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Abstract 

Benzylisoquinoline alkaloids (BIAs) are a large group of nitrogen-containing 

specialized metabolites. Opium poppy (Papaver somniferum) is an important pharmaceutical 

plant and has been cultivated for thousands of years for its analgesic constituents: the 

morphinan BIAs codeine and morphine. In addition, opium poppy produces other BIAs with 

biological activities, such as the vasodilator papaverine, the potential anti-cancer drug 

noscapine and the antimicrobial agent sanguinarine. The objective of this work was to identify 

and characterize oxidative enzymes involved in BIA biosynthesis, with a specific focus on 

cytochromes P450 (P450s).  

The biosynthesis of sanguinarine from (S)-reticuline requires four P450s. Our first 

objective was to identify these unidentified P450s in opium poppy. Our approach was based 

on the coordinated induction of all sanguinarine biosynthetic enzyme transcripts and proteins 

in elicited opium poppy cell suspension cultures. Using data from a previous microarray study, 

we identified 12 uncharacterized inducible P450s. Recombinant expression in Saccharomyces 

cerevisiae revealed that 4 of these enzymes (CYP719A20, CYP719A25, CYP82N3 and 

CYP82N4) were involved in sanguinarine biosynthesis. Unexpectedly, in planta silencing 

using virus-induced gene silencing showed that plants suppressed in these P450s transcripts 

have significantly increased levels of sanguinarine and dihydrosanguinarine. Many changes in 

the accumulation of sanguinarine biosynthetic intermediates were also detectable. In 

CYP82N3- and CYP82N4-silenced plants, we detected a significant accumulation of some 

alkaloids in roots and a significant reduction of some of these in latex.  

Previous silencing of the penultimate step in morphine biosynthesis, codeinone 

reductase (COR), showed a dramatic decrease in morphinan alkaloids, as well as a significant 
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increase in reticuline, the central BIA branch point intermediate. A search for similar enzymes 

that may be co-silenced revealed a P450 reductase fusion. Further in vitro and in planta 

characterization showed that this enzyme is responsible for the final unidentified and first 

committed steps in morphine biosynthesis, the epimerization of (S)-reticuline. Papaver rhoeas, 

which does not accumulate morphinan alkaloids, possesses this enzyme as two polypeptides. 

The significance of this difference remains to be studied. We were also able to identify a 

paralog of COR which can catalyze the isomerization of many morphinans, potentially opening 

new routes to manufacture novel opiates.  

  



iv 

Acknowledgements 

 I would first like to thank the people that kept me on track to finish this work. If it 

wasn’t for mental health breaks with my parents, siblings, Mylène, Theo, Fred, my 

grandmother and others, my time at the University of Calgary might have gone very 

differently. Not to mention the invaluable contributions friends in no particular order such as 

Glen, Ola, Donald, Alexis, Scott, Crystal and Mat in Calgary, as well as Keenan, Lauren and 

Natalie in Montreal and many other friendly people there and elsewhere! 

 I would also like to thank the people that gave me the technical skills that helped me 

complete the work in this thesis. Dre. Johanne Tremblay and Suzanne Cossette at the CHUM 

gave me the background to all the molecular biology skills I needed. The chemistry skills I 

gained working with Dr. Oswy Pereira and the rest of the group at ViroChem Pharma as well 

as the protein work I did with Dr. Joanne Turnbull at Concordia also have me an enormous 

head start when I began this work. I would also like to thank Dr. Isabel Desgagné-Penix and 

Dr. Eun-Jeong Lee for their general technical help, as well as Scott Farrow with anything to 

do with analytical chemistry. Donald Dinsmore and Crystal Bross were also excellent people 

to discuss all aspects of on-going work and gave many helpful comments throughout my time 

in Calgary. Without them, much of this work would have taken much longer. 

 Although each chapter has its own acknowledgements, some of the most discoveries in 

this work would likely not have occurred if it wasn’t for discussions with Scott Farrow. It’s 

also worth noting that without scholarships from the University of Calgary, the National 

Sciences and Engineering Research Council of Canada, Alberta Ingenuity – Technology 

Futures and the fonds Québécois de la recherché sur la nature et les technologies, there would 

not have been nearly as much time invested in this work.   



v 

Table of Contents 

Abstract ............................................................................................................................... ii 

Acknowledgements ............................................................................................................ iv 

Table of Contents .................................................................................................................v 

List of Tables ..................................................................................................................... xi 

List of Figures .................................................................................................................. xiii 

List of Symbols, Abbreviations and Nomenclature ....................................................... xviii 

Epigraph ........................................................................................................................... xxi 

CHAPTER 1: INTRODUCTION ........................................................................................1 

1.1 Plant specialized metabolism .....................................................................................1 

1.2 Benzylisoquinoline alkaloids in opium poppy .....................................................3 

1.3 Biosynthesis of the major alkaloids in opium poppy .................................................4 

1.3.1 Many reactions from a limited number of enzyme families ..............................4 

1.3.2 (S)‑Reticuline ....................................................................................................5 

1.3.3 Papaverine .........................................................................................................9 

1.3.4 Morphine .........................................................................................................10 

1.3.5 Protoberberines, protopines and sanguinarine .................................................13 

1.3.6 Noscapine ........................................................................................................15 

1.3.7 Other alkaloids .................................................................................................16 

1.4 Regulation of alkaloid metabolism ..........................................................................17 

1.4.1 Cellular localization and transport ...................................................................17 

1.4.2 Subcellular compartmentalization and trafficking ..........................................18 

1.4.3 Hormonal regulation ........................................................................................22 

1.4.4 Transcriptional regulation ...............................................................................23 

1.5 Metabolic engineering .............................................................................................24 

1.5.1 Plants ...............................................................................................................24 

1.5.2 Microbes ..........................................................................................................25 

1.6 Cytochromes P450 ...................................................................................................26 

1.7 Strategies for triage and discovery of novel genes ..................................................28 

1.7.1 Traditional approach ........................................................................................28 

1.7.2 Homology-based cloning .................................................................................29 

1.7.3 “Guilt by association” ......................................................................................30 

1.8 Objectives ................................................................................................................31 

1.8.1 Homology-based isolation and characterization of P. somniferum CFS and 

SPS ...................................................................................................................32 

1.8.2 “Guilt-by-association”-based isolation and characterization of P. somniferum 

MSH and P6H ..................................................................................................32 

1.8.3 “Guilt-by-association”-based isolation and characterization of (S)-reticuline 

epimerase (REPI) .............................................................................................33 

1.8.4 Homology-based isolation and characterization of P. somniferum codeine 

isomerase (COI) ...............................................................................................33 

1.9 Contributions of others ............................................................................................34 

CHAPTER 2: GENERAL MATERIALS AND METHODS ............................................36 

2.1 Plants ........................................................................................................................36 



vi 

2.2 Cell cultures .............................................................................................................36 

2.3 Microbial Strains ......................................................................................................36 

2.4 Substrates and chemicals .........................................................................................37 

2.5 Phylogenetic analysis ...............................................................................................38 

2.6 Extraction of plant RNA and cDNA synthesis ........................................................43 

2.7 Saccharomyces cerevisiae expression vectors .........................................................43 

2.7.1 pESC-leu2d::PsCPR ........................................................................................43 

2.7.2 pESC-leu2d::PsCPR/LsGAOΔC .....................................................................44 

2.8 Saccharomyces cerevisiae transformation, protein induction, extraction and 

purification .............................................................................................................44 

2.8.1 Transformation of S. cerevisiae strain YPH499 ..............................................44 

2.8.2 S. cerevisiae protein induction ........................................................................44 

2.8.3 Microsomal protein preparation ......................................................................45 

2.9 Escherichia coli protein induction, extraction and purification ..............................45 

2.9.1 E. coli protein induction ..................................................................................45 

2.9.2 E. coli soluble protein extraction and purification ..........................................46 

2.10 Analysis of recombinant proteins ..........................................................................46 

2.10.1 SDS-PAGE ....................................................................................................46 

2.10.2 Immunoblots (Western Blot) .........................................................................46 

2.11 Cytochrome P450 enzyme assays ..........................................................................47 

2.11.1 Routine enzyme assays ..................................................................................47 

2.11.2 Determination of apparent Michaelis-Menten kinetic constants ...................47 

2.12 Reductase enzyme assays ......................................................................................48 

2.12.1 Temperature and pH optima ..........................................................................48 

2.12.2 Routine enzyme assays ..................................................................................48 

2.12.3 Quenching and preparation for LC-MS .........................................................49 

2.13 LC-MS conditions ..................................................................................................49 

2.13.1 LC conditions for enzymatic assays and VIGS plant extracts ......................49 

2.13.2 VIGS plant extracts .......................................................................................49 

2.13.3 LC conditions for quantification of sanguinarine in VIGS plants .................49 

2.13.4 Mass analyzer conditions ..............................................................................49 

2.14 Real-time quantitative PCR (qPCR) ......................................................................50 

2.15 Virus-induced gene silencing (VIGS) ....................................................................54 

2.15.1 Transformation of Agrobacterium tumefaciens strain GV3101 ....................54 

2.15.2 Infiltration of P. somniferum seedlings .........................................................54 

2.15.3 Confirmation of silencing in VIGS-treated P. somniferum plants ................55 

2.15.4 Extraction of alkaloids from VIGS-treated P. somniferum plants ................55 

2.15.5 Statistical analysis for VIGS data ..................................................................56 

CHAPTER 3: ISOLATION AND CHARACTERIZATION OF A CDNA ENCODING 

(S)-CIS-N-METHYLSTYLOPINE 14-HYDROXYLASE FROM OPIUM POPPY, 

A KEY ENZYME IN SANGUINARINE BIOSYNTHESIS ...................................57 

3.1 Introduction ..............................................................................................................57 

3.2 Materials and Methods .............................................................................................61 

3.4.1. Plant materials and chemicals ........................................................................61 

3.2.2 Selection of MSH candidates ..........................................................................62 

3.2.3 Real-time quantitative PCR analysis (RT-qPCR) ...........................................62 



vii 

3.2.4 Phylogenic analysis .........................................................................................62 

3.2.5 S. cerevisiae expression vectors ......................................................................62 

3.2.6 Heterologous expression in S. cerevisiae ........................................................63 

3.2.7 Enzyme assays .................................................................................................63 

3.2.8 Liquid chromatography-tandem mass spectrometry .......................................63 

3.3 Results ......................................................................................................................64 

3.3.1 Identification of a cDNA candidate encoding MSH from opium poppy ........64 

3.3.2 Expression of PsMSH and PsCPR in S. cerevisiae .........................................64 

3.3.3 Determination of substrate specificity and range of PsMSH ..........................75 

3.3.4 Expression analysis of PsMSH in opium poppy .............................................75 

3.4 Discussion ................................................................................................................78 

CHAPTER 4: ISOLATION, CHARACTERIZATION AND IN PLANTA SILENCING 

OF FOUR CYTOCHROMES P450 INVOLVED IN SANGUINARINE 

BIOSYNTHESIS IN OPIUM POPPY......................................................................81 

4.1 Introduction ..............................................................................................................81 

4.2 Materials and Methods .............................................................................................85 

4.2.1 Plants and chemicals ........................................................................................85 

4.2.2 Selection of cytochromes P450 candidates .....................................................86 

4.2.3 Expression analysis .........................................................................................86 

4.2.4 Phylogenetic analysis ......................................................................................86 

4.2.5 Heterologous expression vector construction ..................................................87 

4.2.6 Heterologous expression in Saccharomyces cerevisiae ..................................87 

4.2.7 Enzyme assays .................................................................................................87 

4.2.8 Virus-induced gene silencing ..........................................................................88 

4.2.9 LC-MS/MS ......................................................................................................90 

4.3 Results ......................................................................................................................90 

4.3.1 Isolation of P450 gene candidates ...................................................................90 

4.3.2 Gene expression analysis .................................................................................92 

4.3.3 In vitro characterization ...................................................................................97 

4.3.4 VIGS analysis ................................................................................................106 

4.4 Discussion ..............................................................................................................117 

CHAPTER 5: A SURVERY OF CALIFORNIA POPPY (ESCHSCHOLZIA 

CALIFORNICA) CYTOCHROMES P450 FROM THE CYP82 FAMILY 

REVEALS (S)-CIS-N-METHYLSTYLOPINE-14-HYDROXYLASE .................127 

5.1 Introduction ............................................................................................................127 

5.2 Materials and Methods ...........................................................................................131 

5.2.1 Plants and Chemicals .....................................................................................131 

5.2.2 Selection of CYP82s and CYP719s from BIA-producing plants ..................131 

5.2.3 Phylogenetic analysis ....................................................................................132 

5.2.4 Expression analysis of E. californica CYP82s ..............................................132 

5.2.5 S. cerevisiae expression vectors ....................................................................132 

5.2.6 Heterologous expression in S. cerevisiae ......................................................133 

5.2.7 Enzyme assays ...............................................................................................133 

5.2.8 Liquid chromatography tandem mass spectrometry (LC-MS) ......................133 

5.3 Results ....................................................................................................................135 



viii 

5.3.1 Identification of candidate E. californica CYP82s ........................................135 

5.3.2 EcMSH catalyzes the formation of allocryptopine from N-methylcanadine 135 

5.4 Discussion ..............................................................................................................139 

CHAPTER 6: IDENTIFICATION OF AN ALDO-KETO REDUCTASE, 

CYTOCHROME P450 FUSION RESPONSIBLE FOR THE FIRST COMMITTED 

STEP IN MORPHINE BIOSYNTHESIS – THE EPIMERIZATION OF (S)-

RETICULINE .........................................................................................................152 

6.3 Introduction ............................................................................................................152 

6.4 Materials and Methods ...........................................................................................157 

6.4.1 Plants and chemicals ......................................................................................157 

6.4.2 Identification of candidates for the epimerization of (S)-reticuline ..............157 

6.4.3 5’ Rapid amplification of cDNA ends (5’RACE) .........................................158 

6.4.4 Phylogenetic analysis ....................................................................................158 

6.4.5 Heterologous expression vector construction ................................................158 

6.4.6 Heterologous expression ...............................................................................159 

6.4.7 Enzyme assays ...............................................................................................159 

6.4.8 Virus-induced gene silencing (VIGS) ...........................................................159 

6.4.9 LC-MS/MS ....................................................................................................161 

6.4.10 Expression analysis .....................................................................................161 

6.5 Results ....................................................................................................................161 

6.5.1 Isolation of candidates catalyzing the epimerization of (S)-reticuline ..........161 

6.5.2 P. somniferum (S)-reticuline epimerase catalyzes the formation of (R)-

reticuline from (S)-reticuline and 1,2-dehydroreticuline ...............................169 

6.5.3 Silencing of P. somniferum (S)-reticuline epimerase through virus-induced 

gene silencing.................................................................................................177 

6.5.4 Gene expression analysis ...............................................................................182 

6.6 Discussion ..............................................................................................................182 

CHAPTER 7: CODEINE ISOMERASE – A CODEINONE REDUCTASE PARALOG 

CATALYZING THE FORMATION OF NEOPINE AND OTHER RARE 

MORPHINAN ALKALOIDS ................................................................................191 

7.2 Introduction ............................................................................................................191 

7.3 Materials and Methods ...........................................................................................196 

7.3.1 Plants and Chemicals .....................................................................................196 

7.3.2 Isolation of COI and Phylogenetic analysis ..................................................197 

7.3.3 Expression Vector Construction ....................................................................197 

7.3.4 Recombinant Protein Expression and Purification ........................................197 

7.3.5 Enzyme Assays ..............................................................................................198 

7.3.6 LC-MS/MS Analysis .....................................................................................198 

7.4 Results ....................................................................................................................198 

7.4.1 COI and COR belong to the aldo-keto reductase family ...............................198 

7.4.2 PsCOI converts codeine and codeinone to neopine ......................................200 

7.4.3 PsCOI can accept either NADP+ or NADPH as a cofactor ...........................208 

7.4.4 PsCOI accepts all morphinan alkaloids lacking a 6-O-methyl ......................214 

7.5 Discussion ..............................................................................................................214 



ix 

CHAPTER 8: DISCUSSION ...........................................................................................219 

8.1 Summary ................................................................................................................219 

8.2 Future directions ....................................................................................................222 

8.2.1 Identification and characterization of DRR and COI mechanisms ...............222 

8.2.2 Transport of BIAs in opium poppy ...............................................................222 

8.2.3 The role of (R)-BIAs in other BIA-producing plants ....................................225 

8.2.4 Identification and characterization of benzo[c]phenanthridine biosynthetic 

enzymes from E. californica ..........................................................................226 

8.2.5 Identification of homologs, orthologs or isoforms of BIA biosynthetic 

enzymes with alternate functions ...................................................................227 

APPENDIX 1: ISOLATION AND CHARACTERIZATION OF SANGUINARINE 

REDUCTASE FROM PAPAVER SOMNIFERUM ................................................231 

A1.1 Introduction .........................................................................................................231 

A1.2 Materials and Methods ........................................................................................234 

A1.2.1 Plant materials and chemicals .....................................................................234 

A1.2.2 Selection and isolation of PsSanR candidates ............................................234 

A1.2.3 Phylogenetic analysis .................................................................................235 

A1.2.4 E. coli expression vectors ...........................................................................235 

A1.2.5 Induction, extraction and purification of PsSanR .......................................235 

A1.2.6 Enzyme Assays ...........................................................................................235 

A1.2.7 Liquid chromatography tandem mass spectrometry ...................................235 

A1.3 Results .................................................................................................................236 

A1.3.1 Several isoforms of PsSanR are present in P. somniferum .........................236 

A1.3.2 PsSanRs only catalyze the transformation of sanguinarine to 

dihydrosanguinarine .......................................................................................241 

A1.4 Discussion ...........................................................................................................241 

APPENDIX 2: CHARACTERIZATION OF A FLAVOPROTEIN OXIDASE FROM 

OPIUM POPPY CATALYZING THE FINAL STEPS IN SANGUINARINE AND 

PAPAVERINE BIOSYNTHESIS ..........................................................................246 

A2.1 Introduction .........................................................................................................246 

A2.3 Materials and Methods ........................................................................................251 

A2.3.1 Plants and Chemicals ..................................................................................251 

A2.3.2 Selection of FADOX Candidates and Phylogenic Analysis .......................252 

A2.3.3 Expression Vector Construction .................................................................253 

A2.3.4 Heterologous Expression in Yeast ..............................................................263 

A2.3.5 Enzyme Assays ...........................................................................................264 

A2.3.6 Virus-induced Gene Silencing ....................................................................264 

A2.3.7 LC-MS/MS .................................................................................................271 

A2.3.7 Real-time Quantitative PCR Analysis ........................................................272 

A2.4 Results .................................................................................................................278 

A2.4.1 Isolation of FADOX Gene Candidates .......................................................278 

A2.4.2 In Vitro Characterization ............................................................................284 

A2.4.3 Gene Expression Analysis ..........................................................................299 

A2.4.4 VIGS Analysis ............................................................................................299 

A2.5 Discussion ...........................................................................................................310 



x 

A2.6 Acknowledgments ...............................................................................................316 

APPENDIX 3: RECONSTITUTION OF A 10-GENE PATHWAY FOR SYNTHESIS 

OF THE PLANT ALKALOID DIHYDROSANGUINARINE IN 

SACCHAROMYCES CEREVISIAE .....................................................................317 

A3.1 Introduction ..........................................................................................................317 

A3.2 Materials and Methods ........................................................................................319 

A3.2.1 Chemicals and reagents ..............................................................................319 

A3.2.2 Identification and characterization of PsCFS and PsSPS ...........................320 

A3.2.3 Reconstitution of the sanguinarine pathway in S. cerevisiae .....................324 

A3.2.4 Assembly of plasmids by homologous recombination ...............................325 

A3.2.5 Integration of enzyme blocks into the genome ...........................................329 

A3.2.6 Cell-feeding assays .....................................................................................331 

A3.2.7 MRM analysis of alkaloids .........................................................................331 

A3.2.8 FT-MS analysis of alkaloids .......................................................................332 

A3.3 Results ..................................................................................................................333 

A3.3.1 CFS and SPS from opium poppy ................................................................333 

A3.3.2 Reconstitution of the dihydrosanguinarine pathway ..................................338 

A3.3.3 Functional expression of individual enzyme blocks ...................................339 

A3.3.4 Integration of Block 2 and Block 3 in the genome .....................................347 

A3.3.5 TNMT N-methylates scoulerine and cheilanthifoline ................................352 

A3.3.6 Production of dihydrosanguinarine from norlaudanosoline .......................353 

A3.4 Discussion ............................................................................................................355 

A3.5 Acknowledgements .............................................................................................359 

REFERENCES ................................................................................................................360 

 



xi 

List of Tables 

Table 2.1 – Microbial Strains .................................................................................................. 36 

Table 2.2 Cytochrome p450 abbreviations, accession numbers and assigned functions 

used in phylogenetic analysis .......................................................................................... 39 

Table 2.3 Reductase abbreviations, accession numbers and assigned functions used in 

phylogenetic analysis ...................................................................................................... 42 

 42 

Table 2.4 Compound list and MRM transitions and dynamic MRM measurement times 

for the quantification of benzylisoquinoline alkaloids by LC-MS/MS .......................... 51 

Table 2.5 RT-qPCR analysis: primers used to quantify gene expression in P. somniferum 

plants ............................................................................................................................... 52 

Table 4.1 Saccharomyces cerevisiae expression constructs : primers used for sequence 

amplification and ligation into pESC-leu2d::PsCPR or pESC-leu2d::AaCPR ............... 88 

Table 4.2 VIGS constructs: primers used for sequence amplification and ligation into 

pTRV2 ............................................................................................................................. 89 

Table 5.1 Primers for Saccharomyces cerevisiae expression vectors ................................... 132 

Table 6.1 Recombinant protein expression constructs : primers used for sequence 

amplification and ligation into pESC-leu2d::PsCPR/LsGAO or pET47b .................... 160 

Table 6.2 VIGS constructs: primers used for PsREPI and PsCOR sequence amplification 

and ligation into pTRV2 ............................................................................................... 160 

Table 7.1 Collision-induced dissociation (CID) spectra of alkaloids in this study .............. 199 

Table A1.1 Primers for amplification of PsSanR candidates ............................................... 234 

Table A2.1 Pichia pastoris expression constructs: primers used for sequence 

amplification and ligation into pPINK .......................................................................... 260 

Table A2.2 Saccharomyces cerevisiae expression constructs: primers used for sequence 

amplification and ligation into pYES2 ......................................................................... 262 

Table A2.3 VIGS constructs: primers used for the sequence amplification and ligation 

into pTRV2 ................................................................................................................... 270 

Table A2.4 Confirmation of TRV infection: primers used for the detection of TRV in A. 

tumefaciens-infiltrated plants  ....................................................................................... 270 



xii 

Table A2.5 Compound list and CID spectra used for the identification and quantification 

of benzylisoquinoline alkaloids by LC-MS/MS in plants subjected to virus-induced 

gene silencing ................................................................................................................ 273 

Table A2.6 RT-qPCR analysis of VIGS plants: primers used to quantify gene expression . 277 

Table A2.7 RT-qPCR analysis of plant organs: primers used to quantify gene expression . 277 

Table A3.1. Oligonucleotides used for amplifications of expression constructs parts ......... 321 

Table A3.2 List of Saccharomyces cerevisiae strains and plasmids used in this study ........ 325 

Table A3.3. Oligonucleotides used in site-directed mutagenesis of the pGREG vector 

series in order to eliminate additional KpnI sites .......................................................... 328 

Table A3.4. Oligonucleotides used for amplifications of for integration of the Block 2 

and Block 3 into the genome......................................................................................... 330 



xiii 

List of Figures  

Figure 1.1 Biosynthetic pathways leading to major benzylisoquinoline alkaloids 

accumulating in opium poppy and other plant species. .................................................... 7 

Figure 1.2 Cellular localization model showing the roles of companion cells, sieve 

elements and laticifers in the biosynthesis of morphine in opium poppy. ...................... 19 

Figure 1.3 Subcellular localization model showing the proposed compartmentalization of 

sanguinarine biosynthetic enzymes in cultured opium poppy cells. ............................... 21 

Figure 3.1 Biosynthesis of the benzo[c]phenanthridine alkaloids sanguinarine, nitidine 

and chelerythrine. ............................................................................................................ 59 

Figure 3.2 Amino acid sequence alignment of opium poppy (S)-cis-N-methylstylopine 

14-hydroxylase (PsMSH) and selected cytochromes P450s involved in BIA 

biosynthesis. .................................................................................................................... 68 

Figure 3.3 Unrooted neighbor-joining phylogenetic tree of selected cytochromes P450 

involved in plant specialized metabolism. ...................................................................... 70 

Figure 3.4 Microsomes from S. cerevisiae expressing PsMSH hydroxylate N-methylated 

protoberberine alkaloids. ................................................................................................. 72 

Figure 3.5 Collision-induced dissociation (CID) mass spectra of enzymatic substrates (N-

methylstylopine and N-methylcanadine) and reaction products (protopine and 

allocryptopine) of opium poppy MSH. ........................................................................... 74 

Figure 3.6 - Relative conversion of selected BIAs by opium poppy MSH. ........................... 76 

Figure 3.7 Relative transcript abundance of PsMSH in opium poppy plant organs and 

elicitor-treated cell suspension cultures. ......................................................................... 77 

Figure 4.1 Sanguinarine and protopine alkaloid biosynthetic pathway .................................. 84 

Figure 4.3 Microarray analysis of elicited opium poppy cell suspension cultures ................. 94 

Figure 4.4 Unrooted neighbor-joining phylogenetic tree of sanguinarine biosynthetic 

P450 candidates and selected cytochromes P450 involved in plant secondary 

metabolism ...................................................................................................................... 96 

Figure 4.5 RNAseq analysis of (A) sanguinarine biosynthetic enzymes and (B) candidate 

P450s of opium poppy variety “Bea’s Choice” stem and root ....................................... 99 

Figure 4.6 Real-time quantitative PCR (RT-qPCR) of sanguinarine biosynthetic enzymes 

in various organs of opium poppy variety “40” ............................................................ 101 

Figure 4.7 Heterologous expression in Saccharomyces cerevisiae ...................................... 102 



xiv 

Figure 4.9 Steady-state enzyme kinetics of recombinant P450s ........................................... 108 

Figure 4.11 Effect of virus-induced gene silencing (VIGS) on sanguinarine and 

sanguinarine biosynthetic intermediates in opium poppy roots .................................... 113 

Figure 4.12 Collision-induced dissociation (CID) mass spectra of N-methylated 

protoberberines ............................................................................................................. 114 

Figure 4.13 Effect of virus-induced gene silencing (VIGS) of PsCFS and PsSPS on 

cryptopine and allocryptopine biosynthetic intermediates in opium poppy roots ........ 116 

Figure 4.14 Effect of virus-induced silencing of PsMSH on protoberberine and protopine 

alkaloids in opium poppy roots (A) and latex (B) ........................................................ 119 

Figure 4.15 Effect of virus-induced silencing of sanguinarine biosynthetic P450s on the 

other major alkaloids in opium poppy (A) roots and (B) latex ..................................... 121 

Figure 5.1 Biosynthesis of the benzo[c]phenanthridine alkaloid macarpine. ....................... 130 

Figure 5.2 Compounds assayed as substrates for EcCYP82 candidates ............................... 134 

Figure 5.3 Unrooted neighbor-joining phylogenetic tree of E. californica CYP82 

candidates and selected cytochromes P450 involved in plant specialized metabolism 137 

Figure 5.4 RNAseq analysis of CYP82 candidates and other cytochromes P450 involved 

in sanguinarine biosynthesis in E. californica .............................................................. 138 

Figure 5.5 Extracted ion chromatograms (EIC) of S. cerevisiae microsomes expressing 

EcCYP82-1 ................................................................................................................... 141 

Figure 5.6 Immunoblot of Saccharomyces cerevisiae expressing PsMSH or EcCYP82-1 

(EcMSH) ....................................................................................................................... 142 

Figure 5.7 Unrooted neighbor-joining phylogenetic tree of CYP82 candidates from 17 

species and CYP82s from E. californica and P. somniferum involved in BIA 

metabolism. ................................................................................................................... 145 

Figure 5.8 Unrooted neighbor-joining phylogenetic tree of CYP719 candidates from 13 

species and CYP719s from E. californica and P. somniferum involved in BIA 

metabolism. ................................................................................................................... 147 

Figure 5.9 Unrooted neighbor-joining phylogenetic tree of CYP80 candidates from 14 

species and characterized CYP80s involved in BIA metabolism. ................................ 149 

Figure 6.1 Morphinan alkaloid biosynthetic pathway .......................................................... 154 

Figure 6.2 Nucleic acid alignment of silencing construct used in previous studies with 

opium poppy codeinone reductase (PsCOR) and (S)-reticuline epimerase (PsREPI) .. 164 



xv 

Figure 6.3 Amino acid alignment of 1,2-dehydroreticuline synthase (DRS) candidates and 

selected cytochromes P450 involved in plant specialized metabolism......................... 166 

Figure 6.4 Unrooted neighbor-joining phylogenetic tree of 1,2-dehydroreticuline synthase 

(DRS) candidates and cytochromes P450 involved in plant specialized metabolism .. 168 

Figure 6.5 Amino acid alignment of 1,2-dehydroreticuline reductase (DRR) candidates 

and selected aldo-keto reductases (AKRs) involved in plant metabolism .................... 171 

Figure 6.6 Unrooted neighbor-joining phylogenetic tree of 1,2-dehydroreticuline 

reductase (DRR) candidates and selected plant aldo-keto reductases (AKRs) ............. 173 

Figure 6.7 in vitro analysis of purified DRR candidates and microsomes expressing 

PrDRS ........................................................................................................................... 175 

Figure 6.8 Regions of opium poppy (S)-reticuline epimerase and PsCOR isoform 3 

cDNAs used to construct virus-induced gene silencing (VIGS) vectors in pTRV2 ..... 179 

Figure 6.9 Effect of virus-induced gene silencing (VIGS) on morphinan alkaloids, (S)-

reticuline, its methylated derivatives, and other major alkaloids in opium poppy latex181 

Figure 6.10 Real-time quantitative PCR (RT-qPCR) of morphine biosynthetic enzymes in 

various organs of opium poppy variety “40” ................................................................ 184 

Figure 7.1 Morphinan alkaloid biosynthetic pathway from (S)-reticuline ........................... 194 

Figure 7.2 Amino acid alignment of opium poppy codeine isomerase (PsCOI) and 

selected plant aldo-keto reductases (AKRs) ................................................................. 202 

Figure 7.3 Unrooted neighbor-joining phylogenetic tree of PsCOI and selected plant aldo-

keto reductases (AKRs) ................................................................................................ 204 

Figure 7.4 Purified recombinant His-tagged PsCOI and PsCOR separated by SDS-PAGE 205 

Figure 7.5 Codeine isomerase (PsCOI) converts codeine to neopine through codeinone .... 207 

Figure 7.6 Codeine Isomerase (PsCOI) accepts NADP+ and NADPH in the formation of 

neopine from codeine .................................................................................................... 210 

Figure 7.7 Accumulation of neopine with either PsCOI or PsCOR1.3 and NADP+ or 

NADPH as cofactors. .................................................................................................... 211 

Figure 7.8 PsCOI accepts 6-O-desmethyl morphinan substrates with a C7-C8 

desaturation ................................................................................................................... 213 

Figure 8.1 Similar reactions to those catalyzed by the berberine bridge enzyme and 

salutaridine synthase. .................................................................................................... 229 

Figure A1.1 Sanguinarine and dihydrosanguinarine can be interconverted enzymatically .. 233 



xvi 

Figure A1.2 Multiple sequence alignment of SanRs ............................................................ 238 

Figure A1.3 Unrooted neighbor-joining phylogenetic tree of selected reductases ............... 240 

Figure A1.4 Coomassie Brilliant Blue stained SDS-PAGE of PsSanRs .............................. 242 

Figure A1.5 PsSanRs convert sanguinarine to dihydrosanguinarine .................................... 243 

Figure A2.1 Established and putative reactions catalyzed by flavoprotein oxidases in BIA 

metabolism. ................................................................................................................... 248 

Figure A2.2 Unrooted neighbor-joining phylogenetic tree for opium poppy FADOXs and 

related flavoproteins. ..................................................................................................... 255 

Figure A2.3. Alignment of deduced amino acid sequences of opium poppy FAD-

dependent oxidases (FADOXs) with opium poppy berberine bridge enzyme (BBE1). 259 

Figure A2.4 Steady-state enzyme kinetics of recombinant DBOX with varying 

concentrations of (S)-scoulerine (A) and dihydrosanguinarine (B) substrates. ............. 267 

Figure A2.5 Regions of various FADOX cDNAs used to construct virus-induced gene 

silencing (VIGS) vectors in pTRV2. ............................................................................ 268 

Figure A2.6 Detection of tobacco rattle virus in individual opium poppy plants infiltrated 

with various pTRV2 vectors, and used for gene expression and alkaloid profile 

analyses. ........................................................................................................................ 269 

Figure A2.7 Collision-induced dissociation mass spectra for reaction products of DBOX 

(FADOX5) enzyme assays. .......................................................................................... 276 

Figure A2.8 Schematic representation of sequence coverage for sixteen independently 

assembled contigs representing opium poppy FAD-dependent oxidases (FADOXs) 

with homology to berberine bridge enzyme (BBE). ..................................................... 280 

Figure A2.9 Expression levels of opium poppy berberine bridge enzyme (BBE1) and 

FAD-dependent oxidoreductases (FADOXs) as indicated by the number of reads in 

nine different Roche 454-based sequence libraries....................................................... 283 

Figure A2.10 SDS-PAGE of recombinant FADOX5 and BBE proteins produced in 

Pichia pastoris. ............................................................................................................. 285 

Figure A2.11 Relative conversion of selected substrates by BBE and DBOX (FADOX5) 

under standard assay conditions. ................................................................................... 287 

Figure A2.12 Extracted ion chromatograms (EICs) showing the conversion of (S)-

reticuline to (S)-scoulerine by BBE1 and BBE2 (FADOX4). ...................................... 288 

Figure A2.13 Extracted ion chromatograms showing the substrates and products of 

DBOX (FADOX5) enzyme assays. .............................................................................. 291 



xvii 

Figure A2.14 DBOX catalyzes the formation of two reaction products with the same 

molecular ion mass from (S)-scoulerine substrate. ....................................................... 293 

Figure A2.15 Additional benzylisoquinoline alkaloids tested as substrates for BBE1 and 

DBOX (FADOX5). ....................................................................................................... 295 

Figure A2.16 Strains of Saccharomyces cerevisiae co-expressing 6OMT and 4’OMT2, or 

6OMT, 4’OMT2, and DBOX, and batch-fed (R,S)-norlaudanosoline accumulate 

endogenous (S)-norreticuline. ....................................................................................... 298 

Figure A2.17 Relative abundance of transcripts encoding BBE (A) and DBOX (B) in 

opium poppy plant organs. ............................................................................................ 301 

Figure A2.18 BBE and DBOX (FADOX5) gene expression levels in stem (upper panel) 

and root (lower panel) of opium poppy determined by RNA-seq analysis. ................. 302 

Figure A2.19. Expanded benzylisoquinoline alkaloid metabolic map illustrating reactions 

catalyzed by DBOX (FADOX5) (dark red). ................................................................. 305 

Figure A2.20 Effect of VIGS on root alkaloid levels. .......................................................... 307 

Figure A2.21 Effect of virus-induced gene silencing (VIGS) on stylopine and coptisine 

levels in opium poppy roots. ......................................................................................... 308 

Figure A2.22 Effect of suppressing FADOX1, FADOX3, and FADOX8 transcript levels 

by virus-induced gene silencing on latex alkaloid profiles. .......................................... 309 

Figure A3.1 Description of the enzyme block strategy used in the reconstitution of the 

sanguinarine biosynthetic pathway in S. cerevisiae. ..................................................... 335 

Figure A3.2 Characterization of PsCFS and PsSPS. ............................................................ 337 

Figure A3.3 Common steps in the native biosynthetic pathways of structurally diverse 

BIAs. ............................................................................................................................. 341 

Figure A3.4 BIA yields from engineered strains incubated with pathway intermediates. ... 343 

Figure A3.5 LC-FT-MS profiles of BIAs from cell-feeding assays. .................................... 345 

Figure A3.6 Relative abundance of BIAs in culture supernatants and cell extracts. ............ 349 

Figure A3.7 LC-MS analysis of alkaloids N-methylated by TNMT. ................................... 351 

  



xviii 

List of Symbols, Abbreviations and Nomenclature 

Symbol Definition 

10OMT 

12OMT 

2OMT 

3,4-DHPAA 

3′OHase  

3'OMT 

4HPAA 

4HPPDC 

4'OMT 

6OMT 

7OMT 

ABC 

AKR 

Am 

ATP 

BBE  

BIA 

BLAST 

CAS 

cDNA 

CE 

CFS 

CID 

Cj 

CNMT 

CODM 

COI 

COR 

CYP 

DBOX 

DCH 

DNA 

DOPA 

DRR 

DRS 

DSH 

Ec 

ER 

10-Hydroxydihydrosanguinarine-10-O-methyltransferase 

12-Hydroxydihydrochelirubine-12-O-methyltransferase 

Cheilanthifoline 2-O-methyltransferase 

3,4-Dihydroxyphenylacetaldehyde  

3'-Hydroxylase 

3′-O-Methyltransferase  

4-Hydroxyphenylacetaldehyde 

4-Hydroxyphenylpyruvate decarboxylase  

3′-Hydroxy-N-methylcoclaurine 4′-O-methyltransferase 

Norcoclaurine-6-O-methyltransferase  

Reticuline 7-O-methyltransferase  

ATP-binding cassette 

Aldo-keto reductase 

Argemone mexicana 

Adenosine triphosphate 

Berberine bridge enzyme 

Benzylisoquinoline alkaloid 

Basic local alignment search tool 

Canadine synthase 

complimentary DNA 

Collision energy 

Cheilanthifoline synthase 

Collision-induced dissociation 

Coptis japonica 

Coclaurine N-methyltransferase 

Codeine O-demethylase  

Codeine isomerase 

Codeinone reductase  

Cytochrome P450 

Dihydrobenzophenanthridine oxidase  

Dihydrochelirubine-12-hydroxylase 

Deoxyribonucleic acid 

L-Dihydroxyphenylalanine  

1,2-Dehydroreticuline reductase  

1,2-Dehydroreticuline synthase  

Dihydrosanguinarine-10-hydroxylase 

Eschscholzia californica 

Endoplasmic reticulum 



xix 

ESI 

FAD 

FADOX 

GA 

IMAC 

LC 

MES 

MRM 

MS 

MSH 

N7OMT 

NAD+ 

NADH 

NADP+ 

NADPH 

NCS 

NMCH 

NOS 

OD 

ODD 

OMT 

P450 

P6H 

PBr 

PCR 

PLP 

PR 

Pr 

Ps 

qPCR 

RACE 

REPI 

RNA 

RNAi 

RT-PCR 

RT-qPCR 

SalAT 

SalR 

SanR  

SDR 

SOMT1 

Electrospray ionization 

Flavin adenine dinucleotide 

FAD-linked oxidoreductase 

Gibberellin 

Immobilized metal affinity chromatography 

Liquid chromatography 

4-Morpholineethanesulfonic acid 

Multiple reaction monitoring 

Mass spectrometry 

(S)-cis-N-Methylstylopine 14-hydroxylase 

Norreticuline 7-O-methyltransferase  

Nicotinamide adenine dinucleotide (oxidized form) 

Nicotinamide adenine dinucleotide (reduced form) 

Nicotinamide adenine dinucleotide phosphate (oxidized form) 

Nicotinamide adenine dinucleotide phosphate (reduced form) 

Norcoclaurine synthase 

(S)-N-Methylcoclaurine 3′-hydroxylase 

Noscapine synthase  

Optical density 

2-Oxoglutarate/Fe(II)-dependent dioxygenases 

O-Methyltransferase 

Cytochrome P450 

Protopine 6-hydroxylase  

Papaver bracteatum 

Polymerase chain reaction 

Pyridoxal 5'-phosphate 

Pathogenesis-related 

Papaver rhoeas 

Papaver somniferum 

Quantitative real-time polymerase chain reaction 

Rapid amplification of cDNA ends 

(S)-Reticuline epimerease 

Ribonucleic acid 

RNA interference 

Reverse transcription PCR 

Reverse transcription quantitative PCR 

Salutaridinol 7-O-acetyltransferase  

Salutaridine reductase  

Sanguinarine reductase 

Short chain dehydrogenase/reductase 

Scoulerine 9-O-methyltransferase  



xx 

SPS 

STOX 

T6ODM 

TNMT 

TYDC 

TyrAT 

UDP 

VIGS 
 

Stylopine synthase 

(S)-Tetrahydroprotoberberine oxidase  

Thebaine 6-O-demethylase  

(S)-Tetrahydroprotoberberine N-methyltransferase 

Tyrosine decarboxylase 

L-tyrosine aminotransferase  

Uridine diphosphate 

Virus-induced gene silencing 
 

  

 



xxi 

Epigraph 

 

 

 

 

 

 

 

 

 

Opportunity is missed by most people because it is dressed in overalls and looks like work. 

