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Fig.1 Multiple sequence alignment of eight BVMOs. The sequences are: phenylacetone monooxygenase 
(PAMO) from Thermobifida fusca (Q47PU3), steroid monooxygenase (STMO) from Rhodococcus 
rhodochrous (BAA24454), cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. NCIMB9871 
(BAA86293), cyclohexanone monooxygenase 1 (CHMO1) from Brevibacterium sp. HCU (AAG01289), 
cyclohexanone monooxygenase 2 (CHMO2) from Brevibacterium sp. HCU (AAG012690), cyclohexanone 
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monooxygenase 3 (CHMO3) from Acinetobacter sp. (P12015), cyclopentanone monooxygenase (CPMO) 
from Comamonas testosterone (CAD10798), and cyclododecanone monooxygenase (CDMO) from 
Rhodococcus ruber (AAL114233). 
 
Mutant Library Preparation 
The plasmid pPAMO contains the WT PAMO gene under the control of the PBAD promoter1. The saturation 
mutagenesis library was created by the QuikChangeTM PCR method with the template pPAMO and two 
complementary primers PAMO Lib441-444 (5’-
CAGGCCCGGGCAGCCCGKCAKBGBDCNSCAACATGCTGGTCTCTAT-3’) and rePAMO Lib441-
444 (5’-ATAGAGACCAGCATGTTGSNGHVCVMTGMCGGGCTGCCCGGGCCTG-3’). The reaction 
(25 µL final volume) contained: 10×KOD buffer (2.5 µL), MgCl2 (1 µL, 25 mM), dNTP (2.5 µL, 2 mM 
each), primers (2.5 µL, 2.5 µM each), template plasmid (1 µL, 10 ng µL-1) and 0.5 units of KOD hot star 

polymerase. The PCR cycle consisted of an initial denaturation step at 94℃ for 3 min followed by cycling 

at 94℃ for 1 min and 72℃ for 14 min for 15 cycles, then a final elongation for 35 min at 72 ℃. The 

template plasmid in the PCR amplification reaction was removed by digestion with 1 unit of Dpn I (New 

England Biolabs) in 2.5 µL of NEB buffer 4 for 2–3 h at 37 ℃. The resulting PCR product was used to 

transform into elctrocompetent E. coli TOP10 cells. The cells were spread on LB agar plates containing 
100 µg mL-1 carbenicilline.  
 
Library Screening  
Individual colonies were placed into 2.2-mL 96-deep-well plates containing 800 µL of LB media with 100 

µg mL-1 carbenicilline by a colony picker QPIX (Genetix, New Milton, UK). After cell growth at 37 ℃ 

overnight with shaking at 800 rpm, 10 µL of each preculture was transferred into a new plate containing 
800 µL of TB media supplemented with 0.1% L-arabinose as inducer and 100 µg mL-1 carbenicilline. The 
duplicate plates were grown for additional 24 h to induce PAMO expression. The cultures were centrifuged 

at 4000 rpm and 4℃ for 6 min and the supernatants were discarded. The original plates were stored. Each 

cell pellet was resuspended in 600 µL of 50 mM Tris-HCl (pH 8.0) containing 1 mg mL-1 lysozyme and 4 

units of Dnase I. Lysis were performed at 37 ℃ and 800 rpm for 3 h. Cell debris was precipitated by 
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centrifugation at 4000 rpm and 4℃ for 30 min and 50 µL of each cleared supernatant transferred to a 1.1-

mL 96-deep-well plate. Then in each well, 50 µL of the secondary alcohol dehydrogenase (2o ADH) crude 
extract (about 10 U)2, 10 µL of 1 mM NADP+, 10 µL of 100 mM rac-1a in acetonitrile and 380 µL of 50 
mM Tris-HCl (pH 8.0) containing 5 mM isopropanol were added. The reaction plates were incubated at 

37 ℃ and 800 rpm for 24 h. 400 µL of ethyl acetate was then added to each well, and a plastic cover was 

used to cover the plate tightly. The plate was vibrated vigorously to extract the substrate and product from 
the solution. After centrifugation, 200 µL of organic layer in each well was transferred into a new glass-
made 96-deep-well plate, and subjected to GC analysis for medium-throughput screening. The WT PAMO 
did not show any activity with regard to rac-1a under the screening conditions. Mutants with more than 
20% conversion were collected and the results reproduced by measuring their activity using whole-cell 
catalysis. 
 
Whole-Cell Catalysis 
200 µL of the precultures of WT PAMO and mutants were transferred into 20 mL TB media containing 

0.1% L-arabinose and 100 µg·mL-1 carbenicilline in 100-mL Erlenmeyer flasks and incubated at 37 ℃ with 

shaking at 250 rpm until the OD600 was between 2.5–3.0. Then 500 µL of 30% glycerol, 280 µL of 100 mM 
rac-1a (or rac-1b) in acetonitrile and 300 µL of 134 mg·mL-1 of 2-hydroxypropyl-β-cyclodextrin were 
added to the flasks and the culture continued. 
 
