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Abstract Hyoscyamine 6b-hydroxylase (H6H; EC

1.14.11.11) converts hyoscyamine to scopolamine in

the last step of scopolamine biosynthetic pathway.

The gene encoding H6H in Anisodus acutangulus was

cloned and expressed in Escherichia coli and the

recombinant proteins fused with His-tag or GST-tag at

its N-terminal were purified and then confirmed by

Western bolt analysis. The biofunctional assay

revealed that the His-AaH6H and GST-AaH6H con-

verted hyoscyamine (40 mg/l) to scopolamine at 32

and 31 mg/l, respectively. This is the first report on

AaH6H expression, purification and functional char-

acterization facilitates further genetic improvement of

scopolamine yield in A. acutangulus.
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Introduction

Tropane alkaloids (such as hyoscyamine and scopol-

amine) are used medicinally as anticholinergic agents

that act on the parasympathetic nervous system

(Suzuki et al. 1999; Kai et al. 2009a, 2009b). Compared

to hyoscyamine, scopolamine exhibits higher pharma-

ceutical activity and less side-effects, therefore, it is

more valuable with ten-fold higher commercial

demand in the clinical market (Yun et al. 1992; Zhang

et al. 2004; Kai et al. 2007). However, because of the

relatively low production of scopolamine in resource

plants, it is of great significance and importance to

obtain enough scopolamine to meet the expansion of

clinical need by biotechnology.

Hyoscyamine 6b-hydroxylase (H6H, EC 1.14.11.11)

considered as the rate-limiting enzyme involves in two

consecutive steps (hyoscyamine hydroxylation and

epoxide formation) in tropane alkaloid pathway pro-

ducing scopolamine (Hashimoto et al. 1993) (Fig. 1).

H6H genes have been found in Solanaceae plants such

as Hyoscyamus niger (Matsuda et al. 1991), Atropa

belladonna (Suzuki et al. 1999) and Anisodus tanguti-

cus (Liu et al. 2005), and the functional characteriza-

tion for the conversion of hyoscyamine to scopolamine

has been described in H. niger and A. tanguticus

(Matsuda et al. 1991; Liu et al. 2005). In addition, H6H

genes have been used to improve scopolamine pro-

duction via genetic engineering in hairy root cultures of

A. belladonna, H. muticus and A. baetica (Yun et al.

1992; Jouhikainen et al. 1999; Zarate et al. 2006).
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We previously reported an additional H6H gene

(AaH6H) isolated from native Chinese Solanaceous

plant A. acutangulus (Kai et al. 2007). In this report, we

expressed AaH6H in E. coli BL21 (DE3), via IPTG

induction, and confirmed the purified protein by

western blot analysis. We furthermore characterized

the biofunction of AaH6H by whole-cell biotransfor-

mation in vitro, and the data suggested that the

recombinant AaH6H can effectively convert hyoscy-

amine to the end product, scopolamine. This work

provides an important clue for further genetic improve-

ment of scopolamine by metabolic engineering and the

genetically-engineered strains obtained in this work

can be potentially utilized as bioconversion system for

drug production.

Materials and methods

DNA constructs

The coding region of AaH6H was cloned into BamHI

and SalI sites of bacterial expression vectors (pET30a

and pGEX4T-1) under the control of T7 promoter.

The resulting plasmids, pET30a-AaH6H and

pGEX4T-1-AaH6H, were introduced into BL21

(DE3) and used for fusion protein expression.

Expression and purification

E. coli BL21 (DE3) cells transformed with pET30a-

AaH6H were grown at 37�C in sterile Luria–Bertani

(LB) medium supplemented with 50 lg kanamycin/

ml. When the OD600 reached *0.6, IPTG was added

at 0.5 mM and the culture was grown for 2 days at

20�C. The cells were harvested by centrifugation at

5,0009g for 10 min at 4�C and resuspended in a lysis

buffer (50 mM Tris/HCl, 200 mM NaCl, pH 8.0)

containing 20 mM imidazole. The resuspended cells

were sonicated for 10 min and the debris was

removed by centrifugation at 14,0009g for 20 min

at 4�C. The recombinant H6H (His-AaH6H) was

purified according to the method described by

Novagen (pET System Manual) with needed modi-

fications. The target proteins were respectively eluted

by two column volumes (CV) of lysis buffer (50 mM

Tris/HCl, 200 mM NaCl, pH 8.0) containing 50 mM

(elute 1), 70 mM (elute 2), 100 mM (elute 3) and

140 mM (elute 4) imidazole. For purification of GST-

AaH6H protein, the target proteins were eluted with

lysis buffer containing 7 mM glutathione. Protein

concentrations were determined by Bradford assay

using bovine serum albumin (fraction V, Sigma) as

standard (Hashimoto and Yamada 1987).

Whole-cell biotransformation, alkaloids

extraction and gas chromatography-mass

spectroscopy analysis

Hyoscyamine (40 mg/l) and IPTG (0.5 mM) were

simultaneously added to the culture of BL21 (DE3)

cells harboring pET30a-AaH6H or empty pET30a,

pGEX4T-1-AaH6H or empty pGEX4T-1 after

the OD600 reached *0.6. After 2-day induction,

alkaloids in cell culture media were extracted with

ethyl acetate by vortexing for three times. The

organic phases were separated and evaporated with

rotary evaporators. The extracts were dissolved in

methanol/water (1:1, v/v) and analyzed by GC–MS.