-Thomas Edison 

 





 

1 

CHAPTER 1: INTRODUCTION 

Sections 1.2-1.5 are from: Planta (2014) 240(1):19-32 DOI: 10.1007/s00425-014-2056-8 

1.1 Plant specialized metabolism 

 Plants produce a wide range of low molecular weight organic compounds. These 

include the metabolites necessary for life by all organisms, such as amino acids required for 

protein synthesis, nucleotides for nucleic acid synthesis and carbohydrates and fatty acids for 

energy storage and structural components. These primary metabolites differ from other 

secondary, or specialized metabolites, in that they are required for the growth, development 

and reproduction of the plant.  

 Although the final products of primary and secondary metabolic pathways are distinct, 

the biochemistry and building blocks are similar (Pichersky and Gang, 2000; Dewick, 2009). 

Acetyl-CoA and malonyl-CoA are assembled into long chains as part of fatty acid biosynthesis, 

but also serve as extension units for polyketide synthases in polyketide, terpenophenolic and 

phenylpropanoid metabolism (Staunton and Weissman, 2001). The shikimate pathway 

provides aromatic building blocks, mostly in the form of aromatic amino acids which play a 

role in protein and auxin synthesis as well as phenylpropanoid and alkaloid synthesis (Maeda 

and Dudareva, 2012). The aliphatic amino acid ornithine also serves as a precursor for 

alkaloids (Ziegler and Facchini, 2008), while other heavily modified amino acids are 

condensed with cysteine to produce sulfur-containing compounds such as cyanogenic 

glycosides or glucosinolates (Halkier and Gershenzon, 2006). The five-carbon isoprene unit, 

either in the form of dimethylallyl diphosphate (DMAPP) or isopentenyl diphosphate (IPP), 

are condensed, rearranged and modified to give rise to plant hormones such as gibberellins 

(GAs) and abscisic acid (ABA), as well as the largest family of plant secondary metabolites, 
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terpenoids (Kirby and Keasling, 2009). The enormous chemical diversity of plant secondary 

metabolites achieved through these complex pathways have led to the characterization of more 

than 50,000 metabolites in the literature, with at least 100,000 remaining to be identified 

(Pichersky and Gang, 2000; Hartmann, 2007). 

 Plant secondary metabolites were once thought to be waste products with no beneficial 

functions, since they are not required for plant growth (Hartmann, 2007). However, they form 

part of a plant’s arsenal against a hostile environment by fighting pathogens with antimicrobial 

agents (Wittstock and Gershenzon, 2002; Bednarek et al., 2009), by deterring herbivory either 

directly by accumulating toxic compounds (Clay et al., 2009; Møller, 2010), or through 

attracting the predators of herbivores (Das et al., 2012). They also add reproductive fitness to 

the plant by employing pigments and floral scents which attract pollinators and seed-dispersing 

animals (Das et al., 2012).  

Although the chemical constituents mediating these interactions have only begun to be 

identified, these plants have served humans for millennia as poisons, fragrances, dyes and 

medicines. Phytochemistry truly began with the isolation and characterization of morphine 

from opium poppy (Hartmann, 2007) demonstrating that a single chemical constituent can be 

responsible for the pharmacological properties of a medicinal plant. Since the early 1950s, 

biochemical evidence for the biosynthesis of secondary metabolites has been amassed, from 

several molecular clones being identified in the 1990s (Dittrich and Kutchan, 1991; Kraus and 

Kutchan, 1995; Takeshita et al., 1995; Pauli and Kutchan, 1998; Unterlinner et al., 1999), to 

entire pathways being identified in the past few years (Winzer et al., 2012; Itkin et al., 2013). 

Research to produce these secondary metabolites in heterologous systems has accelerated (Ro 

et al., 2006; Nakagawa et al., 2011; Fossati et al., 2014) as well as to produce novel metabolites 
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through genetic engineering (Mikkelsen et al., 2002; Runguphan et al., 2009; Runguphan et 

al., 2010). 

1.2 Benzylisoquinoline alkaloids in opium poppy 

Opium poppy (Papaver somniferum) is an ancient medicinal plant that remains the only 

commercial source of the narcotic analgesics morphine, codeine and semi-synthetic analogs 

including oxycodone, hydrocodone, buprenorphine and naltrexone (Berenyi et al., 2009). 

Other pharmaceutically important benzylisoquinoline alkaloids (BIAs) found in opium poppy 

include the antimicrobial agent sanguinarine, the muscle relaxant papaverine and the cough-

suppressant and potential anticancer drug noscapine. The ~2,500 known BIAs represent a 

diverse group of nitrogen-containing specialized metabolites found mainly in the basal eudicot 

order Ranunculales, in particular the families Papaveraceae, Ranunculaceae, Berberidaceae 

and Menispermaceae (Liscombe et al., 2005). Many BIAs of pharmaceutical importance 

possess one or more chiral centers, which preclude chemical synthesis as an economically 

viable option for commercial production. In addition to its pharmaceutical importance, opium 

poppy is also cultivated as an illicit source of morphine, which is easily converted to O,O-

diacetylmorphine, or heroin. Opium poppy is a classic example of dual-use technology 

whereby compounds of both great positive and negative value to humanity are produced. 

The biochemistry and physiology of BIA metabolism in opium poppy have long been 

investigated. Major advances were achieved through (1) the application of radiotracer 

techniques in the 1960s, (2) enzyme isolation and characterization methodologies in the 1980s 

and (3) recombinant DNA technologies in the 1990s (Hagel and Facchini, 2013). The recent 

applications of next-generation DNA sequencing systems and powerful functional genomics 

methods have expedited the rate of discovery. The cumulative knowledge acquired over the 
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past half-century provides a remarkable platform for understanding BIA metabolism in opium 

poppy. This review summarizes recent developments and current frontiers in our 

understanding that define the status of opium poppy as a model system for the study of alkaloid 

biosynthesis in plants. 

1.3 Biosynthesis of the major alkaloids in opium poppy 

1.3.1 Many reactions from a limited number of enzyme families 

Enzymes involved in BIA metabolism belong to a relatively limited number of protein 

families, including cytochromes P450 (CYPs), S-adenosylmethionine-dependent O- and N-

methyltransferases, four distinct groups of NADPH dependent dehydrogenases/reductases, 

FAD-linked oxidoreductases (FADOXs), and more restricted numbers of acetyl-CoA-

dependent O-acetyltransferases, 2-oxoglutarate/Fe(II)-dependent dioxygenases (ODDs) and 

carboxylesterases. The monophylogeny of BIA biosynthesis in the Ranunculales (Liscombe et 

al., 2005) facilitates the identification of novel biosynthetic genes based on amino acid 

sequence similarity with previously characterized enzymes. Additional enzyme families, 

including UDP-dependent glucosyltransferases, are undoubtedly involved in uncharacterized 

aspects of alkaloid metabolism based on the occurrence of signature metabolites, such as 

glucosylated BIAs produced by these enzymes (Liscombe et al., 2009).  

The remarkable structural diversity of BIAs is achieved initially through modification 

of the 1-benzylisoquinoline backbone, but multiplies extensively by the addition of various 

functional groups. Remodeling of the 1-benzylisoquinoline scaffold is mediated by oxidative 

enzymes (i.e. CYPs, FADOXs and ODDs). CYPs catalyze a wide variety of reactions ranging 

from hydroxylations to C–C and C–O couplings and are responsible for the formation of most 

BIA structural subgroups with the exception of protoberberines. In BIA metabolism, FADOXs 
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have only been implicated in the formation of C–C and C–N bonds, the most noteworthy being 

the berberine bridge enzyme (BBE), which generates the protoberberine scaffold (Dittrich and 

Kutchan, 1991; Facchini et al., 1996; Winkler et al., 2006). In contrast, FADOX homologs 

appear to only catalyze the formation of C–O bonds in the formation of non-alkaloid 

specialized metabolites in other plants (Custers et al., 2004; Sirikantaramas et al., 2004). 

Although ODDs are known to perform a variety of hydroxylations, epoxidations and 

desaturations in a variety of plant metabolic pathways (Prescott and John, 1996), enzymes from 

this family have only been shown to catalyze the dealkylation of certain BIA subgroups (Hagel 

and Facchini, 2010a; Farrow and Facchini, 2013). 

A collection of diverse O-methytransferases catalyze the regiospecific transfer of a 

methyl group from S-adenosylmethionine to a free hydroxyl moiety on a variety of BIA 

subgroups, but appear to primarily target 1-benzylisoquinolines and protoberberines (Dang and 

Facchini, 2012). N-methyltransferases involved in BIA biosynthesis display substantial 

sequence similarity and catalyze the transfer of a methyl group to the nitrogen on the 

isoquinoline ring. Despite the occurrence of a similar S-adenosylmethionine binding domain, 

it is still not known whether O- and N-methyltransferases have a common ancestor (Ibrahim 

and Muzac, 2000). 

1.3.2 (S)‑Reticuline 

BIA biosynthesis begins with the condensation of two L-tyrosine derivatives, 4-

hydroxyphenylacetaldehyde (4HPAA) and dopamine, via decarboxylation, meta-

hydroxylation and transamination yielding the precursor to all other BIAs, (S)-norcoclaurine 

(Figure 1.1). In the formation of 4HPAA, L-tyrosine can undergo transamination by L-tyrosine 

aminotransferase (TyrAT) (Lee and Facchini, 2011) and subsequent decarboxylation by an.  
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Figure 1.1 Biosynthetic pathways leading to major benzylisoquinoline alkaloids 

accumulating in opium poppy and other plant species. 

Pathways: pink 1-benzylisoquinoline; green, morphinan; dark blue, papaverine; purple, 

phthalideisoquinoline; orange, benzo[c]phenanthridine; light blue, protoberberine; brown, 

bisbenzylisoquinoline; dark pink, aporphine. Enzymes for which corresponding genes have 

been isolated from opium poppy or from other plants are shown in green and blue, respectively. 

Enzymes for which corresponding genes have not been isolated are shown in black. Chemical 

conversions catalyzed by each enzyme are shown in red. Abbreviations: TYDC, 

tyrosine/DOPA decarboxylase; 3OHase, tyrosine/tyramine 3-hydroxylase; 4HPPDC, 4-

hydroxyphenylpuruvate decarboxylase; NCS, norcoclaurine synthase; 6OMT, norcoclaurine 

6-O-methyltransferase; CNMT, coclaurine N-methyltransferase; NMCH, N-methylcoclaurine 

3’-hydroxylase; 4’OMT, 3’-hydroxyl-N-methylcoclaurine 4’-O-methyltransferase; BBE, 

berberine bridge enzyme; SOMT, scoulerine 9-O-methyltransferase; CAS, canadine synthase; 

TNMT, tetrahydroprotoberberine N-methyltransferase; NOS, noscapine synthase; STOX, (S)-

tetrahydroxyprotoberberineoxidase; CoOMT, columbamine O-methyltransferase; CFS, 

cheilanthifoline synthase; SPS, stylopine synthase; MSH, N-methylstylopine 14-hydroxylase; 

P6H, protopine 6-hydroxylase; DBOX, dihydrosanguinarine oxidase; SanR, sanguinarine 

reductase; SalSyn, salutaridine synthase, SalR, salutaridine reductase; SalAT, salutaridinol 7-

O-acetyltransferase; T6ODM, thebaine 6-O-demethylase; COR, codeinone reductase; CODM, 

codeine O-demethylase; N7OMT, norreticuline 7-O-methyltransferase. 3’OHase, 

uncharacterized 3’-hydroxylase; 3’OMT, uncharacterized 3’-O-methyltransferase.   
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unidentified enzyme isolated as 4-hydroxyphenylpyruvate decarboxylase (4HPPDC) (Rueffer 

and Zenk, 1987b). meta-Hydroxylation of L-tyrosine and/or tyramine by another 

uncharacterized enzyme (referred to as 3′OHase in Figure 1.1) yields L-

dihydroxyphenylalanine (DOPA) and dopamine, respectively. Alternatively, L-tyrosine and 

DOPA are converted to tyramine and dopamine by tyrosine decarboxylase (TYDC) (Facchini 

and De Luca, 1994). The stereoselective Pictet–Spengler condensation of (S)-norcoclaurine 

from 4HPAA and dopamine is catalyzed by norcoclaurine synthase (NCS), which is a member 

of the pathogenesis-related (PR)10/Bet v 1 protein family (Samanani et al., 2004; Liscombe et 

al., 2005; Lee and Facchini, 2010). In addition to a PR10-type NCS, a second enzyme 

(CjNCS1) sharing similarity with ODDs was reported to catalyze the formation of (S)-

norcoclaurine in Coptis japonica (Minami et al., 2007). However, the actual physiological role 

of this enzyme is not known.  

Many BIAs are derived from the central pathway intermediate (S)-reticuline, which is 

formed via 3′-hydroxylation and a series of O- and N-methylations (Figure 1.1). The 

conversion order was inferred by the substrate preference of the relevant enzymes although 

recent evidence suggests that the pathway is not linear, but rather operates as a grid (Desgagné-

Penix and Facchini, 2012). (S)-Norcoclaurine is first converted by norcoclaurine-6-O-

methyltransferase (6OMT) to (S)-coclaurine (Morishige et al., 2000; Ounaroon et al., 2003), 

which is accepted by coclaurine N-methyltransferase (CNMT) (Choi et al., 2001). N-

Methylcoclaurine is hydroxylated by (S)-N-methylcoclaurine 3′-hydroxylase (NMCH) (Pauli 

and Kutchan, 1998; Frick et al., 2007) to 3′-hydroxy-N-methylcoclaurine, which is converted 

by 3′-hydroxy-N-methylcoclaurine 4′-O-methyltransferase (4′OMT) (Morishige et al., 2000) 

to (S)-reticuline. Interestingly, only NMCH has been reported to show strict substrate and 



 

9 

stereoisomer specificity, accepting (S)-N-methylcoclaurine and not the corresponding (R)-N-

methylcoclaurine or N-desmethyl compounds. In contrast, the O- and N-methyltransferases 

typically accept a variety of (R)- and (S)-tetrahydroisoquinolines. Reticuline can be further 

methylated by reticuline 7-O-methyltransferase (7OMT) (Ounaroon et al., 2003) yielding 

laudanine, which can be fully O-methylated to laudanosine by an unidentified 3′-O-

methyltransferase (indicated as 3′OMT in Figure 1.1). 

1.3.3 Papaverine 

Two routes for papaverine biosynthesis have been proposed: (1) an N-methyl pathway 

involving (S)-reticuline and the N-demethylation of an unspecified intermediate by a 

hypothetical enzyme and (2) an N-desmethyl pathway involving (S)-norreticuline and 

precluding the requirement for N-demethylation (Figure 1.1). The efficient incorporation of 

radiolabeled N-desmethyl compounds (Brochmann-Hanssen et al., 1975; Uprety et al., 1975) 

and the identification of a norreticuline 7-O-methyltransferase (N7OMT), which accepts only 

norreticuline yielding norlaudanine (Pienkny et al., 2009), provides biochemical support for 

the N-desmethyl pathway. A recent study using mass spectrometry and heavy stable-isotope 

labeling of (S)-reticuline, (S)-laudanine and (S)-laudanosine suggested that N-methylated 1-

benzylisoquinolines are incorporated into papaverine at low levels (Han et al., 2010), providing 

some support for the N-methyl pathway. However, most of the labeled (S)-reticuline was 

incorporated into morphinan alkaloids.  

The use of virus-induced gene silencing (VIGS) further demonstrated that the major 

route to papaverine is likely through the N-desmethyl pathway and showed that norreticuline 

and other N-desmethyled 1-benzylisoquinolines are natural metabolites in opium poppy 

(Desgagné-Penix and Facchini, 2012). The VIGS-mediated suppression of CNMT transcript 
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levels in opium poppy plants increased papaverine accumulation, whereas reduced transcript 

levels of N7OMT, which is specific to the N-desmethyl pathway, decreased papaverine levels. 

In contrast, suppression of 7OMT transcript levels did not affect papaverine accumulation in 

further support of the N-desmethyl pathway as the major route to papaverine. However, a 

minor contribution of the N-methyl pathway to papaverine biosynthesis cannot be ruled out. 

Another study used a transcriptomics approach to compare high and low papaverine 

cultivars (Pathak et al., 2013). Similarly, transcripts encoding enzymes in the N-desmethyl 

pathway were upregulated, whereas transcripts corresponding to 7OMT were downregulated. 

The final step of papaverine biosynthesis involves oxidation of the fully O-methylated and N-

desmethyl compound tetrahydropapaverine by dihydrobenzophenanthridine oxidase (DBOX), 

an enzyme that also catalyzes the final step in the formation of the quaternary 

benzo[c]phenanthridine sanguinarine (Hagel et al., 2012). Interestingly, DBOX transcripts 

occur exclusively in the roots of opium poppy suggesting the possible systemic translocation 

of papaverine from roots to aerial organs. 

1.3.4 Morphine 

Morphine biosynthesis has only been described in a few plant species restricted to the 

Papaveraceae, although the tetracyclic promorphinan alkaloid salutaridine and several 

derivatives have been reported in some members of the Euphorbiaceae (Theuns et al., 1986). 

The biosynthesis of morphine (Figure 1.1) requires the epimerization of (S)-reticuline to (R)-

reticuline. The reaction mechanism has been proposed to proceed via the dehydrogenation of 

(S)-reticuline to a 1,2-dehydroreticulinium ion (Hirata et al., 2004), which is subsequently 

reduced to (R)-reticuline. Although the 1,2-dehydroreticuline synthase (DRS) catalyzing the 



 

11 

first conversion is not known, a 1,2-dehydroreticuline reductase (DRR) potentially involved in 

the second step has been purified to homogeneity and partially characterized (De-Eknamkul 

and Zenk, 1992). Although (S)-tetrahydroisoquinoline intermediates are assumed as the major 

route to (R,S)-reticuline, most of the enzymes involved accept both (S)- and (R)-epimers. In 

some plants, (R)-tetrahydroisoquinolines are required for the synthesis of BIA structural 

subgroups other than morphinan alkaloids, including the formation of the bisBIA berbamunine 

in Berberis stolonifera via the C–O coupling of (S)- and (R)-N-methylcoclaurine by the CYP 

berbamunine synthase (CYP80A1) (Figure 1.1) (Stadler and Zenk, 1993; Kraus and Kutchan, 

1995).  

(R)-Reticuline is converted by the CYP salutaridine synthase (CYP719B1) to 

salutaridine (Gesell et al., 2009), which is then converted by the short-chain 

dehydrogenase/reductase salutaridine reductase (SalR) (Ziegler et al., 2006). Subsequently, 

salutaridinol is O-acetylated by salutaridinol 7-O-acetyltransferase (SalAT) (Lenz and Zenk, 

1995a; Grothe et al., 2001). Interestingly, salutaridinol 7-O-acetate undergoes spontaneous 

cyclization to the first pentacyclic morphinan alkaloid thebaine at pH 8–9, whereas a 

dibenz[d,f]azonine alkaloid is formed at pH 6–7, suggesting compartmentalization of the 

intermediate in a basic environment or the involvement of an uncharacterized enzyme (Fisinger 

et al., 2007). A reduced derivative, neodihydrothebaine has only been reported in Papaver 

bracteatum (Theuns et al., 1984).  

The morphine pathway bifurcates at thebaine with the initial step in the major route 

catalyzed by thebaine 6-O-demethylase (T6ODM) yielding neopinone, which undergoes 

purportedly spontaneous rearrangement to codeinone (Hagel and Facchini, 2010a). Codeinone 

is then reduced by the aldo–keto reductase codeinone reductase (COR) (Unterlinner et al., 
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1999) to codeine, which is converted to morphine by codeine O-demethylase (CODM). 

Alternatively, the CODM catalyzes the first step in the minor route, which involves the 3-O-

demethylation of thebaine to oripavine. T6ODM then converts oripavine to morphinone, which 

is reduced by COR to morphine (Figure 1.1). 

The physiological role of BIA biosynthetic enzymes has been investigated using a 

variety of gene suppression and over-expression methods in opium poppy. The RNAi-

mediated suppression of COR transcript levels resulted in the accumulation of reticuline and 

methylated 1-benzylisoquinoline derivatives with a corresponding decrease in morphinan 

alkaloid content (Allen et al., 2004). In support of a role for COR in the modulation of 

morphine biosynthesis, over-expression of COR resulted in a significant increase in morphinan 

alkaloid levels (Larkin et al., 2007). Similarly, over-expression of SalAT also increased 

morphinan alkaloid content, whereas suppression of SalAT transcript levels caused the 

accumulation of salutaridine, but did not alter the abundance or profile of morphinan alkaloids 

(Allen et al., 2008). The physiological roles of T6ODM and CODM were suggested in the 

opium poppy mutant top1 (Millgate et al., 2004), which accumulates high levels of thebaine 

and oripavine at the expense of codeine and morphine. The absence of T6ODM transcripts in 

a high-thebaine/oripavine, low-codeine/morphine opium poppy chemotype was compared to 

three high-codeine/morphine varieties to identify the corresponding gene using a microarray-

based approach (Hagel and Facchini, 2010a). Suppression of T6ODM transcript levels resulted 

in the accumulation of thebaine and oripavine and substantially reduced levels of codeine and 

morphine. Similarly, suppression of CODM transcript levels caused the accumulation of 

codeine at the expense of morphine (Hagel and Facchini, 2010a). The isolation of all 
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biosynthetic genes facilitated a coordinated confirmation of the physiological role of each 

enzyme operating downstream of (R)-reticuline (Wijekoon and Facchini, 2012). 

1.3.5 Protoberberines, protopines and sanguinarine 

(S)-Scoulerine, the branch-point intermediate leading to protoberberine alkaloids, is 

formed from (S)-reticuline by BBE (Dittrich and Kutchan, 1991; Kutchan and Dittrich, 1995; 

Facchini et al., 1996; Winkler et al., 2006). (S)-Scoulerine is converted via methylenedioxy 

bridge formation and O-methylation to a variety of protoberberines including (S)-canadine, 

(S)-stylopine and (S)-sinactine. (S)-Canadine, the precursor to the protopine allocryptopine and 

the phthalideisoquinoline noscapine, is formed sequentially from (S)-scoulerine by (1) 

scoulerine 9-O-methyltransferase (SOMT1) (Takeshita et al., 1995; Dang and Facchini, 2012) 

yielding tetrahydrocolumbamine and (2) the methylenedioxy bridge forming enzyme canadine 

synthase (CAS), which is a member of the CYP719A subfamily (Ikezawa et al., 2003; Díaz 

Chávez et al., 2011; Winzer et al., 2012; Dang and Facchini, 2014a). Similarly, (S)-sinactine 

is formed from (S)-scoulerine by (1) the addition of a methylenedioxy bridge by 

cheilanthifoline synthase (CFS), also a member of the CYP719A subfamily (Ikezawa et al., 

2009; Díaz Chávez et al., 2011), followed by (2) 2-O-methylation of cheilanthifoline by an 

enzyme not yet characterized from opium poppy. A protoberberine 2-O-methyltransferase, 

columbamine O-methyltransferase, has been reported from meadow rue (Coptis japonica) 

(Morishige et al., 2002). Alternatively, cheilanthifoline can be oxidized to stylopine by another 

CYP719A, stylopine synthase (SPS) (Ikezawa et al., 2007; Díaz Chávez et al., 2011). 

 Protopine alkaloids are formed via the 14-hydroxylation of quaternary protoberberine 

alkaloids, which leads to ring tautomerization through C–N bond cleavage and formation of a 

C14 keto moiety. Quaternary protoberberines are formed by (S)-tetrahydroprotoberberine N-
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methyltransferase (TNMT) and 14-hydroxylation is catalyzed by (S)-cis-N-methylstylopine 

14-hydroxylase (MSH). Opium poppy TNMT was shown to accept a variety of protoberberine 

substrates, but displays a preference for stylopine and canadine (Liscombe and Facchini, 2007). 

MSH is a member of the CYP82N subfamily and accepts a variety of quaternary 

protoberberines (Rueffer and Zenk, 1987a; Beaudoin and Facchini, 2013). The protopines 

allocryptopine, cryptopine and protopine are formed from canadine, sinactine and stylopine, 

respectively. T6ODM, CODM and other ODDs are potentially involved in regulating 

protopine alkaloid biosynthesis through the oxidative dealkylation of methylenedioxy bridges 

or methoxy groups (Farrow and Facchini, 2013). 

 Formation of the root-specific benzo[c]phenanthridine alkaloid dihydrosanguinarine 

(Figure 1.1) from protopine is catalyzed by protopine 6-hydroxylase (P6H), another member 

of the CYP82N subfamily (Tanahashi and Zenk, 1990; Takemura et al., 2013). The resulting 

6-hydroxylation results in a spontaneous rearrangement of 6-hydroxyprotopine to 

dihydrosanguinarine, which is oxidized to sanguinarine by the FADOX known as DBOX 

(Hagel et al., 2012). Interestingly, sanguinarine can be reduced to dihydrosanguinarine by 

sanguinarine reductase (SanR) (Weiss et al., 2006; Vogel et al., 2010). The physiological role 

of SanR has been suggested as the mitigation of the cytotoxic effects of sanguinarine via 

conversion to the less-toxic dihydrosanguinarine.  

Further oxidized protoberberines are common in some members of the Papaveraceae 

and are widespread in related plant families. In particular, berberine is formed from (S)-

canadine by the FAD-linked enzyme (S)-tetrahydroprotoberberine oxidase (STOX) (Figure 

1.1) (Amann et al., 1984; Gesell et al., 2011; Matsushima et al., 2012). However, berberine 

and other modified protoberberines have generally not been reported in opium poppy (Shamma 
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and Moniot, 1978; Shulgin and Perry, 2002). Moreover, protoberberines in which the berberine 

bridge has formed between the N-methyl and the 6′ carbons, as opposed to the 2′ position (i.e. 

yielding scoulerine), have been reported in other plants, but are not detected in opium poppy 

(Tsai and Lee, 2010). 

It is interesting to note that other species accumulate a variety of 

benzo[c]phenanthridine alkaloids derived from corresponding protoberberine alkaloids with 

differential methylation patterns. However, the only abundant benzo[c]phenanthridine 

alkaloids in opium poppy are dihydrosanguinarine and sanguinarine, which suggests that P6H 

might exhibit relatively narrow substrate specificity in opium poppy. Alternatively, the 

sanguinarine pathway could involve inter- or intra-cellular compartmentalization restricting 

the availability of substrates, other than protopine, to P6H. 

1.3.6 Noscapine 

In some opium poppy chemotypes, the phthalideisoquinoline alkaloid noscapine 

accounts for a majority of the total alkaloid content in latex (Frick et al., 2005). Noscapine also 

occurs in other members of the Papaveraceae and Menispermaceae. Owing to its cough-

suppressing activity and potential as an anticancer drug (Mahmoudian and Rahimi-

Moghaddam, 2009), the biosynthesis of noscapine has been the subject of renewed interest 

(Facchini et al., 2007; Dang and Facchini, 2012; Winzer et al., 2012; Dang and Facchini, 

2014a; Dang and Facchini, 2014b). The formation of noscapine has not been as extensively 

investigated as other alkaloids, such as morphine. For decades, the role of scoulerine as a 

pathway intermediate was the extent of our knowledge concerning noscapine biosynthesis. 

 Based on the isolation of purported pathway intermediates and the identification of the 

enzymes involved in the formation of N-methylcanadine, a metabolic scheme for noscapine 
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biosynthesis was proposed (Figure 1.1); (Facchini et al., 2007). The scheme involves 

sequential hydroxylation of the isoquinoline ring, oxidative cleavage of the berberine bridge 

and two subsequent oxidations to form the characteristic phthalideisoquinoline lactone ring. 

Following the identification of relevant O-methyltransferases (Dang and Facchini, 2012), a 

gene cluster proposed to encode all noscapine biosynthetic enzymes was identified in opium 

poppy. The functions for some gene cluster members were suggested using VIGS to show 

correlations between the suppression of a specific gene and the accumulation of compounds 

purported as pathway intermediates (Winzer et al., 2012). The function of metabolic gene 

clusters in plants has been suggested as a mechanism to regulate expression at the epigenetic 

level (Wegel et al., 2009) and to facilitate complete inheritance of a specialized metabolic 

pathway (Swaminathan et al., 2009). Recently, CAS (Dang and Facchini, 2014a), N-

methylcanadine 1-hydroxylase (CYP82Y1) (Dang and Facchini, 2014b) and noscapine 

synthase (NOS) (Chen and Facchini, 2014) were isolated and characterized from opium poppy. 

NOS was characterized as a NAD+-dependent, short-chain dehydrogenase/reductase 

catalyzing the irreversible conversion of narcotinehemiacetal to noscapine. 

1.3.7 Other alkaloids 

The rhoeadine alkaloids, some of which are also known as papaverrubine alkaloids, are 

found exclusively in members of the Papaveraceae, including opium poppy (Montgomery et 

al., 1983). Radiolabeling studies in Persian poppy (Papaver bracteatum) showed that the 

precursors to the rhoeadine alpinigenine were the protoberberines tetrahydropalmatine 

(Rönsch, 1972), N-tetrahydropalamatine and the protopine muramine (Rönsch, 1977). A route 

through protopines was confirmed in Papaver rhoeas by feeding protopine, which was 

converted to rhoeadine (Tani and Tagahara, 1977). Labeling studies also showed that the pro-
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S-13-hydrogen of C13 is stereospecifically removed, suggesting that the cyclization is enzyme-

mediated and not spontaneous (Battersby and Staunton, 1974). Many rhoeadines isolated from 

opium poppy are 10-O-desmethylated (Montgomery et al., 1983). The VIGS-mediated 

suppression of gene transcripts encoding CODM, which catalyzes the O-demethylation and/or 

O,O-demethylenation of morphinan and protopine alkaloids, resulted in elevated levels of 

rhoeadine alkaloids, possibly owing to the increased accumulation of cryptopine and 10-O-

desmethylcryptopine (Farrow and Facchini, 2013). Enzymes involved in the conversion of 

protopines to rhoeadines are not known. 

1.4 Regulation of alkaloid metabolism 

1.4.1 Cellular localization and transport 

The biosynthesis and storage of BIAs in opium poppy has been extensively investigated 

and shown to involve three distinct cell types (Facchini and De Luca, 1995; Bird et al., 2003; 

Samanani et al., 2006; Lee and Facchini, 2010). In situ hybridization and immunofluorescence 

labeling demonstrated the localization of biosynthetic gene transcripts and enzymes to 

companion cells and sieve elements, respectively. Since all characterized genes and enzymes 

involved in the formation of (S)-reticuline, and some functioning in various branch pathways, 

were initially localized to companion cells and sieve elements, respectively, laticifers were 

proposed to function only in the storage of alkaloids. The model proposed that BIA 

biosynthetic genes are expressed in companion cells and the corresponding enzymes are 

subsequently translocated to sieve elements. Alkaloids synthesized in sieve elements are 

finally transported to nearby laticifers for storage in large cytoplasmic vesicles. 

However, SalAT and COR transcripts have also been reported in the cytoplasm, or 

latex, of laticifers (Decker et al., 2000; Larkin et al., 2007; Allen et al., 2008), although in situ 
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hybridization and immunofluorescence labeling failed to detect SalAT and COR mRNA and 

corresponding enzymes in laticifers (Bird et al., 2003; Weid et al., 2004; Samanani et al., 2006). 

Recently, the application of shotgun proteomics to determine the relative abundance of proteins 

in isolated latex, or in whole stem including latex, revealed that the final three steps in 

morphine biosynthesis, catalyzed by T6ODM, COR and CODM, occur primarily in laticifers 

(Onoyovwe et al., 2013). Other BIA biosynthetic enzymes abundant in laticifers include NOS 

(Chen and Facchini, 2014) and 7OMT (Onoyovwe et al., 2013), indicating that the final steps 

in the formation of noscapine and 7-O-methylated derivatives of reticuline also occur in latex 

and are spatially separated from upstream enzymes. Top candidates for transport from sieve 

elements to laticifers include thebaine and narcotinehemiacetal in the morphine and noscapine 

pathways, respectively. However, the detection of most pathway intermediates in isolated latex 

suggests a relatively non-specific transport process. Although the mechanism of translocation 

is unknown, the occurrence of plasmodesmata between opium poppy sieve elements and 

laticifers (Facchini and De Luca, 2008) suggests that both symplastic and apoplastic transport 

routes are possible. An ATP-binding cassette (ABC) transporter has been implicated in the 

uptake (Sakai et al., 2002) and efflux (Terasaka et al., 2003) of berberine in Coptis japonica, 

and the corresponding gene has been isolated (Shitan et al., 2003; Shitan et al., 2013). 

However, it is not known whether an ABC transporter performs a similar function in opium 

poppy. The major sites of BIA biosynthetic gene transcript and enzyme localization and the 

possible points of translocation within the morphine pathway are summarized schematically in 

Figure 1.2. 

1.4.2 Subcellular compartmentalization and trafficking 

In opium poppy, the antimicrobial alkaloid sanguinarine is not normally present in the  
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Figure 1.2 Cellular localization model showing the roles of companion cells, sieve 

elements and laticifers in the biosynthesis of morphine in opium poppy.  

Genes expressed in each cell type are shown in italics, whereas enzymes in each cell type are 

indicated in red. The horizontal black arrow suggests thebaine as the major pathway 

intermediate translocated between sieve elements and laticifers. Font size is generally 

proportional to relative transcript and enzyme levels.   
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latex, but accumulates constitutively in roots. The subcellular localization of most enzymes 

involved in the biosynthesis of sanguinarine has been investigated in cultured opium poppy 

cells using microprojectile bombardment followed by imaging of green fluorescent protein 

fusions (Hagel and Facchini, 2012). As shown previously by density gradient fractionation 

(Amann et al., 1986; Rueffer and Zenk, 1987a; Tanahashi and Zenk, 1990; Bauer and H. Zenk, 

1991), and using immunogold localization (Alcantara et al., 2005), BBE and CYPs associate 

with the endoplasmic reticulum (ER). Opium poppy BBE was also shown to contain a 25-

amino acid, N-terminal signal peptide directing the enzyme to the ER, and an adjacent 

vacuolar-sorting determinant, resulting in its final translocation to the vacuole (Bird and 

Facchini, 2001). Interestingly, the intracellular translocation of NCS was similar to that 

reported for BBE, predicting the extensive subcellular trafficking of sanguinarine biosynthetic 

pathway intermediates. The compartmentalization of NCS in the ER lumen requires the 

concomitant translocation of dopamine and 4HPAA, as depicted schematically in Figure 1.3. 

As expected, O- and N-methyltransferases were detected as cytosolic enzymes; thus, the 

subsequent enzyme (6OMT) predicts the immediate export of (S)-norcoclaurine from the ER. 

The biosynthesis of (S)-reticuline could involve a metabolic channel anchored to the cytosolic 

face of the ER by NMCH, although no evidence is yet available to support interactions among 

the relevant enzymes. The co-compartmentalization of BBE in the ER lumen implies that (S)-

reticuline is also imported from the cytosol for conversion to (S)-scoulerine, which is promptly 

exported. Four of the five subsequent enzymes are CYPs with active domains on the cytosolic 

face of the ER, with a cytosolic enzyme (TNMT) operating in the middle. Although not 

localized as a GFP fusion along with the other enzymes (Hagel and Facchini, 2012), DBOX 

contains a predicted N-terminal signal peptide (Hagel et al., 2012) and related STOX enzymes  
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Figure 1.3 Subcellular localization model showing the proposed compartmentalization 

of sanguinarine biosynthetic enzymes in cultured opium poppy cells. 

The red arrow tracks the intracellular transport of pathway intermediates from the precursors 

dopamine and 4-hydroxyphenylacetaldehyde (4HPAA) to sanguinarine. The green arrow 

shows the proposed trafficking of sanguinarine from the lumen of the endoplasmic reticulum 

to the central vacuole.  

  



 

22 

have been associated with the ER (Amann et al., 1988); thus, a third reentry of a pathway 

intermediate into the ER lumen is predicted. Oxidation of dihydrosanguinarine in the ER would 

facilitate the vesicle-mediated transport of sanguinarine to the central vacuole of cultured 

opium poppy cells (Alcantara et al., 2005). The proposed subcellular trafficking features of 

sanguinarine biosynthesis might also occur in other BIA branch pathways, although no 

empirical evidence is available. Vacuolar transport in Coptis japonica has been reported to 

depend on a H+/berberine antiporter (Otani et al., 2005), but the process in opium poppy has 

not been investigated. 

1.4.3 Hormonal regulation 

The phytohormonal activation of BIA metabolism has been used to identify biosynthetic genes 

in plants related to opium poppy. Addition of cytokinin to Thalictrum minus cell cultures 

caused a marked increase in the accumulation of berberine resulting from increased expression 

of 6OMT (Hara et al., 1994) and STOX (Hara et al., 1995). Ethylene was also shown to 

promote berberine biosynthesis in T. minus cell cultures, and the potent ethylene inhibitor 

silver thiosulfate caused a substantial decrease in berberine accumulation (Kobayashi et al., 

1991).  

Industry-sponsored research has focused on increasing the levels of morphinan 

pathway intermediates at the expense of morphine through the application of specific 

phytohormones or phytohormone catabolic inhibitors. The application of trinexapac-ethyl, an 

inhibitor of ODDs involved in gibberellin (GA) biosynthesis, with or without methyl jasmonate 

results in the introduction of a putative catabolic bottleneck leading to an increase in the 

relative abundance of thebaine and codeine and a decrease in the accumulation of morphine 

(Cotterill, 2010). Interestingly, trinexapac-ethyl and other acylcyclohexanediones do not 
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inhibit T6ODM and CODM directly (Hagel and Facchini, 2010a). Exogenous addition of GA3 

was reported to increase the yield of morphine (Khan et al., 2007), suggesting a substantial 

role for phytohormone control in morphinan alkaloid metabolism. The developmental and 

phytohormonal control of BIA biosynthesis in opium poppy is a key area for future research, 

which could have direct consequences on the commercial production of opiate 

pharmaceuticals. 

1.4.4 Transcriptional regulation 

The transcriptional regulation of BIA biosynthesis has recently been investigated in 

opium poppy (Kawano et al., 2012; Mishra et al., 2013), but has been more extensively studied 

in Coptis japonica (Kato et al., 2007; Yamada et al., 2011). The importance of transcriptional 

control in BIA metabolism is particularly evident from (1) the cell type specific localization of 

biosynthetic gene transcripts (Bird et al., 2003; Samanani et al., 2006; Lee and Facchini, 2010; 

Onoyovwe et al., 2013) and (2) the coordinated induction of all expressed biosynthetic gene 

transcripts (Zulak et al., 2007) and corresponding proteins (Zulak et al., 2009; Desgagné-Penix 

et al., 2010) in opium poppy cell cultures after the addition of a fungal-derived elicitor. The 

first transcriptional regulator of BIA metabolism was identified from C. japonica using RNAi 

to silence five putative regulatory factors showing reduced expression in a cultured cell line 

with relatively low BIA biosynthetic gene transcript levels (Kato et al., 2007). The transient 

silencing of one candidate (CjWRKY1) resulted in a marked decrease in berberine biosynthetic 

gene transcripts. In contrast, overexpression of CjWRKY1 increased berberine biosynthetic 

gene transcript levels. A bHLH transcriptional regulator involved in berberine biosynthesis 

was isolated using a similar approach (Yamada et al., 2011). In contrast, wounding and other 

stimuli to elicit a defense response was used to identify expressed sequence tags corresponding 
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to induced gene transcripts in opium poppy plants (Mishra et al., 2013). A putative WKRY 

transcription factor was isolated and shown to bind conserved WRKY binding elements in 

promoters of certain biosynthetic genes in vitro and using a yeast one-hybrid approach. 

Another WRKY transcription factor was identified from opium poppy T-DNA insertion lines 

displaying altered BIA accumulation (Kawano et al., 2012). Moreover, the ectopic expression 

of an Arabidopsis thaliana WRKY transcription factor in California poppy (Eschscholzia 

californica) caused the induction of BBE and NMCH transcripts, and a substantial increase in 

the accumulation of benzo[c]phenanthridine alkaloids, including sanguinarine (Apuya et al., 

2008). Interestingly, several putative WRKY elements occur within or near the promoter 

regions of biosynthetic genes in the reported noscapine gene cluster (Winzer et al., 2012), 

suggesting that noscapine biosynthesis might also be regulated by WRKY factors. 

1.5 Metabolic engineering 

1.5.1 Plants 

Metabolic engineering has been used to modulate alkaloid composition and yield in 

opium poppy plants, with mixed results. Opium poppy plants engineered with constitutively 

expressed or antisense-suppressed NMCH showed substantial modulations in overall alkaloid 

content, but the BIA profile was not altered (Frick et al., 2007). In contrast, overexpression of 

COR (Larkin et al., 2007) and SalAT (Allen et al., 2008) specifically resulted in increased 

morphinan alkaloid accumulation. Surprisingly, the RNAi-mediated silencing of COR (Allen 

et al., 2004) did not result in the accumulation of codeine, but rather caused a substantial 

accumulation of (S)-reticuline and a concomitant decrease in the levels of morphine pathway 

intermediates downstream of salutaridine. The biochemical basis for the accumulation of an 

intermediate several enzymatic steps upstream of the silenced gene is not known, but 
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suggestions include the possible occurrence of (1) feedback regulation and (2) metabolic 

channels (Allen et al., 2004). The occurrence of multienzyme complexes in morphine 

biosynthesis is supported by the suppression of SalAT in using RNAi (Allen et al., 2008). 

