
112 to non-linear curve fitting with Michaelis–Menten equation. All samples were determined by HPLC and all experiments were 
113 carried out in triplicate. 

114 Asymmetric oxidation of omeprazole sulfide for synthesis of S-omeprazole. A 10 mL of reaction mixture was composed of  
115 0.35-, 0.6- or 1-g/L omeprazole sulfide (1e) as substrate (with 5% (v/v) MeOH), glucose (1.5 equiv), purified enzyme M2T (4 
116 g/L), glucose dehydrogenase (GDH, 10 g/L), NADP+ (0.2 mM), and Tris-HCl buffer (100 mM, pH 9.0) and was shaken at 180 
117 rpm and 30 °C. Samples were intermittently removed and extracted to analyze the conversion rate by HPLC.

118 Molecular simulations. Molecular docking analysis was performed by Discovery studio 4.5. The model structure of RaBVMO 
119 containing FAD and NADP was used. The receptor model was built using the Protein Preparation Wizard 6. Protonation states 
120 were determined using PROPKA 7, 8. Prior to docking, each protein structure was energy minimized using the OPLS2005 force 
121 field 9, with all heavy atoms restrained to an RMSD of 0.3 Å.

122

123



124 Table S1 PCR primers used for mutants construction.

Mutants Primersa

C67NNK GCGCGTACCGATNNKGAGGGC
GTAGTAGCCCTCMNNATCGGT

E68NNK CGTACCGATTGCNNKGGCTAC
GTAGTAGTAGCCMNNGCAATC

F442NNK CCACAGAGCCCANNKACCAAT
TGGGATATTGGTMNNTGGGCT

T443NNK CAGAGCCCATTCNNKAATATC
CGGTGGGATATTMNNGAATGG

N444NNK AGCCCATTCACCNNKATCCCA
GCACGGTGGGATMNNGGTGAA

R337NNK TTCGGTGCGAAANNKCCACCA
ACCGCTTGGTGGMNNTTTCGC

P338NNK GGTGCGAAACGCNNKCCAAGC
GGTACCGCTTCCMNNCGCTTT

125 aThe mutated sites are underlined.
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129 Table S2 HPLC conditions and retention times for substrates 1b-1e used in the study.

Substrate Flow
(mL min-1)

T
(ºC) Column Eluenta Product(s) tR (min)

1b 0.8 30 Chiralcel OD-H n-hexane-IPA 90:10 14.6 (R); 18.8 (S)
1c 0.8 30 Chiralcel OD-H n-hexane-IPA 95:5 39.9 (R), 43.2 (S)
1d 0.8 30 Chiralcel OD-H n-hexane-IPA 95:5 26.7 (R); 32.1 (S)
1e 0.5 30 Chiralcel AD-3 n-hexane-IPA 50:50 11.9 (R); 14.3 (S)

130 a Experiments were performed with isocratic eluent.
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140

141 Fig. S1 Procheck-Ramachandran plots and 3D-profile window plots of the Verify 3D server for the strucure model of RaBVMO 
142 by homology modelling and the corresponding Ramachandran plot statistics. A: Three-dimensional structure of RaBVMO; B 
143 and C: Ramachandran plots for structural model of RaBVMO; D: 3D-profile window plots for the homology model of RaBVMO.

144

145 The Ramachandran plot distribution indicated that structure of RaBVMO had over 90% of residues in the most favored 
146 orientation. In the structure of RaBVMO the only residue (Ser393) in disallowed region was later shown to be away from the 
147 catalytic cavity. Therefore, we could conclude that the structural model agreed well with the expected conformational space for 
148 residues. In addition, the 3D-1D averaged profile analysis of the Verify 3D server showed a reliable folding in most regions of 
149 the structure of RaBVMO (99.28% of the residues had an averaged 3D-1D score >= 0.2). In summary, the overall assessment 
150 indicated that model of RaBVMO had a satisfactory accuracy for further structure-based analysis.
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154

155 Fig. S2 Conservation analysis of seven key sites (67, 68, 337, 338, 442, 443 and 444) of RaBVMO. The residue frequencies 
156 were constructed with WebLogo.