Tropane alkaloids were quantified as previously

described (Liu et al. 2005). GC–MS was performed

with Agilent 6850 Series GC-System using a

30 m 9 250 9 0.25 lm HP-5 column. The splitless

injection volume was 1 ll. Helium was used as the

carrier gas at 1 ml/min. The inlet temperature was

280�C. The temperature program was: initial 50�C,

3 min isothermally, 5�C/min up to 200�C, 2 min

isothermally, 3�C/min up to 280�C, 10 min isother-

mally. A mass detector (Agilent 5975) was used for

detection.

Fig. 1 H6H catalyzes both the hydroxylation of hyoscyamine and the epoxidation of 6b-hydroxyhyoscyamine to generate

scopolamine
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Results and discussion

Protein purification and western blot analysis

The different fractions from protein Ni–NTA affinity

purification were fractionated by SDS–PAGE gel. A

major band corresponding to the putative target

protein (His-AaH6H)) of 43 kDa was present in

supernatant, precipitant and flow-through fractions

as well as the eluted fractions but was absent in the

wash fraction (Fig. 2a), indicting His-AaH6H was

being expressed in bacteria. His-AaH6H was further

confirmed by western blot analysis using anti-His tag

antibody, which revealed a strong blotting band

corresponding to the expected size (43 kDa) (Fig. 2b).

These results implied that His-AaH6H was abun-

dantly expressed in bacterial cells. Similarly, a major

band at 64 kDa, corresponding to the expected size of

GST-AaH6H, was detected by Coomassie Brilliant

Blue R-250 staining and western blot analysis using

anti-GST antibody (Fig. 2c and d) suggesting that

GST-AaH6H was also expressed in the cells. Finally,

the yields of the purified recombinant His- and GST-

AaH6H proteins were 0.6 and 0.9 mg/ml, respectively.

Bioconversion of hyoscyamine to scopolamine

in E. coli

The biofunction of AaH6H were further investigated

by whole-cell biotransformation in vitro. Both sco-

polamine and 6b-hydroxyhyoscyamine were detected

in the media of cells carrying pET30a-AaH6H or

pGEX4T-1-AaH6H not the empty vectors (pET30a

and pGEX4T-1) (Table 1 and Fig. S1 in Supplemen-

tary material). Peaks corresponding to hyoscyamine,

6b-hydroxyhyoscyamine and scopolamine were iden-

tified by MS; the MS of scopolamine and 6b-

hydroxyhyoscyamine from the bacterial media were

identical to the standard alkaloids (Fig. S2 in

Supplementary material). The yields of scopolamine

extracted from the media of the cells carrying

pET30a-AaH6H or pGEX4T-1-AaH6H were 32 and

Fig. 2 Expression,

purification and Western

blot analyses of

recombinant H6H. The

different fractions from

AaH6H protein

purifications were resolved

in 12% SDS–PAGE gel.

The gels were stained with

Coomassie brilliant blue

R-250 and were

subsequently transferred

onto the membranes for

Western blots using rabbit

polyclonal antibody against

His or GST tags. Arrows
indicate the band

corresponding to

recombinant AaH6H

proteins. a SDS–PAGE

analysis of His recombinant

H6H. b Western blot

analysis of His recombinant

H6H protein from the

supernatant. c SDS–PAGE

analysis of GST-tag

recombinant H6H.

d Western blot analysis of

GST- recombinant H6H

protein from the supernatant
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31 mg/l, respectively. Both of ratios of 6b-hydrox-

yhyoscyamine to scopolamine were about 1:10

(Table 1).

Consistent with our findings, a similar phenome-

non was previously reported in H. niger (Hashimoto

et al. 1993). Recently, a H6H gene from Brugmansia

candida was functionally expressed in yeast indicat-

ing a good potential for use as a biocatalyst (Cardillo

et al. 2008). Because the complex structures of

alkaloids make chemical synthesis complicated and

expensive, our genetically engineered bacterial

strains which can express bioactive product provide

an alternative promising bioreactor to produce sco-

polamine as a new biocatalyst.
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Y, Wang ZN, Zhang HM, Kai GY, Liao ZH, Sun XF,

Tang K (2004) Engineering tropane biosynthetic pathway

in Hyoscyamus niger hairy root cultures. Proc Natl Acad

Sci USA 101(17):6786–6791

Biotechnol Lett (2011) 33:1361–1365 1365

123


	Functional identification of hyoscyamine 6 beta -hydroxylase from Anisodus acutangulus and overproduction of scopolamine in genetically-engineered Escherichia coli
	Abstract
	Introduction
	Materials and methods
	DNA constructs
	Expression and purification
	Whole-cell biotransformation, alkaloids extraction and gas chromatography-mass spectroscopy analysis

	Results and discussion
	Protein purification and western blot analysis
	Bioconversion of hyoscyamine to scopolamine in E. coli

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