SalAT-silenced plants showed increased levels of salutaridine, which is not normally abundant 

in opium poppy. The accumulation of salutaridine was unexpected since the SalAT enzymatic 

substrate (salutaridinol) did not accumulate. Thus, salutaridine might be channeled to thebaine 

through an enzyme complex that includes SalR and SalAT. Finally, over-expression of 

Arabidopsis thaliana transcriptional regulators in opium poppy resulted in increased thebaine 

and codeine accumulation associated with the upregulation of several BIA biosynthetic 

enzymes (Apuya et al., 2008). 

1.5.2 Microbes 

Microbes engineered to express genes encoding BIA-biosynthetic enzymes provide a 

novel approach for the development of scalable manufacturing processes. The availability of 

large numbers of BIA biosynthetic genes from opium poppy and related plants has facilitated 

the reconstitution of several pathways leading to the production of (S)-reticuline and (R,S)-

reticuline in Escherichia coli (Minami et al., 2008) and Saccharomyces cerevisiae (Hawkins 

and Smolke, 2008), respectively. Production of (S)-reticuline in E. coli was initially achieved 

by supplementing the bacterial culture medium with dopamine, some of which was converted 

to 3,4-dihydroxyphenylacetaldehyde (3,4-DHPAA) by a heterologously expressed bacterial 

monoamine oxidase (Minami et al., 2008). PR10-type NCS from C. japonica catalyzed the 

condensation of dopamine and 3,4-DHPAA to (S)-norlaudanosoline, which underwent 

successive methylations via 6OMT, CNMT and 4′OMT to yield (S)-reticuline. Recent 

modifications of this platform include the de novo synthesis of dopamine by the expression of 
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two additional enzymes, tyrosinase and DOPA decarboxylase (Nakagawa et al., 2011). The 

use of bacterial enzymes facilitated the linking of BIA metabolism to the primary metabolism 

of E. coli, enabling a fermentation platform that creates plant products from simple carbon 

sources. In turn, E. coli-generated (S)-reticuline was converted to the aporphine alkaloid 

magnoflorine via co-culture with a strain of Saccharomyces cerevisiae engineered to express 

the C. japonica genes encoding corytuberine synthase (CYP80G2) and an N-

methyltransferase. Similarly, (S)-scoulerine was produced using a gene encoding BBE 

(Minami et al., 2008). Alternatively, (R,S)-reticuline was produced in S. cerevisiae from (R,S)-

norlaudanosoline. The biosynthesis of both (R)- and (S)-reticuline isomers, coupled with 

enzymes derived from three different plant species and humans, was also used to produce 

protoberberine alkaloids and salutaridine (Hawkins and Smolke, 2008). 

1.6 Cytochromes P450  

 P450s are a superfamily of heme-containing enzymes that are distributed throughout 

the tree of life (Graham and Peterson, 1999), performing a wide variety of physiological 

functions, from detoxification of xenobiotics, to biosynthesis of primary and secondary 

metabolites, to hormonal regulation. As part of their diverse functions, P450s have the ability 

to catalyze many oxidative reactions, including hydroxylations, deaminations, dealkylations, 

dehydrogenations, dehydrations, as well as redox neutral isomerizations and N-oxide, NO, and 

epoxide reductions (Sono et al., 1996). Although the sequence identity of P450s can be <20%, 

they retain conserved structural motifs (Graham and Peterson, 1999). P450s with >40% 

identity are grouped into the same family, while those with >55% belong to the same subfamily 

(Nelson et al., 1996). 
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 While basic P450 reactions including carbon hydroxylation, heteroatom oxygenation, 

dealkylation, epoxide formation and 1,2-migration have been well characterized, there has 

been less mechanistic insight into more complex reactions. However, the P450 catalytic 

process is generally simplified as a 9-step mechanism: (i) the substrate (RH) binds to the 

enzyme containing ferric heme iron (ii) 1 electron reduction of heme to ferrous iron by the 

NAPDH-dependent P450 reductase, (iii) binding of oxygen to heme, (iv) 1 electron reduction 

of oxygen by the cytochrome P450 reductase, (v) protonation of the oxygen, (vi) dehydration 

and formation of FeO3+, (vii) abstraction of a hydrogen from the substrate to form FeOH3+ and 

a substrate radical (R•), (viii) oxidation of the substrate (ROH) and finally, (ix) dissociation of 

the substrate to generate the free ferric enzyme (Isin and Guengerich, 2007). However, some 

of these steps do not proceed linearly, as some P450s can be reduced with or without a substrate 

present (Guengerich and Johnson, 1997), and human CYP2A6 can have substrates dissociate 

and reassociate with ferrous enzyme (Yun et al., 2005). 

 P450s play invaluable roles in both primary and secondary metabolism, as well as 

xenobiotic degradation. Due to their activities in the degradation through the oxidation of non-

activated carbons of drugs in humans, they have been the focus of study for chemists and 

biochemists for decades. While the P450s in drug metabolism have a wide substrate range, 

while those involved in anabolic pathways, such as the synthesis of steroids in mammals or 

secondary metabolites in plants often retain strict substrate and regiospecificity. For example, 

while human CYP2D6 is responsible for metabolizing approximately 25% of clinically used 

drugs (Wang et al., 2009), E. californica NMCH (CYP80B1) (Pauli and Kutchan, 1998) has 

strict substrate specificity for (S)-N-methylcoclaurine and does not accept its regio- or 

stereoisomers.  
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 In plants, P450s participate in the biosynthesis of lignins, UV protectants, pigments, 

secondary metabolites such as phenylpropanoids, alkaloids, terpenoids, cyanogenic glycosides 

and glucosinolates, fatty acids, hormones and signaling molecules in addition to their roles in 

catabolic pathways. It has been estimated that P450s represent approximately 1% of gene 

annotations in plant genomes, with Arabidopsis, rice (Oryza sativa), poplar (Populus 

trichocarpa) and grape (Vitis vinifera) genomes containing 246, 356, 312 and 457 P450s 

(Nelson et al., 2008). Even in the model plant Arabidopsis, more than 70% of P450s remain to 

be functionally characterized (Mizutani and Ohta, 2010). The duplication and diversification 

of P450s contributes significantly to the phytochemical diversity of plants through their ability 

to rearrange and functionalize the carbon skeleton of secondary metabolites (Mizutani and 

Ohta, 2010). In BIA metabolism, P450s play an essential role in the rearrangement of (S)-

reticuline to form bisBIAs (BS, CYP80A1), promorphinan alkaloids (SalSyn, CYP719B1) and 

aporphine alkaloids (CTS, CYP80G2) as well as the rearrangement of derivatives of (S)-

scoulerine to phthalideisoquinoline (CYP82X1, CYP82X2, CYP82Y1), protopine (MSH, 

CYP82N4) and benzo[c]phenanthridine (P6H, CYP82N3) alkaloids (Figure 1.1).  

1.7 Strategies for triage and discovery of novel genes 

1.7.1 Traditional approach 

 Two main approaches were used in the discovery of many of the enzymes involved in 

primary metabolism, such as sugar and amino acid metabolism: (1) random mutagenesis, 

phenotyping, and identifying the mutation responsible for the phenotype and (2) identification 

of single enzymatic steps, purification of the enzyme, followed by peptide sequencing. 

Although both approaches have been used to identify enzymes in plant secondary metabolism, 

the latter has predominated. 
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 In the 1980s and 1990s, activities for many of the biosynthetic reactions in the (S)-

reticuline (Frenzel and Zenk, 1990; Sato et al., 1994; Loeffler et al., 1995), sanguinarine 

(Steffens et al., 1985; Rueffer and Zenk, 1987a; Schumacher and Zenk, 1988; Tanahashi and 

Zenk, 1990; Bauer and H. Zenk, 1991; Arakawa et al., 1992) and morphinan biosynthetic 

pathways (De-Eknamkul and Zenk, 1990; Gerardy and Zenk, 1992; Gerardy and Zenk, 1993; 

Lenz and Zenk, 1995a; Lenz and Zenk, 1995b) were characterized at the enzymatic level. Some 

of these proteins were then purified from plants or plant cell cultures and were subjected to 

Edman degradation protein or peptide sequencing. From these amino acid sequences, 

degenerate oligonucleotide primers were used to amplify cDNA directly, or were used as a 

probe for Southern Blot analysis of a cDNA library. This approach has been used to identify 

BBE from E. californica (Dittrich and Kutchan, 1991), SOMT (Takeshita et al., 1995), 6OMT, 

4’OMT (Morishige et al., 2000) and CNMT from C. japonica (Choi et al., 2002) as well as 

NCS from Thalictrum flavum (Samanani et al., 2004). Degenerate oligonucleotides can also 

be used as primers or probes for identifying orthologs from different species and was 

successful in identifying 6OMT, CNMT and 4’OMT from P. somniferum (Facchini and Park, 

2003). 

1.7.2 Homology-based cloning 

 With the introduction of large expressed sequence tag (EST) databases, next-generation 

sequencing and powerful computational tools, homology-based approaches have expedited the 

discovery of many novel enzymes. Dozens of transcriptomes from medicinal plants, as well as 

hundreds from other plants are now available through the Medicinal Plants Database 

(http://medicinalplantgenomics.msu.edu/), the PhytoMetaSyn project (Xiao et al., 2013, 

http://www.PhytoMetaSyn.com), as well as the One Thousand Plant Transcriptomes project 
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(OneKP, http://www.onekp.com). This is supplemented by proteomics data available for P. 

somniferum (Decker et al., 2000; Desgagné-Penix et al., 2010; Onoyovwe et al., 2013) E. 

californica (Oldham et al., 2010), Catharanthus roseus (Jacobs et al., 2005; Champagne et al., 

2012), Cheilidonium majus (Nawrot et al., 2007), Corydalis cava (Nawrot et al., 2014) and 

Cannabis sativa (Raharjo et al., 2004). However, even before these tools were available, 

degenerate primers for well-conserved regions were used to identify CAS from C. japonica 

using conserved regions of P450s (Ikezawa et al., 2003). Primers degenerate for CAS were 

used to identify SPS and CFS from C. japonica (Ikezawa et al., 2007; Ikezawa et al., 2009). 

 These “-omics” tools have allowed the identification of many novel BIA biosynthetic 

enzymes. Proteomics identified two OMTs which shared sequence similarity to other known 

BIA OMTs and were shown to be 7OMT and 6OMT (Ounaroon et al., 2003). Using BLAST 

(Altschul et al., 1990), Argemone mexicana CFS and SPS (Díaz Chávez et al., 2011) as well 

as P. somniferum SOMT were identified based on their similarity to orthologs (Dang and 

Facchini, 2012). P. somniferum DBOX (Hagel et al., 2012) and protopine O-dealkylase 

(PODA) (Hagel and Facchini, 2010a; Farrow and Facchini, 2013) as well as A. mexicana and 

Berberis wilsoniae STOX (Gesell et al., 2011) were identified based on homology to other 

known enzymes which perform similar enzymatic reactions.  

1.7.3 “Guilt by association” 

 Gene discovery through the integration of transcriptomics, proteomics and metabolic 

profiling allows for a large number of sequences to be reduced to a small number of candidate 

genes. This “guilt-by-association” approach assumes that if two entities follow the same trend, 

they are likely involved in a similar process. For example, if specific transcripts are present 

only when a specific metabolite accumulates, it is likely that one of these transcripts is 
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responsible. Combining datasets from multiple varieties, or from different treatments (such as 

stress or hormones) to induce the production of specific transcripts and metabolites can provide 

an excellent platform for gene discovery. This approach is especially useful for large protein 

families, such as P450s, which account for about 1% of protein coding genes in plants (Nelson 

et al., 2008).  

 P. somniferum SalR (Ziegler et al., 2006) and SalSyn (CYP719B1) (Gesell et al., 2009) 

were identified through a comparison of gene expression profiles of 16 Papaver species with 

the presence or absence of morphinan alkaloids. P. somniferum CYP80B3 (Pauli and Kutchan, 

1998) was identified based on its induction after the addition of methyl jasmonate, a common 

inducer of plant defense processes (Gundlach et al., 1992).  

 Similarly, the position of genes in the genome can allow for some inference as to their 

function. This method has been extensively used in the microbial world to identify genes 

involved in similar processes. Powerful computational tools such as SEED (Overbeek et al., 

2005) have been used in microbial metabolism research and have been recently extended to 

plants (Seaver et al., 2014). Although this approach has not been yet extensively explored, 

there is evidence that some metabolic pathways are inherited as a single locus. This 

phenomenon allowed for the entire P. somniferum noscapine branch pathway (Winzer et al., 

2012), as well as the steroidal glycoalkaloid biosynthetic pathways from potato (Solanum 

tuberosum) and tomato (S. lycopersicum) to be identified (Itkin et al., 2013). 

1.8 Objectives 

 The objective of this work was to isolate and characterize enzymes involved in the 

biosynthesis of BIAs in P. somniferum through a homology-based, as well as a “guilt-by-

association” approach. 
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1.8.1 Homology-based isolation and characterization of P. somniferum CFS and SPS 

 As E. californica CFS and SPS were already identified by Ikezawa and co-workers 

(Ikezawa et al., 2007; Ikezawa et al., 2009), P. somniferum orthologs were identified and 

isolated from our in-house cell culture EST collection (Zulak et al., 2007). These cDNAs were 

reported in a communication (Fossati et al., 2014) and their enzymatic activity was confirmed. 

These were further characterized at the enzymatic level and in planta through VIGS in chapter 

4.  

1.8.2 “Guilt-by-association”-based isolation and characterization of P. somniferum MSH and 

P6H 

 Sanguinarine producing P. somniferum cell cultures can be induced with the addition 

of a fungal elicitor. Transcripts and proteins of all known BIA enzymes involved in 

sanguinarine biosynthesis were previously shown to increase after treatment (Zulak et al., 

2007; Zulak et al., 2009). As MSH and P6H were previously shown to be P450s (Rueffer and 

Zenk, 1987a; Tanahashi and Zenk, 1990), inducible P450s were selected and functionally 

expressed and allowed the identification of both enzymes. Chapter 3 is a short communication 

describing the enzymatic activity of PsMSH, while chapter 4 includes a more thorough 

characterization of PsMSH and PsP6H both in vitro and in planta using VIGS. The role of 

other inducible P450s was explored, but the identification of their function was not possible. 

A homology-based approach was then used in an effort to identify other enzymes involved in 

benzo[c]phenanthridine metabolism in E. californica, but only allowed the identification of 

EcMSH. Demonstration of its function is provided in chapter 5.  
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1.8.3 “Guilt-by-association”-based isolation and characterization of (S)-reticuline epimerase 

(REPI) 

 Previous work by Allen and coworkers (2004) and Wijekoon and Facchini (2012) 

showed that silencing of COR caused a large increase in simple BIAs such as reticuline, 

laudanine and laudanosine. This phenotype was suggested to be caused by disturbing metabolic 

channeling from (S)-reticuline to morphine or through feedback inhibition by a metabolic 

intermediate. However, we hypothesized that this phenotype might be the result of co-silencing 

of another COR-like transcript. This allowed us to identify a COR-like enzyme, DRR, fused 

to a P450, DRS. Interestingly, only the morphinan producing P. bracteatum and P. somniferum 

have these enzymes as a single polypeptide, while P. rhoeas has DRS and DRR as separate 

polypeptides. In chapter 6, we characterized DRR and REPI from P. somniferum as well as 

DRS and DRR from P. rhoeas. VIGS in P. somniferum using silencing constructs made either 

to the P450 or COR-like region showed similar phenotypes to those published previously 

(Allen et al., 2004; Wijekoon and Facchini, 2012). 

1.8.4 Homology-based isolation and characterization of P. somniferum codeine isomerase 

(COI) 

 In an effort to compare DRR to other aldo-keto reductases, we amplified a COR-like 

enzyme in chapter 7. Although this enzyme is 94% identical to COR, it can also convert 

codeine to neopine and was named codeine isomerase (COI). Interestingly, this enzyme can 

perform this reaction with either NADP+ or NADPH. We also show that the previously 

identified COR isoform 3 can also perform this reaction, albeit poorly. 
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1.9 Contributions of others 

 Although most of the work presented here is my own, many people have contributed 

in different ways, generally as part of their own projects.  

 Chapter 6 was a project with contributions from Scott Farrow. I was responsible for 

most of the cloning, as well as 5’RACE, the work with PsREPI presented here and the grinding 

of plant tissue, RNA extraction and cDNA synthesis, as well as the extraction of root alkaloids 

from VIGS plants. I also performed the preliminary work with PsREPIΔDRS and PrDRR that 

is presented in this work. The analysis of LC-MS data in this thesis is also my own. Together, 

we maintained the plants and harvested them as a team. We also jointly developed the chiral 

chromatography method. Scott Farrow was responsible for the extraction of latex alkaloids and 

preparing and collecting the VIGS data on the LC-MS, qPCR and most of the work that will 

be prepared for publication in the future.  

 Chapter 7 was begun as part of chapter 6 with Scott Farrow. We both participated in 

cloning and the original description of codeine isomerase activity and partial purification of 

neopine. However, I performed all of the in vitro characterization presented in this thesis, 

including its dependence on NADP+ or NADPH, synthesis and purification of other 

morphinans and the production of neopine over time. 

 The SanR work in appendix 1 was initiated by Dr. Jillian Hagel and Dr. Facchini by 

their identification of SanR candidates and design of cloning primers. I performed the initial 

cloning and their ability to convert sanguinarine to dihydrosanguinarine. This work has been 

continued by Crystal Bross. 

 The publication in the Journal of Biological Chemistry in appendix 2 was work that for 

the most part was performed by Dr. Jillian Hagel. I was responsible for the cloning and initial 
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characterization of PsBBE as well as the establishment of Pichia pastoris as an expression 

system in the Dr. Facchini’s laboratory. I also participated in the infiltration of VIGS plants, 

RNA extraction, cDNA synthesis and qPCR of VIGS plants. 

 Much of the research in appendix 3, which is published in Nature Communications, 

was performed in Dr. Vincent Martin’s lab at Concordia University in Montreal, QC. I was 

responsible for cloning all the P450s involved in the pathway, and corresponding with Dr. 

Martin’s group and contributing to optimizing their activity in S. cerevisiae. As well, my initial 

characterization of PsCFS and PsSPS were included in the publication. 
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CHAPTER 2: GENERAL MATERIALS AND METHODS 

2.1 Plants  

 Opium poppy (Papaver somniferum L.) variety “40” plants were cultivated for 60-80 

days until anthesis in growth chambers at 20 °C/ 18 °C (light/dark) in a growth chamber 

(Conviron; Winnipeg, MB) with a photoperiod of 16 h with a combination of fluorescent and 

incandescent lighting (Facchini and Park, 2003).  

 Opium poppy variety “Bea’s Choice” and California poppy (Eschscholzia californica) 

plants were grown in growth chambers as described above for 30-50 days and transferred to a 

greenhouse and then cultivated at anthesis.  

2.2 Cell cultures 

 P. somniferum cell cultures were grown as described previously (Facchini et al., 1996; 

Desgagné-Penix et al., 2010; Farrow et al., 2012). The elicitor used to treat plant cell 

suspension cultures was prepared from the fungus Botrytis cinerea as described previously 

(Facchini et al., 1996). 

2.3 Microbial Strains 

Microbial strains used in this work and their genotype are described in Table 2.1. 

Table 2.1 – Microbial Strains 

Strain Name Organism Function Genotype 

XL-1 Blue E. coli 

Plasmid 

maintenance 
 endA1 gyrA96 thi-1 recA1 relA1 lac F'[Tn10 (Tetr) 

proAB+ lacIq Δ(lacZ)M15] hsdR17(rK
- mK

+) 

Rosetta (DE3) E. coli 

Protein 

expression 
F- ompT hsdSB(rB

- mB
-) gal dcm (DE3) pRARE 

(CamR) 

YPH499 S. cerevisiae 

Protein 

expression 
MATa ura3-52 lys2-801_amber ade2-101_ochre 

trp1-Δ63 his3-Δ200 leu2-Δ1 

GV3101 A. tumefaciens VIGS  
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2.4 Substrates and chemicals 

 Morphine and codeine were gifts from Sanofi-Aventis (Paris, France; http://en.sanofi-

aventis.com) Allocryptopine, (S)-scoulerine and (S)-canadine were purchased from 

Chromadex (Irvine, CA; http://www.chromadex.com). Protopine, sanguinarine, papaverine 

and noscapine were purchased from Sigma-Aldrich (St. Louis, MO; 

http://www.sigmaaldrich.com).  (S)-Isocorydine, berbamine, (S)-boldine, (S)-corytuberine, 

(S)-glaucine, and (S)-isothebaine were from Sequoia Research Products (St. James Close, UK; 

http:// http://www.seqchem.com/). Cryptopine was purchased from MP Biomedicals (Santa 

Ana, CA; http://www.mpbio.com). (R,S)-Tetrahydropalmatine was purchased from 

Ethnogarden Botanicals (Barrie, Ontario, Canada). (S)-Reticuline was a gift from Tasmanian 

Alkaloids (Westbury, Australia; http://www.tasalk.com.au/). (R)-Reticuline was purchased 

from Santa Cruz Biotechnology (Dallas, TX; http://www.scbt.com). 1,2-Dehydroreticuline, 

(S)-coclaurine and codeinone were purchased from Toronto Research Chemicals (Toronto, 

ON; http://www.trc-canada.com).  

Thebaine, oripavine were prepared from P. somniferum latex as described previously 

(Hagel and Facchini, 2010a). Stylopine was produced chemically from berberine as described 

previously (Liscombe and Facchini, 2007). N-methylcanadine and N-methylstylopine were 

produced enzymatically from (S)-canadine and stylopine, respectively, by E. californica 

tetrahydroprotoberberine N-methyltransferase (EcTNMT) and partially purified by solid-phase 

extraction on Strata X-CW SPE columns (Phenomenex; Torrance, CA; 

http://www.phenomenex.com). (S)-N-Methylcoclaurine was produced enzymatically from (S)-

coclaurine by C. japonica (S)-coclaurine-N-methyltransferase (CjCNMT) and partially 

purified by solid-phase extraction on Strata X-CW SPE columns. Chelirubine was purified 

http://en.sanofi-aventis.com/
http://en.sanofi-aventis.com/
http://www.chromadex.com/
http://www.sigmaaldrich.com/
http://www.seqchem.com/
http://www.mpbio.com/
http://www.tasalk.com.au/
http://www.scbt.com/
http://www.trc-canada.com/
http://www.phenomenex.com/
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from E. californica elicited cell cultures by TLC. Dihydrosanguinarine and dihydrochelirubine 

were produced by reduction with sodium borohydride of sanguinarine and chelirubine, 

respectively. O-Desmethylcryptopine was produced enzymatically from cryptopine with 

protopine alkaloid O-dealkylase (PODA) as described previously (Farrow and Facchini, 2013). 

 Restriction endonucleases, T4 DNA ligase and Q5 and Phusion DNA polymerases 

were purchased from New England Biolabs (Ipswich, MA; http://www.neb.com). All other 

chemicals were purchased from Sigma Aldrich, VWR (Mississauga, ON; 

http://www.vwr.com), ThermoFisher (Ottawa, ON; http://www.thermofisher.com), or 

BioShop Canada (Burlington, ON; https://www.bioshopcanada.com/). 

2.5 Phylogenetic analysis 

Phylogenic analysis and amino acid alignment were performed with ClustalW (Chenna 

et al., 2003) and visualized using Geneious (Biomatters; Newark, NJ; 

http://www.geneious.com). Abbreviations and Genbank accession numbers for cytochromes 

P450 are in Table 2.2 and reductases are in Table 2.3.  

  

http://www.neb.com/
http://www.vwr.com/
http://www.thermofisher.com/
https://www.bioshopcanada.com/
http://www.geneious.com/
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Table 2.2 Cytochrome p450 abbreviations, accession numbers and assigned functions used in phylogenetic analysis 

Abbreviation Organism 

Genbank 

Accession Function 

Figures 

3.3 4.3 5.3 5.7 5.8 5.9 6.3 

PsMSH (CYP82N4) Papaver somniferum  KC154003 

N-methylstylopine 14-

hydroxylase × × × ×     × 

PsP6H (CYP82N3) Papaver somniferum  KC154002 protopine 6-hydroxylase × × × ×     × 

PsCFS (CYP719A25) Papaver somniferum  GU325749 cheilanthifoline synthase × × ×   ×   × 

PsSPS (CYP719A20) Papaver somniferum  GU325750 stylopine synthase × × ×   ×   × 

PsCAS (CYP719A21) Papaver somniferum  JQ659003                 canadine synthase   × ×   ×   × 

PsNMCH (CYP80B1) Papaver somniferum  AF191772 

3′-hydroxy-N-

methylcoclaurine 

hydroxylase × × ×     × × 

AmCYP719A14 Argemone mexicana EF451152                 cheilanthifoline synthase   ×           

AmCYP719A13 Argemone mexicana EF451151                 stylopine synthase   ×           

EcCYP719A5 Eschscholzia californica  AB434654 cheilanthifoline synthase × × ×   ×   × 

EcCYP719A3  Eschscholzia californica  AB126256 stylopine synthase × × ×   ×   × 

EcCYP719A2 Eschscholzia californica  AB126257 stylopine synthase × × ×   ×   × 

EcCYP82N2v2 Eschscholzia californica  AB598834 protopine 6-hydroxylase × × × ×     × 

EcCYP719A11 Eschscholzia californica  AB434656                 Unknown function         ×     

EcCYP719A9 Eschscholzia californica  

AB434655                 

Reticuline 

methylenedioxy bridge 

synthase         ×     

EcCYP82B1 Eschscholzia californica  AF014802 uncharacterized × × × ×     × 

EcCYP80B1  Eschscholzia californica  AF014801 

3′-hydroxy-N-

methylcoclaurine 

hydroxylase × × ×     × × 

PsCYP719B1  Papaver somniferum  EF451150 salutaridine synthase × × ×       × 

CjCYP719A1  Coptis japonica  AB026122 canadine synthase × × ×       × 
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Abbreviation 

Organism 

Genbank 

Accession Function 

Figures 

3.3 4.3 5.3 5.7 5.8 5.9 6.3 

MmCYP71A32 Mentha x piperita  AF346833 menthofuran synthase × × ×       × 

AmCYP71AJ1 Ammi majus  AY532370 psoralen synthase × × ×       × 

CrCYP72A1  Catharanthus roseus  L10081 secologanin synthase × × ×       × 

HtCYP76B1  Helianthus tuberosus  Y09920 

7-ethoxycoumarin O-

deethylase × × ×       × 

AtCYP79B2  Arabidopsis thaliana  NM_120158 camalexin biosynthesis × × ×       × 

BsCYP80A1  Berberis stolonifera  U09610 berbamunine synthase × × ×       × 

HnCYP80F1  Hyoscyamus niger  DQ387048 littorine mutase × × ×     × × 

CjCYP80G2  Coptis japonica  AB288053 corytuberine synthase × × ×     × × 

SiCYP81Q1  Sesamum indicum  AB194714 

methylenedioxy bridge 

formation × × ×       × 

AtCYP82C2 Arabidopsis thaliana  O49394 uncharacterized × × ×       × 

NtCYP82E4v1  Nicotiana tabacum  DQ131886 nicotine N-demethylase × × ×       × 

AtCYP82G1 Arabidopsis thaliana  NM113423 Unknown function × × ×       × 

ZmCYP92A1 Zea mays  AY072297 Unknown function × × ×       × 

GeCYP93C2  Glycyrrhiza echinata AB023636 

2-hydroxyisoflavanone 

synthase × × ×       × 

LeCYP98A6  

Lithospermum 

erythrorhizon AB017418 

4-coumaroyl-4′-

hydroxyphenyllactic 

acid 3-hydroxylase × × ×       × 

CmCYP701A1  Cucurbita maxima  AF212990 ent-kaurine oxidase × × ×       × 

AtCYP705A5 Arabidopsis thaliana  NM_124173 

flavonoid 3′-

monooxygenase × × ×       × 

AtCYP71A13 Arabidopsis thaliana  NM_128630 camalexin biosynthesis × × ×       × 

CrCYP71BJ1 Catharanthus roseus  HQ901597 

tabersonine/lochnericine 

19-hydroxylase × × ×       × 
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Abbreviation Organism 

Genbank 

Accession Function 

Figures 

3.3 4.3 5.3 5.7 5.8 5.9 6.3 

PsCYP82X1 Papaver somniferum  JQ659002 

Unknown function 

(noscapine biosynthesis) × × × ×     × 

PsCYP82X2 Papaver somniferum  JQ659004 

Unknown function 

(noscapine biosynthesis) × × × ×     × 

PsCYP82Y1 Papaver somniferum  JQ659005 

N-methylcanadine 1-

hydroxylase × × × ×     × 

EcMSH (EcCYP82-1) Eschscholzia californica  n/a 

N-methylstylopine 14-

hydroxylase     × ×       

PsREPI Papaver somniferum  n/a reticuline epimerase             × 

PBrREPI Papaver bracteatum n/a reticuline epimerase             × 

PrDRS Papaver rhoeas  n/a 

1,2-dehydroreticuline 

reductase              × 
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Table 2.3 Reductase abbreviations, accession numbers and assigned functions used in phylogenetic analysis 

 

Abbreviation Organism 

Genbank 

Accession Function 

Figures 

6.3 7.3 A4.2 

AlDHR Arabidopsis lyrata XM_002881965 dihydroflavonol 4-reductase     × 

AmCHR 

Astragalus 

mongholicus  HM357239 chalcone synthase  × ×   

AtACR Arabidopsis thaliana  NM_104854 anthocyanidin reductase ×     

AtAKR4C10 Arabidopsis thaliana  DQ837655 

stress-related toxicant 

metabolism  × ×   

AtAKR4C8 Arabidopsis thaliana  DQ837653 

stress-related toxicant 

metabolism  × ×   

AtAKR4C9 Arabidopsis thaliana  DQ837654 

stress-related toxicant 

metabolism  × ×   

AtNMD Arabidopsis thaliana  NM_115986                (+)-neomenthol dehydrogenase     × 

AvHSD Anabaena variabilis  YP_324810 

3-β hydroxysteroid 

dehydrogenase/isomerase     × 

CsNED 

Cyanobacterium 

stanieri YP_007166006 

NAD-dependent 

epimerase/dehydratase     × 

EcMegocR Erythroxylum coca  GU562618 

2-carbomethoxy-3-tropinone 

reductase × × × 

EcSanR 

Eschscholzia 

californica  
GU338458  

sanguinarine reductase     × 

FaGalUR Fragaria x ananassa  AF039182 galacturonic acid reductase    × × 

GmCHR Glycine max  X55730 chalcone reductase  × ×   
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2.6 Extraction of plant RNA and cDNA synthesis 

 Total plant RNA was purified by the CTAB method as described previously (Meisel et 

al., 2005). Briefly, plant tissue cooled with liquid nitrogen was ground using a Qiagen 

Tissuelyser (Qiagen; Valencia, CA; http://www.qiagen.com) equipped with Retsch 35mL 

stainless steel grinding jars and 20 mm stainless steel grinding balls (Retsch; Haan, Germany; 

http://www.retsch.com). Ground tissue was extracted in 2x CTAB RNA extraction buffer (2% 

(w/w) CTAB, 100 mM Tris-HCl pH 8, 20 mM EDTA pH 8, 1% (w/w) polyvinvylpyrrolidone 

MW 40,000, 2 M NaCl, 2% β-mercaptoethanol, 2 mM spermidine trihydrochloride) pre-heated 

at 65 °C for 5 minutes and extracted twice with chloroform:isoamyl alcohol (24:1). The organic 

fractions were discarded, and 0.25x 10 M LiCl was added to the aqueous fraction and left 

overnight at 4 °C. This fraction was then centrifuged, the supernatant discarded, and washed 

twice with ice cold 70% EtOH and allowed to air dry.  

 RNA quantity and quality was determined using a ND-1000 UV Nanodrop 

spectrophotometer (Nanodrop Technologies; Wilmington, DE; http:// 

http://www.nanodrop.com/). cDNA synthesis reactions were performed using the Moloney 

murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen Life Technologies, 

Burlington, ON; http://www.lifetechnologies.com/) with 30 ng/µL RNA following the 

manufacturer’s instructions.  

2.7 Saccharomyces cerevisiae expression vectors 

2.7.1 pESC-leu2d::PsCPR 

A synthetic PsCPR gene (Rosco et al., 1997) codon-optimized for expression in S. 

cerevisiae (DNA 2.0, Menlo Park, CA; www.dna20.com) was amplified (forward primer: 5′-

GGATCCAACAATGGGGTCAAACAACC-3′; reverse primer: 5′-

http://www.qiagen.com/
http://www.retsch.com/
http://www.nanodrop.com/
http://www.lifetechnologies.com/
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CTCGAGCCATACATCTCTCAAGTATC-3′), and the amplicon was inserted in-frame with 

the c-Myc tag in pESC-leu2d using BamHI and SalI restriction sites introduced by PCR, 

yielding pESC-leu2d::PsCPR. 

2.7.2 pESC-leu2d::PsCPR/LsGAOΔC 

 The 43 amino acid N-terminal transmembrane domain of the lettuce (Lactuca sativa) 

germacrene A oxidase (LsGAO) (Nguyen et al., 2010) was amplified (forward primer: 5′- 

GCGGCCGCAAAATGGAATTATCAATCACC-3′) and reverse primer: 5′- 

ACTAGTGCATGCATGACCGATTATAGGTAATCT-3′) and inserted into NotI and SpeI 

restriction sites of pESC-leu2d::PsCPR and cloned in-frame with the FLAG-tag yielding 

pESC-leu2d::PsCPR/LsGAOΔC. A SphI restriction site was added in the above primers to 

facilitate cloning of candidate P450s.  

2.8 Saccharomyces cerevisiae transformation, protein induction, extraction and 

purification 

2.8.1 Transformation of S. cerevisiae strain YPH499  

 Expression vectors were introduced into S. cerevisiae strain YPH499 (Agilent 

Technologies; Santa Clara, CA; http://www.agilent.com) using the LiAc/PEG method (Gietz 

and Schiestl, 2007a). 

2.8.2 S. cerevisiae protein induction 

Protein induction was done similarly to Nguyen et al. (2010). Single S. cerevisiae 

colonies were used to inoculate 2 mL yeast nitrogen broth, synthetic dropout supplement 

lacking leucine and 2% dextrose and grown at 30 °C and 200 rpm. After 16 h, 50 mL of yeast 

nitrogen broth, synthetic dropout supplement lacking leucine and 1.8% D-galactose, 0.2 % 

dextrose and 1% D-raffinose was inoculated with 1 mL of the overnight culture and allowed 

http://www.agilent.com/
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to grow at 30 °C and 200 rpm for 48 h, where the cells were collected by centrifugation for 5 

min at 6,000 g.  

2.8.3 Microsomal protein preparation 

S. cerevisiae microsomes were prepared by glass bead disruption (Pompon et al., 

1996). Centrifuged yeast cells were resuspended in 5 mL Buffer TEK (50 mM Tris-HCl, pH 

7.4, 1 mM EDTA, 0.1 M KCl) and left at room temperature for 5 min and then centrifuged for 

5 min at 6,000 g. Cells were then resuspended in 1 mL TESB (50 mM Tris-HCl, pH 7.4, 1 mM 

EDTA, 0.6 M sorbitol) and transferred to 5 mL tubes where an equal volume of acid-washed 

0.5 mm glass beads was added. The cells were disrupted mechanically by hand-shaking for 5 

minutes. The beads were then washed with 3 volumes with the supernatant centrifuged at 4 °C 

for 10 min at 15,000 g and the pellet discarded. The supernatant was then centrifuged at 4 °C 

for 60 min at 115,000 g and the supernatant discarded. The pellet was resuspended in 500 µL 

50 mM HEPES, pH 7.5, 20% (v/v) glycerol and the protein concentration determined using 

the Bradford method (Bradford, 1976).  

2.9 Escherichia coli protein induction, extraction and purification  

2.9.1 E. coli protein induction 

Individual colonies were grown in 50 mL LB (Lysogeny broth) supplemented with 35 

µg/mL chloramphenicol and 50 µg/mL kanamycin for Rosetta (DE3) (EMD Millipore, 

Billerica, MA; http://www.emdmillipore.com) cells and were grown for 16 h at 37 °C and 180 

rpm. These 50 mL cultures were added to 1 L LB supplemented with the same antibiotics and 

were allowed to grow under the same conditions until an OD600 of 0.6. The 1 L cultures were 

then transferred to 25 °C and 160 rpm, and 1 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was added to induce protein expression and grown for 4 h.  

http://www.emdmillipore.com/
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2.9.2 E. coli soluble protein extraction and purification 

 For purification, bacterial cells were resuspended in buffer P1 (100 mM KPO4
-, pH 7.5, 

300 mM NaCl, 10% (v/v) glycerol) and lysed using a French pressure cell (500 psi). Debris 

was removed by centrifugation at 14,000 g for 20 min. The supernatant was combined with 

buffer P1-equilibrated Talon resin (Clontech Laboratories, Inc.; Mountain View, CA; 

http://www.clontech.com) and shaken on ice at approximately 120 rpm for 60 min. The 

protein-charged resin was washed twice with ice cold buffer P1 and was eluted stepwise with 

ice cold buffer P1 supplemented with 2.5, 10, 100 and 200 mM imidazole. The 100 mM 

imidazole elutions were then desalted with buffer P2 (100 mM KPO4
-, pH 7.5, 10% (v/v) 

glycerol) using PD-10 desalting columns (GE Healthcare; Baie d’Urfe, QC; 

http://www.gelifesciences.com).  

2.10 Analysis of recombinant proteins 

2.10.1 SDS-PAGE 

 Proteins were fractionated by SDS-PAGE on 16% polyacrylamide gels with the Bio-

Rad Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories, Mississauga, ON; http://www.bio-

rad.com/) following the manufacturer’s instructions.  

2.10.2 Immunoblots (Western Blot) 

SDS-PAGE gels were transferred to BioTrace NT nitrocellulose membrane (Pall Life 

Sciences, Pensacola, FL; http://www.pall.com/) using the Mini-PROTEAN Tetra blotting 

module (Bio-Rad) at 100V. Blots were washed with PBST (137 mM NaCl, 10 mM phosphate, 

2.7 mM KCl, 0.1% (v/v) Tween 20, pH 7.5) then blocked in PBSTM (PBST supplemented 

with 5% (w/w) skim milk) for 1 h and 0.1 µg/mL primary antibody was added (THE™ His 

Tag Antibody for recombinant proteins in E. coli, THE™ DYKDDDDK Tag Antibody for 

http://www.clontech.com/
http://www.gelifesciences.com/
http://www.bio-rad.com/
http://www.bio-rad.com/
http://www.pall.com/
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cytochromes P450 expressed in S. cerevisiae or THE™ c-Myc Antibody for cytochrome P450 

reductase expressed in S. cerevisiae (Genscript) and placed with gentle shaking at 10 °C. Blots 

were then washed 3 times with PBST and incubated for 1 h with alkaline phosphatase-

conjugated anti-mouse secondary antibodies (Bio-Rad) in PBSTM and then washed 3 times 

with PBST. Proteins were then visualized with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Pierce, Rockford, IL; http://www.piercenet.com/).  

2.11 Cytochrome P450 enzyme assays 

2.11.1 Routine enzyme assays 

 In vitro enzyme assays were performed using S. cerevisiae microsomal fractions in 50 

mM HEPES, pH 7.5, 0.5-2.5 mM NADPH and 0.5-240 μM alkaloid substrate in a total volume 

of 50 µL. For substrate range experiments, alkaloid substrate concentrations were 100 μM. 

Assays were incubated at 30 °C for 90 min and were stopped by adding 100 μL of MeOH. The 

precipitate was discarded and the supernatant evaporated to dryness in a Speed-Vac 

concentrator (Savant; Ramsey, MN; http://www.thermo.com) and resuspended in 50 μL of 

buffer A1 (95:5, 10 mM ammonium acetate, pH 5.5:acetonitrile). 

2.11.2 Determination of apparent Michaelis-Menten kinetic constants 

 In order to determine the Michaelis constant (Km), reactions were performed in 50 mM 

HEPES pH 7.5, 1 mM NADPH, varying amounts of alkaloid substrate, generally from 0.5-240 

μM, and a determined amount of microsomal protein. Reactions were allowed to proceed at 30 

°C for 45 min and were quenched with the addition of 100 µL MeOH. The debris was 

centrifuged and discarded and 100 µL of the supernatant evaporated to dryness in a Speed-Vac 

concentrator (Savant) and resuspended in buffer A1 to give 0.1 µM or 1 µM alkaloid substrate, 

where 10 µL or 1 µL was injected, respectively. 

http://www.piercenet.com/
http://www.thermo.com/
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 As microsomal protein preparations do not contain pure cytochrome P450s, nor are 

these expressed at a great enough level to determine their C-O difference spectra and thus 

enzyme concentrations could not be accurately determined, apparent Michaelis-Menten kinetic 

constants (Km, Vmax and Ki, if applicable) were calculated. This was achieved using the Enzyme 

Kinetics Wizard package of SigmaPlot 12.0 (Systat Software; San Jose, CA; 

http://www.sigmaplot.com/).  