GC Analysis 
Samples (1 mL) were taken out at various time intervals by extraction with 1 equivalent of ethyl acetate 
containing hexadecane (0.1 g·L-1) as internal standard. The organic phase was then analyzed by GC on a 
HP-5 column to determine the ketone conversion. The ee values of 1a and 2a were determined using a 30-
m BGB 176/BGB 15 G/494 column (temperature: 220/150 11 min iso 150/min 160 20 min iso 18/min 220 
5 min 320; 0.6 bar hydrogen pressure). The ee values of 1b and 2b were determined using a 30-m BGB 
176/BGB 15 G/494 column (temperature: 220/80 1.2/min 170 18/min 220 5 min iso 320; 0.5 bar hydrogen 
pressure) and a 25-m Lipodex-G G/515 column (temperature: 220/140 25 min iso 50/min 150 56/min iso 
18/220 320; 0.5 bar hydrogen pressure), respectively.  
The absolute configuration of lactone 2a was made by comparison with an authentic sample.3 The 
assignment of the absolute configuration of lactone 2b was made on the basis of analogy and by comparing 
the GC analyses of 2a and 2b. All E-values were calculated using the equation of Sih.4 
 
Enzyme Purification  
The wild type (WT) and mutant enzymes were purified to homogeneity as described earlier with minor 
modifications1.  
 
Steady-State Kinetics 
The activities of the purified enzymes were determined spectrophotometrically by monitoring the decrease 

in the level of NADPH over time at 25 ℃ and 340 nm (ε340 = 6.22 mM-1 cm-1). The reaction mixture (1.0 

mL) contained 50 mM Tris-HCl (pH 7.5), 100 μM NADPH, 1.0 mM phenyl acetone, 1% (v/v) acetonitrile 
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1 μM enzyme. For measuring the thermostability of the WT PAMO and mutants, solutions of the purified 

enzymes (WT PAMO and mutant 254-21, 254-60, 254-67) were incubated at 50 ℃. The samples were 

taken out at different time intervals (1 h, 10 h, 15 h, 20.5 h, 25h, 33 h and 40 h) and put on ice for 10 min. 
Residual activity was determined as described above in the presence of 10 mM phenyl acetone. The results 
were showed in the Fig. 2.  
 
 

Time (h)
0 10 20 30 40

R
es

id
ua

l r
el

at
iv

e 
ac

tiv
ity

 (%
)

0

20

40

60

80

100

120

140

160

180

200

254-21
WT
254-60
254-67

 
Fig. 2 Thermostability of wt PAMO and three mutant enzymes. 

 
References 
 

1. M. W. Fraaije, J. Wu, D. P. H. M. Heuts, E. W. van Hellemond, J. H. L. Spelberg and D. B. 
Janssen, Appl. Microbiol. Biotechnol., 2005, 66, 393−400. 

2. For preparation of 2oADH crude extract: (a) D. S. Burdette, C. Vieille and J. G. Zeikus, Biochem. 
J, 1996, 316, 115–122; (b) F. Schultz, F. Leca, F. Hollmann and M. T. Reetz,  Beilstein J. Org. 
Chem., 2005, 1: 10. 

3. M. Bocola, F. Schulz, F. Leca, A. Vogel, M. W. Fraaije and M. T. Reetz, Adv. Synth. Catal., 2005, 
347, 979–986. 

4. C. S. Chen, Y. Fujimoto, G. Grirdaukas and C. J. Shi, J. Am. Chem. Soc., 1982, 104, 7294–7299. 



Supplementary Material (ESI) for Chemical Communications 
This journal is (c) The Royal Society of Chemistry 2008 
 

5 
 

Examples of focused libraries: 
(a) M. T. Reetz, S. Wilensek, D. Zha and K.-E. Jaeger, Angew. Chem., 2001, 113, 3701−3703; Angew. 
Chem. Int. Ed., 2001, 40, 3589−3591;  
(b) M. S. Warren and S. J. Benkovic, Protein Eng., 1997, 10, 63−68;  
(c) Y. Koga, K. Kato, H. Nakano and T. Yamane, J. Mol. Biol., 2003, 331, 585−592;  
(d) G. P. Horsman, A. M. F. Liu, E. Henke, U. T. Bornscheuer and R. J. Kazlauskas, Chem.−Eur. J., 
2003, 9, 1933−1939;  
(e) C. Nowlan, Y. Li, J. C. Hermann, T. Evans, J. Carpenter, E. Ghanem, B. K. Shoichet and F. M. 
Raushel, J. Am. Chem. Soc., 2006, 128, 15892−15902;  
(f) L. Rui, L. Cao, W. Chen, K. F. Reardon and T. K. Wood, J. Biol. Chem., 2004, 279, 46810−46817; 
(g) E. M. Gabor and D. B. Janssen, Prot. Eng., Des. Sel., 2004, 17, 571−579;  
(h) A. Juillerat, T. Gronemeyer, A. Keppler, S. Gendreizig, H. Pick, H. Vogel and K. Johnsson, Chem. 
Biol., 2003, 10, 313−317;  
(i) S. Bartsch, R. Kourist and U. T. Bornscheuer, Angew. Chem., 2008, 120, 1531−1534; Angew. Chem. 
Int. Ed., 2008, 47, 1508−1511;  
(j) L. Liang, J. Zhang and Z. Lin, Microb. Cell Fact., 2007, 6:36;  
(k) N. U. Nair and H. Zhao, ChemBioChem, 2008, 9, 1213−1215. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