157



158

159

160

161 Fig. S3 Screening results of saturation mutagenesis libraries of sites 442 and 337.
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163

164

165 Fig. S4 Screening results of iterative saturation mutagenesis libraries of sites 67, 68, 337, 338, 443 and 444 using MT1 (F442A) 
166 as template.
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168

169

170 Fig. S5 Screening results of iterative saturation mutagenesis libraries of sites 67, 68, 338, 443 and 444 using MT2 
171 (F442A/R337P) as template.
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174

175

176 Fig. S6 SDS-PAGE (10%) analysis of the purified wild-type of RaBVMO and varients. M, molecular weight marker; lane 1, 
177 wild-type RaBVMO; lane 2, mutant F442A; lane 3, mutant F442A/R337P.

178 The wild-type of RaBVMO and variants were overexpressed in E. coli BL21(DE3) using pET28a as expression vector. The 
179 recombinant wild-type of RaBVMO and varients with an N-terminal His-tag was purified to electrophoretic homogeneity by 
180 nickel affinity chromatography. The purified enzyme migrated as a single band with a molecular weight of approximately 61 
181 kDa on SDS-PAGE (Fig. S6), consistent with the theoretical molecular mass of the His-tagged protein.
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183

184 Fig. S7 Time course of sulfoxidation of omeprazole sulfide catalyzed by mutant MT2. A 10 mL of reaction mixture 
185 was composed of 0.35-, 0.6- or 1-g/L omeprazole sulfide (1e) as substrate (with 5% (v/v) MeOH), glucose (1.5 equiv), 
186 purified enzyme M2T (4 g/L), glucose dehydrogenase (GDH, 10 g/L), NADP+ (0.2 mM), and Tris-HCl buffer (100 
187 mM, pH 9.0) and was shaken at 180 rpm and 30 °C for 8 h. Conversion and enantiomeric excess were determined by 
188 HPLC.
189
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191

192

193 Fig. S8 Time profile of the root mean square deviations (RMSD) for the protein backbone and substrate during 20 ns MD of 
194 RaBVMO WT and and its mutants MT1 (F442A) and MT2 (F442A/R337P). 

195



196

197 Fig. S9 CAVER analysis of substrate tunnel of RaBVMO WT and its mutants based homology models. A: RaBVMO WT; B: 
198 MT1 (F442A); C: MT2 (F442A/R337P).
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201

202 Fig. S10 Comparison of binding pocket of RaBVMO WT and its mutants. A: RaBVMO WT; B: MT1 (F442A); C: MT2 
203 (F442A/R337P).
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206

207

208 Fig. S11 Molecular docking of the substrate 1b into the active sites of RaBVMO WT and its mutants. A: wild-type RaBVMO; 
209 B: MT1 (F442A); C: MT2 (F442A/R337P). Hotpink dashed line: Pi-Pi T-shaped or Pi-Pi stacked; pink dashed line: alkyl or Pi-
210 alkyl; orange dashed line: Pi-Cation. 
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212

213 Fig. S12 Molecular docking of the substrate 1c into the active sites of RaBVMO WT and its mutants. A: wild-type RaBVMO; 
214 B: MT1 (F442A); C: MT2 (F442A/R337P). Hotpink dashed line, Pi-Pi T-shaped or Pi-Pi stacked; pink dashed line, alkyl or Pi-
215 alkyl. 
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219

220 Fig. S13 Molecular docking of the substrate 1d into the active sites of RaBVMO WT and its mutants. A: wild-type RaBVMO; 
221 B: MT1 (F442A); C: MT2 (F442A/R337P). Hotpink dashed line, Pi-Pi T-shaped or Pi-Pi stacked; pink dashed line, alkyl or Pi-
222 alkyl; orange dashed line, Pi-Sulfur or Pi-Cation. 
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224

225 Fig. S14 Docking of substrate 1e into the active sites of RaBVMO WT and mutants. A: WT RaBVMO; B: MT1 
226 (F442A); C: MT2 (F442A/R337P). Hot pink dashed lines, Pi-Pi T-shaped or Pi-Pi stacked; pink dashed line, alkyl or 
227 Pi-alkyl; green dashed lines, hydrogen bond; orange dashed lines, Pi-Sulfu.
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238

239

240 Fig. S15 Chiral HPLC spectrum of RaBVMO WT and its mutants catalyzed reactions with substrates 

241 1b-1e.
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243

244 Fig. S16 LC-MS spectrum for the reaction mixture of oxidative conversion of 1e by MT2.
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