2.12 Reductase enzyme assays 

2.12.1 Temperature and pH optima 

 For temperature optima, 40 ng/µL of purified, desalted protein was incubated at 4, 15, 

20, 25, 30, 37, 42 or 55 °C with 1 mM NADP+ and 50 µM alkaloid substrate for 45 min in a 

total volume of 50 µL of 100 mM KPO4
-, pH 7.5. For pH optima, 40 ng/µL of purified, desalted 

protein was incubated at 37 °C with 1 mM of co-factor (NADP+ or NADPH) and 50 µM 

alkaloid at pH 5 (100 mM citrate), pH 6 (100 mM KPO4
-), pH 7 (100 mM KPO4

-), pH 8 (100 

mM Tris-HCl), pH 9 (100 mM glycine), pH 10 (100 mM glycine) in a total volume of 50 µL. 

Reactions were quenched and prepared as in Section 2.12.3. 

2.12.2 Routine enzyme assays 

For forward reactions (reductions), 40 ng/µL of purified, desalted protein was 

incubated at 37 °C for 16 h with 50 µM alkaloid substrate at pH 9 (100 mM glycine) with 1 

mM NADPH in a total volume of 50 µL. For reverse reactions (oxidations), 40 ng/µL of 

purified, desalted protein was incubated at 37 °C for 16 h with 50 µM alkaloid substrate at pH 

7.5 (100 mM KPO4
-) with 1 mM NADP+ in a total volume of 50 µL. Reactions were quenched 

and prepared as in Section 2.12.3. 

http://www.sigmaplot.com/


 

49 

2.12.3 Quenching and preparation for LC-MS 

Reactions were quenched with the addition of 100 µL MeOH, the denatured protein 

removed by centrifugation at 23,000 g for 10 min and the supernatant evaporated to dryness in 

a Speed-Vac concentrator (Savant; Ramsey, MN; http://www.thermo.com) and resuspended 

in buffer A (95:5, 10 mM ammonium acetate, pH 5.5:acetonitrile). 

2.13 LC-MS conditions 

2.13.1 LC conditions for enzymatic assays and VIGS plant extracts 

LC-MS analysis was done using a 1200 liquid chromatograph and a 6410 triple 

quadrupole mass spectrometer (Agilent Technologies). The reaction mixtures or extracts were 

injected onto a Zorbax SB C18 HPLC column (1.8 µm, 2.1 mm, 50 mm; Agilent Technologies) 

and eluted at a flow rate of 0.6 mL/min. Liquid chromatography was initiated at 100% solvent 

A1 (95:5, 10 mM ammonium acetate, pH 5.5:acetonitrile), ramped to 50% solvent B 

(acetonitrile) using a linear gradient over 6 min, further ramped to 99% solvent B using a linear 

gradient over 1 min, held constant at 99% solvent B for 1 min and returned to original 

conditions over 0.1 min for a 3.9 min equilibration period.  

2.13.2 VIGS plant extracts 

Conditions were identical to Section 2.13.1, except the flow rate was 0.5 mL/min. 

2.13.3 LC conditions for quantification of sanguinarine in VIGS plants 

 Conditions were identical to Section 2.13.2, except buffer A1 was substituted with 

buffer A2 (95:5, 0.08% AcOH:acetonitrile).  

2.13.4 Mass analyzer conditions 

Eluate was applied to the mass analyzer using an electrospray ionization probe 

operating in positive mode with the following conditions: capillary voltage, 4000 V; 

http://www.thermo.com/
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fragmentor voltage, 100 V; source temperature, 350 °C; nebulizer pressure, 50 PSI; gas flow, 

10 L/min.  

For full-scan analysis, quadrupole 1 and 2 were set to RF only, whereas the third 

quadrupole scanned a variable range.  

For collision-induced dissociation (CID) analysis, the precursor m/z was selected in 

quadrupole 1 and collision energy of 25 eV was applied in quadrupole 2. The resulting 

fragments were resolved by quadrupole 3 scanning from 40 m/z to 2 m/z greater than the 

precursor m/z and compared with previously published spectra (Farrow et al., 2012).  

 For multiple reaction monitoring (MRM), transitions are listed in Table 2.4 with 

collision energies of 25 eV. For dynamic MRM used in VIGS-silenced plants, detection times 

are listed in Table 2.4.  

2.14 Real-time quantitative PCR (qPCR) 

Real-time quantitative PCR was performed on cDNA synthesized at 30 ng/µL (Section 

2.6) with each 10 µL reaction containing approximately 1.5 ng/µL cDNA, 1X KAPA SYBR 

FAST qPCR Kit (Kapa Biosystems, Boston, MA; http://www.kapabiosystems.com) and 200 

nM of forward and reverse primers for the target gene (Table 2.5) on a 7300 real-time PCR 

system (Applied Biosystems Life Technologies, Burlington, ON; 

http://www.lifetechnologies.com/). The ΔΔCt method was used to evaluate relative gene 

expression levels with ubiquitin as an endogenous control.  

As qPCR efficiencies were not established for the primers in Table 2.5 and only one 

reference gene was used as a control, these qPCR experiments may lack a degree of accuracy 

when used alone. Indeed, proper normalization with at least three reference genes can control 

for variations in extraction yield, cDNA synthesis yield and efficiency of amplification  

http://www.kapabiosystems.com/
http://www.lifetechnologies.com/
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Table 2.4 Compound list and MRM transitions and dynamic MRM measurement times 

for the quantification of benzylisoquinoline alkaloids by LC-MS/MS 

Compound 

MRM 

Transition (m/z) 

Retention 

Time (min) 

Measurement 

Time (min) Reference 

Buffer A1           

Morphine 286 → 201 1.30 0 - 2.65 Authentic Standard 

Codeine 300 → 215 3.69 3.0 - 5.0 Authentic Standard 

Reticuline 330 → 192 4.21 3.5 - 5.5 Authentic Standard 

Scoulerine 328 → 178 4.85 4.0 - 6.0 Authentic Standard 

Thebaine 312 → 58 4.96 4.1 - 6.1 Authentic Standard 

Cryptopine 370 → 205 5.10 4.2 - 6.2 Authentic Standard 

Protopine 354 → 188 5.25 4.3 - 6.3 Authentic Standard 

N-Methylsinactine 354 → 206 5.44 4.3 - 6.3 Inferred  

Allocryptopine 370 → 188 5.67 4.7 - 6.7 Authentic Standard 

N-Methylstylopine 338 → 190 5.80 4.8 - 6.8 Authentic Standard 

N-Methylcanadine 354 → 190 6.38 5.0 - 7.0 Authentic Standard 

Papaverine 340 → 202 6.30 5.4 - 7.4 Authentic Standard 

Cheilanthifoline 326 → 178 6.46 5.5 - 7.5 (Schmidt et al., 2007) 

Sinactine 340 → 192 7.50 6.5 - 8.5 Authentic Standard 

Noscapine 414 → 220 7.68 6.7 - 8.7 Authentic Standard 

Canadine 340 → 176 7.78 6.8 - 8.8 Authentic Standard 

Stylopine 324 → 176 7.84 6.9 - 8.9 Authentic Standard 

Dihydrosanguinarine 334 → 319 7.68 7.4 - 9.4 Authentic Standard 

Buffer A2       

Sanguinarine 332 → 304 4.84 2.9 - 6.9 Authentic Standard 
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Table 2.5 RT-qPCR analysis: primers used to quantify gene expression in P. 

somniferum plants 

Target Forward Primer (5'-3') Reverse Primer (5'-3') Reference 

Common  BIA biosynthetic enzyme transcripts 

NCS CAGGCAATGGTGGAGTTGGT CCGTGGCACTGCACCTAGA 

Desgagné

-Penix 

and 

Facchini, 

2012 

6OMT CAACAATGTCAAACCCATGTCTTT CGGAACAGACGGTCTTCGTT 

Desgagné

-Penix 

and 

Facchini, 

2012 

CNMT CCAACATGGAAGCAACATGAAA GTCCAACGTTGTTGATTCATCAG 

Desgagné

-Penix 

and 

Facchini, 

2012 

NMCH GGTGATGAAAGTAGTGGAAGTG CAGCTGGATTTGTCGAGTTC 

Desgagné

-Penix 

and 

Facchini, 

2012 

4'OMT1 GACAACAAACTTGTGCTGC CTTGTTTCTCCAGCTTGC 

Desgagné

-Penix 

and 

Facchini, 

2012 

4'OMT2 GTTTAGATGCAAAACCAG CCTAGTATCATCGGCACC 

Desgagné

-Penix 

and 

Facchini, 

2012 

    

Morphine biosynthetic enzyme transcripts 

REPI GACACCACAAAACTGACCACCAT TTTTGCCTTGTCCAACACATG This work 

SalSyn GGTTCCAATGATCGTCATAAGCGA ATATCAGGTACATCTCTAGCGGAATAA 

Wijekoon 

and 

Facchini, 

2012 

SalR ACTGGCGGAAACAAGGGTATCGGAT 
AACAGCTTCATGACCTTTAGTTACATCTC

TA 

Wijekoon 

and 

Facchini, 

2012 
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Target Forward Primer (5'-3') Reverse Primer (5'-3') Reference 

SalAT TCCGCGAGTGTCCCTAAGG TTCCACCACAGTCAAACATGTTC 

Wijekoon 

and 

Facchini, 

2012 

T6ODM TTGAGGCACAAATGAGAAAATTGA CACAACGCACTTTCGAGAAATTAC 

Hagel and 

Facchini, 

2010 

CODM TTGTGCTTAAATTTCGTGGATGAC TGATTACATCACTTGACCCAAACAG 

Hagel and 

Facchini, 

2010 

COR 
GAAATAGAAAGAAAAATGGAGAGTAATG

GT 
TTCAACTGTTCCCATACCTAAAGCA This work 

    

Sanguinarine biosynthetic enzyme transcripts 

BBE CGGAAACAGCTTGGGTTGA CGGACACCAACCAGCAGTAA 
Hagel et 

al., 2012 

CFS ATGAGGATGAAACCCATTGC ACGGCAGGGTTATGATGAAT This work 

SPS GAATGGTCTTGCGTTTCTGA AGTGGCGTCTTCATCAACAA This work 

TNMT AGTGGATGGTTGCGCAGCTG CAAGCCAAACCCCTGTGATACA 

Dang and 

Facchini, 

2014 

MSH TCATCCAAGCGATCATCAAAGA GGCTACTTCGCAGTCCTCCAT This work 

P6H TCAAGAAAGCCAGAGCAGAA ATGGAACGGGTGGATGTAGT This work 

DBOX GTACTTGGGGCAAGCAGTAGAGAT GCAGCTTATATGGACTGCACTGTATTA 
Hagel et 

al., 2012 

    

Endogenous control 

Ubiquitin CCATTTGGTGCTTCGTCTAC CAAGCCATAGCTGAAACACC This work 
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(Bustin et al., 2009). However, qPCR measurements in this thesis were used to compare 

transcript levels in plants under the same conditions, at a similar age and generally in the same 

tissues. As well, these results were corroborated with FPKM data or metabolite changes as a 

result of VIGS treatment, whose use has been well established. Also, the use of most of these 

primers for qPCR has also been previously reported (Hagel and Facchini, 2010a; Desgagné-

Penix and Facchini, 2012; Hagel et al., 2012; Wijekoon and Facchini, 2012; Dang and 

Facchini, 2014a). 

2.15 Virus-induced gene silencing (VIGS) 

2.15.1 Transformation of Agrobacterium tumefaciens strain GV3101 

 A. tumefaciens was transformed by electroporation as described previously (Shen and 

Forde, 1989). 

2.15.2 Infiltration of P. somniferum seedlings 

 Virus-induced gene silencing was performed similarly to Hileman et al. (Hileman et 

al., 2005; Dang et al., 2012). Single A. tumefaciens colonies containing pTRV2 with a portion 

of the gene of interest (pTRV2-target), as well as colonies containing pTRV1 were grown in 5 

mL LB containing 50 µg/mL kanamycin at 28 °C and 180 rpm for 16 h. Cultures were then 

used to inoculate 500 mL of LB supplemented with 50 µg/mL kanamycin, 100 mM 4-

morpholineethanesulfonic acid (MES) and 10 µM acetosyringone and were grown for 24 h. 

Cells were then pelleted at 3000 g for 15 min and resuspended in infiltration solution (10 mM 

MES, 200 µM acetosyringone, 10 mM MgCl2 to an OD600 of 2.0-2.5.  

 After 3 hours, A. tumefaciens harboring pTRV2-target constructs were mixed 1:1 with 

bacteria containing pTRV1. The resulting mixture was then used to infiltrate the apical 

meristem of seedlings with their first true leaves using a 5 mL syringe.  
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2.15.3 Confirmation of silencing in VIGS-treated P. somniferum plants 

 cDNA was synthesized from RNA extracted from mature P. somniferum roots (Section 

2.6). Fragments of pTRV1 (forward primer: 5′-CTTGAAGAAGAAGACTTTCGAAGTCTC-

3′) and reverse primer: 5′-GTAAAATCATTGATAACAACACAGACAAAC-3′) or pTRV2 

(forward primer: 5′-GGTCAAGGTACGTAGTAGAG-3′) and reverse primer: 5′-

CGAGAATGTCAATCTCGTAGG-3′) were amplified using Green Taq polymerase 

(Genscript) to confirm the presence of TRV in P. somniferum plants. RT-qPCR (Section 2.14) 

was then performed to confirm silencing of the target transcript relative to TRV2 empty vector 

controls.  

2.15.4 Extraction of alkaloids from VIGS-treated P. somniferum plants 

 Opium poppy latex was collected in a pre-weighed 1.5 mL tube and flash frozen in 

liquid nitrogen. Samples were then lyophilized until dry, centrifuged at 20,000 g and weighed 

to determine the weight of the dry latex. Alkaloids were then extracted in cold methanol (30 

µL/mg dry weight, vortexed vigorously, sonicated for 1 min and incubated at 16 h at 20 °C 

debris was removed by centrifugation at 20,000 g for 10 min at 4 °C. The supernatant was then 

diluted 1:1,000 and 1:10,000 in glass auto-sampler vials in buffer A1 (95:5, 10 mM ammonium 

acetate, pH 5.5:acetonitrile). Root samples were ground with a TissueLyser II (Qiagen) using 

30 mL stainless steel grinding jars with 20 mm grinding balls (Retsch) cooled in liquid 

nitrogen. The tissue was then dried and extracted as described above. The methanolic extracts 

were then dried under reduced pressure and resuspended in an equal volume of Buffer A1 for 

LC-MS analysis.  
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2.15.5 Statistical analysis for VIGS data 

 The Student t statistical test was used to compare alkaloid levels of silenced plants to 

empty vector controls. These were performed to determine statistical significance at p values 

of <0.05, <0.01 and <0.001 using GraphPad Prism 5.01 for Windows (GraphPad Software; 

San Diego, CA; http://www.graphpad.com). 

 

  

http://www.graphpad.com/


 

57 

CHAPTER 3: ISOLATION AND CHARACTERIZATION OF A cDNA ENCODING 

(S)-CIS-N-METHYLSTYLOPINE 14-HYDROXYLASE FROM OPIUM POPPY, A 

KEY ENZYME IN SANGUINARINE BIOSYNTHESIS 

Adapted from: Biochemical and Biophysical Research Communications (2013) 431(3):597-

603 DOI: 10.1016/j.bbrc.2012.12.129 

3.1 Introduction 

Plants produce a multitude of specialized metabolites that are not necessary for normal 

plant growth and development. Most of these molecules are assembled through complex 

enzymatic networks and facilitate the interaction between plants and their environment 

through, for example, the attraction of pollinators or the deterrence of herbivores (Pichersky 

and Gershenzon, 2002; Wittstock and Gershenzon, 2002; Bednarek and Osbourn, 2009). 

Benzylisoquinoline alkaloids (BIAs) are a large and structurally diverse group of 

approximately 2500 nitrogenous compounds mostly distributed in four related plant families, 

including the Papaveraceae (Ziegler and Facchini, 2008). Many BIAs have potent 

pharmacological activities and include the narcotic analgesics morphine and codeine, the 

cough suppressant and potential anticancer drug noscapine (Barken et al., 2008), the 

antimicrobial agents sanguinarine and berberine, and the vasodilator papaverine. 

BIA biosynthesis begins with the condensation of two tyrosine derivatives, dopamine 

and 4-hydroxyphenylacetaldehyde to yield (S)-norcoclaurine, which is then modified via 3′-

hydroxylation, one N-methylation, and two O-methylations to (S)-reticuline (figure 3.1). The 

3′-hydroxylation of (S)-N-methylcoclaurine is reportedly catalyzed by a cytochrome P450 

monooxygenase (S)-N-methylcoclaurine 3′-hydroxylase (NMCH) belonging to the CYP80B  
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Figure 3.1 Biosynthesis of the benzo[c]phenanthridine alkaloids sanguinarine, nitidine 

and chelerythrine.  

Enzymes with corresponding isolated genes are shown in blue. Cryptopine and 

allocryptopine occur in opium poppy, whereas nitidine, chelerythrine and corresponding 

dehydrogenated intermediates are absent (gray box). Abbreviations: 4’OMT, 3’-hydroxy-N-

methylcoclaurine 4’-O-methyltransferase; 6OMT, norcoclaurine 6-O-methyltransferase; BBE, 

berberine bridge enzyme; CFS, cheilanthifoline synthase; CNMT, coclaurine N-

methyltransferase; DBOX, dihydrobenzophenanthridine oxidase; MSH, (S)-cis-N-

methylstylopine 14-hydroxylase; NCS, norcoclaurine synthase; NMCH, (S)-N-

methylcoclaurine 3’-hydroxylase; P6H, protopine 6-hydroxylase; SOMT, scoulerine 9-O-

methyltransferase; SPS, stylopine synthase; TNMT, tetrahydroprotoberberine cis-N-

methyltransferase. 
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subfamily (Pauli and Kutchan, 1998; Huang and Kutchan, 2000). The central 1-

benzylisoquinoline intermediate (S)-reticuline is converted to the protoberberine alkaloid (S)-

scoulerine by the flavoprotein oxidase, berberine bridge enzyme (BBE), the corresponding 

gene for which has been isolated and characterized from California poppy (Eschscholzia 

californica) (Dittrich and Kutchan, 1991) and opium poppy (Papaver somniferum) (Hagel et 

al., 2012) (figure 3.1). (S)-Scoulerine is an intermediate in the formation of several BIA 

structural subgroups including protoberberine (e.g. berberine), protopine (e.g. allocryptopine), 

benzo[c]phenanthridine (e.g. sanguinarine) and phthalideisoquinoline (e.g. noscapine) 

alkaloids, whereas other structural subgroups such as morphinan (e.g. morphine) and 

aporphine (e.g. magnoflorine) are derived from different oxidative C–C couplings of (S)-

reticuline (Ziegler and Facchini, 2008). In general, P450s catalyze C–C and C–O couplings, 

aromatic and aliphatic hydroxylations and ring rearrangements in plant specialized metabolism 

(Mizutani and Sato, 2011). In humans and some plants, P450s are also involved in the N- and 

O-dealkylation of specialized metabolites (Hagel and Facchini, 2010b). 

The conversion of (S)-scoulerine to sanguinarine begins with the formation of two 

methylenedioxy bridges by cheilanthifoline synthase (CFS) and stylopine synthase (SPS), both 

of which are members of the CYP719 family, forming (S)-stylopine (figure 3.1). CFS and SPS 

have been isolated and characterized from California poppy (Ikezawa et al., 2007; Ikezawa et 

al., 2009) and Mexican prickly poppy (Argemone mexicana) (Díaz Chávez et al., 2011). 

Subsequent N-methylation of (S)-stylopine by tetrahydroprotoberberine cis-N-

methyltransferase (TNMT) (Liscombe and Facchini, 2007) yields (S)-cis-N-methylstylopine, 

which is converted by (S)-cis-N-methylstylopine 14-hydroxylase (MSH) to protopine. MSH 

activity was isolated in microsomal fractions from various plant cell cultures and the enzyme 
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was characterized as a P450 (Rueffer and Zenk, 1987a). A second hydroxylation by protopine 

6-hydroxylase (P6H) causes spontaneous ring rearrangement to yield the 

benzo[c]phenanthridine alkaloid dihydrosanguinarine, which is oxidized by the flavoprotein 

oxidase dihydrobenzophenanthridine oxidase (DBOX) to sanguinarine. Recently, genes 

encoding P6H from California poppy (Takemura et al., 2013) and DBOX from opium poppy 

(Hagel et al., 2012) have been isolated. Variations in the occurrence of methylenedioxy bridges 

or substituted dimethoxy moieties on protopine and benzo[c]phenanthridine alkaloids are 

common, but not all derivatives have been detected in opium poppy (figure 3.1). 

MSH remains the only enzyme involved in the conversion of (S)-norcoclaurine to 

sanguinarine for which the corresponding gene has not yet been identified. In this chapter, we 

report the isolation and partial characterization from opium poppy of a cDNA encoding MSH, 

which belongs to the CYP82N subfamily. We show the coordinated induction of MSH mRNA 

levels with other sanguinarine biosynthetic gene transcripts in elicitor-treated opium poppy 

cell suspension cultures (Zulak et al., 2007), and the root-specific expression of MSH in the 

plant. Heterologous expression of MSH in Saccharomyces cerevisiae and in vitro enzyme 

analysis showed that MSH accepted only the N-methylated protoberberines (S)-cis-N-

methylstylopine and (S)-cis-N-methylcanadine yielding protopine and allocryptopine, 

respectively. Enzymatic activity was not detected using other BIAs, belonging to a wide variety 

of structural subgroups, as potential substrates. 

3.2 Materials and Methods 

3.4.1. Plant materials and chemicals 

See sections 2.1 though 2.4  
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3.2.2 Selection of MSH candidates 

Cytochromes P450 candidate genes were selected based on: (1) transcriptional 

induction in response to elicitor treatment of opium poppy cell suspension cultures (Zulak et 

al., 2007) and (2) root-specific expression in the plant. Full-length gene sequence data was 

obtained in silico from root and stem RNA-seq databases for the opium poppy chemotype 

Bea’s Choice (Hagel et al., 2012). 

3.2.3 Real-time quantitative PCR analysis (RT-qPCR) 

Total RNA from opium poppy root, stem, leaf and carpel was purified, reverse 

transcription (see Section 2.6) and quantitative PCR were performed (see Section 2.14) with 

primers specific for PsMSH (forward: 5′-TCATCCAAGCGATCATCAAAGA-3′; reverse: 5′-

GGCTACTTCGCAGTCCTCCAT-3′) and ubiquitin as the endogenous control. 

3.2.4 Phylogenic analysis 

 See Section 2.5 

3.2.5 S. cerevisiae expression vectors 

PsMSH was amplified (forward primer: 5′-AAAAATGCGAACCGAATCAATC-3′) 

and reverse primer: 5′-TCTAGAAATATCTCGAGTCGAGGTTTGA-3′) from cDNA 

synthesized using total RNA isolated from elicitor-induced opium poppy cell suspension 

cultures, and the amplicon inserted into pESC-leu2d::PsCPR (Section 2.7) in-frame with the 

FLAG tag using NotI and SpeI, yielding the dual expression plasmid pESC-

leu2d::PsMSH/CPR. 
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3.2.6 Heterologous expression in S. cerevisiae 

The pESC-leu2d::PsMSH/CPR vector was introduced into S. cerevisiae strain YPH499 

(Agilent Technologies; Santa Clara, CA; http://www.agilent.com) and heterologous gene 

expression was performed as described in Section 2.8.  

3.2.7 Enzyme assays 

Briefly, in vitro enzyme assays were performed using native and boiled microsomal 

fractions in 50 mM HEPES, pH 7.5, 2.5 mM NADPH, 100 μM alkaloid substrate except for 

N-methylstylopine and N-methylcanadine, which were used at a concentration of 10 μM and 

20 μg of microsomal protein in a total volume of 50 μL. Assays were prepared for LC-MS 

analysis as described in Section 2.11.1.   

3.2.8 Liquid chromatography-tandem mass spectrometry 

Analysis of enzyme assays was performed using a 1200 liquid chromatograph and a 

6410 triple quadrupole mass spectrometer (Agilent Technologies). Ten microliters of the 

reaction mixtures were injected onto a Poroshell 120 SB C18 column (2.1 mm × 50 mm, 2.7 

μm particle size, Agilent Technologies) and eluted at a flow rate of 0.7 mL/min. Liquid 

chromatography was initiated at 100% solvent A, ramped to 60% solvent B (acetonitrile) using 

a linear gradient over 6 min, further ramped to 99% solvent B using a linear gradient over 1 

min, held constant at 99% solvent B for 1 min and returned to original conditions over 0.1 min 

for a 3.9 min equilibration period.  

 Full-scan mass analyzer conditions are described in Section 2.13.4 with the third 

quadrupole scanning from 200-700 m/z. 
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3.3 Results 

3.3.1 Identification of a cDNA candidate encoding MSH from opium poppy 

The search for candidate cDNAs encoding MSH was performed using uncharacterized 

sequences annotated as P450s from a previous microarray analysis that demonstrated the 

coordinated induction of all known sanguinarine biosynthetic genes (Zulak et al., 2007) and 

corresponding proteins (Zulak et al., 2009) in elicitor-treated opium poppy cell suspension 

cultures. Genes showing induced transcript levels that correlated with the accumulation of 

sanguinarine included the PsMSH candidate (Genbank accession number KC154003), in 

addition to PsNMCH, PsCFS, PsSPS and PsP6H (KC154003). The predicted 526 amino acid 

sequence of opium poppy MSH contained conserved motifs found in many P450s (figure 3.2). 

Phylogenic analysis comparing P450s involved in BIA metabolism and other plant specialized 

metabolic pathways shows that opium poppy MSH belongs to the CYP82 family (figure 3.3). 

Interestingly,  

opium poppy MSH shows strong similarity to recently reported P450s (CYP82X1, CYP82X2 

and CYP82Y1) putatively involved in the biosynthesis of noscapine in opium poppy (Winzer 

et al., 2012) and Californica poppy P6H (CYP82N2v2) (Takemura et al., 2013) (figure 3.3). 

MSH shares 49%, 48%, 53% and 54% amino acid sequence identity to CYP82X1, CYP82X2, 

CYP82Y1 and P6H, respectively. 

3.3.2 Expression of PsMSH and PsCPR in S. cerevisiae 

Heterologous co-expression of PsMSH and PsCPR was confirmed by immunoblot 

analysis of microsomal fractions prepared from S. cerevisiae transformed with the pESC-

leu2d::PsMSH/CPR vector using c-Myc and FLAG antibodies to detect tagged MSH and CPR 

proteins tagged with c-Myc and FLAG, respectively (figure 3.4A). MSH tagged with c-Myc  
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Figure 3.2 Amino acid sequence alignment of opium poppy (S)-cis-N-methylstylopine 

14-hydroxylase (PsMSH) and selected cytochromes P450s involved in BIA biosynthesis.  

PsMSH possesses characteristic features of cytochrome P450 monooxygenases, 

including a helix K motif (green line), an aromatic region (blue line) and a heme-binding 

domain (red line). Highly conserved Gly/Ala and Ser/Thr residues are also indicated (black 

circles).  
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Figure 3.3 Unrooted neighbor-joining phylogenetic tree of selected cytochromes P450 

involved in plant specialized metabolism.  

PsMSH forms a distinct clade with other enzymes of the CYP82 family (blue), sharing 

a common ancestral protein sequence with them, and displays the most similarity with clade 

members involved in BIA metabolism. The CYP82 clade is distinct from the other P450 

families, CYP80 (green) and CYP719 (red), involved in BIA metabolism. Genbank accession 

numbers are listed in table 2.2. The branch length is proportional to the estimated divergence 

distance of each protein. The scale bar (0.2) corresponds to a 20% change. The percentage of 

replicate trees in which associated taxa clustered together in the bootstrap test is shown next to 

each branch.  
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Figure 3.4 Microsomes from S. cerevisiae expressing PsMSH hydroxylate N-methylated 

protoberberine alkaloids. 

  (A) Immunoblot of microsomal protein (3 μg) from S. cerevisiae expressing PsMSH 

and PsCPR, or PsCPR alone, showing accumulation of the expected protein products. (B and 

C) Extracted ion chromatograms of microsomes expressing PsMSH and PsCPR (red) or 

expressing PsCPR alone (blue). (B) Assays incubated with N-methylstylopine (m/z 338) 

produced a product at m/z 354 corresponding to protopine. (C) Assays incubated with N-

methylcanadine (m/z 354) showed a product peak at m/z 370 corresponding to allocryptopine. 

Collision-induced dissociation analysis to confirm the identity of substrates and products are 

provided in figure 3.5.  
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Figure 3.5 Collision-induced dissociation (CID) mass spectra of enzymatic substrates 

(N-methylstylopine and N-methylcanadine) and reaction products (protopine and 

allocryptopine) of opium poppy MSH. 

Following liquid chromatography, selected m/z were subjected to CID analysis and 

compared to previously published spectra (Farrow et al., 2012). Precursor ion structures are 

shown. 
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was not detected in microsomal fractions prepared from S. cerevisiae transformed with the 

pESC-leu2d::PsCPR, which lacked the PsMSH expression cassette. 

3.3.3 Determination of substrate specificity and range of PsMSH 

Microsomal fractions containing opium poppy MSH accepted both N-methylstylopine and N-

methylcanadine as substrates, forming protopine and allocryptopine, respectively (figure 3.4B 

and 3.4C). The identity of substrates and products was confirmed by collision-induced 

dissociation mass spectrometry (figure 3.5). Turnover efficiencies using the described reaction 

and analysis parameters were 9.8% and 6.5% for the conversion of N-methylcanadine to 

allocryptopine and N-methylstylopine to protopine, respectively (figure 3.6). Boiled enzymes 

yielded no detectable products. Twenty-three other compounds representing several BIA 

structural subgroups were also tested as potential substrates for opium poppy MSH (figure 

3.6). However, no reaction products were detected by full-scan mass spectrometry analysis. 

Moreover, no peaks were detected corresponding to compounds with a m/z of −2 or +16 

compared with the m/z of the potential substrate, ruling out the occurrence of either C–O or 

C–C bond formation, or hydroxylation reactions. 

3.3.4 Expression analysis of PsMSH in opium poppy 

Since sanguinarine accumulates only in opium poppy roots, RT-qPCR was performed 

to determine the relative transcript abundance of P450 candidates in various plant organs. 

Sanguinarine biosynthetic gene transcript levels should be relatively high in roots, but were 

expected to be absent in other plant organs. PsMSH transcript levels were more than 100-fold 

greater in roots than in other organs (figure 3.7A). The RT-qPCR results were in agreement 

with RNA-seq data for PsMSH, with FPKM values of 141 and 1, respectively, in opium poppy 

roots and stems (Hagel et al., 2012). PsMSH transcript abundance was induced in opium poppy 
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Figure 3.6 - Relative conversion of selected BIAs by opium poppy MSH. 

Values represent the percent conversion of substrate to product. Abbreviation: nd, not 

detected. 
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Figure 3.7 Relative transcript abundance of PsMSH in opium poppy plant organs and 

elicitor-treated cell suspension cultures.  

(A) Real-time quantitative PCR analysis was performed on cDNA synthesized using 

300 ng of RNA isolated from plant tissues and normalized to ubiquitin as the internal control. 

(B) Microarray analysis of cell suspension cultures showing the induction of PsMSH over a 

period of 100 h after elicitor treatment compared with control cultures treated with sterile 

water. 
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cell suspension cultures within 5 h after addition of the elicitor, reached maximum levels in 10 

h and gradually returned to near-baseline levels after approximately 100 h (figure 3.7B). 

3.4 Discussion 

The formation of 14-hydroxylated N-methylated protoberberine alkaloids is a crucial step in 

the formation of the protopine and subsequently benzo[c]phenanthridine backbone structures, 

which add to the impressive structural diversity of BIA derivatives in plants. In this study, we 

identified the enzyme in opium poppy responsible for the conversions of (S)-N-

methylstylopine and (S)-N-methylcanadine to protopine and allocryptopine, respectively, as a 

member of the CYP82N subfamily. Other members of the CYP82 family include California 

poppy P6H (CYP82N2v2) (Takemura et al., 2013), Arabidopsis (A. thaliana) 

methoxypsoralen hydroxylase (CYP82C2) (Kruse et al., 2008) and homoterpene synthase 

(CYP82G1) (Lee et al., 2010) and tobacco (N. tabacum) nicotine N-demethylase 

(CYP82E4v1) (Siminszky et al., 2005). As expected from the enzymatic characterization of 

MSH from Corydalis vaginans cell culture (Rueffer and Zenk, 1987a), opium poppy MSH 

displayed all essential P450 domains and amino acids (figure 3.2) as described for California 

poppy P6H (Takemura et al., 2013). Although the broad substrate range of C. vaginans MSH 

for different BIAs was not tested, the relative activity of the enzyme for N-methylated 

protoberberines was similar to opium poppy MSH, with N-methylcanadine preferred over N-

methylstylopine. The limited substrate range of MSH is a common feature of several P450s 

involved in BIA metabolism including California poppy P6H, in which only protopine 

alkaloids were accepted (Takemura et al., 2013), and several CYP719A variants that 

functioned only on protoberberine alkaloids (Ikezawa et al., 2003; Ikezawa et al., 2007; Díaz 

Chávez et al., 2011). 
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Phylogenetic analysis showed that opium poppy MSH forms a distinct clade together 

with other reported members of the CYP82 family involved in BIA metabolism (figure 3.3). 

Similarity to functionally uncharacterized P450s (CYP82X1, CYP82X2, CYP82Y1) purported 

to participate in noscapine biosynthesis (Winzer et al., 2012) is intriguing since noscapine-

producing opium poppy chemotypes also accumulate substantially higher levels of cryptopine 

and protopine in latex compared with noscapine-free varieties, despite the unlikelihood that 

protopine alkaloids are involved in phthalideisoquinoline alkaloid biosynthesis (Desgagné-

Penix et al., 2012). Latex is the cytoplasm of laticifers, which are specialized cells found in all 

plant organs, that occurs most abundantly in aerial organs including stems, leaves and seed 

capsules. Interestingly, PsMSH is not expressed at appreciable levels in the stems of noscapine-

producing chemotypes suggesting that one or more of CYP82X1, CYP82X2 or CYP82Y1 

might be involved in protopine metabolism in aerial organs. In contrast, MSH appears solely 

responsible for protopine and benzo[c]phenanthridine alkaloid biosynthesis in roots and 

elicitor-treated cell suspension cultures. 

Although (S)-N-methylcanadine was the preferred substrate for opium poppy MSH 

compared with (S)-N-methylstylopine, its reaction product allocryptopine is far less abundant 

than  

cryptopine or protopine in opium poppy latex (Desgagné-Penix et al., 2012) or roots (Hagel et 

al., 2012). Interestingly, relatively low levels of allocryptopine are found in both noscapine-

free and noscapine-producing chemotypes despite the role of N-methylcanadine in 

phthalideisoquinoline alkaloid biosynthesis (Winzer et al., 2012), suggesting spatial separation 

of protopine and phthalideisoquinoline alkaloid metabolism. The possibility of organ-specific 

biosynthetic pathways is reinforced by the occurrence of two CYP719A variants, SPS and 
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canadine synthase (CAS), the latter of which is clustered in the opium poppy genome with 

other putative noscapine biosynthetic genes (Winzer et al., 2012). As reported for homologous 

enzymes from California poppy SPS (Ikezawa et al., 2007) and Japanese goldthread (C. 

japonica) CAS (Ikezawa et al., 2003), opium poppy SPS and CAS likely have a common 

substrate range. 

The isolation of a cDNA encoding MSH from opium poppy completes the isolation of 

genes encoding all predicted biosynthetic enzymes involved in the conversion of dopamine 

and 4-hydroxyphenylacetaldehyde to sanguinarine. All 12 biosynthetic genes are coordinately 

induced in elicitor-treated opium poppy cell suspension cultures (Figure 3.7B) (Zulak et al., 

2007). In addition to providing an essential tool to further investigate the regulation of 

sanguinarine biosynthesis, the availability of genes encoding all biosynthetic enzymes from 

(S)-norcoclaurine synthase (NCS) through DBOX (figure 3.1) creates the opportunity to 

complete the reconstitution of the pathway in heterologous systems (Nakagawa et al., 2011) 

as a potential alternative commercial source for plant-derived complex metabolites. 
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CHAPTER 4: ISOLATION, CHARACTERIZATION AND IN PLANTA SILENCING 

OF FOUR CYTOCHROMES P450 INVOLVED IN SANGUINARINE BIOSYNTHESIS 

IN OPIUM POPPY 

4.1 Introduction 

 Benzylisoquinoline alkaloids (BIAs) are a group of nitrogenous specialized metabolites 

that have been exploited for years for their pharmacological activities. These alkaloids are 

taxonomically restricted to the order Ranunculales, which includes the family Papaveraceae 

(Liscombe et al., 2005). To this day, opium poppy (Papaver somniferum) remains the sole 

commercial source of the morphinan analgesics morphine and codeine, as well as thebaine, the 

precursor to the semisynthetic opioids oxycodone and buprenorphine (Berenyi et al., 2009).  

In addition, opium poppy also produces the potential anticancer agent noscapine, the 

vasodilator papaverine and the antimicrobial agent sanguinarine (Desgagné-Penix et al., 2012).  

 The first committed enzymatic step in BIA biosynthesis is the condensation of two 

tyrosine derivatives, 4-hydroxyphenylacetaldehyde and dopamine through the action of the 

Pictet-Spenglerase (S)-norcoclaurine synthase (NCS) to (S)-norcoclaurine, which serves as a 

precursor to more than 2,500 BIAs. This alkaloid is then twice O-methylated, N-methylated 

and hydroxylated to yield the central branch point intermediate (S)-reticuline (Beaudoin and 

Facchini, 2014). In opium poppy, (S)-reticuline can be epimerized and afterwards oxidized by 

salutaridine synthase (CYP719B1) to give rise to morphinan alkaloids (e.g. morphine) (Gesell 

et al., 2009). Alternatively, (S)-reticuline can be oxidized to the protoberberine alkaloid (S)-

scoulerine by the berberine bridge enzyme (BBE) (Unterlinner et al., 1999), which serves as 

the precursor to phthalideisoquinoline (e.g. noscapine) (Winzer et al., 2012), protopine (e.g. 
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cryptopine), rhoeadine (e.g. glaudine) (Tani and Tagahara, 1977) and benzo[c]phenanthridine 

(e.g. sanguinarine) alkaloids.  

 The biosynthesis of sanguinarine from (S)-scoulerine proceeds through 5 oxidative 

steps, 4 of which are cytochrome P450s. It is first converted to (S)-stylopine through (S)-

cheilanthifoline by the CYP719As cheilanthifoline synthase (CFS) and stylopine synthase 

(SPS) (Ikezawa et al., 2007; Ikezawa et al., 2009). (S)-Stylopine is then N-methylated by 

tetrahydroprotoberberine N-methyltransferase (TNMT) (Liscombe and Facchini, 2007) and 

hydroxylated by the CYP82 N-methylstylopine 14-hydroxylase (MSH) (Beaudoin and 

Facchini, 2013) to yield protopine. Protopine is then hydroxylated by protopine 6-hydroxylase 

(P6H) and spontaneously rearranges to dihydrosanguinarine (Takemura et al., 2013), which 

can then be oxidized by dihydrobenzophenanthridine oxidase (DBOX) to sanguinarine (Hagel 

et al., 2012) (Figure 4.1).  

 Alternatively, (S)-cheilanthifoline can be 2-O-methylated by an unidentified 

methyltransferase (2OMT) to yield (S)-sinactine, which can then by N-methylated and 

oxidized by MSH to cryptopine. However, it is also possible that the O-methylation occurs 

first, and another P450 is required for (S)-sinactine biosynthesis. (S)-scoulerine can be O-

methylated by scoulerine 9-O-methyltransferase (SOMT) (Dang and Facchini, 2012), oxidized 

to canadine by canadine synthase (CAS) (Ikezawa et al., 2003; Dang and Facchini, 2014a) and 

N-methylated to N-methylcanadine. N-methylcanadine can then enter the 

phthalideisoquinoline alkaloid pathway to  

noscapine through N-methylcanadine 1-hydroxylase (CYP82Y1) or be oxidized by MSH to 

allocryptopine (Beaudoin and Facchini, 2013) (Figure 4.1). 

 Although the activities of CFS, SPS and MSH from opium poppy (PsCFS, PsSPS, and  
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Figure 4.1 Sanguinarine and protopine alkaloid biosynthetic pathway  

All BIAs are derived from two tyrosine derivatives, 4-hydroxyphenylacetaldehyde and 

dopamine. Many alkaloid subgroups proceed through the central intermediate (S)-reticuline, 

such as the morphinan alkaloids. The first protoberberine, (S)-scoulerine is formed through the 

action of the berberine bridge enzyme (BBE) and can then be further modified to yield a variety 

of other protoberberine, protopine and benzo[c]phenanthridine alkaloids. Additionally, it can 

proceed to the phthalideisoquinoline alkaloid noscapine through N-methylcanadine. 

Abbreviations: BBE, berberine bridge enzyme, CFS, cheilanthifoline synthase, SOMT, 

scoulerine 9-O-methyltransferase, CAS, canadine synthase, SPS, stylopine synthase, TNMT, 

tetrahydroprotoberberine cis-N-methyltransferase, MSH, (S)-cis-N-methylstylopine 14-

hydroxylase, P6H, protopine 6-hydroxylase, DBOX, dihydrobenzo[c]phenanthridine oxidase. 
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PsMSH respectively) have been previously reported (Beaudoin and Facchini, 2013; Fossati et 

al., 2014), the extent of their role in planta remains unknown. It is possible that PsSPS can 

accept several substrates and contributes to noscapine biosynthesis, which would be similar to 

one isoform of Eschscholzia californica SPS (EcCYP719A3) and Argemone mexicana SPS 

(AmCYP719A14) as they can also function as CAS. However, CAS from Coptis japonica 

(CYP719A1) is specific for tetrahydrocolumbamine. E. californica P6H (CYP82N2v2) can 

convert both allocryptopine and protopine to the benzo[c]phenanthridines 

dihydrochelerythrine and dihydrosanguinarine. However, chelerythrine has not been reported 

in opium poppy even though allocryptopine is present (Farrow and Facchini, 2013).  

 Therefore, in order to address these issues, we have characterized the substrate range 

of PsCFS, PsSPS, PsMSH and PsP6H and show that only PsMSH can accept several substrates. 

As well, in order to gain insight into their role in planta as well as sanguinarine metabolism in 

general, we silenced the transcripts of these enzymes individually through virus-induced 

silencing (VIGS) and show that although the substrates for each enzyme generally increases, 

benzo[c]phenanthridine alkaloid content increases significantly, demonstrating that 

sanguinarine metabolism is complex and dissimilar to morphine (Wijekoon and Facchini, 

2012) and noscapine biosynthesis (Dang and Facchini, 2012; Winzer et al., 2012; Chen and 

Facchini, 2014; Dang and Facchini, 2014a), where suppression of biosynthetic enzymes 

reduces the levels of the final products.  

4.2 Materials and Methods 

4.2.1 Plants and chemicals 

See Sections 2.1 through 2.4 



 

86 

4.2.2 Selection of cytochromes P450 candidates 

 P450 candidate genes were selected from an elicited opium poppy cell suspension 

culture EST library that was characterized in a previous microarray study (Zulak et al., 2007) 

that demonstrated three distinct characteristics: (1) they annotated as P450s, (2) were 

transcriptionally induced in response to elicitor treatment and (3) their full length sequence 

was available from our cell culture EST library or stem and root RNAseq databases for the 

opium poppy chemotype “Bea’s Choice”. Preference was given to transcripts that were present 

in the root RNAseq database. 

4.2.3 Expression analysis 

 Expression of opium poppy P450 candidates along with transcripts of other BIA 

biosynthetic enzymes was estimated from Illumina RNAseq data as fragments per kilobase of 

exons model per million mapped reads (FPKM) of  opium poppy variety “Bea’s Choice” as 

described previously (Xiao et al., 2013; Fossati et al., 2014). Data presented derive from a 

single experiment. 

 In addition, expression levels of PsCFS, PsSPS, PsMSH, PsP6H and transcripts of 

other sanguinarine biosynthetic enzymes was estimated by real-time quantitative PCR (RT-

qPCR). Total RNA from opium poppy variety “40” root, stem, leaf, bud, latex and capsule was 

purified, reverse transcribed and qPCR performed as described in Section 2.14 using the 

primers in Table 2.5. 

4.2.4 Phylogenetic analysis 

See Section 2.5 
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4.2.5 Heterologous expression vector construction 

 P450 candidates were amplified using the primers in Table 4.1, cloned into pGEM-T 

Easy (Promega; Madison, WI; http://www.promega.com). PsCFS, PsMSH and PsP6H were 

then digested with the restriction sites in Table 4.1 and inserted in frame with the FLAG tag of 

pESC-leu2d::PsCPR (Section 2.7.1) using NotI and SpeI restriction sites. Due to the 

undetectable level of expression of PsSPS in pESC-leu2d::PsCPR/PsSPS, a synthetic version, 

codon-optimized for expression in S. cerevisiae and containing a sequence encoding the N-

terminal membrane spanning domain of germacrene A oxidase from Lactuca sativa (Nguyen 

et al., 2010) was used to increase PsSPS stability (Barriuso et al., 2011) and was inserted using 

NotI and SpeI as above, yielding pESC-leu2d::PsCPR/PsSPSΔN. Other P450 candidates were 

similarly subcloned into a similar vector, but possessing the Artimisinia annua CPR instead of 

the P. somniferum CPR, pESC-leu2d::AaCPR  (Nguyen et al., 2010).  

4.2.6 Heterologous expression in Saccharomyces cerevisiae 

 S. cerevisiae was transformed and heterologous expression and microsomal 

purification were performed as described in Section 2.8.  

4.2.7 Enzyme assays 

 In vitro enzyme assays were performed as described in Section 2.11.1 with S. cerevisiae 

expressing only the PsCPR as a control. Candidates were assayed with 500 µM NADPH and 

approximately 50 µM of a variety of BIAs: (S)-reticuline, (S)-scoulerine, N-methylstylopine, 

canadine, N-methylcanadine, protopine and cryptopine. In addition, PsP6H was also assayed 

with 

allocryptopine. PsCFS and PsSPS were also assayed with O-desmethylcryptopine and (S)-

tetrahydrocolumbamine. 

http://www.promega.com/
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 Determination of Michaelis-Menten steady state kinetic constants was performed as 

described in Section 2.11.2. The concentration of cheilanthifoline in PsCFS assays was 

estimated assuming the detection of cheilanthifoline and scoulerine would be similar. 

4.2.8 Virus-induced gene silencing 

 Gene fragments used for in planta silencing were selected from the 3’ end of the ORF 

as well as the 3’UTR of each PsCFS, PsSPS, PsMSH and PsP6H (Figure 4.2). These were 

amplified using the primers in Table 4.2 and cloned into pGEM-T Easy (Promega). The 

template for PsSPS,  

Table 4.1 Saccharomyces cerevisiae expression constructs : primers used for sequence 

amplification and ligation into pESC-leu2d::PsCPR or pESC-leu2d::AaCPR 

Target  Primer (5'-3') 

Restriction 

Site 

P450-3 
AAAAATGAAGAACAATACTAGTACCTTGGTC NotIa 

GCTAGCAAACAGTTGGGTAAAGGTGGATG NheI 

P450-4 
AAAAATGGAGATTCAACCAACAAC NotIa 

ACTAGTAACACCGACATAAGTACTGGTTT SpeI 

P450-6 
AAAAATGGATCAAGTAAAACATTTTGTC NotIa 

ACTAGTAACTGGTAAACAGATAAAGAAAGGC SpeI 

P450-7 
GGGCCCAAAAATGGAACGTTATCATCTTCTTTG PspOMI 

GCTAGCAAACAAGTATAAAGTTTAGAAGGAAGGC NheI 

P450-8 
AAAAATGGGGATAATACCTCCTACAAC NotIa 

GCTAGCAAAGACATACAGGTTTTGGTACTGC NheI 

P450-10 
AAAAATGGTGTCTCTGTATGATCTCTTCC NotIa 

ACTAGTAAGACGCCAACACAAGGATC SpeI 

P450-12 
AAAAATGG ATATGG CAGTCA TTT ATC A NotIa 

TCTAGAAAGTAAAGTGTGAGAGGCAGACG XbaI 

P450-15 
AAAAATGGAAGACATCAACCAGATCC NotIa 

ACTAGTACATAAAGTTTAGAAGGAAGTCGAGG SpeI 

PsP6H 
AAAAATGGATTTCTCATCACTACTATT NotIa 

ACTAGTGTTTCACAATCGTAAAGCTCT SpeI 

a Present on pGEM-T Easy  
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Table 4.2 VIGS constructs: primers used for sequence amplification and ligation into 

pTRV2 

Target Primer (5'-3') Restriction Site 

PsCFS 
GGTACCGAATGAGTTCAAATGGGATT KpnI 

TAATACGACTCACTATAGGGa EcoRIb 

PsSPS CGTTTCTGATGGAGTACTTCC EcoRIb 

GGTACCGTGGATAAAATTCTGATCAA KpnI 

PsMSH AACGGGGAGCCCAACAAAC EcoRIb 

GGTACCAGGCATCTATAACCAGTCCC KpnI 

PsP6H CGATTGTGAAACATAAGTGTTGAAGA EcoRIb 

GGTACCGGTGACAGCACCCAAAGTC KpnI 
a Corresponds to the T7 Universal Primer  

b Present on pGEM-T Easy  
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PsMSH and PsP6H was cDNA from elicited cell culture, while the PsCFS fragment was 

amplified from a PsCFS EST in pBluescript. These were then subcloned into pTRV2 using 

EcoRI and KpnI restriction sites.  

 Transformation of Agrobacterium tumefaciens, infiltration of opium poppy seedlings, 

confirmation of infection and extraction of alkaloids were done as described in Section 2.15. 

4.2.9 LC-MS/MS 

 LC-MS/MS analysis for enzyme assays were performed as described in Section 2.13. 

Enzyme assays and VIGS plant extracts were monitored in multiple reaction monitoring 

(MRM) mode using the transitions in Table 2.4 with a collision energy (CE) of 25 eV. VIGS 

plant extracts were analyzed in dynamic MRM mode, in order to maximize sensitivity. With 

the exception of N-methylsinactine from root extracts which was measured with the mass 

analyzer set to scan from m/z 200-700. Concentrations were estimated by external calibration. 

 Collision-induced dissociation (CID) spectra for enzymatic products and for unknown 

compounds was performed at a CE of 25 eV scanning from a m/z of 50 to 2 m/z above the m/z 

of the parent ion.  

4.3 Results 

4.3.1 Isolation of P450 gene candidates 

 We identified candidate cDNAs using uncharacterized ESTs that annotated as P450s 

from a previous microarray study that demonstrated the coordinated induction of all known 

sanguinarine biosynthetic genes (Figure 4.3A) (Zulak et al., 2007), proteins (Zulak et al., 

2009), sanguinarine, and biosynthetic intermediates in elicitor-treated opium poppy cell 

suspension cultures. P450 transcripts that showed increased levels as a result of the elicitor 

treatment included PsNMCH, PsCFS, PsSPS, PsMSH and PsP6H (Genbank accession  
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Figure 4.2 Regions of sanguinarine biosynthetic cytochromes P450 cDNAs used to 

construct virus-induced gene silencing (VIGS) vectors in pTRV2 

 Coding regions of each cDNA are shown as yellow arrows, with untranslated regions 

as black lines. Gene-specific segments used to construct VIGS vectors in pTRV2 are shown as 

red boxes.  
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numbers AF191772, GU325749, GU325750, KC154003 and KC154002, respectively) (Figure 

4.3A) as well as 8 other uncharacterized P450s (Figure 4.3B).  

Phylogenetic analysis revealed that PsCFS (PsCYP719A25) and PsSPS 

(PsCYP719A20) belong to the CYP719 family (Figure 4.4).  PsCFS is strongly related to other 

CFS enzymes, including that from A. mexicana (AmCYP719A14) (Díaz Chávez et al., 2011) 

and E. californica (EcCYP719A5) (Ikezawa et al., 2009), while PsSPS is related to other SPS 

and CAS enzymes from the same plants. PsMSH (PsCYP82N4) and PsP6H (PsCYP82N3) 

belong to a clade representing the CYP82 family and are similar to E. californica P6H 

(CYP82N2v2) (Takemura et al., 2013) and the 3 P450s involved in noscapine biosynthesis 

(PsCYP82X1, PsCYP82X2 and PsCYP82Y1) (Winzer et al., 2012). P450-7 and P450-15 

appear to belong to the CYP82 family, but are distant from other members in plant specialized 

metabolism. P450-12 appears to be similar to EcCYP82B1, which is inducible in E. californica 

after methyl jasmonate treatment and whose  

function remains unknown (Pauli and Kutchan, 1998). The 4 other uncharacterized P450s do 

not belong to any P450 family that has been shown to be involved in BIA metabolism. 

4.3.2 Gene expression analysis 

 Gene expression of these candidates in different organs of opium poppy was examined 

by using the FPKM values from Illumina-based stem and root transcriptome databases of 

opium poppy variety “Bea’s Choice” (Figure 4.5). Interestingly, in the sanguinarine 

biosynthetic pathway from NCS to DBOX, only PsCFS and PsDBOX are absent from stem. 

Unsurprisingly, PsSPS, PsMSH and PsP6H levels are almost 10 fold greater in root than in 

stem. Of the uncharacterized P450s, only P450-10 has greater levels in stem than in root and 

P450-15 appears to be only present in cell culture as it is absent from both root and stem  
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Figure 4.3 Microarray analysis of elicited opium poppy cell suspension cultures 

Microarray analysis demonstrates the induction of (A) all biosynthetic transcripts in the 

sanguinarine pathway and (B) other candidate P450s over a period of 100 h after elicitor 

treatment. 
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Figure 4.4 Unrooted neighbor-joining phylogenetic tree of sanguinarine biosynthetic 

P450 candidates and selected cytochromes P450 involved in plant secondary metabolism  

P450-7, P450-12, P450-15, PsMSH (CYP82N4), and PsP6H (CYP82N3) form a 

distinct clade with other enzymes of the CYP82 family (blue). PsCFS (CYP719A25), PsSPS 

(CYP719A20) and P450-14 form a distinct clade with other enzymes in the CYP719 family 

(red). These clades are distinct from the CYP80 (green) family, also involved in BIA 

metabolism. Genbank accession numbers are listed in Table 2.2. The branch length is 

proportional to the estimated divergence distance of each protein. The scale bar (0.4) 

corresponds to a 40% change. The percentage of replicate trees in which associated taxa 

clustered together in the bootstrap test is shown next to each branch.  
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transcriptomes. 

 qRT-PCR of sanguinarine biosynthetic transcripts (Figure 4.6), which show that genes 

common to sanguinarine and noscapine biosynthesis are expressed at higher levels in stem than 

in roots. Interestingly, PsCFS is present at high levels in opium poppy flower buds, as well as 

upstream biosynthetic transcripts. Although most BIA biosynthetic transcripts are low in leaf 

tissue, PsDBOX is present at high levels.  

4.3.3 In vitro characterization 

 Cytochromes P450 are generally bound to the ER membrane through an N-terminal 

transmembrane anchoring domain (Szczesna-Skorupa et al., 1995). Although prokaryotic 

systems have been successfully used to study P450s (Mikkelsen et al., 2000), eukaryotic 

systems such as insect cells (Díaz Chávez et al., 2011) and yeast (Ikezawa et al., 2003) 

generally remain the hosts of choice. In addition, P450s often require a redox partner, the 

cytochrome P450 reductase (CPR), for optimal activity (Rosco et al., 1997). Thus, we 

expressed our candidate cytochrome P450s with a plant CPR in Saccharomyces cerevisiae. 

Expression in S. cerevisiae was detectable by Western  

Blot for PsCFS, PsMSH and PsP6H, but native PsSPS had poor expression. To improve 

expression, the native membrane-spanning domain was swapped with that of lettuce 

germacrene A oxidase, generating PsSPSΔN (Fossati et al., 2014). This approach was used 

previously for another P450 and showed no indication of alterations in enzyme activity 

(Barriuso et al., 2011). Expression of these four P450s in S. cerevisiae along with PsCPR 

yielded tagged proteins detectable by Western Blot at the expected molecular weights (Figure 

4.7).  
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Figure 4.5 RNAseq analysis of (A) sanguinarine biosynthetic enzymes and (B) candidate 

P450s of opium poppy variety “Bea’s Choice” stem and root 

Relative transcript abundances are presented as per kilobase of exons model per million 

mapped reads (FPKM). Data presented derive from a single experiment. 
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Figure 4.6 Real-time quantitative PCR (RT-qPCR) of sanguinarine biosynthetic enzymes 

in various organs of opium poppy variety “40” 

RT-qPCR analysis was performed on 15 ng of cDNA synthesized using 300ng of RNA 

isolated from plant tissues and normalized to ubiquitin as the internal control. Relative 

transcript abundance was calculated using the ΔΔCt method and is relative to expression in 

roots. 
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Figure 4.7 Heterologous expression in Saccharomyces cerevisiae 

Immunoblots of microsomal proteins (45 μg) from S. cerevisiae expressing (A) c-myc 

tagged PsCPR (77 kDa) and (B) PsCFS (56 kDa), PsSPSΔN (58 kDa), PsMSH (60 kDa) or 

PsP6H (63 kDa) tagged with a FLAG epitope. 
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Figure 4.8 LC-MS (MRM) chromatograms of microsomes containing recombinant P450s 

and PsCPR 

(A) Assays with PsCFS incubated with (S)-scoulerine (m/z 328→178) produced 

cheilanthifoline (m/z 326→178). (B) Assays with PsCFS and PsSPS incubated with (S)-

scoulerine produced cheilanthifoline (m/z 326→178) and stylopine (m/z 324→176). (C) 

Assays with PsMSH incubated with N-methylstylopine (m/z 338→190) produced protopine 

(m/z 354→188). (D) Assays with PsP6H incubated with protopine produced 

dihydrosanguinarine (m/z 334→319). Control assays containing no recombinant P450 (EV) 

did not produce any products. CFS, SPS and P6H display strict substrate specificity, while 

MSH accepts all N-methylated protoberberines assayed.  
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 Microsomal fractions were isolated from each strain and incubated with a variety of 

alkaloid substrates. In order to assess the substrate range of the methylenedioxy bridge forming 

enzymes PsCFS and PsSPS, we used a variety of substrates having a primary alcohol, such as 

(S)-reticuline, (S)-scoulerine, (S)-tetrahydrocolumbamine and O-desmethylcryptopine but 

only CFS accepted (S)-scoulerine as a substrate, converting it to (S)-cheilanthifoline (Figure 

4.8A). As cheilanthifoline was not available, microsomes containing PsCFS and PsSPS were 

combined and were able to convert (S)-scoulerine to (S)-cheilanthifoline and (S)-stylopine 

(Figure 4.8B). This demonstrates that PsSPS can only accept (S)-cheilanthifoline and cannot 

function as CAS, unlike EcCYP719A3 and AmCYP719A14. PsMSH was able to convert N-

methylstylopine to protopine (Figure 4.8C) and N-methylcanadine to allocryptopine (Beaudoin 

and Facchini, 2013). PsP6H converted protopine to dihydrosanguinarine (Figure 4.8D), but 

was unable to convert cryptopine or allocryptopine to their dihydrobenzo[c]phenanthridine 

products, unlike EcP6H, which can accept allocryptopine (Takemura et al., 2013). Thus, all 

four P450s only performed the reactions shown in Figure 4.1. No products corresponding to a 

hydroxylation (+16 m/z), or a desaturation (-2 m/z) were detected with any substrate and other 

candidate P450 combination, or empty vector negative controls. 

A Km value of 0.90 ± 0.16 µM was determined for PsCFS using (S)-scoulerine (Figure 

4.9A). PsMSH had values of 2.25 ± 0.43 µM and 10.6 ± 1.0 µM using N-methylstylopine 

(Figure 4.9B) and N-methylcanadine (Figure 4.9C), respectively. PsP6H had a Km of 2.73 ± 

0.59 µM (Figure 4.8D). Substrate inhibition was seen with PsCFS using (S)-scoulerine and 

PsMSH with N-methylstylopine, but not with N-methylcanadine. Ki values were 207 ± 80 µM 

and 159 ± 59 µM, respectively (Figure 4.9). Vmax values were estimated based on the 

concentration of microsomal protein used and were in the nmol min-1 µg-1 range for PsCFS 
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and PsMSH but in the pmol min-1 µg-1 for P6H, perhaps due to the lower expression of PsCPR 

(Figure 4.7) or lower enzymatic activity. Kinetic constants for PsSPS were not determined as 

cheilanthifoline was unavailable. 

4.3.4 VIGS analysis 

 Opium poppy roots are the site of protoberberine, protopine and sanguinarine 

accumulation (Facchini and De Luca, 1995). However, only dihydrosanguinarine and 

sanguinarine are absent from the aerial organs (Desgagné-Penix et al., 2012). Interestingly, all 

of the transcripts for the purported sanguinarine biosynthetic enzymes, except for PsCFS and 

PsDBOX, are found throughout the plant (Figure 4.6). This includes PsP6H, whose protein 

product is also inefficient at converting protopine, suggesting that this may have other 

activities, or another primary function. In addition, the route to cryptopine remains unclear, as 

PsCFS has not been directly implicated in (S)-sinactine biosynthesis and alternatively, could 

proceed through (S)-tetrahydropalmatrubine, with the 2-O-methylation occurring before 

methylenedioxy bridge formation. In order to address this, we attempted to suppress the 

biosynthetic transcripts of each enzyme using VIGS. 

 Confirmation of transcript suppression was achieved through RT-qPCR analysis of root 

RNA, showing a significant reduction in the target transcripts relative to the empty vector 

control (Figure 4.10). Analysis of the intermediates from (S)-reticuline to sanguinarine in 

control and experimental plants demonstrates significant differences in alkaloid accumulation 

(Figure 4.11). Unexpectedly, silencing of any individual transcript causes a significant increase 

in both dihydrosanguinarine and sanguinarine. PsCFS-silenced plants did not show an increase 

in scoulerine or cheilanthifoline, but did show a significant increase in reticuline. Silencing of 

PsSPS causes a significant increase in its substrate, cheilanthifoline, but does not significantly  



 

107 

 

 

 

 

 

 

  



 

108 

 

 

 

 

 

 

Figure 4.9 Steady-state enzyme kinetics of recombinant P450s 

Enzyme assays for (A) PsCFS with (S)-scoulerine, (B) PsMSH with N-methylstylopine 

or (C) N-methylcanadine and (D) PsP6H with protopine were performed with 2 µg microsomal 

protein at 30 °C for 45 minutes and 1 mM NADPH. Points represent mean ± standard error. 

Curve-fitting, Km, Vmax and Ki determinations were performed using GraphPad Prism 5.01. 
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Figure 4.10 Real-time quantitative PCR (RT-qPCR) of P450 silenced plants 

RT-qPCR analysis was performed on 15 ng of cDNA synthesized using 300ng of RNA 

isolated from plant tissues and normalized to ubiquitin as the internal control. Expression in 

roots of plants treated with either TRV2 or with one of the silencing constructs (A) TRV2-

PsCFS, (B) TRV2-PsSPS, (C) TRV2-PsMSH or (D) TRV2-PsP6H. Transcript of the target 

gene are significantly reduced in experimental plants relative to the controls. Relative transcript 

abundance was calculated using the ΔΔCt method and is relative to the TRV2-EV control. 
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alter stylopine levels. Similarly, PsMSH-silenced plants show a more than 30 fold increase in 

N-methylstylopine as well as a significant increase in its upstream precursors stylopine and 

cheilanthifoline, but no significant change in protopine levels. These plants also showed the 

accumulation of a previously unreported alkaloid at a retention time and m/z similar to that of 

protopine. Collision-induced dissociation (CID) analysis showed that it had a fragmentation 

pattern characteristic of N-methylated protoberberines, and likely corresponds to N-

methylsinactine (Figure 4.12), suggesting that PsMSH can also convert N-methylsinactine to 

cryptopine. However, we were unable to confirm this, as we did not have N-methylsinactine 

available. PsP6H-silenced plants show increased protopine, as well as increased 

benzo[c]phenanthridines.  

 Although PsCFS-silenced plants did not show a significant change in the levels of the 

substrate or the product of PsCFS, significant changes were detectible in the levels of other 

compounds containing methylenedioxy bridges (Figure 4.13). Sinactine, N-methylsinactine 

and cryptopine were all significantly reduced, while canadine was significantly increased, 

demonstrating that PsCFS is involved in their biosynthesis and that a bottleneck in 

cheilanthifoline biosynthesis diverts flux to canadine. Interestingly, PsSPS-silencing reduced 

the levels of cryptopine and allocryptopine, however, it has not been implicated in the 

biosynthesis of either. 

 Surprisingly, PsMSH-silenced plants showed differential accumulation of 

protoberberine alkaloids in roots and latex (Figure 4.14). In both tissues, both N-

methylsinactine and N-methylstylopine are significantly increased. As expected in the case of 

a bottleneck at the N-methylprotoberberines, protoberberine alkaloids such as stylopine and 

canadine are significantly increased in roots (Figure 4.14A). However, in latex, the  
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Figure 4.11 Effect of virus-induced gene silencing (VIGS) on sanguinarine and 

sanguinarine biosynthetic intermediates in opium poppy roots 

Benzo[c]phenanthridines are significantly increased in P450-silenced plants. Metabolic 

bottlenecks are generally formed at the substrate of the silenced P450, such as cheilanthifoline 

for TRV2-PsSPS, stylopine and N-methylstylopine for TRV2-PsMSH and protopine for 

TRV2-PsP6H. LC-MS dynamic multiple reaction monitoring (MRM) was used to determine 

alkaloid concentrations at times and transitions in Table 2.4. Bars are the mean ± standard 

error. Asterisks denote a statistically significant difference relative to empty vector (TRV2) at 

p < 0.05 (*), p< 0.01 (**), or p < 0.001 (***) determined by the Student t-test. Statistical 

analyses were performed using GraphPad Prism 5.01. 
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Figure 4.12 Collision-induced dissociation (CID) mass spectra of N-methylated 

protoberberines 

Molecular ions of (A) N-methylstylopine and (B) N-methylcanadine were subjected to 

CID at a collision energy of -25 eV and were compared to an unknown compound (C) 

accumulating in PsMSH-silenced plants. The similarity to the distinct fragmentation pattern of 

N-methylated protoberberines suggests that it is N-methylsinactine. 
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Figure 4.13 Effect of virus-induced gene silencing (VIGS) of PsCFS and PsSPS on 

cryptopine and allocryptopine biosynthetic intermediates in opium poppy roots 

Cryptopine and biosynthetic intermediates are significantly reduced in PsCFS-silenced 

plants, with the alternate route to canadine showing a significant increase. LC-MS dynamic 

multiple reaction monitoring (MRM) was used to determine alkaloid concentrations at times 

and transitions in Table 2.4, with the exception of N-methylsinactine, which was determined 

as an extracted ion chromatogram at m/z 354 of a scan from 200-700 m/z.  Bars are the mean 

± standard error. Asterisks denote a statistically significant difference relative to empty vector 

(TRV2) at p < 0.05 (*), p< 0.01 (**), or p < 0.001 (***) determined by the Student t-test. 

Statistical analyses were performed using GraphPad Prism 5.01. 
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protoberberines sinactine, stylopine and canadine are significantly decreased (Figure 4.14B). 

These two different phenotypes suggests that PsMSH-silencing not only has an effect on the 

metabolism of these compounds, but perhaps also in the regulation or transport of alkaloids in 

planta, perhaps through saturation or competitive inhibition of unidentified transporters.  

 Additionally, silencing of PsP6H has an effect on noscapine levels in both roots and 

latex, causing a significant increase, and decrease, respectively (Figure 4.15) but its role in 

regulation of noscapine biosynthesis remains unclear. Other alkaloids, such as the morphinan 

alkaloids morphine, codeine and thebaine, as well as papaverine, do not change significantly 

in any of the experimental plants.  

4.4 Discussion 

 The discovery and initial characterization of PsMSH (Beaudoin and Facchini, 2013) 

completed the identification of all enzymatic steps from the biosynthesis of the first BIA, (S)-

norcoclaurine, to sanguinarine. PsCFS and PsSPS were also identified and their activities 

confirmed (Fossati et al., 2014) and these, along with P6H from E. californica were combined 

in the longest reconstructed specialized metabolite pathway in S. cerevisiae to generate 

dihydrosanguinarine from (S)-norlaudanosoline (Fossati et al., 2014). All three of these 

enzymes, as well as PsP6H were identified based on their induction in elicited opium poppy 

cell suspension cultures, similarly to other expressed BIA biosynthetic enzymes (Figure 4.3) 

as well as their predominance in roots, the site of sanguinarine accumulation (Figures 4.5 and 

4.6). However, the extent of their role in planta remained unknown.  

 We first characterized their substrate range, and showed that PsCFS, PsSPS and PsP6H 

can only accept a single substrate, (S)-scoulerine, (S)-cheilanthifoline and protopine, 

respectively (Figure 4.8). This is unlike P450s in sanguinarine biosynthesis from other plants,  
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Figure 4.14 Effect of virus-induced silencing of PsMSH on protoberberine and protopine 

alkaloids in opium poppy roots (A) and latex (B) 

Most N-methylprotoberberines are significantly increased as a result of PsMSH 

silencing, with the bottleneck also causing a significant increase in protoberberines such as 

stylopine and canadine in roots (A). Surprisingly, protoberberines in latex (B) decrease 

significantly. LC-MS dynamic multiple reaction monitoring (MRM) was used to determine 

alkaloid concentrations at times and transitions in Table 2.4, with the exception of N-

methylsinactine in roots, which was determined as an extracted ion chromatogram at m/z 354 

of a scan from 200-700 m/z.  Bars are the mean ± standard error. Asterisks denote a statistically 

significant difference relative to empty vector (TRV2) at p < 0.05 (*), p< 0.01 (**), or p < 

0.001 (***) determined by the Student t-test. Statistical analyses were performed using 

GraphPad Prism 5.01. 
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Figure 4.15 Effect of virus-induced silencing of sanguinarine biosynthetic P450s on the 

other major alkaloids in opium poppy (A) roots and (B) latex 

 No significant difference in any of the major alkaloids could be detected, with the 

exception of noscapine, which increases in roots and decreases in latex as a result of PsP6H 

silencing. LC-MS dynamic multiple reaction monitoring (MRM) was used to determine 

alkaloid concentrations at times and transitions in Table 2.4. Bars are the mean ± standard 

error. Asterisks denote a statistically significant difference relative to empty vector (TRV2) at 

p < 0.05 (*), p< 0.01 (**), or p < 0.001 (***) determined by the Student t-test. Statistical 

analyses were performed using GraphPad Prism 5.01.  
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where SPS and P6H catalyze several similar reactions. For example, two EcSPS isoforms have 

been identified, with CYP719A2 accepting both (S)-scoulerine and (S)-cheilanthifoline, but 

CYP719A3 accepting (S)-tetrahydrocolumbamine as well (Ikezawa et al., 2007), which is 

similar to AmSPS (CYP719A13). EcP6H (CYP82N2v2) can also accept several substrates, 

protopine and allocryptopine. This purported role for these opium poppy P450s in sanguinarine 

biosynthesis was further solidified with the determination of Km values for PsCFS, PsMSH and 

PsP6H, which were all in the low micromolar range (Figure 4.9). This is similar to other 

CYP719As and CYP82s that have been implicated in BIA metabolism, which range from the 

high nanomolar range to approximately 10 µM for their preferred substrate (Ikezawa et al., 

2003; Ikezawa et al., 2007; Gesell et al., 2009; Ikezawa et al., 2009; Díaz Chávez et al., 2011; 

Takemura et al., 2013; Dang and Facchini, 2014a). However, the Vmax values between these 

various enzymes could not be directly compared due to the various ways in which protein 

concentration was determined as well as their source, but for the most part appear to be in the 

pmol min-1 range, similar to our results. The strict substrate specificity for many of these 

enzymes may allow greater control over metabolic flux into the sanguinarine pathway in opium 

poppy. However, it is unclear if PsCAS (CYP719A21) participates in sanguinarine 

biosynthesis  as cheilanthifoline was not assayed (Dang and Facchini, 2014a). 

 VIGS has been used extensively in opium poppy (Hileman et al., 2005; Hagel and 

Facchini, 2010a; Lee and Facchini, 2010; Dang and Facchini, 2012; Hagel et al., 2012; 

Wijekoon and Facchini, 2012; Winzer et al., 2012; Farrow and Facchini, 2013), but analysis 

has been generally restricted to enzymes whose transcripts predominate in the aerial organs, 

with the analysis of root alkaloids being uncommon. We silenced each P450 individually and 

were able to detect a significant decrease in target transcripts (Figure 4.10). Surprisingly, 
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dihydrosanguinarine and sanguinarine levels were increased significantly (Figure 4.11). We 

assumed that a decrease in a sanguinarine biosynthetic enzyme would cause reduced flux to 

the final products, along with the accumulation of intermediates due to the bottlenecks created 

by a reduction in these biosynthetic enzymes. However, silencing of PsBBE has previously 

shown increases in sanguinarine content (Frick et al., 2004). In most of the silencing 

experiments, bottlenecks could still be detected, such as an increase in reticuline in PsCFS-

silenced plants, cheilanthifoline in PsSPS-silenced plants, cheilanthifoline, stylopine and N-

methylstylopine in PsMSH-silenced plants and protopine in P6H-silenced plants (Figure 4.11). 

The lack of changes other intermediates and increases in benzo[c]phenanthridines may be due 

to increased flux through the pathway as a whole. This counter-intuitive increase in 

sanguinarine is similar to the silencing of the dioxygenases involved in BIA metabolism. These 

enzymes remove sanguinarine intermediates by the dealkylation of methyl and methylene 

groups from protopines alkaloids and silencing causes an increase in protopine, but a decrease 

in sanguinarine (Farrow and Facchini, 2013). These phenotypes are atypical of silencing of 

BIA pathways, with significant reductions in noscapine (Winzer et al., 2012) or morphine 

(Wijekoon and Facchini, 2012) detected when a reduction in their respective biosynthetic 

enzymes occurs. Silencing of sanguinarine reductase (EcSanR) in E. californica cell 

suspension cultures produces two distinct phenotypes depending on the extent of silencing, 

with those with less than 5% of wild-type EcSanR having significantly lower levels of 

benzo[c]phenanthridine alkaloids and those with 15-30% EcSanR levels having significantly 

greater levels (Müller et al., 2014). If similar regulation is taking place in opium poppy, it is 

possible that VIGS produces a mixture of both phenotypes in planta causing an intermediate 
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phenotype. This may be even further complicated if transport of alkaloids occurs between cell 

types or between organs. 

 The biosynthesis of cryptopine could proceed through 2-O-methylation of 

cheilanthifoline to (S)-sinactine, N-methylation by PsTNMT and hydroxylation by PsMSH.  

Alternatively, it could proceed through 2-O-methylation of (S)-scoulerine to (S)-

tetrahydropalmatrubine, and methylenedioxy bridge formation could be catalyzed by a 

CYP719A to (S)-sinactine. Due to the strict substrate specificity of PsCFS, it would be likely 

catalyzed by another enzyme. Silencing of PsCFS caused significant reductions in sinactine, 

N-methylsinactine and cryptopine (Figure 4.13). This shows that PsCFS activity contributes to 

sinactine biosynthesis, and cheilanthifoline is the likely substrate for the unidentified 2OMT. 

Surprisingly, PsSPS silencing significantly reduced allocryptopine accumulation (Figure 4.13) 

even though it does not accept (S)-tetrahydrocolumbamine as a substrate. Although silencing 

of PsCAS has been reported previously (Winzer et al., 2012; Dang and Facchini, 2014a), 

allocryptopine levels were not reported. It may be possible that the protopine alkaloids can be 

interconverted with contributions from of the dioxygenases (Farrow and Facchini, 2013) and 

this phenotype may be the result of reduced flux to protopine. However, it would also require 

O-methylation and methylenedioxy bridge formation by unknown enzymes, as both PsCFS 

and PsSPS cannot accept O-desmethylcryptopine.   

 Transport of alkaloids in opium poppy has not been extensively studied. Although at 

least three cell types are responsible for morphine biosynthesis, there has been only one 

suggestion of alkaloid transport from one plant organ to another. The biosynthesis of 

papaverine, which is a major alkaloid in the latex of some opium poppy varieties, requires 

PsDBOX (Hagel et al., 2012), which is absent in stem (Figure 4.6). As well, silencing of 
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PsBBE causes differential phenotypes in alkaloid accumulation in latex and roots, generally 

causing an increase in many alkaloids in latex, but  decrease in roots (Frick et al., 2004). 

Silencing of PsMSH or PsP6H also produce alkaloid phenotypes that vary depending on the 

organ. PsMSH-silenced plants show increased levels of N-methylprotoberberines in both 

tissues and little change in protopine alkaloids (Figure 4.14). As expected due to the bottleneck 

to protopines, protoberberine alkaloids significantly increase in roots (Figure 4.14A). 

However, they significantly decrease in latex (Figure 4.14B). Silencing of PsP6H causes a 

significant increase in noscapine in roots, but a significant decrease in latex (Figure 4.15). 

These phenotypes likely result from transport of alkaloid from the aerial organs to roots, or 

vice versa. Interestingly, presence of the noscapine gene cluster likely increases the levels of 

protoberberine alkaloids, with opium poppy chemotypes containing high levels of noscapine 

having increased protoberberine and protopine alkaloids (Desgagné-Penix et al., 2012). 

However, the mechanism of these interactions and the factors responsible remain unknown. 

 In our search for sanguinarine biosynthetic enzymes, we also identified 8 additional 

candidate P450s that were inducible in opium poppy cell suspension cultures (Figure 4.3B) 

and for the most case, those transcripts predominate in roots (Figure 4.5B). Several of these 

transcripts, such as P450-7, P450-12, and P450-15 belong to the CYP82 or CYP719 families, 

which are involved in BIA metabolism (Figure 4.4). However, microsomes expressing these 

enzymes were not able to convert any of the alkaloids tested. Although it is possible that they 

participate in rhoeadine alkaloid biosynthesis or some other aspect of BIA or specialized 

metabolism, their role remains unknown. 

 We’ve confirmed the roles of PsCFS, PsSPS, PsMSH and PsP6H in sanguinarine 

metabolism, as well as the role of PsCFS in (S)-sinactine biosynthesis.  However, many aspects 
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of sanguinarine biosynthesis and regulation remain unknown. The presence of many of these 

transcripts in the aerial organs, but with only small or undetectable amounts of their enzymatic 

products in these tissues suggest they may play other roles in specialized metabolism. Indeed, 

although their enzymatic activities are likely predominant in roots, silencing of PsMSH or 

PsP6H causes significant changes in latex alkaloids. Silencing of EcSanR caused an increase 

in dihydrosanguinarine in E. californica and altered general BIA metabolism (Müller et al., 

2014). It is possible that increases or decreases in some protoberberine, protopine or 

benzo[c]phenanthridine alkaloids are similarly disrupting alkaloid regulation, biosynthesis or 

transport. However, the mechanism and the factors involved remain to be identified.  
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CHAPTER 5: A SURVERY OF CALIFORNIA POPPY (ESCHSCHOLZIA 

CALIFORNICA) CYTOCHROMES P450 FROM THE CYP82 FAMILY REVEALS (S)-

CIS-N-METHYLSTYLOPINE-14-HYDROXYLASE  

5.1 Introduction 

 California poppy (Eschscholzia californica) is a plant native to the Western United 

States and has been considered an invasive species in many parts of the world. Human interest 

in California poppy extends for hundreds of years and was used by Native Americans for its 

medicinal purposes. Today, California poppy is used as a model to study the flowering and 

development of basal eudicots due to its relatively small genome (Bennett, 2000; Carlson et 

al., 2006) and its short generation time (Becker et al., 2005). Its cell suspension cultures have 

also been used as a model in the study of medicinally important benzylisoquinoline alkaloids 

(BIAs) (Ikezawa et al., 2007; Ikezawa et al., 2009; Oldham et al., 2010; Takemura et al., 2010; 

Takemura et al., 2013).  

 BIAs are a large group of functionally diverse tyrosine-derived alkaloids that are 

mostly found in the order Ranunculales. BIAs include the pharmacologically important 

analgesics morphine and codeine, the antimicrobials sanguinarine and berberine, the 

vasodilator papaverine and the potential anticancer compound noscapine (Beaudoin and 

Facchini, 2014). The biosynthesis of BIAs begins with the condensation of two tyrosine 

derivatives, 4-hydroxyphenylacetaldehyde and dopamine by norcoclaurine synthase (NCS) to 

yield (S)-norcoclaurine. Through a series of two O-methylations, one N-methylation and a 

hydroxylation, this first BIA is transformed to the central intermediate (S)-reticuline, which 

can be converted to a number of BIA subgroups (Ziegler and Facchini, 2008).  
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 The protoberberine, protopine, and benzo[c]phenanthridine alkaloids are common to 

many plants of the Papaveraceae. Their biosynthesis proceeds from (S)-reticuline through the 

flavin-containing berberine bridge enzyme (BBE) to the protoberberine scoulerine. Two 

CYP719As, cheilanthifoline synthase (CFS) and stylopine synthase (SPS) (Ikezawa et al., 

2007; Ikezawa et al., 2009), catalyze the formation of two methylenedioxy bridges to yield 

stylopine. Stylopine is then N-methylated by tetrahydroprotoberberine N-methyltransferase 

(TNMT) (Liscombe and Facchini, 2007) and is then hydroxylated by the CYP82N (S)-cis-N-

methylstylopine-14-hydroxylase (MSH) to give protopine (Beaudoin and Facchini, 2013). 

Protopine is then hydroxylated by another CYP82N, protopine-6-hydroxylase (P6H), which 

then spontaneously rearranges to dihydrosanguinarine, a benzo[c]phenanthridine alkaloid 

(Takemura et al., 2013). Subsequent hydroxylations and O-methylations at the 10- and 12-

position by uncharacterized enzymes yield dihydrochelirubine and dihydromacarpine, 

respectively (De-Eknamkul et al., 1992; Kammerer et al., 1994) (Figure 5.1). These 

dihydrobenzo[c]phenanthridines can be oxidized by the flavin-containing oxidase 

dihydrobenzophenanthridine oxidase (DBOX) (Kammerer et al., 1994; Hagel et al., 2012) to 

give their biologically active forms as quaternary amines: sanguinarine, chelirubine and 

macarpine (Weiss et al., 2006).  

 Although opium poppy (Papaver somniferum) and Coptis japonica have also served as 

models for BIA metabolism, neither produce complex benzo[c]phenanthridine alkaloids such 

as chelirubine or macarpine. Sanguinarine is only present at low levels in P. somniferum and 

benzo[c]phenanthridine alkaloids are generally absent C. japonica, although they have been 

reported in C. japonica seeds (Mizuno et al., 1987). As the CYP82 family was recently 

identified to be involved in the biosynthesis of noscapine  
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Figure 5.1 Biosynthesis of the benzo[c]phenanthridine alkaloid macarpine. 

Genes of all enzymes from (S)-reticuline to dihydrosanguinarine have been isolated from P. 

somniferum and E. californica. Chelirubine and macarpine and their dihydro derivatives (blue 

box) are not found in P. somniferum and the enzymes for their biosynthesis have not been 

isolated from E. californica. Abbreviations: 10OMT, 10-hydroxydihydrosanguinarine-10-O-

methyltransferase; 12OMT, 12-hydroxydihydrochelirubine-12-O-methyltransferase; BBE, 

berberine bridge enzyme; CFS, cheilanthifoline synthase; DBOX, 

dihydrobenzophenanthridine oxidase; DCH, dihydrosanguinarine-10-hydroxylase; DSH, 

dihydrochelirubine-12-hydroxylase; MSH, (S)-cis-N-methylstylopine 14-hydroxylase; P6H, 

protopine 6-hydroxylase; SPS, stylopine synthase; TNMT, tetrahydroprotoberberine cis-N-

methyltransferase. 
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(Winzer et al., 2012; Dang and Facchini, 2014b) and sanguinarine (Beaudoin and Facchini, 

2013; Takemura et al., 2013), we hypothesized that CYP82s may be responsible for the 

hydroxylations of these dihydrobenzo[c]phenanthridines. We identified a number of CYP82s 

that were well expressed in E. californica roots and expressed these in Saccharomyces 

cerevisiae. Although we did not identify these other hydroxylases, we did identify E. 

californica MSH, which has not been reported. 

5.2 Materials and Methods 

5.2.1 Plants and Chemicals 

See Sections 2.1 though 2.4 

5.2.2 Selection of CYP82s and CYP719s from BIA-producing plants 

 In order to identify CYP82 candidates, translated P. somniferum MSH (CYP82N4; 

accession number KC154003) and E. californica P6H (CYP82N2v2; accession number 

AB598834) were used as a query in our Illumina sequence databases containing transcriptome 

sequence information from 20 BIA-producing plants as part of the PhytoMetaSyn project 

(http://www.PhytoMetaSyn.com) (Xiao et al., 2013). For CYP719 homologs, we used 

translated P. somniferum (CYP719A20, GU325750; CYP719A21, JQ659003; CYP719A25, 

GU325749; CYP719B1, EF451150), E. californica (CYP719A2, AB126257; CYP7195, 

AB126256; CYP719A5, AB434654) and C. japonica (CYP719A1, AB026122) CYP719s as 

queries. CYP80 homologs were identified using translated E. californica and P. somniferum 

(S)-N-methylcoclaurine-3’-hydroxylase (EcCYP80B1v2, AF014801; PsCYP80B1, 

AF191772) as well as other CYP80s from BIA-producing plants (BsCYP80A1, U09610; 

CjCYP80G2, AB288053) 

http://www.phytometasyn.com/
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 Sequences that were 35% identical to queries, were from 400 to 600 amino acids in 

length and were not previously reported were used in phylogenetic analysis and/or expression 

in S. cerevisiae. This resulted in 5 distinct E. californica full-length CYP82 candidates.  

5.2.3 Phylogenetic analysis 

See Section 2.5. 

5.2.4 Expression analysis of E. californica CYP82s 

 Expression of E. californica CYP82 candidates was estimated from Illumina RNAseq 

data as fragments per kilobase of exons model per million mapped reads (FPKM) as described 

previously (Fossati et al., 2014). Data presented derive from a single experiment. 

5.2.5 S. cerevisiae expression vectors 

 The pESC-leu2d::PsCPR vector (Section 2.7.1) encoding a codon-optimized opium 

poppy cytochrome P450 reductase (PsCPR) fused to a c-Myc tag was used for the expression 

of cytochromes P450. An N-terminal sequence representing the transmembrane domain (43 

amino acids) of the lettuce (Lactuca sativa) germacrene A oxidase (LsGAO) (Nguyen et al., 

2010) was used to maximize P450 expression as pESC-leu2d::PsCPR/LsGAOΔC (Section 

2.7.2).  

Table 5.1 Primers for Saccharomyces cerevisiae expression vectors 

Target Primer (5'-3') Restriction Enzyme 

Ec82-1 
GCATGCGGAAACAGAATCACTAAAAATGG SphI 

TCTAGAAGGACCCTGAGTGGTTTGATAAG XbaI 

Ec82-5 
GCATGCTCACCAAAAACACCCAAG SphI 

TCTAGAAGATAAAGCTTCGGGTTGAGG XbaI 

Ec82-6 
GCATGCAAGATGAGTCCATTTAGGTCATC SphI 

TCTAGATTCATATCCATGGGTTCGCC XbaI 

Ec82-11 
GCATGCCGAGTACTAGCACCGTCTTG SphI 

TCTAGAAGCCCATATAATTCACTAGAGAAGAGG XbaI 

Ec82-15 
GCATGCCTTCGAAAACGAATATCACG SphI 

GCTAGCAGATAAACTTCTTTAGAGAAGAGGCG NheI 
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E. californica CYP82 candidates without their N-terminal transmembrane domain were 

amplified using primers in Table 5.1 and cloned into pGEM-T. They were then subcloned 

using the restriction enzymes in Table 5.1 and inserted into SphI and SpeI restriction sites of 

pESC leu2d::PsCPR/LsGAOΔC in-frame with the LsGAO transmembrane domain sequence 

and the FLAG-tag sequence yielding the 5 expression vectors, pESC-

PsCPR/LsGAOΔC::EcCYP82-1, pESC-PsCPR/LsGAOΔC::EcCYP82-5, pESC-

PsCPR/LsGAOΔC::EcCYP82-6, pESC-PsCPR/LsGAOΔC::EcCYP82-11 and pESC-

PsCPR/LsGAOΔC::EcCYP82-15. 

5.2.6 Heterologous expression in S. cerevisiae 

 Transformation of S. cerevisiae, heterologous expression and microsomal purification 

was performed as described previously (See Section 2.8) 

5.2.7 Enzyme assays 

 Enzyme assays were done as described previously (See Section 2.11.1) with 100 µM 

of alkaloid substrate and 1 mM NADPH. Substrates tested derived from a range of BIA 

structural backbones and included dihydrosanguinarine, dihydrochelirubine, N-

methylcanadine, protopine, (S)-N-methylcoclaurine and (S)-reticuline (Figure 5.2). 

5.2.8 Liquid chromatography tandem mass spectrometry (LC-MS) 

 See Section 2.13.1 for LC conditions. For full-scan MS analysis conditions, see Section 

2.13.4. The third quadrupole scanned from 200-400 m/z.  
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Figure 5.2 Compounds assayed as substrates for EcCYP82 candidates 

Several compounds from different BIA subgroups were assayed for activity with EcCYP82 

candidates. Only EcCYP82-1 catalyzed the formation of allocryptopine from N-

methylcanadine.  
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5.3 Results 

5.3.1 Identification of candidate E. californica CYP82s 

 Characterized CYP719s and CYP82s from P. somniferum and E. californica were used 

as queries to identify candidate cytochromes P450 that may be involved in BIA metabolism. 

Through this approach we identified many CYP719s and CYP82s that share significant 

sequence homology to known P450s involved in BIA metabolism. As E. californica produces 

more complex benzo[c]phenanthridines than P. somniferum and we identified 5 distinct 

unidentified CYP82s that were selected for further analysis.  

Using these as a query in Conserved Domain Database (Marchler-Bauer et al., 2011), 

we confirmed that these cDNAs contained motifs conserved in cytochromes P450. 

Phylogenetic analysis showed that these candidates also form a distinct clade with other 

CYP82s (Figure 5.3). As well, EcCYP82-1 shares 72% sequence identity to PsMSH 

(PsCYP82N4), while EcCYP82-5 is 73% and 69% identical to EcP6H (EcCYP82N2v2) and 

PsP6H (PsCYP82N3). All 5 candidates also have high sequence identity to PsCYP82X1, 

PsCYP82X2 and PsCYP82Y1, which are involved in noscapine biosynthesis in opium poppy 

(Winzer et al., 2012). Expression analysis of these candidates show that these are all expressed 

in roots. Comparing these to characterized cytochromes P450 from E. californica shows that 

EcCYP82-1, EcCYP82-6 and EcCYP82-15 are expressed at similar levels to sanguinarine 

biosynthetic enzymes (Figure 5.4). 

5.3.2 EcMSH catalyzes the formation of allocryptopine from N-methylcanadine 

 E. californica CYP82 candidates were heterologously expressed in S. cerevisiae along 

with the P. somniferum cytochrome P450 reductase to maximize activity. Microsomes were 

purified from these cultures and were assayed with several different BIAs from a variety of  
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Figure 5.3 Unrooted neighbor-joining phylogenetic tree of E. californica CYP82 

candidates and selected cytochromes P450 involved in plant specialized metabolism 

The 5 E. californica CYP82 candidates form a distinct clade with other enzymes of the 

CYP82 family (blue) which is distinct from the other P450 families, CYP80 (green) and 

CYP719 (red), involved in BIA metabolism. Genbank accession numbers are listed in Table 

2.2. The branch length is proportional to the estimated divergence distance of each protein. 

The scale bar (0.3) corresponds to a 30% change. The percentage of replicate trees in which 

associated taxa clustered together in the bootstrap test is shown next to each branch.  
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Figure 5.4 RNAseq analysis of CYP82 candidates and other cytochromes P450 involved 

in sanguinarine biosynthesis in E. californica 

Relative transcript abundance in E. californica roots shows that all candidates are expressed in 

roots. EcCYP82-1, EcCYP82-6 and EcCYP82-15 are expressed at levels similar to other P450s 

involved in sanguinarine metabolism. 
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alkaloid backbones (Figure 5.2). Reactions were monitored for any products, with special 

consideration to possible products with a m/z -2 or +16, corresponding to a desaturation or 

hydroxylation, respectively. While dihydrosanguinarine and dihydrochelirubine 

spontaneously oxidized to sanguinarine and chelirubine respectively, no products 

corresponding to a m/z of +14 were detected, representing hydroxylated sanguinarine or 

chelirubine. However, EcCYP82-1 was able to transform N-methylcanadine to allocryptopine 

(Figure 5.5). In order to verify that the expressed P450 was responsible, immunoblot analysis 

confirmed the presence of a protein product of the expected molecular weight (Figure 5.6). 

 However, as immunoblot analysis was not used to confirm the expression of other 

candidates, it is possible that low expression of these limits the production of products and thus 

remained undetectable. Further characterization and optimization of expression and reaction 

conditions may identify roles for these other CYP82s.  

5.4 Discussion 

 BIAs represent one of the largest groups of alkaloids with more than 2,500 reported in 

the literature (Ziegler and Facchini, 2008). With the exception of the hydroxylation of a 

tyrosine derivative to ultimately give dopamine, necessary for BIA biosynthesis, all BIA 

biosynthetic enzymes to the central intermediate (S)-reticuline have been identified. Recently, 

the molecular clones for all enzymes leading to sanguinarine (Sections 3, 4), noscapine 

(Winzer et al., 2012) and morphine (Chapter 6) have been identified. As well, several enzymes 

have been identified in the entry points to bisbenzylisoquinoline alkaloids and aporphine 

alkaloids, with the identification of berbamunine synthase (CYP80A1) (Kraus and Kutchan, 

1995) and corytuberine synthase (CYP80G2) (Ikezawa et al., 2008). However, many of the 

more complex alkaloids, such as rhoeadine or narceine alkaloids have not been identified. The  
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Figure 5.5 Extracted ion chromatograms (EIC) of S. cerevisiae microsomes expressing 

EcCYP82-1 

(A) S. cerevisiae microsomes expressing only PsCPR do not catalyze the transformation of N-

methylcanadine (m/z 354) to allocryptopine (m/z 370). (B) Microsomes expressing EcCYP82-

1 catalyze the hydroxylation of N-methylcanadine to allocryptopine, demonstrating that 

EcCYP82-1 is E. californica (S)-cis-N-methylstylopine-14-hydroxylase. 
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Figure 5.6 Immunoblot of Saccharomyces cerevisiae expressing PsMSH or EcCYP82-1 

(EcMSH) 

Microsomal proteins from S. cerevisiae (20 µg) expressing MSH from P. somniferum or E. 

californica show accumulation of the expected protein products. 
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final hydroxylations and O-methylations from dihydrosanguinarine to macarpine have already 

been characterized at the protein level, with the hydroxylations being catalyzed by P450s (De-

Eknamkul et al., 1992; Kammerer et al., 1994). 

In an effort to identify the remaining cytochrome P450s in the biosynthesis of the 

complex benzo[c]phenanthridine alkaloids chelirubine and macarpine, we surveyed our 

Illumina transcriptome libraries for members of the CYP80, CYP82 and CYP719 families, 

which have already been implicated in BIA metabolism. We were able to identify 5 CYP82s 

from E. californica that were uncharacterized, with EcCYP82-1 similar to PsMSH and 

EcCYP82-5 similar to PsP6H and EcP6H (Figure 5.3). As well, most of these 5 candidates 

were expressed at levels similar to other P450s involved in macarpine biosynthesis in E. 

californica (Figure 5.4).  

 We expressed these candidates in S. cerevisiae along with the P. somniferum 

cytochrome P450 reductase and exposed them to a variety of alkaloid substrates including the 

substrates of dihydrosanguinarine-10-hydroxylase (DSH) and dihydrochelirubine-12-

hydroxylase (DCH). Only activity for EcCYP82-1 was detected, with the transformation of N-

methylcanadine to allocryptopine, as EcMSH (Figure 5.5).  

 EcMSH is 72% identical to PsMSH, which is similar to EcCFS (EcCYP719A5) and 

PsCFS (CYP719A25) as well as EcSPS (EcCYP719A2, EcCYP7195) and PsSPS 

(EcCYP719A20), which are 76%, 82% and 77% identical, respectively. As both protopine and 

allocryptopine are present at high levels in E. californica it would not be surprising EcMSH 

had similar substrate specificity and efficiency. PsMSH is responsible for the production of 

cryptopine in P. somniferum (Chapter 4), however, it is not present in E. californica. As N-

methylsinactine is not available, it is not possible to determine if EcMSH is responsible for the  
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Figure 5.7 Unrooted neighbor-joining phylogenetic tree of CYP82 candidates from 17 

species and CYP82s from E. californica and P. somniferum involved in BIA metabolism. 

E. californica CYP82 candidates (blue) were compared to characterized CYP82s from 

P. somniferum and E. californica (red) and are similar to CYP82s from other 

benzo[c]phenanthridine-producing plants. EcCYP82-1 is similar to PsCYP82N4 (PsMSH), 

while EcCYP82-5 is similar to P6H from E. californica (EcCYP82N2v2) and P. somniferum 

(PsCYP82N3). EcCYP82-9, EcCYP82-11 and EcCYP82-15 are similar to CYP82s from 

Sanguinaria canadensis, which produces a variety of complex benzo[c]phenanthridine 

alkaloids (Suchomelová et al., 2007). Genbank accession numbers and abbreviations are listed 

in Table 2.2. The branch length is proportional to the estimated divergence distance of each 

protein. The scale bar (0.5) corresponds to a 50% change. The percentage of replicate trees in 

which associated taxa clustered together in the bootstrap test is shown next to each branch. 

Abbreviations: Am, Argemone mexicana; Bt, Berberis thunbergii; Cc, Corydalis 

cheilanthifolia ; Cma, Chelidonium majus; Cmu, Cissampelos mucronata; ; Ec, Eschscholzia 

californica; Gf, Glaucium flavum; Hc, Hydrasis canadensis; Jd, Jeffersonia diphylla; Mc, 

Menispermum canadense; Nd, Nandina domestica; Ns, Nigella sativa; Pb, Papaver 

bracteatum; Ps, Papaver somniferum; Sc, Sanguinaria canadensis; Sd, Stylophorum 

diphyllum; Tc, Tinospora cordifolia, Xs, Xanthorihiza simplicissima. 
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Figure 5.8 Unrooted neighbor-joining phylogenetic tree of CYP719 candidates from 13 

species and CYP719s from E. californica and P. somniferum involved in BIA 

metabolism. 

P. somniferum and E. californica CYP719s (red) and are similar to CYP719s from 

other BIA-producing plants. Genbank accession numbers and abbreviations are listed in Table 

2.2. The branch length is proportional to the estimated divergence distance of each protein. 

The scale bar (0.4) corresponds to a 40% change. The percentage of replicate trees in which 

associated taxa clustered together in the bootstrap test is shown next to each branch.  
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Figure 5.9 Unrooted neighbor-joining phylogenetic tree of CYP80 candidates from 14 

species and characterized CYP80s involved in BIA metabolism. 

Characterized CYP80s (red) are distributed throughout the CYP80 candidates identified. 

Genbank accession numbers and abbreviations are listed in Table 2.2. The scale bar (0.5) 

corresponds to a 50% change. The percentage of replicate trees in which associated taxa 

clustered together in the bootstrap test is shown next to each branch.  
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lack of cryptopine. 

 Although our candidates did not appear to catalyze the formation of 10-

hydroxydihydrosanguinarine or 12-hydroxychelirubine, it is still possible that these or other 

CYP82s may perform these reactions. Our transcriptome library only represents the roots of 

one individual plant, at one specific point in time, where the expression of these hydroxylases 

may be low. We were not able to detect recombinant P450s for all EcCYP82 candidates, and 

thus no, or low expression may also have prevented detection of reaction products. As well, it 

is possible that the activity of the recombinant proteins is not sufficient for detection. Thus, 

further optimization of expression and reaction conditions may demonstrate 

dihydrobenzo[c]phenanthridine hydroxylation activity for these CYP82s. Indeed, 

dihydrosanguinarine and dihydrochelirubine oxidize spontaneously and as these hydroxylases 

are specific for the dihydro derivatives (De-Eknamkul et al., 1992; Kammerer et al., 1994), it 

is possible that this spontaneous oxidation occurs too rapidly for appreciable amounts of the 

reaction products to accumulate. In the plant, the reducing conditions for these dihydro 

derivatives may occur through the role of sanguinarine reductase (SanR), which catalyzes the 

reduction of benzo[c]phenanthridine alkaloids to their dihydro derivatives (Weiss et al., 2006).  

 An alternative approach to the discovery of these missing enzymes is the use of 

RNAseq and inducible cell cultures. E. californica cell cultures have been used to study 

benzo[c]phenanthridine metabolism and have different chemotypes, with some chemotypes 

accumulating alkaloids at different times after elicitation. For example, the E. californica cell 

line ELDN01 accumulates few alkaloids before elicitation, while chelirubine is detectible 

within 24 h of elicitation and macarpine is only detectible after 48 h (Gathungu et al., 2012). 

This induction of these biosynthetic genes may allow a more unbiased approach, similar to the 
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microarray studies that allowed the identification of P450s in sanguinarine metabolism in 

opium poppy (Chapters 3, 4) and the dioxygenases involved in morphine biosynthesis (Hagel 

and Facchini, 2010a). 

 Alternatively, a survey of P450s from other plants that produce benzo[c]phenanthridine 

alkaloids may reveal novel functions. For example, Sanguinaria canadensis and Chelidonium 

majus both produce chelirubine or similar benzo[c]phenanthridines with slightly different 

methylation patterns. A total of 7 CYP80s, 8 CYP719s and 21 CYP82s full-length candidates 

were found in S. canadensis, while 5 CYP719s and 11 CYP82s were identified in C. majus 

(Figures 5.7, 5.8, 5.9) providing a wealth of candidates that may play a role in BIA metabolism. 

The isolation of EcMSH completes the pathway from (S)-norlaudanosoline to 

dihydrosanguinarine in E. californica, allowing a more thorough investigation of the regulation 

of this alkaloid pathway in planta.  
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CHAPTER 6: IDENTIFICATION OF AN ALDO-KETO REDUCTASE, 

CYTOCHROME P450 FUSION RESPONSIBLE FOR THE FIRST COMMITTED 

STEP IN MORPHINE BIOSYNTHESIS – THE EPIMERIZATION OF (S)-

RETICULINE 

6.3 Introduction 

 Benzylisoquinoline alkaloids (BIAs) are a group of nitrogenous specialized metabolites 

of which more than 2,500 have been reported in the literature. Many BIAs possess potent 

biological activities (Ziegler and Facchini, 2008), including the antimicrobial agent 

sanguinarine, the vasodilator papaverine, the skeletal muscle relaxant tubocurarine, the 

potential anticancer compound noscapine (Barken et al., 2008) and the commercially important 

analgesics morphine and codeine. Opium poppy (Papaver somniferum) remains the sole 

commercial source of these morphinan pharmaceutical analgesics as well as thebaine, which 

is the precursor to the semisynthetic opiates oxycodone and buprenorphine, among others 

(Berenyi et al., 2009).  

 BIAs in opium poppy are derived from the condensation of two tyrosine derivatives, 4-

hydroxyphenylacetaldehyde and dopamine by the stereospecific Pictet-Spenglerase (S)-

norcoclaurine synthase to form the first BIA (S)-norcoclaurine (Samanani and Facchini, 2001; 

Bonamore et al., 2010) (Figure 6.1). It is then 6-O-methylated and N-methylated by 

norcoclaurine 6-O-methyltransferase (6OMT) and coclaurine N-methyltransferase (CNMT), 

respectively, to yield (S)-N-methylcoclaurine. (S)-N-methylcoclaurine is then hydroxylated by 

(S)-N-methylcoclaurine hydroxylase (NMCH, PsCYP80B3) and then transformed to the 

central BIA intermediate (S)-reticuline by (S)-3’-hydroxy-N-methylcoclaurine 4’-O-

methyltransferase (4’OMT).   
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Figure 6.1 Morphinan alkaloid biosynthetic pathway 

Morphine biosynthesis begins with the transformation of two tyrosine derivatives, which are 

then condensed to the first BIA, (S)-norcoclaurine. This is then transformed through a series 

of methylations and one hydroxylation to the central BIA intermediate, (S)-reticuline, which 

gives rise to most BIA subgroups. The first committed morphinan biosynthetic step is the 

conversion of (S)-reticuline to its (R)-epimer, which proceeds through an oxidation by DRS, 

followed by a stereospecific reduction by DRR. In some plants, this may be mediated through 

a fusion enzyme encoding both DRS and DRR and is known as REPI. Abbreviations: NCS, 

(S)-norcoclaurine synthase; 6OMT, (S)-norcoclaurine 6-O-methyltransferase; CNMT, (S)-

coclaurine N-methyltransferase; NMCH, (S)-N-methylcoclaurine hydroxylase; 4’OMT, (S)-

3’-hydroxy-N-methylcoclaurine 4’-O-methyltransferase; DRS, 1,2-dehydroreticuline 

synthase; DRR, 1,2-dehydroreticuline reductase; REPI, (S)-reticuline epimerase; SalSyn, 

salutaridine synthase; SalR, salutaridine reductase; SalAT, salutaridinol acetyltransferase; 

T6ODM, thebaine 6-O-demethylase; CODM, codeine O-demethylase; COR, codeinone 

reductase.  
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(S)-Reticuline is the precursor to many BIAs in opium poppy, including protoberberine 

alkaloids (eg. scoulerine), phthalideisoquinoline alkaloids (eg. noscapine), protopine alkaloids 

(eg. cryptopine) and benzo[c]phenanthridine alkaloids (eg. sanguinarine). However, 

salutaridine synthase (SalSyn, PsCYP719B1), responsible for the biosynthesis of the first 

promorphinan alkaloid salutaridine, is stereospecific for (R)-reticuline. The biosynthesis of 

(R)-reticuline from the (S)- epimer has been purported to proceed through an oxidation to 1,2-

dehydroreticuline (Borkowski et al., 1978) by 1,2-dehydroreticuline synthase (DRS) (Hirata 

et al., 2004) and a stereospecific reduction to (R)-reticuline by 1,2-dehydroreticuline reductase 

(DRR) (De-Eknamkul and Zenk, 1992). Salutaridine is then reduced by the short-chain 

dehydrogenase/reductase salutaridine reductase (SalR) and acetylated by salutaridinol 7-O-

acetatyltransferase (SalAT) to saluridinol-7-O-acetate, which then spontaneously rearranges to 

the morphinan alkaloid thebaine. Thebaine is O-demethylated by codeine O-demethylase 

(CODM) and thebaine 6-O-demethylase (T6ODM) and reduced by the aldo-keto reductase 

codeinone reductase (COR) to form morphine.  

Recent advances have identified all the cDNA clones for the biosynthesis of (S)-

reticuline from (S)-norcoclaurine and from (R)-reticuline to morphine. However, DRS and 

DRR remain to be identified. An enzyme purported to be DRS was previously purified 4-fold 

from opium poppy seedlings (Hirata et al., 2004). This DRS possessed biochemical properties 

similar to the FAD-dependent oxidoreductases berberine bridge enzyme (BBE), (S)-

tetrahydroprotoberberine oxidase (STOX) and dihydrobenzophenanthridine oxidase (DBOX). 

As well, STOX purified from Berberis wilsoniae var. subcaulialata cell cultures was shown to 

catalyze the oxidation of (S)-reticuline to 1,2-dehydroreticuline (Amann and H. Zenk, 1987), 

further reinforcing the hypothesis that DRS is an FAD-dependent oxidoreductase. However, a 
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survey of these oxidative enzymes in opium poppy failed to identify an enzyme capable of 

catalyzing the conversion of (S)-reticuline to 1,2-dehydroreticuline (Hagel et al., 2012). 

Similarly, DRR was purified to homogeneity from opium poppy seedlings (De-Eknamkul and 

Zenk, 1992), but no cDNA has been reported.  

Silencing of morphine biosynthetic enzymes either by RNAi or by virus-induced 

silencing (VIGS) have yielded surprising results. Silencing of CODM, T6ODM, SalR or SalSyn 

cause a dramatic increase in their substrates and decrease in downstream products (Wijekoon 

and Facchini, 2012) but silencing of SalAT causes an increase in salutaridine, the substrate for 

the previous enzyme (Allen et al., 2008; Wijekoon and Facchini, 2012). This phenotype was 

suggested to be the result of a disrupted protein complex which may include several of these 

enzymes, or substrate inhibition. A similar explanation was suggested for the silencing of COR, 

which caused significant increases in 1-BIAs, such as reticuline, laudanine, laudanosine and 

codamine (Allen et al., 2004; Wijekoon and Facchini, 2012). We hypothesized that through 

the silencing of COR, a similar enzyme was being co-silenced. Assuming this was the case, we 

identified a putative cytochrome P450, aldo-keto reductase (AKR) fusion, of which the former 

may function as DRS and the latter as DRR, and have named this fusion (S)-reticuline 

epimerase (REPI). Although a frame-shift error occurred in the construction of the PsREPI 

expression vector, microsomes from Saccharomyces cerevisiae expressing this construct were 

able to convert (S)-reticuline or 1,2-dehydroreticuline to (R)-reticuline. We confirmed that the 

silencing of PsREPI through VIGS causes similar phenotypes to those reported for PsCOR-

silenced plants. As well, we were able to identify a homolog of DRR that is not fused to a 

P450, expressed in the high-morphine producing opium poppy variety “40” (Desgagné-Penix 

et al., 2012). Interestingly, orthologs of DRS and DRR were only identified from the two other 
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members of the genus Papaveraceae that have transcriptome data available but were not present 

in 18 other BIA-producing plants, which have sequencing data available. The biosynthesis of 

(R)-BIAs in some of these plants, such as (R)-armepavine from Thalictrum flavum (Ropivia et 

al., 2010) and berbamunine from Berberis thunbergii (Villinski et al., 2003) remains unknown. 

This putative identification of the first P450 AKR fusion may complete the 

identification of the cDNAs responsible for morphine biosynthesis from the first BIA, (S)-

norcoclaurine. The previous advances in increasing morphine biosynthetic enzyme transcripts 

have provided promising results in increasing the yield of morphinan alkaloids from plants 

(Frick et al., 2007; Larkin et al., 2007; Allen et al., 2008). The identification of REPI will only 

help in furthering interest in this approach. As well, microbial production of BIAs has 

progressed rapidly (Hawkins and Smolke, 2008; Nakagawa et al., 2011; Nakagawa et al., 

2012; Fossati et al., 2014; Thodey et al., 2014), and the identification of the final step in 

morphine biosynthesis may allow for the production of morphinan alkaloids de novo in a 

microbial host. 

6.4 Materials and Methods 

6.4.1 Plants and chemicals 

See Sections 2.1 through 2.4 

6.4.2 Identification of candidates for the epimerization of (S)-reticuline 

 Fragments used for silencing of PsCOR by RNAi (Allen et al., 2004) or VIGS 

(Wijekoon and Facchini, 2012) were compared to transcripts in our in-house Illumina 

transcriptome of opium poppy variety “Bea’s Choice” using BLAST (Altschul et al., 1990). 

This identified one potential transcript of 3,192 bp whose protein product annotated as both a 

cytochrome P450 (P450) and aldo-keto reductase (AKR). This was then used to identify 
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another DRR candidate, PsDRR2, using our in-house Roche 454 pyrosequencing 

transcriptome of opium poppy variety “40”. PrDRR and a partial PrDRS transcript were 

identified from the Papaver rhoeas transcriptomes available from the One Thousand Plants 

Initiative (OneKP, http://www.onekp.com). These cDNAs were also used to query the 

transcriptomes of 19 BIA-producing plants from the PhytoMetaSyn project 

(http://www.phytometasyn.ca), where we were only able to identify a REPI ortholog from P. 

bracteatum.  

6.4.3 5’ Rapid amplification of cDNA ends (5’RACE) 

 The 5’ end of PrDRS was determined by 5’RACE using the Invitrogen GeneRacer 

5’RACE kit (Invitrogen Life Technologies, Burlington, ON; 

http://www.lifetechnologies.com/) following the manufacturer’s instructions and gene specific 

primers (GSP) for PrDRR (GSP1; 5’-TAACACATGTGGGTTATTCAG-3’; GSP2; 5’-

GTTATTCAGCAGCAAGGAAAGGG-3’; GSP3; 5’-

CATGACTCGTACAGTTTAGTGAAAGAGG-3’). 

6.4.4 Phylogenetic analysis 

See Section 2.5. 

6.4.5 Heterologous expression vector construction 

REPI, PsDRR and PrDRR candidates were amplified using the primers described in 

Table 6.1 and cloned into pGEM-T (Promega; Madison, WI; http://www.promega.com). 

PsREPI was subcloned into pESC-leu2d::LsGAO using SphI and SpeI in error causing a frame-

shift, with a stop codon immediately after the LsGAO N-terminal domain, followed by PsREPI 

in-frame with the C-terminal FLAG tag. As well, it is lacking its co-expression partner PsCPR, 

which may affect its optimal activity. PrDRR, and PsDRR were subcloned into pET47b (EMD 

http://www.onekp.com/
http://www.phytometasyn.ca/
http://www.lifetechnologies.com/
http://www.promega.com/
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Millipore) in frame with the N-terminal polyhistidine tag using the restriction sites in Table 

6.1.  

6.4.6 Heterologous expression 

 Saccharomyces cerevisiae transformation and expression was performed as described 

in Section 2.8. Escherichia coli transformation and expression was performed as described in 

Section 2.9.  

6.4.7 Enzyme assays 

 P450 in vitro enzyme assays were performed as described in Section 2.11.1 with S. 

cerevisiae expressing only the opium poppy cytochrome P450 reductase (PsCPR) as a control. 

DRR in vitro enzyme assays were performed as described in Section 2.12.2 with E. coli extracts 

not expressing any DRR candidate as a control. Candidates were assayed with 500 µM 

NADPH and approximately 50 µM of (S)-N-methylcoclaurine, coclaurine, (R)- or (S)-

reticuline or 1,2-dehydroreticuline.  

6.4.8 Virus-induced gene silencing (VIGS) 

 Several different gene fragments were used for in planta silencing of PsREPI, including 

one region of the P450 domain (5’VIGS), the short region between the two domains (Mid 

VIGS), regions similar to that used by Allen et al. (2004) from PsREPI (Conserved-A VIGS) 

or PsCOR (Conserved-B VIGS) and finally, one region in the 3’ UTR of PsREPI (3’VIGS). 

These were amplified using the primers in Table 6.2 and cloned into pGEM-T (Promega) and 

subcloned into pTRV2 using the restriction sites in Table 6.2. Agrobacterium tumefaciens 

transformation and VIGS was performed as described in Section 2.15.  
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Table 6.1 Recombinant protein expression constructs : primers used for sequence 

amplification and ligation into pESC-leu2d::PsCPR/LsGAO or pET47b 

Target Primer sequence (5’-3’) 
Restriction 

Enzyme 

PsREPIΔDRS 
GGTACCAGATGGAGAGTAGTGGTGTACCAGTAATC KpnI 

GAGCTCTCAAGCTTCATCATCCCACA SacI 

PrDRR 
GGTACCAGATGGATAGTAGTGGTGTACCTGTAATCC KpnI 

GGATCCTCAAACTTGGTCATCCCATAACTC BamHI 

PsREPI 
GCGGCCGCAAAAATGGAGCTCCAATATATTTCTTATTTTC SphI a 

GCTAGCAGAGCTTCATCATCCCACAACTC NheI 
a Restriction site found on pGEM-T 

 

 

Table 6.2 VIGS constructs: primers used for PsREPI and PsCOR sequence 

amplification and ligation into pTRV2 

Target Primer sequence (5’-3’) 
Restriction 

Enzyme 

5' VIGS 
GAATTCCCTACATACTGTATTGGGTTGAATCATG EcoRI 

GGTACCTAACGGGATAGGACGGTTT KpnI 

Mid VIGS 
GAATTCGGACATGACAGCAACACCAG EcoRI 

GGTACCGCCCAGAACAGGCATCAC KpnI 

Conserved B 

VIGS 

GGATCCCATCACTTCCAAGCTCTGGT BamHI 

GGTACCGGGCTCATCTCCACTTGAT KpnI 

Conserved A 

VIGS 

GGATCCCATCAGTTCCATGCTCTGGT BamHI 

GGTACCGGGCTCATCTCCACTTGATT KpnI 

3' VIGS 
GAATTCTAAATAATACATCTGGTTTCACAG EcoRI 

GGTACCAACATCGATCACTTAACTCTAGACAT KpnI 
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6.4.9 LC-MS/MS 

 LC-MS/MS was performed as described in Section 2.13, except for chiral 

chromatography, where reticuline epimers were separated on a LUX cellulose-1 chiral column 

(150 mm x 2.1 mm; Phenomenex, Torrance, CA; http://www.phenomenex.com) using an 

Agilent 1260 HPLC with a flow rate of 0.2 mL min-1 of 75 % 10 mM ammonium bicarbonate 

and 25% acetonitrile supplemented with 0.1 % diethylamine. Alkaloids were monitored at 284 

nm. 

For enzyme assays and VIGS analysis, the mass analyzer was set to scan from 200-700 

m/z. The concentration of specific alkaloids was estimated by integrating the extracted ion 

chromatogram (EIC) of the alkaloids of interest based on their m/z and retention time.  

 Enzymatic alkaloid production for the determination of PrDRS kinetic constants was 

determined as described in Section 2.11.2 using multiple reaction monitoring (MRM) with 1,2-

dehydroreticuline being monitored with a transition of  328 → 312 m/z with a collision energy 

of 25 eV. 

6.4.10 Expression analysis 

Expression levels of morphine biosynthetic enzymes were estimated by real-time 

quantitative PCR (RT-qPCR). Total RNA from opium poppy variety “40” root, stem, leaf, bud, 

latex and capsule was purified, reverse transcribed and qPCR performed as described in 

Section 2.14 using the primers in Table 2.5. 

6.5 Results 

6.5.1 Isolation of candidates catalyzing the epimerization of (S)-reticuline 

 As previous silencing experiments of COR through RNAi (Allen et al., 2004) or VIGS 

(Wijekoon and Facchini, 2012) in opium poppy showed significant increases in 1-BIAs, we 

http://www.phenomenex.com/
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hypothesized that co-silencing of a similar gene acting as DRR was responsible. Using the 

COR1.1 fragment used for RNAi as a BLAST query in our opium poppy transcriptome 

produced hits that were similar to regions of COR as well as a transcript of 3,192 bp with a 

putative ORF of 900 amino acids, which we named (S)-reticuline epimerase (PsREPI) (Figure 

6.2A). Results were similar using the VIGS gene fragment selected by Wijekoon and Facchini 

(2012) (Figure 6.2B).  

Using PsREPI to query the conserved domain database (Marchler-Bauer et al., 2011), 

we were able to identify residues 80 through 558 as a cytochrome P450 domain, named PsDRS, 

and residues 588 to 871 as an aldo-keto reductase domain (AKR), named PsDRR. Thus, 

residues 1-558 correspond to PsREPIΔDRR, while residues 588-900 correspond to 

PsREPIΔDRS. Using these two domains as queries, BLAST analysis of P. somniferum, P. 

bracteatum and P. rhoeas transcriptomes showed that a similar P450-reductase fusion is 

present in P. bracteatum (PbREPI), but is present as separate polypeptides in P. rhoeas (PrDRS 

and PrDRR). As well, an AKR similar to PsREPIΔDRS was identified from the high morphine 

P. somniferum variety “40” (Desgagné-Penix et al., 2012), which we named PsDRR2.  

Multiple sequence alignment of the P450 domain with other BIA biosynthetic P450s 

from the CYP82 family (Figure 6.3) show strong conservation of important regions, with the 

helix K motif, the aromatic region and the heme-binding domain of these three P450s being 

more than 75% identical to CYP82Y1, which is involved in noscapine biosynthesis (Winzer et 

al., 2012). Phylogenetic analysis of these regions (Figure 6.4) demonstrates that they belong 

to the CYP82 family, with strong similarities to CYP82s involved in noscapine biosynthesis 

(CYP82X1, CYP82X2 and CYP82Y1) and  sanguinarine biosynthesis (CYP82N4), suggesting 

that they may play a role in BIA metabolism. 
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Figure 6.2 Nucleic acid alignment of silencing construct used in previous studies with 

opium poppy codeinone reductase (PsCOR) and (S)-reticuline epimerase (PsREPI) 

 Silencing constructs for PsCOR from (A) Allen et al. (2004) and (B) Wijekoon and 

Facchini (2012) show strong similarity to PsREPI. Gene fragments from PsCOR1.3 and 

PsREPI (Conserved-A VIGS and Conserved-B VIGS, respectively) were used as VIGS 

controls (Figures 6.8-6.9) 
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Figure 6.3 Amino acid alignment of 1,2-dehydroreticuline synthase (DRS) candidates and 

selected cytochromes P450 involved in plant specialized metabolism 

DRS and REPIΔDRR possesses characteristic features of cytochrome P450 

monooxygenases, which are similar to other CYP82s involved in BIA metabolism, including 

the helix K motif (red), the aromatic region (green) and the heme-binding domain (purple). 

The highly conserved Gly/Ala and Ser/Thr region is also indicated (blue).  
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Figure 6.4 Unrooted neighbor-joining phylogenetic tree of 1,2-dehydroreticuline 

synthase (DRS) candidates and cytochromes P450 involved in plant specialized 

metabolism 

 DRS candidates form a monophyletic clade. These enzymes belong to the CYP82 

family (blue) and are similar to P450s involved in noscapine biosynthesis (CYP82X1, 

CYP82X2 and CYP82Y1). This clade is distinct from the other families involved in BIA 

metabolism, the CYP719 family (red) and CYP80 family (green). Bootstrap frequencies for 

each clade are a percentage of 1,000 iterations. The scale bar (0.4) corresponds to a 40% 

change. The percentage of replicate trees in which associated taxa clustered together in the 

bootstrap test is shown next to each branch.  Abbreviations and accession numbers are 

described in the Materials and Methods (Table 2.2). 
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Similarly the AKR regions showed strong similarity to PsCOR, with PrDRR, 

PsREPIΔDRS, PbREPIΔDRS and PsDRR2 being 71%, 72%, 72% and 71% identical to 

PsCOR isoform 3 (PsCOR1.3) (Unterlinner et al., 1999). Multiple sequence alignment showed 

that although many residues in other AKRs are conserved in these DRRs (Figure 6.5), two 

residues of the catalytic tetrad are altered. AKRs possess a catalytic tetrad containing aspartic 

acid, tyrosine, lysine and histidine. In all DRRs except PsDRR2, the catalytic lysine has 

become a methionine or glutamine, while the histidine in the catalytic tetrad has been altered 

to a proline. Virtually all other residues that form part of the active site are conserved among 

these 5 enzymes, as well as several other AKRs involved in other plant processes unrelated to 

BIA metabolism, which suggests that these DRRs may proceed through an alternate 

mechanism. Phylogenetic analysis of these reductases show that these 4 candidate DRRs form 

a distinct clade with PsCOR1.3, distant from enzymes involved in other aspects of plant 

metabolism (Figure 6.6).  

6.5.2 P. somniferum (S)-reticuline epimerase catalyzes the formation of (R)-reticuline from 

(S)-reticuline and 1,2-dehydroreticuline 

 Following cDNA synthesis, we were able to amplify PsREPI from P. somniferum, as 

well as PrDRR from P. rhoeas. However, we were unable to amplify PbREPI from P. 

bracteatum stem cDNA. Expression of DRR candidates in Escherichia coli yielded 

polypeptides that were easily enriched with immobilized metal affinity chromatography 

(IMAC). Using NADPH as a substrate, PrDRR and PsREPIΔDRS were able to readily convert 

1,2-dehydroreticuline to reticuline (Figure 6.7A). Compounds with a m/z of 346 were also 

produced in these reactions (Figure 6.7B), which could indicate hydroxylated or hydrated 

versions of reticuline or 1,2-dehydroreticuline, respectively. They may correspond to  
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Figure 6.5 Amino acid alignment of 1,2-dehydroreticuline reductase (DRR) candidates 

and selected aldo-keto reductases (AKRs) involved in plant metabolism 

 PsREPIΔDRS, PbREPIΔDRS, PrDRR and PsDRR2 form a monophyletic clade with 

PsCORs and belong to the AKR superfamily. Commonly conserved residues in AKRs are in 

blue, residues involved in NADP(H) binding are in purple, other residues that form part of the 

active site are in red, while the catalytic tetrad is in green. Residues that are near the active site 

are underlined. 
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Figure 6.6 Unrooted neighbor-joining phylogenetic tree of 1,2-dehydroreticuline 

reductase (DRR) candidates and selected plant aldo-keto reductases (AKRs) 

 DRR candidates from a monophyletic clade with PsCORs, the only other AKRs 

identified in BIA metabolism. Bootstrap frequencies for each clade are a percentage of 1,000 

iterations. Abbreviations and accession numbers are described in the Materials and Methods 

(Table 2.3). 
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Figure 6.7 in vitro analysis of purified DRR candidates and microsomes expressing 

PsREPI 

Extracted ion chromatograms (EICs) of assays with 1,2-dehydroreticuline and 

PsREPIΔDRS or PrDRR with (A) m/z 328 and 330 and (B) m/z 346, corresponding to 1,2-

dehydroreticuline (1), reticuline (2) and unknown side products, respectively. Reactions with 

PsREPI and 1,2-dehydroreticuline were similar to those with PsREPIΔDRS or PrDRR with 

(C) EICs of m/z 330 and 328 demonstrating the production of reticuline (2) and (D) the 

unknown products at m/z 346. Chiral chromatography (E) confirms the production of (R)-

reticuline through reduction of 1,2-dehydroreticuline by PsREPIΔDRS and PrDRR, as well as 

the ability of PsREPI to convert (S)-reticuline to (R)-reticuline directly. 
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intermediates or dead-end by-products. However, their low abundance precluded NMR 

analysis to confirm their identities. Control E. coli extracts which did not contain DRR did not 

produce any reticuline from 1,2-dehydroreticuline. 

 As cytochrome P450s are anchored to the ER through an N-terminal transmembrane 

domain, expression of these oxidative enzymes is generally not performed in E. coli. PsREPI 

was cloned downstream of the LsGAO N-terminal transmembrane domain in pESC-

leu2d::PsCPR/LsGAO in error, causing a frame-shift resulting in a stop codon immediately 

following the LsGAO N-terminal transmembrane domain and preceding the putative open 

reading frame. This may have caused altered PsREPI expression and activity. In addition, 

PsREPI was not cloned in a vector containing the P. somniferum cytochrome P450 reductase 

(CPR). The absence of this redox partner protein may affect PsREPI activity and kinetic 

constants. However, microsomes of S. cerevisiae expressing this construct were also able to 

convert 1,2-dehydroreticuline to reticuline (Figure 6.7C) and generate the same compounds as 

PrDRR and PsREPIΔDRS at m/z 346 (Figure 6.7D). This may be due to a small amount of 

PsREPI being present in the microsomal fraction, perhaps due to a cryptic start site. 

In order to confirm that the expected epimer, (R)-reticuline, was being generated from 

the AKRs and to determine if PsREPI could epimerize (S)-reticuline, we subjected the 1,2-

dehydroreticuline enzymatic products, as well as assays of PsREPI with (S)-reticuline to chiral 

chromatography (Figure 6.7E). Enzymatic products of both PrDRR and PsREPIΔDRS, which 

were combined, produced single peaks that eluted at the same retention time as (R)-reticuline 

and distinct from (S)-reticuline. PsREPI was able to convert some of the (S)-reticuline to its 

(R)- epimer. The activities of these two domains and PsREPI suggest that PsREPI can catalyze 

the conversion of (S)- to (R)-reticuline and it does so through 1,2-dehydroreticuline as an 
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intermediate. 

6.5.3 Silencing of P. somniferum (S)-reticuline epimerase through virus-induced gene 

silencing 

 To confirm that silencing of PsREPI and not PsCOR is responsible for the 

accumulation of 1-BIAs as described previously (Allen et al., 2004; Wijekoon and Facchini, 

2012), we selected several PsREPI gene fragments for VIGS. This included region similar to 

that used by Allen et al. (2004) from PsREPI and PsCOR (Conserved-A VIGS and Conserved-

B VIGS, respectively), which would silence both transcripts, as controls. We also selected 

regions that should not silence PsCOR and should be specific for PsREPI. One of these 

corresponds to the 5’UTR and the N-terminal region of the P450 (5’ VIGS), another includes 

the C-terminal region of the P450 and N-terminal region of the AKR (Mid VIGS) and a final 

gene fragment includes the 3’UTR (3’ VIGS) (Figure 6.8).  

 Alkaloid analysis of PsREPI-silenced plants showed significant increases in reticuline, 

as well as its methylated derivatives, laudanosine, codamine and laudanine (Figure 6.9). 

However, not all constructs resulted in a decrease in morphinan alkaloids, with morphine only 

being reduced in Conserved-A and B plants. Interestingly, although only 5’VIGS showed a 

reduction in thebaine levels while morphine and codeine levels were unchanged. As well, 

protopine alkaloids were generally increased in PsREPI-silenced plants, indicating increased 

flux through the protoberberine alkaloids to alleviate the bottleneck at (S)-reticuline. Similarly, 

there was an increase in papaverine and noscapine for most silencing constructs (Figure 6.9).  
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Figure 6.8 Regions of opium poppy (S)-reticuline epimerase and PsCOR isoform 3 cDNAs 

used to construct virus-induced gene silencing (VIGS) vectors in pTRV2 

Coding regions of each cDNA are shown as colored arrows, with the cytochrome P450 

domain (DRS) in purple and the aldo-keto reductase domain in green. The region upstream 

and in between these domains is colored in grey.  Untranslated regions are shown as black 

lines. Gene-specific segments used to construct VIGS vectors in pTRV2 are shown as red 

boxes. 
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Figure 6.9 Effect of virus-induced gene silencing (VIGS) on morphinan alkaloids, (S)-

reticuline, its methylated derivatives, and other major alkaloids in opium poppy latex  

(A) LC-MS analysis of latex samples from m/z 200-700 show increases in the 1-BIAs, 

reticuline (c) laudanine/codamine (d) and laudanosine (f), as well as the major BIA alkaloids 

papaverine (g) and noscapine (h), while alterations in the morphinan alkaloids, morphine (a), 

codeine (b) and thebaine (e) are more subtle. A more rigorous analysis (B) shows that many 

of these changes in alkaloid content are significant. As well, significant increases in protopine 

alkaloids were measured. Error bars are the mean ± standard error. Asterisks denote a 

statistically significant difference relative to empty vector (TRV2) at p < 0.05 (*), p< 0.01 (**), 

or p < 0.001 (***) determined by the Student t-test. Statistical analyses were performed using 

GraphPad Prism 5.01. 
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6.5.4 Gene expression analysis 

 Quantitative reverse-transcription PCR was used to estimate transcript levels of REPI 

and other morphine biosynthetic enzymes in opium poppy variety “40”. Although alkaloids 

accumulate in latex, many of the biosynthetic transcripts and proteins are found in the 

companion cells, and sieve elements, respectively (Bird et al., 2003). Only the transcripts and 

protein products of the final steps in morphine biosynthesis, CODM, T6ODM and COR have 

been reported to accumulate in latex (Onoyovwe et al., 2013). Our analysis confirms these 

previous results. All morphinan biosynthetic enzymes from NCS to SalAT, including REPI, are 

present at high levels in stem, while COR, CODM and T6ODM are primarily in latex (Figure 

6.10).  

6.6 Discussion 

 In this study, we have putatively identified the enzymes required for the epimerization 

of (S)-reticuline in the Papaveraceae, the key missing steps in the biosynthesis of morphine in 

opium poppy. PsDRS and PsDRR have been previously reported as separate, and soluble 

polypeptides in opium poppy (De-Eknamkul and Zenk, 1992; Hirata et al., 2004). However, our 

work suggests that that a P450 AKR fusion, the first reported in plants, is responsible for the 

epimerization of (S)-reticuline in opium poppy and suggests that a similar fusion may be 

responsible in other morphinan-producing plants, such as P. bracteatum. However, in other 

members of the Papaveraceae, such as P. rhoeas, DRS and DRR appear to exist as separate 

polypeptides. The enzymatic activities of PsREPI, PsREPIΔDRS and PrDRR suggest that 1,2-

dehydroreticuline is an intermediate to the formation of (R)-reticuline and that a single 

polypeptide can perform both reactions (Figure 6.7). VIGS using 5 different gene fragments 

of PsREPI (Figure 6.8) confirm that silencing of AKRs similar to PsCOR, as well as silencing  
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Figure 6.10 Real-time quantitative PCR (RT-qPCR) of morphine biosynthetic enzymes 

in various organs of opium poppy variety “40” 

Most morphinan biosynthetic transcripts upstream of the O-demethylases CODM and 

T6ODM are found predominantly in stem, including PsREPI. The final steps in morphine 

biosynthesis, CODM, T6ODM and COR are found predominantly in latex. RT-qPCR analysis 

was performed on 15 ng of cDNA synthesized using 300ng of RNA isolated from plant tissues 

and normalized to ubiquitin as the internal control. Relative transcript abundance was 

calculated using the ΔΔCt method and is relative to the organ with the highest expression of 

each transcript. 
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of PsREPI specifically, produce similar results. Silenced plants in some cases have reduced 

morphinan content, and show significant increases in protopine alkaloids, noscapine, 

papaverine, and methylated derivatives of reticuline (Figure 6.9). All other genes in morphine 

biosynthesis have been previously isolated, and occur primarily in stem. PsREPI is found at 

high levels in stem tissue, but appears absent in latex, which is also the case for the previous 

step in BIA metabolism, 4’OMT and the next step in morphine biosynthesis, PsCYP719B1 

(Figure 6.10). This is in contrast to the final steps in morphine biosynthesis, including the DRR 

paralog COR, further solidifying the role of PsREPI early in morphine metabolism.  

 Although the linear route to (R)-reticuline portrayed in Figure 6.1 has been supported 

by radiotracer experiments (Battersby et al., 1965; Borkowski et al., 1978) and biochemical 

evidence (De-Eknamkul and Zenk, 1992; Hirata et al., 2004), recent silencing experiments 

suggest that the order in which the reactions upstream of (S)-reticuline occur may not be strict 

in opium poppy (Desgagné-Penix and Facchini, 2012). In some BIA-producing plants that do 

not produce morphinans, (R)-1-BIAs are also known to occur. For example, (R)-armepavine, 

a derivative of N-methylcoclaurine, is found in T. flavum. As well, berbamunine synthase from 

Berberis stolonifera (CYP80A1) catalyzes the condensation of (R,S)-N-methylcoclaurine 

(Kraus and Kutchan, 1995). As a result, it was possible that the epimerization of 1-BIAs to 

their (R)-epimers may occur upstream of (S)-reticuline in opium poppy as in B. stolonifera. 

Although dehydro derivatives of 1-BIAs other than 1,2-dehydroreticuline were unavailable, 

1,2-dehydroreticuline is readily accepted by PsREPIΔDRS and PrDRR (Figure 6.7A) as well 

as PsREPI (Figure 6.7C) and exclusively catalyzed the formation of (R)-reticuline (Figure 

6.7E). This suggests that the route to (R)-BIAs in opium poppy and perhaps in the genus 

Papaver proceed for the most part through (S)-reticuline. However, as REPI is only present in 
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plants of the genus Papaver, it is likely that another mechanism to produce (R)-BIAs is present 

in other plants of the order Ranunculales and a similar process may provide a minor 

contribution to (R)-reticuline biosynthesis in opium poppy.  

Although these results are internally consistent, the cloning mistake resulting in a frame 

shift and a stop codon between the LsGAO N-terminal transmembrane domain and the PsREPI 

open reading frame may have caused altered activity. As well, the redox partner protein CPR 

was not co-expressed, and thus PsREPI activity likely relies on the endogenous S. cerevisiae 

CPR. CPRs are generally flexible proteins and have been shown to accept P450s from various 

heterologous sources. This property allowed Urban et al. (1997) to identify the Arabidopsis 

thaliana CPRs by the rescue of a yeast conditional CPR mutant. However, plant P450s 

generally have increased activity when co-expressed with a plant CPR. For example, the 

activity of heterologous cinnamate-4-hydroxylase in S. cerevisiae increased 4-fold with the co-

expression of the poplar CPR (Trantas et al., 2009), as well, the glucosinolate biosynthetic 

P450s, CYP79B2 and CYP83B1 showed a 2.5 fold increase in activity when co-expressed with 

the A. thaliana CPR (Mikkelsen et al., 2012). The use of non-plant CPRs, such as the 

endogenous S. cerevisiae CPR has been successful for some P450s, such as those described 

above as well as CYP71A1 (Bozak et al., 1992) and CYP86A1 (Benveniste et al., 1998). 

Indeed, in some cases, CPRs from distant species can also increase the activity of specific 

P450s, such as rabbit CYP2B4 which had increased activity with the Arabidopsis thaliana or 

S. cerevisiae CPRs relative to the human CPR (Lourërat-Oriou et al., 1998). Thus, these results 

may vary from a clone that co-expresses the P. somniferum CPR and is lacking the LsGAO N-

terminal transmembrane domain upstream of PsREPI.  
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 Phylogenetic analysis of PsREPIΔDRS, PbREPIΔDRS, PrDRR and PsDRR2 show that 

they form a monophyletic clade with PsCOR and belong to the AKR superfamily, which 

includes enzymes involved in many essential and specialized metabolic processes across the 

domains of life (Hyndman et al., 2003) (Figure 6.6). Sequence alignment of these enzymes 

with other AKRs from plants demonstrates that many residues involved in NADPH-binding 

as well as those peripheral to the active site are conserved (Figure 6.5). Surprisingly, in 

PsREPIΔDRS, PbREPIΔDRS and PrDRR, two residues in the catalytic tetrad are altered. 

However, these are not present in PsDRR2. As AKRs are involved in the oxidation of alcohols, 

or the reduction of ketones and aldehydes, an alternate mechanism in likely involved in DRR 

activity. This may be mediated through the side product that is detected upon the reduction of 

1,2-dehydroreticuline with a m/z of 346 (Figure 6.7B,D). However, as it has never been 

previously reported, it may be an artifact or a spontaneous derivitization of 1,2-

dehydroreticuline. Alternatively, it could be an intermediate from 1,2-dehyoreticuline to (R)-

reticuline. To our knowledge, aside from DRR, no AKR has been reported to reduce carbon-

nitrogen bonds and it may proceed through a novel mechanism. 

 Phylogenetic analysis confirmed that the P450 region of PsREPI belongs to the CYP82 

family, and is closest to other members involved in BIA metabolism (Figures 6.3 and 6.4). 

This came as a surprise, as DRS has been previously reported to be a soluble protein, as well 

as have a pH optimum of 8.75, which are properties similar to that reported for FAD-dependent 

oxidoreductases (FADOX), such as BBE (Dittrich and Kutchan, 1991), DBOX (Hagel et al., 

2012) and STOX (Gesell et al., 2011). It is possible that this soluble enzyme that can catalyze 

the conversion of (S)-reticuline to 1,2-dehydroreticuline is a FADOX. STOX has already been 

reported to convert (S)-reticuline to 1,2-dehydroreticuline as a minor activity (Amann and H. 
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Zenk, 1987). A survey of FADOXs from opium poppy failed to identify any DRS activity 

(Hagel et al., 2012). However, it is unlikely that if such an enzyme exists, it plays a major role 

in epimerizing (S)-reticuline in opium poppy.  

 To validate the role of PsREPI in morphine biosynthesis in opium poppy, we silenced 

PsREPI through VIGS using 5 different gene fragments, 4 in various PsREPI regions, and one 

similar to that used by Allen et al. (2004) from PsCOR (Figure 6.8). As reported previously 

(Allen et al., 2004; Wijekoon and Facchini, 2012), we observed a significant increase in 

reticuline and its methylated derivatives for all silencing constructs (Figure 6.9). However, 

significant changes in morphine and codeine levels were only seen in PsCOR- and PsREPI-

silenced plants and may be the result of PsCOR silencing and not PsREPI. However, a 

significant decrease in thebaine was observed in a gene fragment specific for PsREPIΔDRR, 

which may suggest that another similar CYP82 may be involved in morphinan biosynthesis, 

or regulation. Significant increases were detected in most other major alkaloids, such as the 

protopine alkaloids, papaverine and noscapine, as flux is diverted from the morphinan 

pathway. It is interesting to note that these increases were not reported in previous silencing 

experiments of morphine-specific biosynthetic genes (Allen et al., 2004; Allen et al., 2008; 

Wijekoon and Facchini, 2012), which suggests that changes in levels of the first committed 

step in each pathway may be the most important in modulating metabolic flux through these 

pathways. 

 Previous studies have suggested a complex containing DRS, DRR and other morphinan 

biosynthetic enzymes may occur due to the accumulation of upstream intermediates as a result 

of VIGS silencing (Wijekoon and Facchini, 2012). These mutli-enzyme complexes are 

common throughout primary and are present within secondary metabolism, such as fatty acid 



 

189 

synthase (FAS) complex in plants (Ryall et al., 2003) and the biosynthetic enzymes of the 

cyanogenic glycoside dhurrin (Nielsen et al., 2008), respectively. These complexes offer 

several advantages, such as increased metabolic turnover and protection of reactive 

intermediates. However, assembly of protein complexes can require other protein factors, are 

not as stable as covalently bound domains, and requires the stoichiometric production of these 

enzymes at the same time and place. Although operons in prokaryotes permit the coordinated 

expression of associated genes, gene fusions allow the stoichiometric production of these 

enzymes, as well as ensuring their close association. These fusions are relatively rare, but can 

perform important tasks, such as the multienzyme FAS in humans (Maier et al., 2008). These 

fusions can be advantageous relative to the discrete enzymes, as gene fusion is approximately 

4 times more common than gene fission (Kummerfeld and Teichmann, 2005). Alternatively, 

PsREPI, PsDRS or PsDRR may be formed by alternative splicing (Magrangeas et al., 1998; 

Akiva et al., 2006). However, with the identification of PsDRR2, it is likely that a duplication 

of DRR occurred near DRS, as PsDRR2 retains the catalytic residues found in most AKRs. 

Studies of the intronic structure, as well as the genomic locations of PsREPI, PsDRS and 

PsDRRs may be used to validate this hypothesis. 

 Cytochrome P450 fusions are rare and generally occur as fusions with a redox partner, 

either flavoenzymes or iron-sulfur proteins, which can transfer electrons to the P450 to 

regenerate its heme cofactor (Guengerich and Munro, 2013). To our knowledge, no non-redox 

P450 fusion proteins have been reported from plants, however there are several examples in 

microbes. CYP631B5, which is composed of an N-terminal P450 and a C-terminal hydrolase, 

catalyzes the hydroxylation and lactonization, respectively, of 5-methylorsellinic acid in 

Penicillium brevicompactum (Hansen et al., 2012). The significance of REPI as P450-fusion 
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is unclear, but it appears to only occur in morphinan-producing plants. As PsREPI can catalyze 

the reduction of 1,2-dehydoreticuline (Figure 6.7C), as well as catalyze the epimerization of 

(S)-reticuline (Figure 6.7E), it may be more efficient than having the enzymes exist as separate 

polypeptides. Although P. rhoeas likely contains the enzymes required for (R)-reticuline 

formation, the major alkaloids of P. rhoeas have not been reported to include (R)-BIAs and 

thus the role of these enzymes in P. rhoeas remains unknown. 

 The molecular cloning of REPI, which catalyzes the reactions reported for DRS and 

DRR represents the last unidentified enzymes in the biosynthesis of morphine from the first 

BIA, (S)-norcoclaurine. As opium poppy remains the sole commercial source of this valuable 

pharmaceutical analgesic, several groups are investigating producing BIAs in microbial 

systems (Hawkins and Smolke, 2008; Nakagawa et al., 2011; Nakagawa et al., 2012; Fossati 

et al., 2014; Thodey et al., 2014). Several systems have been developed for the production of 

reticuline in E. coli (Nakagawa et al., 2011; Nakagawa et al., 2012) or S. cerevisiae (Hawkins 

and Smolke, 2008) as well as for the production of several pharmaceutically-relevant opiates 

from thebaine (Thodey et al., 2014). The identification of REPI may allow for these systems 

to be combined and allow for the microbial production of morphine from glucose. 

Alternatively, increasing levels of PsREPI in planta may increase the metabolic flux through 

(R)-reticuline, resulting in an increase in morphinan alkaloids. This approach, combined with 

increases in other morphinan biosynthetic transcripts that have previously shown to increase 

morphinan content (Frick et al., 2007; Larkin et al., 2007; Allen et al., 2008) may be sufficient 

to significantly increase morphinan yield and in the long term, may decrease the cost of these 

pharmaceuticals.  
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CHAPTER 7: CODEINE ISOMERASE – A CODEINONE REDUCTASE PARALOG 

CATALYZING THE FORMATION OF NEOPINE AND OTHER RARE 

MORPHINAN ALKALOIDS 

7.2 Introduction 

 Benzylisoquinoline alkaloids (BIAs) are a diverse group of >2,500 plant specialized 

metabolites. Although they are mostly distributed among the basal eudicot order Ranunculales, 

it is mainly the genus Papaver that has been reported to produce morphinan alkaloids such as 

the powerful analgesics codeine and morphine (Liscombe et al., 2005). To this day, opium 

poppy (Papaver somniferum) remains the sole commercial source of these narcotics, which 

serve as sources for their semi-synthetic derivatives, including oxycodone, hydrocodone, 

buprenorphine and naltrexone (Berenyi et al., 2009). 

 These alkaloids belong to one of the most studied plant specialized metabolic pathways, 

with molecular clones for all enzymes from P. somniferum from the two tyrosine derivatives 

4-hydroxyphylacetaldehyde (4HPAA) and dopamine to the central intermediate (S)-reticuline 

(Nakagawa et al., 2011; Beaudoin and Facchini, 2014), the antimicrobial agent sanguinarine, 

the antitussant and anticancer lead noscapine (Winzer et al., 2012) as well as the commercially 

valuable morphinan alkaloids codeine and morphine (Chapter 6) identified.  

 The first committed step in BIA biosynthesis is the formation of (S)-norcoclaurine by 

norcoclaurine synthase (Samanani et al., 2004), which is followed by a series of two O-

methylations, one N-methylation (Facchini and Park, 2003) and one hydroxylation (Pauli and 

Kutchan, 1998) to yield (S)-reticuline, which can be further modified to a variety of BIA 

subgroups (Beaudoin and Facchini, 2014). In morphine biosynthesis, (S)-reticuline is 

epimerized by the cytochrome P450 aldo-keto reductase fusion (S)-reticuline epimerase 
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(REPI), consisting of 1,2-dehydroreticuline synthase (DRS) and 1,2-dehydroreticuline 

reductase (DRR) (Chapter 6). This is followed by a C-C phenol coupling catalyzed by 

salutaridine synthase (CYP719B1) (Gesell et al., 2009), a reduction and O-acetylation 

followed by a spontaneous rearrangement to give the morphinan alkaloid thebaine (Grothe et 

al., 2001; Ziegler et al., 2006). The pathway then bifurcates, the major route converting 

thebaine to neopinone by thebaine 6-O-demethylase (T6ODM), which then converts 

spontaneously to codeinone (Hagel and Facchini, 2010a). Codeinone is then reduced by the 

aldo-keto reductase (AKR) codeinone reductase (COR) (Unterlinner et al., 1999) to codeine, 

which is demethylated to morphine by codeine O-demethylase (CODM) (Hagel and Facchini, 

2010a). Alternatively, in the minor route, thebaine can be demethylated by CODM to 

oripavine, demethylated by T6ODM and finally reduced by COR to morphine (Figure 7.1).  

 COR belongs to the aldo-keto reductase (AKR) superfamily, which is distributed over 

bacteria, yeast, plants and animals (Jez et al., 1997). AKRs have been shown to play a role in 

protecting organisms from abiotic stress across kingdoms, some of which are able to respond 

to xenobiotics, cold and oxidative stress (Jin and Penning, 2007; Simpson et al., 2009; Turóczy 

et al., 2011; Lapthorn et al., 2013; Éva et al., 2014a; Kanayama et al., 2014; Éva et al., 2014b). 

Recently, several have been identified in plant specialized metabolism, such as 

methylecgonone reductase (EcMecgoR) in cocaine biosynthesis from Erythroxylum coca 

(Jirschitzka et al., 2012), perakine reductase in the monoindole terpenoid alkaloid ajmaline 

pathway from Rauvolfia serpentina (RsPE) (Sun et al., 2008; Sun et al., 2012) as well as 

chalcone reductase (CHR) involved in isoflavonoid metabolism (Welle et al., 1991; Bomati et 

al., 2005). Generally, AKRs maintain broad substrate specificity to detoxify a number of toxic   
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Figure 7.1 Morphinan alkaloid biosynthetic pathway from (S)-reticuline 

In the biosynthesis of morphine in P. somniferum, the central intermediate (S)-

reticuline is epimerized by the action of 1,2-dehydroreticuline synthase (DRS) and 1,2-

dehydroreticuline reductase (DRR) which are two domains of reticuline epimerase (REPI) in 

opium poppy. After the C-C phenol coupling reaction by salutaridine synthase (CYP719B1) 

to form salutaridine, it is reduced by salutaridine reductase (SalR), and O-acetylated by 

salutaridinol 7-O-acetyltransferase (SalAT) to yield the first morphinan thebaine. Thebaine is 

then O-demethylated twice by thebaine 6-O-demethylase (T6ODM) and codeine O-

demethylase (CODM) and reduced by codeinone reductase (COR) to yield morphine. Codeine 

and neopinone can be transformed to neopine by codeine isomerase (COI), while 

neomorphinone and morphine can be transformed to neomorphine. Neopine is also likely 

converted to neomorphine by CODM. 
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compounds. However, those in specialized metabolism appear to have a more restricted 

substrate range. 

 The enzymatic activity of COR was first described in 1978 (Furuya et al., 1978) and 

was followed by the purification of two isoforms, from cell culture and from capsule, which 

had similar properties (Lenz and Zenk, 1995b). The molecular cloning of 4 functional isoforms 

(COR1.1-COR1.4, AF108432- AF108435), two partial cDNAs (COR1.5-COR1.6, 

AF108436- AF108437) and one non-functional similar AKR (COR2, AF108438) presented 

COR as the first AKR in BIA metabolism (Unterlinner et al., 1999). COR’s importance in 

morphine biosynthesis has been demonstrated in COR-overexpressing transgenic P. 

somniferum plants which have up to 30% greater morphinan yield (Larkin et al., 2007).  

 Although the pathways to many abundant BIAs in P. somniferum have been fully 

elucidated, there remains several minor constituents for which there remains no molecular 

clone for the enzyme responsible, and in some cases, no description of enzymatic activity. 

Until recently, one such example was neopine, a rare morphinan alkaloid which differs from 

codeine in the location of one double bond. It was first identified as a constituent in opium in 

1911 (Dobbie and Lauder, 1911), and its chemical structure determined in 1926 (van Duin et 

al., 1926). Neopinone, the ketone of neopine, was shown to be a precursor of codeine and 

morphine through radiolabelling and was suggested to spontaneously rearrange to codeinone 

(Parker et al., 1972), which was then confirmed in vitro (Gollwitzer et al., 1993). However, a 

recent report suggests that COR can also reduce neopinone to neopine, which can subsequently 

be converted to neomorphine by CODM (Thodey et al., 2014). 

Here we describe codeine isomerase (COI), a COR paralog which shares significant 

sequence similarity to previously characterized CORs. However, unlike COR, COI efficiently 
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converts codeine to neopine, as well as all other assayed morphinans lacking a 6-O-methyl 

with a C7-C8 desaturation, converting these to their C8-C14 desaturated equivalents. 

Interestingly, COR and COI can perform this reaction with either NADP+ or NADPH as a 

cofactor indicating that although there is no change in oxidative state between substrate and 

product, this AKR still requires a co-factor. To the best of our knowledge, this is the first AKR 

that can catalyze an isomerization. In addition, COI and COR can produce both neopinone and 

neomorphinone from codeine and morphine, respectively as well as producing neomorphine 

from morphine through neomorphinone. Thus the route to neomorphine likely proceeds 

through several routes and not only through neopine as suggested previously (Thodey et al., 

2014). 

7.3 Materials and Methods 

7.3.1 Plants and Chemicals 

See Section 2.1 though 2.4 

 Codeine and morphine N-oxides were synthesized similarly to Craig and 

Purushothaman (Cymerman Craig and Purushothaman, 1970). To an ice sold solution of 1 mg 

of the free base alkaloid in 2 mL chloroform, an equimolar amount of m-chloroperbenzoic acid 

was added gradually and was put on a rotary shaker at 120 rpm for 3 h at 25 °C. The reaction 

was acidified with the addition of a couple drops of glacial acetic acid, and was extracted three 

times with 1 mL of water. The extracts were evaporated to dryness in a Speed-Vac concentrator 

(Savant; Ramsey, MN; http://www.thermo.com), resuspended in MeOH and separated by TLC 

on Silica Gel 60 F254 plates (EMD Millipore; Billerica, MA; http://www.emdmillipore.com) 

with ethyl acetate:methanol: 2 M ammonia in ethanol (17:2:1). All spots were scraped off and 

extracted with methanol and corresponded to the original alkaloid and its N-oxide. The reaction 

http://www.thermo.com/
http://www.emdmillipore.com/
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with codeine also had a third spot, corresponding to its N-desmethyl form (norcodeine). Purity 

and identification of the products were confirmed by LC-MS/MS. 

7.3.2 Isolation of COI and Phylogenetic analysis 

 PsCOI was amplified from cDNA synthesized from P. somniferum variety “Bea’s 

Choice” using primers specific to all PsCOR isoforms (forward: 5’- 

GGTACCAGATGGAGAGTAATGGTGTTCC-3’; reverse: 5’- 

GCGGCCGCTCAAACTTCTCCGTCCCAGA -3’) and was subcloned into the pGEM-T 

vector (Promega; Madison, WI; http://www.promega.com) for sequencing. For phylogenetic 

analysis, the amplified sequence was compared to selected plant AKRs. Amino acid alignment, 

phylogenetic analysis and visualization was performed as described in Section 2.5. 

Abbreviations are listed in Table 2.3.  

7.3.3 Expression Vector Construction 

 PsCOI was subcloned from pGEM-T and was inserted in frame with the N-terminal 

polyhistidine tag in pET47b (EMD Millipore; Billerica, MA; http://www.emdmillipore.com) 

using KpnI and NotI restriction sites introduced by PCR. A synthetic PsCOR1.3, codon-

optimized for expression E. coli (Genscript; Piscataway, NJ; http://www.genscript.com), was 

inserted in frame with the N-terminal polyhistidine tag in pET47b using KpnI and BamHI 

restriction sites synthesized with the codon-optimized gene. 

7.3.4 Recombinant Protein Expression and Purification 

 pET47b::COI and pET47b::COR1.3 were transformed into the E. coli expression strain 

Rosetta(DE3) (EMD Millipore), expressed and purified as described in Section 2.9.  

http://www.promega.com/
http://www.emdmillipore.com/
http://www.genscript.com/
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Total protein (10 µg) from the 100 mM imidazole elution was separated by SDS-PAGE 

to access protein purity and the presence of a polyhistidine tag was verified by immunoblotting 

using anti-His tag antibodies (Genscript). 

7.3.5 Enzyme Assays 

 For pH and temperature optima, see Section 2.12.1. Codeine was used as the alkaloid 

substrate. 

 Timecourses were performed with 4, 40 or 200 ng/µL of purified, desalted protein, 

incubated at 37 °C for 5, 10, 15, 20, 25, 30, 35, 40 or 45 min at pH 9 (100 mM glycine) with 1 

mM NADPH or at pH 7.5 (100 mM KPO4
-) with 1 mM NADP+ in a total volume of 50 µL.  

 Substrate range experiments were performed with 40 ng/µL of purified, desalted 

protein at 37 °C for 16 h with 50 µM alkaloid substrate at pH 9 (100 mM glycine) with 1 mM 

NADPH or at pH 7.5 (100 mM KPO4
-) with 1 mM NADP+ in a total volume of 50 µL. 

7.3.6 LC-MS/MS Analysis 

 For LC and MS ionization conditions, see Section 2.13. All reactions were first run 

with quadrupole 1 and 2 set to RF only, with quadrupole 3 scanning from 200-400 mass-to-

charge (m/z) to determine the products of the reaction. As the detection limit of morphinans is 

relatively high, reactions were then run in single ion monitoring mode (SIM) with two ions 

being monitored: (1) the alkaloid substrate, and (2) the oxidation or reduction product. For a 

list of mass-to-charge ratios, see Table 7.1. 

7.4 Results 

7.4.1 COI and COR belong to the aldo-keto reductase family 

 COI was amplified as a COR homolog and after sequencing in pGEM-T was shown to 

be 97%, 95%, 94% and 95% identical to COR1.1, COR1.2, COR1.3 and COR1.4, respectively.  
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Table 7.1 Collision-induced dissociation (CID) spectra of alkaloids in this study 

Compound 
Retention 
Time (min) 

Mass-to-
Charge 
(m/z) 

Collision 
Energy (eV) CID Spectrum 

Codeine N-oxide 2.664 316 25 
60.1(33), 74.2(9), 146.1(9), 161(5), 162.2(100), 193.1(5), 199.2(12), 211(6), 
215.3(5), 225.1(6), 227.1(4), 229.2(17), 242.2(13), 243.1(12), 280.2(22), 
282.2(10), 284.3(5), 298.3(14), 299.3(54), 316.3(18) 

Neopine N-oxide 1.569 316 25 
60.1(100), 74.2(5), 155.1(2), 165.1(7), 169.1(4), 171.1(4), 183.2(19), 
193.2(28), 197.1(3), 199.2(34), 201.2(5), 211.1(5), 213.2(3), 215.2(11), 
225.2(13), 239.2(2), 241.2(4), 243.2(34), 257.2(2), 316.3(5) 

Codeinone N-
oxide 

2.894 314 25 
60.1(29), 74.1(44), 181.1(31), 199.2(14), 207.1(15), 211.2(16), 213.1(15), 
225.1(16), 229.2(24), 237.1(16), 239.2(31), 240.2(17), 241.2(64), 254.2(16), 
268.3(22), 280.2(21), 282.2(14), 296.3(14), 297.3(100), 314.2(20) 

Neopinone N-
oxide 

2.691 314 25 
60.1(63), 74.1(71), 153.1(11), 181.2(53), 195.2(11), 199.1(26), 207.1(19), 
211.2(23), 213.2(23), 223.1(12), 225.1(14), 229.1(9), 237.3(15), 239.2(40), 
240(16), 241.2(100), 254.2(17), 268.3(11), 297.3(35), 314.3(21) 

Neomorphine N-
oxide 

0.710 302 25 
60(100), 74.1(5), 153(1), 155.2(2), 157(5), 165.1(5), 168.8(3), 181.1(2), 
183.1(7), 185(28), 187.1(2), 193(8), 198.8(2), 199.2(2), 201.2(7), 211(13), 
226.9(2), 229.1(21), 243.1(1), 302(5) 

Morphine N-oxide 0.966 302 25 
60.1(20), 74(12), 162(100), 165(6), 183(6), 201.1(9), 209(5), 211.1(9), 
215.2(18), 226.9(5), 228(8), 228.9(7), 256.2(6), 266.1(26), 266.9(12), 
267.3(11), 268.2(11), 284.1(29), 285.1(45), 302.2(52) 

Neomorphinone 
N-oxide 

0.949 300 25 
56.1(13), 60(87), 74(90), 153(27), 157(15), 169.1(12), 179(11), 181.1(72), 
185.1(38), 197.1(45), 199(30), 207.1(25), 209.1(22), 223.2(10), 225(45), 
226(18), 227.1(100), 235.2(24), 240.1(11), 300(18) 

Neomorphine N-
oxide 

1.214 300 25 
60(53), 74.1(70), 153.1(16), 181.1(42), 185(27), 197(32), 199.1(18), 207(26), 
209.1(16), 215(25), 223(17), 225.1(33), 226.1(22), 227.1(86), 235(23), 
254(17), 266.2(29), 282.1(36), 283.2(100), 300.1(47) 

Norcodeine 1.454 286 25 
121(36), 137(16), 155.1(13), 161(14), 165(44), 181(39), 183.1(30), 
187.1(15), 191(25), 193.1(35), 199.1(29), 201.1(13), 209.1(28), 215.1(36), 
219.1(11), 225.1(43), 236(15), 243(12), 268.1(39), 286.1(100) 

Norneopine 2.114 286 25 
128.1(3), 141(12), 153.1(7), 155.1(20), 165(45), 169.1(19), 171.1(22), 
181.1(4), 183.1(62), 187.1(4), 193.1(75), 197(5), 199(100), 201.1(13), 
211.1(11), 213(3), 215.1(29), 225.1(19), 241.1(3), 243.1(37) 

Norcodeinone 2.915 284 25 
153.1(36), 165(21), 179.1(20), 181.1(80), 183(16), 195.2(14), 197.8(14), 
199(30), 207(45), 208(13), 209.2(17), 211(37), 213.2(20), 223(25), 
224.9(16), 236.9(30), 239.1(50), 241(99), 252.2(16), 284.2(71) 

Codeine 2.654 300 25 
58.2(21), 165.2(9), 171.1(6), 183.1(27), 187.2(7), 193.2(12), 199.2(60), 
215.2(19), 225.1(17), 243.3(18), 300.2(100) 

Neopine 1.609 300 25 
58.2(26), 165.2(8), 171.2(9), 183.2(42), 193.2(16), 199.2(100), 211.2(6), 
215.2(7), 225.2(12), 243.2(25), 300.3(13) 

Codeinone 3.652 298 25 
58.2(55), 180.9(11), 181.3(13), 195.1(6), 199.2(5), 207.5(5), 213.2(7), 
223(6), 239.1(8), 241.1(44), 298.3(100) 

Neopinone 3.285 298 25 
58.3(63), 181.2(100), 199.2(32), 210.7(12), 211.2(12), 213(26), 240.8(19), 
241.2(23), 298.2(19)  

Morphine 0.608 286 25 
57.7(16), 58.3(14), 122.8(8), 142.9(12), 145.1(13), 154.8(17), 157(8), 
165.2(26), 180.7(11), 181.1(14), 183.1(16), 184.7(9), 200.8(32), 209.2(15), 
210.9(15), 286.3(100) 

Neomorphine 0.359 286 25 
58.1(33), 157.1(24), 165.1(8), 183.1(20), 185.1(100), 209.1(6), 211.1(11), 
229.2(8), 286.2(9) 

Morphinone 1.740 284 25 
55(8), 58.1(68), 141.1(6), 153.1(22), 157(7), 169(14), 171.1(8), 179.1(6), 
181.1(33), 184.1(5), 185.1(11), 197.1(27), 199.1(11), 207(9), 209.1(22), 
225.1(25), 227.1(38), 284.2(100) 

Neomorphinone 1.395 284 25 
58.1(60), 153.1(28), 157.1(10), 169(6), 171.1(9), 181.1(57), 185.1(34), 
197.1(25), 199.1(18), 225.1(6), 227.1(21), 284.1(12) 
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After sequence alignment with a variety of plant AKRs. COI maintains all of the conserved 

residues in the AKR superfamily, including those involved in NAD(P)(H) binding and the 

catalytic tetrad: D51, Y56, K86 and H119 (Figure 7.2). The only difference in active site 

residues between COI and COR1.3 is at amino acid 25, which is a valine and alanine 

respectively. 

 Phylogenetic analysis revealed that COI and other P. somniferum AKRs form a distinct 

clade, distant from other alkaloid AKRs (Figure 7.3). The most similar plant AKRs are the 

deoxymugineic acid synthase genes from maize and rice, which are 51% and 52% identical to 

COI.  

7.4.2 PsCOI converts codeine and codeinone to neopine  

 His-tagged COI and COR1.3 were expressed in E. coli and purified by Co2+-affinity 

chromatography. The recombinant proteins had an apparent molecular weight consistent with 

their theoretical masses by SDS-PAGE (Figure 7.4A). Immunoblots probed with anti-His tag 

antibodies demonstrated that these purified proteins contained the expected polyhistidine tag 

(Figure 7.4B).  

 To determine catalytic activity, COR1.3 and COI were incubated with codeine and 

NADP+ as a co-factor. LC-MS analysis revealed the accumulation of codeinone and neopinone 

(m/z 298) as well as a new peak with a m/z identical to codeine (m/z 300), which was much 

greater in assays with COI than with COR1.3 (Figure 7.5A). Collision-induced dissociation 

(CID) spectra of codeine and this alkaloid demonstrated that they are very similar compounds, 

with the only marked difference being the large decrease in the intensity of the quasi-molecular 

ion with respect to codeine (Table 7.1). The retention time difference as well as the  
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Figure 7.2 Amino acid alignment of opium poppy codeine isomerase (PsCOI) and selected 

plant aldo-keto reductases (AKRs) 

 PsCOI and PsCOR1.3 belong to the aldo-keto reductase (AKR) superfamily. 

Commonly conserved residues in AKRs are in blue, residues involved in NADP(H) binding 

are in purple, other residues that form part of the active site are in red, while the catalytic tetrad 

is in green. Residues that are near the active site are underlined. 
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Figure 7.3 Unrooted neighbor-joining phylogenetic tree of PsCOI and selected plant aldo-

keto reductases (AKRs) 

 COR and COI are most similar to other AKRs involved in BIA metabolism. The scale 

bar (0.3) corresponds to a 30% change. The percentage of replicate trees in which associated 

taxa clustered together in the bootstrap test is shown next to each branch. Abbreviations and 

accession numbers are described in the Materials and Methods (Table 2.3). 
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Figure 7.4 Purified recombinant His-tagged PsCOI and PsCOR separated by SDS-PAGE  

(A) Ponceau S stained nitrocellulose membrane of 20 µg cell free E. coli lysate (WCL) 

expressing PsCOR1.3 or PsCOI and 20 µg 100 mM imidazole eluate (Purified) (B) 

Immunoblot with anti-6xHis antibodies demonstrates that the purified proteins are tagged and 

likely correspond to recombinant PsCOR1.3 and PsCOI. 
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Figure 7.5 Codeine isomerase (PsCOI) converts codeine to neopine through codeinone  

(A) Codeine (2) and NADP+ incubated with PsCOI show a large accumulation of 

neopine (1), as well as a small amount of neopinone (3) and codeinone (4). PsCOR1.3 produces 

only a trace amount of neopine (2) under the same conditions. (B) Codeinone (4) and NADP+ 

incubated with PsCOI causes a large accumulation of neopine (1) and a small amount of 

codeine (2). This relationship is reversed with PsCOR1.3 which produces mostly codeine (2).  
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fragmentation data was similar to what has recently been reported to be neopine, which is likely 

the reduction product of neopinone (Thodey et al., 2014). 

In order to assess whether neopinone or codeinone are intermediates to neopine, we 

incubated codeinone, which forms an equilibrium with neopinone spontaneously (Parker et al., 

1972; Gollwitzer et al., 1993) with both COI or COR and NADP+ as a co- factor. Interestingly, 

both codeine and neopine are formed with both enzymes (Figure 7.5B). However, neopine 

predominates in COI assays, while codeine predominates after incubation with COR1.3. The 

reduction of these ketones to alcohols is surprising as NADP+ is an oxidizing agent.  

7.4.3 PsCOI can accept either NADP+ or NADPH as a cofactor 

 As the oxidation of codeine to codeinone and reduction of codeinone to neopine or 

codeine could proceed with NADP+, we determined if PsCOI or PsCOR1.3 could accept 

NADPH as a cofactor. We determined the pH optima of both NADP+ and NADPH as a 

cofactor for the production of neopine with PsCOI to be pH 7.5 and pH 9, respectively (Figure 

7.6A). This is similar to the pH optima previously reported for PsCOR isoforms (Unterlinner 

et al., 1999). Interestingly, reactions with NADPH did not show the accumulation of codeinone 

or neopinone, but rather just neopine (Figure 7.6B). This is in contrast with NADP+ as a 

cofactor where all three products are detectable (Figure 7.6C). We also attempted to reverse 

the accumulation of neopine by incubating neopine produced by PsCOI with both cofactors. 

Only a small amount of codeinone and neopinone was observed in the presence of NADP+ 

(Figure 7.6D). 

 To determine the preferred reaction conditions for the formation of neopine we 

measured the accumulation of neopine over time with both cofactors for each enzyme (Figure 

7.7). Common kinetic constants could not be measured as PsCOI does not follow Michaelis- 
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Figure 7.6 Codeine Isomerase (PsCOI) accepts NADP+ and NADPH in the formation of 

neopine from codeine  

(A) pH optima of NADP+ and NADPH reveal that PsCOI can accept both cofactors, 

albeit NADP+ preferred at approximately pH 7.5 and NADPH at pH 9. (B) Codeine (2) and 

NADP+ incubated with PsCOI causes the formation of neopine (1) as well as codeinone (4) 

and neopinone (3), which is in contrast to (C) codeine and NADPH incubated with PsCOI 

which produces only neopine (1). (D) Neopine (1) incubated with NADP+ and PsCOI forms a 

small amount of codeinone (shown with an arrow). However, no reaction takes place with 

NADPH. 
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Figure 7.7 Accumulation of neopine with either PsCOI or PsCOR1.3 and NADP+ or 

NADPH as cofactors. 

Conversion of codeine to neopine with NADP+ (black) proceeds much more rapidly 

with PsCOI (circles) than with PsCOR1.3 (squares). On the other hand, neopine production 

with NADPH (white) is similar with either enzyme. 
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Figure 7.8 PsCOI accepts 6-O-desmethyl morphinan substrates with a C7-C8 

desaturation 

 Substrates accepted include morphine, codeine, their N-oxide derivatives as well as 

norcodeine. Novel alkaloids are marked with an arrow. Thebaine and oripavine, which have a 

6-O-methyl, were not accepted.  
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Menten kinetics as there are at least six reactions that can take place: (1) codeine to codeinone, 

(2) codeinone to codeine, (3) codeinone to neopinone, (4) neopinone to codeinone, (5) 

neopinone to neopine and (6) neopine to neopinone. However, we cannot dismiss that codeine 

could proceed directly to neopine with NADPH as a cofactor. Although the reaction to neopine 

proceeds rapidly with PsCOI and NADP+, it is interesting to note that both enzymes can 

catalyze the formation of neopine with NADPH and perform it more efficiently than PsCOR1.3 

with NADP+. 

7.4.4 PsCOI accepts all morphinan alkaloids lacking a 6-O-methyl 

 As PsCOR1.3 and AKRs in general accept a variety of substrates, we tested a variety 

of morphinan alkaloids we had available. Thebaine and oripavine, which have a 6-O-methyl 

were not accepted as substrates. However, all other morphinans tested were accepted as 

substrates: morphine, norcodine and codeine N-oxide and morphine N-oxide (Figure 7.8).  

7.5 Discussion 

 Opium poppy has long been used as a source of the narcotic alkaloids morphine and 

codeine. Since the isolation of morphine in 1806 (Sertürner, 1806) demonstrated that the 

pharmacological properties of a medicinal plant are the result of small molecules, thousands 

of BIAs have been identified. Of these, several alkaloids from opium poppy have been 

identified, including the morphinans neopine (van Duin et al., 1926), codeine and morphine 

N-oxides (Phillipson et al., 1976) and the bismorphinans somniferine (Dragar and Bick, 1988) 

and bismorphine (Morimoto et al., 2001). However, little is known about their biosynthetic 

origins.  

 Understanding the biochemistry of these pathways has assisted in the development of 

varieties (Millgate et al., 2004) or processes (Cotterill, 2010) that yield increased amount of 
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thebaine per plant. Thebaine is the precursor to the valuable semi-synthetic opiates oxycodone 

and nalbuphine, as well as the opioid receptor antagonists naloxone and naltrexone (Berenyi 

et al., 2009), which are increasingly playing a role in treating overdoses and addiction 

(Lobmaier et al., 2010). As well, assembling these pathways in Saccharomyces cerevisiae 

along with other fungal enzymes can yield important pharmaceuticals such as hydrocodone, 

hydromorphone and oxycodone directly from thebaine in vivo (Thodey et al., 2014). 

Identifying routes to rare or novel morphinans may also provide large enough quantities to 

study new synthetic routes or chemistries to develop novel pharmaceuticals.  

 In this study, we report codeine isomerase from opium poppy (PsCOI), which belongs 

to the AKR superfamily. PsCOI retains many of the residues common in AKRs, including 

those involved in substrate binding and the catalytic tetrad (Figure 7.2). It is also similar to 

other plant AKRs such as the rice and maize deoxymugineic acid synthase (DMAS) (Figure 

7.3). Although PsCOI is very similar to the four reported isoforms of codeinone reductase 

(PsCOR1.1-4) (Unterlinner et al., 1999), it preferentially catalyzes the formation of neopine 

from codeine instead of codeinone with NADP+ as a cofactor (Figure 7.5A). Interestingly, both 

PsCOI and PsCOR1.3 catalyze the formation of codeine and neopine from codeinone with 

NADP+ as a cofactor (Figure 7.5B). This transformation is counter-intuitive, as these 

reductions would be expected to only take place with NADPH as a cofactor.  

 Indeed, the transformation of codeine to neopine proceeds with either NADP+ or 

NADPH, but the reaction is heavily dependent on pH (Figure 7.6A). We suggest that the 

reaction with NADP+ proceeds through codeinone and neopinone, as they are also products 

(Figure 7.6B) and can be used substrates by PsCOI to produce neopine (Figure 7.5B). It is 

unclear if the reaction with NADPH proceeds similarly, as neither codeinone nor neopinone 
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can be detected (Figure 7.6C). The reverse reaction from neopine to codeine does not readily 

proceed with either NADPH or NADP+, however, a small amount of the intermediates can be 

detected with NADP+ as a cofactor (Figure 6D).  

 Many isomerases do not utilize a cofactor, including many of those involved in sugar 

and fatty acid metabolism (Martinez Cuesta et al., 2014). These reactions are generally 

catalyzed through acid-base chemistry. However, some isomerases do require cofactors for 

enzymatic activity, such as members of the PLP-dependent aspartate aminotransferase 

superfamily, as well as the flavin-containing UDP-galactopyranose mutase (Tanner et al., 

2014), and members of the short-chain dehydrogenase/reductase (SDR) family which catalyze 

isomerizations with a tightly bound NAD(P)+ cofactor (Tanner, 2008). One of these SDR 

isomerases has also been shown to be “leaky” with high enzyme concentrations, with the 

intermediate ketone sometimes being released from the enzyme (Mayer and Tanner, 2007). 

Although it is possible that COI and NADP+ or NADPH are operating in a similar manner as 

SDR isomerases, where they are regenerated every turnover, it does not explain the reduction 

with NADP+ of neopinone and codeinone to neopine and codeine, respectively. As the 

reactions with NADPH only generate neopine, it is possible that its reaction mechanism is 

distinct from that with NADP+.  

 The pathway to morphine bifurcates at thebaine. In the predominant route, it is O-

demethylated by T6ODM to neopinone and reduced by COR to codeine, in the minor route, it 

is O-demethylated by CODM to oripavine, and then O-demethylated and finally reduced by 

COR to morphine (Figure 7.1). The product of the O-demethylation of oripavine has long been 

thought to be morphinone. However, there is no significant difference in the chemistry in the 

6-O-demethylation of thebaine and oripavine. Although codeinone and morphinone were 
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detected as BME adducts  in T6ODM assays (Ishida et al., 1991; Hagel and Facchini, 2010a), 

it is likely because the adducts only form with a C7-C8 desaturation. In assays with PsCOI that 

are BME-free, we are able to detect both morphinone and neomorphinone from morphine 

(Figure 8A) and thus we suggest that from this bifurcation at thebaine, a spontaneous 

rearrangement from an C8-C14 desaturation to a C7-C8 desaturation takes place in both routes 

(Figure 7.1). This route to neomorphine is distinct from that suggested by Thodey et al. (2014) 

where neomorphine is generated by demethylation of neopine by CODM. Both routes are 

likely contributing to the production of neomorphine in planta. 

 PsCOR1.3 was previously shown to accept a variety of morphinan substrates, including 

codeine, morphine, hydrocodone and hydromorphone. To determine if PsCOI could act upon 

other rare or unnatural morphinans, we assayed a variety of morphinans we had available. All 

6-O-desmethyl compounds were accepted with either NADP+ or NADPH as a cofactor and 

produced novel morphinans which elute earlier and have a lower intensity of their quasi-

molecular ion by CID, similar to neopine (Figure 8, Table 7.1). The N-oxides of codeine and 

morphine have isomers (Phillipson et al., 1976) and both are accepted as substrates, forming a 

complex mixture of alkaloids (Figure 8C-D). Interestingly, although PsCOR1.3 was reported 

to not accept norcodeine (Unterlinner et al., 1999), it was transformed to norneopine by PsCOI. 

 It is difficult to determine the extent of the role of PsCOI in planta. As PsCOI is more 

than 94% identical to PsCOR isoforms, it is difficult to distinguish between them at the protein 

or at the transcript level. It was previously reported that there was at least 6 copies of PsCOR 

in the genome (Unterlinner et al., 1999) and as PsCOI was amplified as a COR isoform, it is 

possible that there are several that remain to be identified in the genome. As well, the genome 

of P. somniferum is not yet available and with a size of approximately 3,724 Mbp (Bennett and 
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Smith, 1976), it is unlikely to be sequenced in the near future. Thus, it is currently not possible 

to identify all COR isoforms and paralogs and thus selectively silence specific isoforms 

through virus-induced gene silencing (VIGS). Indeed, previous attempts at silencing PsCOR 

instead silenced PsREPI causing a large increase in reticuline and other simple BIAs (Chapter 

6). It is thus also difficult to associate the small amounts of neopine and neomorphine present 

in opium to PsCOI or other PsCORs. 

 COR-like enzymes are present in all the transcriptomes of BIA-producing species 

sequenced as part of the PhytoMetaSyn project (http://www.phytometasyn.com) (Bross et al., 

manuscript in preparation). The only assigned function of COR-like enzymes are codeinone 

reductase (COR), codeine isomerase (COI) and 1, 2-dehydroreticuline reductase (DRR). As 

none of these species other than P. bracteatum and P. somniferum produce morphinans, it is 

likely these COR-like AKRs play a role in other transformations of BIAs. It is also possible 

that these AKRs perform simple aliphatic oxidations or reductions, similar to those performed 

by DRR. An in-depth study of COR-like enzymes may reveal their extensive roles in BIA 

metabolism across BIA-producing species. 

  

http://www.phytometasyn.com/
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CHAPTER 8: DISCUSSION 

8.1 Summary 

 When this study had begun, only a handful of oxidative enzymes in BIA metabolism 

had been identified at the molecular level. Of these, only BBE (Dittrich and Kutchan, 1991), 

SalSyn (CYP719B1) (Gesell et al., 2009), NMCH (CYP80B3) (Pauli and Kutchan, 1998; Frick 

et al., 2007) and the demethylases CODM and T6ODM (Hagel and Facchini, 2010a) had been 

identified in opium poppy. The goal of my doctoral thesis was to identify and characterize, 

both in vitro and in planta through VIGS, oxidative enzymes involved in BIA metabolism in 

opium poppy as a first step in understanding the biochemistry, regulation and evolution of BIA 

biosynthetic pathways.  

 Previous groups had identified the molecular clones for E. californica CFS and SPS 

(Ikezawa et al., 2007; Ikezawa et al., 2009), as well as shown that MSH and P6H were P450s 

(Rueffer and Zenk, 1987a; Tanahashi and Zenk, 1990). As opium poppy cell suspension 

cultures had been shown to accumulate sanguinarine and show induction of all previously 

known sanguinarine biosynthetic enzyme transcripts (Zulak et al., 2007) and proteins (Zulak 

et al., 2009), we used microarray data collected previously to identify 12 unknown P450s. I 

was able to identify PsMSH, which selectively catalyzed the formation of protopine alkaloids 

from N-methylprotoberberines (Chapter 3). Additionally, I identified PsCFS, PsSPS and 

PsP6H and showed that each of these enzymes can only accept one substrate (Chapter 4). 

Silencing PsCFS, PsSPS, PsMSH and PsP6H confirmed their role in sanguinarine 

biosynthesis, as the levels of their individual substrates generally increased, although the 

downstream alkaloid sanguinarine was also significantly increased. Previous experiments 

silencing dioxygenases involved in metabolizing protopine alkaloids resulted in elevated 
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protopine alkaloid content, but decreased sanguinarine content (Farrow and Facchini, 2013), 

which indicates that the regulation of sanguinarine metabolism is not straightforward. 

Furthermore I found that silencing of both PsMSH and PsP6H caused significant but opposite 

effects on the levels of some alkaloids in latex as compared to roots. As well, PsCFS is absent 

in stems, while its downstream products are found throughout the plant. Together, these results 

suggest that sanguinarine metabolic regulation may also incorporate inter-organ transport of 

alkaloids.  

As other P450s have been previously shown to be involved in macarpine biosynthesis 

(De-Eknamkul et al., 1992a; Kammerer et al., 1994), we conducted a survey of P450s from 

the CYP82 family in E. californica. Although we were not able to identify any P450s of novel 

function, we did identify EcMSH (Chapter 5). However, the phylogenetic trees of P450s from 

the CYP719, CYP80 and CYP82 families from a variety of BIA species may provide a 

repertoire for identifying novel P450s from BIA-producing plants other than opium poppy.  

As VIGS experiments produced unexpected results in the silencing of sanguinarine 

biosynthetic enzyme transcripts, we examined reports of silencing of other BIA biosynthetic 

transcripts that gave unexplained results. Previous work had shown that COR-silenced plants 

accumulated 1-BIAs, and not the expected codeinone or morphinone (Allen et al., 2004; 

Wijekoon and Facchini, 2012). We hypothesized that the silencing one of the enzymes in the 

epimerization of (S)-reticuline, the first committed step to morphine biosynthesis, was 

responsible. Assuming this to be the case, we were able to identify a putative P450 AKR fusion, 

which was able to catalyze the formation of (R)-reticuline from 1,2-dehydroreticuline and (S)-

reticuline and named this enzyme (S)-reticuline epimerase (REPI) (Chapter 6). Both in vitro 

and VIGS studies show that this enzyme is responsible for the production of (R)-reticuline and 
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ultimately morphinan alkaloids in opium poppy. This came as a surprise, as both DRS and 

DRR were previously shown to be soluble proteins (De-Eknamkul and Zenk, 1992b; Hirata et 

al., 2004), whereas REPI is membrane bound. In addition, no AKR has been previously shown 

to reduce a carbon-nitrogen double bond. The identification of this enzyme completes the 

morphinan biosynthetic pathway, and may allow for greater control over alkaloid accumulation 

in planta through breeding or modulating transcript levels, or production of morphinan 

alkaloids in a microbial system.  

In an effort to compare DRR to COR, we also identified a new COR-like enzyme with 

novel activities. This paralog was capable of converting 6-O-desmethyl, C7-C8-desaturated 

morphinans, such as morphine and codeine, to their C8-C14 desaturated equivalents, such as 

neomorphine and neopine, respectively (Chapter 7). We named this enzyme capable of 

isomerizing morphinans codeine isomerase (COI). Although COR isoform 3 was also able to 

catalyze this reaction, it did so with much less efficiency. Although short-chain 

dehydrogenase/reductases (SDRs) have been shown to catalyze isomerizations, this is the first 

AKR reported that can catalyze this type of reaction, and can do so using NADP+ or NADPH 

as a cofactor (Tanner, 2008).  

The discoveries that have been produced as part of this thesis have provide a foundation 

for further study of the biosynthesis, evolution and regulation of BIAs in opium poppy and 

other BIA-producing plants. Below I present some further experiments which may provide 

insights into many of the unexpected results collected as part of my Ph.D. work. 
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8.2 Future directions 

8.2.1 Identification and characterization of DRR and COI mechanisms 

 There are several experiments which may help determine the differences between the 

mechanism of classic AKRs and the novel AKRs, such as DRR and COI, identified in this 

thesis. To our knowledge, no other AKRs have been shown to reduce carbon nitrogen double 

bonds, or catalyze the migration of a C-C double bond, in the case of DRR and COI, 

respectively. Firstly, heavy labelling studies with deuterated NADPH or water coupled to mass 

spectrometry and proton NMR may identify the site of hydride transfer. In the case of DRR, 

the deuterium labelling may also give clues to the identities of the unknown compounds formed 

at m/z 346 (Figure 6.7B, H), as well as the cause of their formation. If they are hydration 

products, then assays in the presence of H2
18O would confirm this. In the case of COI, careful 

measurements of alkaloid substrate and cofactor consumption may provide clues to the redox-

neutral isomerization.  

Site-directed mutagenesis studies may also complement mechanistic studies, especially 

in the case of DRR, which contains alterations in the catalytic tetrad of AKRs. There are also 

crystal structures of several AKRs available, such as Rauvolfia serpentina perakine synthase 

(Sun et al., 2012) Hordeum vulgare (barley) aldose reductase (Olsen et al., 2008) and 

Medicago sativa (alfalfa) chalcone reductase (Bomati et al., 2005) which may provide a 

scaffold to generate homology models to help guide mutagenesis studies.  

8.2.2 Transport of BIAs in opium poppy 

 Previous immunocytological and in situ RNA hybridization studies have shown there 

to be at least 3 cell types involved in morphine biosynthesis in opium poppy (Bird et al., 2003; 

Samanani et al., 2005; Samanani et al., 2006; Onoyovwe et al., 2013), which demonstrates a 
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need for the transport of alkaloids between cells. In addition, it is evident that there are 

significant differences between the accumulation of BIAs in different organs, the most striking 

being the absence of sanguinarine from the latex of the aerial organs, which may suggest 

transport of alkaloids within the plant. This is supported by the localization of sanguinarine 

biosynthetic transcripts, which occur primarily in roots, while the alkaloid products are found 

throughout the plant.  

Alternatively, grafting experiments could provide some insight into interorgan 

transport of alkaloids. Grafting experiments with Arabidopsis transport and biosynthetic 

mutants have previously been used to show the transport of glucosinolates from leaves to seeds 

(Ellerbrock et al., 2014), as well as the bidirectional transport of glucosinolates from roots to 

rosette (Andersen et al., 2013). This approach can also be used to monitor for the interorgan 

transport of peptides (Chen et al., 2006). 

Instead of using mutants, such as in many Arabidopsis grafting experiments, the 

chemical diversity of opium poppy varieties could be exploited. Some varieties are rich in 

alkaloid subgroups as “Bea’s Choice”, and contain high levels of papaverine, protopine and 

protoberberine alkaloids as well as noscapine. However, other varieties, such as “40” contain 

high levels of morphine and fewer other alkaloids and produce no papaverine (Desgagné-Penix 

et al., 2012). A potential grafting experiment could utilize these varieties to examine the 

interorgan transport of papaverine. For example, if grafting “40” shoots onto “Bea’s Choice” 

roots produces latex containing papaverine, this would demonstrate transport from roots to 

shoots. Alternatively, a decrease in papaverine in roots of these grafted plants compared to 

wild-type “40” plants may also indicate some contribution of the aerial organs to papaverine 

biosynthesis in roots. Although results like these would need to be corroborated by other 
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means, they may be used as a first step in the understanding of interorgan alkaloid transport in 

opium poppy. This experiment may be particularly interesting as DBOX has been suggested 

to oxidize tetrahydropapaverine to papaverine, but is only present in the roots of opium poppy 

(Hagel et al., 2012), while papaverine levels are highest in the latex. As several BIA 

biosynthetic transporters have been identified from Coptis japonica (Sakai et al., 2002; Shitan 

et al., 2003; Shitan et al., 2013), a homology-based approach may be able to provide candidates 

to identify transporters involved in BIA regulation in opium poppy. 

 Furthermore, immunocytological studies could be used to determine the localization of 

sanguinarine biosynthetic enzymes as a first step to understanding transport of sanguinarine 

metabolic intermediates. In S. cerevisiae cells expressing the enzymes involved in the 

biosynthesis of sanguinarine, N-methylated derivatives of scoulerine and cheilanthifoline can 

be detected (Fossati et al., 2014). It is possible that in planta, only stylopine is exposed to 

TNMT, or that a N-demethylase exists to prevent N-methylscoulerine or N-

methylcheilanthifoline from accumulating. Additionally, sanguinarine is found only in the 

roots of opium poppy, but P6H and protopine are also found in the aerial organs. It is possible 

that there is a spacial separation between P6H and protopine preventing the biosynthesis of 

sanguinarine in these tissues. It is possible that a transporter may mediate the movement of 

protopine to the cell type containing P6H and thus sanguinarine metabolism. Alternatively, 

sanguinarine could be rapidly funneled to the roots, preventing the accumulation of 

sanguinarine in latex. It may also be possible to generate opium poppy mutants that accumulate 

sanguinarine in latex as described previously (Desgagné-Penix et al., 2009), and to determine 

its cause. As well, the roles of sanguinarine reductase (Weiss et al., 2006) in opium poppy 
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could begin to be explored by determining its spacial relationship to P6H and other 

sanguinarine biosynthetic enzymes, as well as sanguinarine. 

8.2.3 The role of (R)-BIAs in other BIA-producing plants 

 We have been unable to identify orthologs of REPI, DRR or DRS from outside of the 

genus Papaver, while (R)-BIAs are likely present in many other plants in the order 

Ranunculales, as evidenced by the presence of berbamunine, which is formed by the 

condensation of (R,S)-N-methylcoclaurine (Kraus and Kutchan, 1995). Firstly, the 

determination of the stereochemistry of 1-BIAs in these plants can be determined either using 

the HPLC method developed in Chapter 6, or slight variations thereof. Feeding experiments in 

plants or cell cultures with deuterated (S)-1-BIAs may also provide clues as to the route to 

these 1-BIAs, where high incorporation to (R)-BIAs would indicate the epimerization is 

downstream, while poor incorporation to (R)-BIAs would indicate the epimerization is 

upstream. Deuterated 1-BIAs may be prepared using engineered strains of E. coli, which have 

been reported to produce up to 287 mg/L (R,S)-norlaudanosoline (Nakagawa et al., 2014) or 

40 mg/L (S)-reticuline (Nakagawa et al., 2012) from glycerol. Alternatively, it is possible that 

NCS or an NCS homolog in these plants produces (R,S)- or (R)-norcoclaurine and 

identification and characterization of these enzymes and their enzymatic products may also be 

of value.  

In Papaver plants that do not produce morphinans, VIGS of DRS and DRR may 

identify compounds that are derived from (R)-reticuline. Additionally, it would be interesting 

to identify the range of Papaver species which contain DRS and DRR as a fusion such as REPI 

or as separate polypeptides or both and if they do correlate with the accumulation of specific 

compounds. This could be determined using DRS or DRR-specific probes and Northern Blots 
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to identify transcripts >3 kb, corresponding to REPI or <2 kb, which may correspond to DRS 

or DRR. The correlation of REPI and plants that contain morphinans, or alkaloids derived from 

promorphinans, such as dibenz[d,f]azonine alkaloids, which are currently thought to be side 

products of the rearrangement of salutaridinol 7-O-acetate to thebaine (Lenz and Zenk, 1995a), 

may continue to hold, or perhaps this fusion is not necessary for morphinan alkaloid 

biosynthesis. It is possible that this P450 AKR fusion in some way promotes morphinan 

alkaloid biosynthesis, however, this remains to be demonstrated. 

8.2.4 Identification and characterization of benzo[c]phenanthridine biosynthetic enzymes from 

E. californica 

 E. californica produces benzo[c]phenanthridines downstream of sanguinarine, such as 

chelirubine and macarpine. Two P450s and two OMTs have already been implicated in their 

biosynthesis (De-Eknamkul et al., 1992a; Kammerer et al., 1994). However, their cDNAs 

remain to be identified.  After elicitation, some E. californica cell suspension cultures produce 

chelirubine after 24 h, while macarpine can only be detected after 48 h (Gathungu et al., 2012). 

Cultures that have not been elicited to not produce substantial quantities of 

benzo[c]phenanthridines. These cell cultures would allow a similar approach to the 

identification of sanguinarine biosynthetic P450s from elicited opium poppy cell suspension 

cultures (Chapters 3-4) to be used. Comparative analysis of P450 and OMT transcripts of 

control E. californica cell cultures and cell cultures after 24 h of elicitation could be used to 

identify enzymes involved in chelirubine biosynthesis, while a comparison of transcripts of 

cell cultures after 24h and 48h of elicitation could be used to identify the enzymes involved in 

macarpine biosynthesis.  
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8.2.5 Identification of homologs, orthologs or isoforms of BIA biosynthetic enzymes with 

alternate functions 

 Although the opium poppy genome has been estimated to be approximately 3,724 Mbp 

(Bennett and Smith, 1976) which is approximately 27.5 times larger than the Arabidopsis 

thaliana genome, a genomic sequence would be invaluable. Among some of the opportunities, 

it would allow for the identification and characterization of all isoforms of BIA biosynthetic 

enzymes, which may have slightly different activities than those reported, similar to COR and 

COI (Chapter 7) or the single basepair mutation in a terpene synthase from rice (Oryza sativa) 

which causes the formation of a different terpenoid cyclization product (Xu et al., 2007). As 

well, these different isoforms with slightly different functions may be expressed in different 

organs which would explain the presence of PsP6H in the aerial organs where sanguinarine is 

absent, or PsCFS in flower bud, while absent in all other aerial organs (Chapter 4). It may also 

explain VIGS silencing results for PsMSH and PsP6H that have different alkaloid phenotypes 

in root and latex, as similar enzymes with different functions may be co-silenced. 

 Additionally, as part of the PhytoMetaSyn project (http://www.PhytoMetaSyn.com), 

20 BIA-producing species have had their transcriptomes sequenced and are undergoing 

metabolite profiling. This presents an opportunity to survey orthologs of known substrate-

specific or regio-specific enzymes which may have altered activities. For example, 

protoberberine alkaloids formed by a C-C coupling between the N-methyl and the 2’ carbon 

produce alkaloids such as scoulerine and is catalyzed by BBE. However, in some plants, a C-

C coupling can also take place at the 6’ carbon, producing an altered substitution pattern and 

resulting in different protoberberine products (Figure 8.1A) (Ropivia et al., 2010; Tsai and 

Lee, 2010). This is presumably catalyzed by an enzyme similar to BBE as a previous study has  

http://www.phytometasyn.com/
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Figure 8.1 Similar reactions to those catalyzed by the berberine bridge enzyme and 

salutaridine synthase. 

There are a vast array of BIAs reported in the literature, many of which may be formed by 

similar oxidative enzymes to those previously reported, but catalyzing slightly different 

coupling reactions. (A) The berberine bridge enzyme (BBE) catalyzes a C-C coupling between 

the N-methyl of (S)-reticuline and its 2’ carbon, resulting in the formation of (S)-scoulerine. 

Protoberberines with a modified substitution pattern may be the result of a C-C coupling 

between the N-methyl and the 6’ carbon, which may be catalyzed by a BBE ortholog. (B) 

Similarly, the precursor to (+)-amurine may be formed by a 4a-6’ C-C coupling instead of the 

4a-2’ C-C coupling catalyzed by salutaridine synthase (SalSyn). As SalSyn is stereospecific 

for (R)-reticuline, other orthologs of SalSyn may be responsible for the conversion of (S)-

reticuline to the enantiomers of salutaridine and (+)-amurine, sinoacutine and (-)-amurine, 

respectively.  
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identified a single residue which allowed this reaction to take place (Winkler et al., 2008). 

BBE has been shown to only accept the (S)- epimer of reticuline. There have also been reports 

of (R,S)-protoberberines (Shulgin and Perry, 2002), which may be produced by the oxidation 

of (R)-reticuline by a BBE ortholog. Promorphinan-like compounds can be produced from (S)-

reticuline to produce sinoacutine (Iwasa et al., 2008) (Figure 8.2B). As well, other 

promorphinans, such as (±)-amurine (Döpke et al., 1968; Blanchfield et al., 2003) or their 

reduction product nudaurine have an altered substitution pattern with respect to salutaridine 

due to a coupling of the 4a and 6’ carbons, instead of the 4a and 2’ carbons (Figure 8.2B) and 

the enzymes responsible for their biosynthesis remains unknown. The production of these 

promorphinans may be catalyzed by an enzyme similar to SalSyn. There have also been reports 

of hydroxylated and methylated protoberberines (Le et al., 2012) and protopine alkaloids 

(Valpuesta et al., 2002). The identification of some of the enzymes responsible for these 

transformations and their characterization may help to understand the presence or absence of 

BIAs in various plants, as well as their evolutionary lineage. 
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APPENDIX 1: ISOLATION AND CHARACTERIZATION OF SANGUINARINE 

REDUCTASE FROM PAPAVER SOMNIFERUM 

A1.1 Introduction 

 Secondary metabolites play widespread roles in plant chemical ecology (Wink, 2003). 

Many of these are involved in communication (e.g. flower pigments and fragrances) (Das et 

al., 2012) and defense (e.g. antimicrobials, cytotoxic compounds such as Vinca alkaloids) 

(Wittstock and Gershenzon, 2002; Sottomayor and Barceló, 2006; Bednarek et al., 2009; Clay 

et al., 2009). As many of these defense compounds exhibit their potent biological activity 

through general cytotoxicity, the cells responsible for their biosynthesis must regulate the 

accumulation of these compounds to retain their beneficial effects. Of several strategies, 

restricting the accumulation or metabolism of these compounds to areas of low metabolic 

activity (e.g. the vacuole) (Wink, 1997; Winkel, 2004; Klein and Roos, 2009), coordinated 

expression with protective enzymes (Weiss et al., 2006; Angelova et al., 2010) or mutational 

resistance (Sirikantaramas et al., 2007) are the most common.  

 There has recently been renewed interest in the ability of benzylisoquinoline alkaloid 

(BIA)-producing cell cultures to resist high concentration of highly toxic 

benzo[c]phenanthridine BIAs, including the potent antimicrobial sanguinarine. These 

alkaloids exhibit their activity through by intercalating into DNA and by the inhibition of 

various SH-dependent enzymes (Schmeller et al., 1997; Maiti et al., 2002; Yadav et al., 2005). 

Elicited E. californica cell cultures can produce up to 23 mg/g dry weight of 

benzo[c]phenanthridines (Oldham et al., 2010). In contrast, other plant cell cultures, such as 

Nicotiana or Arabidopsis cell cultures have severely reduced growth at concentrations of 5-15 

µM sanguinarine (Weiss et al., 2006).  
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 A Rossman-fold NAD(P)H/NAD(P)+ reductase, sanguinarine reductase (SanR), has 

been identified from E. californica cell cultures which reduces the most toxic 

benzo[c]phenanthridine, sanguinarine, to its dihydro form (Figure A1.1), protecting the 

accumulation of large amounts of this BIA to accumulate in the cells (Weiss et al., 2006; Vogel 

et al., 2010). Dihydrosanguinarine can then be further derivitized to the less toxic alkaloids 

chelirubine and macarpine (De-Eknamkul et al., 1992; Kammerer et al., 1994), or excreted 

into the medium. The latter likely occurs through export by ER-derived vesicles containing 

dihydrobenzophenanthridine oxidase (DBOX) which converts dihydrosanguinarine to its 

oxidized form (Figure A1.1), reducing its ability to cross membranes  (Müller et al., 2014). 

EcSanR has also been shown to be involved in regulating intracellular dihydrosanguinarine 

and sanguinarine levels, which in turn modulate the transcriptional regulation of several other 

BIA biosynthetic enzymes, intracellular defense signaling and thus alkaloid accumulation 

(Müller et al., 2014). 

 Opium poppy (P. somniferum), also a member of the family Papaveraceae, produces 

benzo[c]phenanthridine alkaloids at low levels in addition to the pharmaceutically valuable 

morphinan BIA analgesics codeine and morphine and the vasodilator papaverine. Until 

recently, the enzymes responsible for the epimerization of (S)-reticuline, the entry point in 

morphinan biosynthesis were unidentified (Chapter 6). Previously, 1,2-dehydroreticuline 

reductase (DRR) was shown to be responsible for the second step in the epimerization and was 

purified to homogeneity as a 30 kDa NADPH-dependent enzyme with a pH optimum of 

approximately 8.5 (De-Eknamkul and Zenk, 1990). As the molecular weight and the reaction 

catalyzed was similar to SanR, we hypothesized that a SanR homolog may be responsible for 

DRR activity or perhaps the reduction of other quaternary amines such as papaverine. 
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Figure A1.1 Sanguinarine and dihydrosanguinarine can be interconverted 

enzymatically 

Sanguinarine can be converted to dihydrosanguinarine by sanguinarine reductase (SanR), 

which can in turn be converted to sanguinarine either spontaneously, or through the FAD-

dependent oxidoreductase dihydrobenzophenanthridine oxidase (DBOX).  
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Indeed, as EcSanR appears to have widespread roles in regulating BIA metabolism (Müller et 

al., 2014), silencing of PsSanRs may reveal novel functions for this newly-identified enzyme. 

However, in vitro analysis of three distinct PsSanR isoforms show that they are highly specific 

for benzo[c]phenanthridines and cannot catalyze transformations of 1-benzylisoquinolines 

such as reticuline, 1,2-dehydroreticuline or papaverine.  

A1.2 Materials and Methods 

A1.2.1 Plant materials and chemicals 

See Chapter 2.2-2.4 

A1.2.2 Selection and isolation of PsSanR candidates 

 EcSanR was used as a query to identify PsSanR candidates from our cell culture EST 

collection (Zulak et al., 2007; Farrow et al., 2012) and 454 pyrosequencing databases of cell 

culture (Desgagné-Penix et al., 2010) and several P. somniferum plant varieties (Desgagné-

Penix et al., 2012). Four distinct candidates were identified, PsSanR1, PsSanR2, PsSanR3 and 

PsSanR4. As SanR4 sequences varied at the N-terminal end which extended longer than other 

SanR candidates, we decided to make a truncated version to verify activity. All PsSanRs were 

amplified, cloned into pGEM-T Easy (Promega; Madison, WI; http://www.promega.com) and 

verified by sequencing. 

 

Table A1.1 Primers for amplification of PsSanR candidates 

Target Forward (5'-3') 

Restriction 

Site Reverse (5'-3') 

Restriction 

Site 

PsSanR1 GGATCCATGGCAGAATCAAATCAAAAAATCACAGT BamHI GTCGACTCAGAAACGAGTGGTGACTAGTG SalI 

PsSanR2 GGATCCATGGCAGAATCAAATCAAAAAATCACAGT BamHI CTGCAGTCAGAAAGGAGTAGTGACTTGCG PstI 

PsSanR3 GGATCCATGGCAGCATTAATGCAAAAGATTACA BamHI CTGCAGTCAGATTTCAGAAAGGAGTGGTGA PstI 

PsSanR4ΔN GGATCCATGGCGAGTACTGTGATTGTTACT BamHI CTGCAGTTAGAATCGGGTAGAGATTTGGGA PstI 

PsSanR4 GGATCCATGGGTTTAGTGACACGTGTTCC   CTGCAGTTAGAATCGGGTAGAGATTTGGGA   

 

http://www.promega.com/
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A1.2.3 Phylogenetic analysis 

 Phylogenetic analysis was done as described in Chapter 2.5. 

A1.2.4 E. coli expression vectors 

 PsSanR2, PsSanR3 and PsSanR5-ΔN were subcloned from pGEM-T Easy into pQE-

30 (Quiagen, Valencia, CA; http://www.qiagen.com) in frame with the N-terminal 

polyhistidine tag using BamHI and PstI restriction sites introduced by PCR. The resulting 

vectors were then transformed into expression strain M15 (Qiagen) for recombinant protein 

isolation. 

A1.2.5 Induction, extraction and purification of PsSanR 

 PsSanRs were purified as similarly to Chapter 2.9. The antibiotic selection for the 

expression strain was with 100 µg/mL ampicillin and 50 µg/mL kanamycin. Proteins were 

eluted from the resin with 5, 25, 50 and 200 mM imidazole.  

A1.2.6 Enzyme Assays 

 Enzyme assays were performed as described in Chapter 2.12.2 with 100 µM of alkaloid 

substrate and 2 mM cofactor.  

A1.2.7 Liquid chromatography tandem mass spectrometry 

LC-MS analysis was done using a 1200 liquid chromatograph and a 6410 triple 

quadrupole mass spectrometer (Agilent Technologies). The reaction mixtures or extracts were 

injected onto a Zorbax SB C18 HPLC column (1.8 µm, 2.1 mm, 50 mm; Agilent Technologies) 

and eluted at a flow rate of 0.5 mL/min. Liquid chromatography was initiated at 98% solvent 

A3 (10 mM ammonium acetate, pH 5.5), ramped to 98% solvent B (acetonitrile) using a linear 

gradient over 20 min, held constant at 98% solvent B for 5 min and returned to original 

conditions for a 5 min equilibration period.  

http://www.qiagen.com/
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 Mass spectrometry conditions were as described in Chapter 2.13.3 with the third 

quadrupole scanning from 200-700 m/z. 

A1.3 Results 

A1.3.1 Several isoforms of PsSanR are present in P. somniferum 

 In order to identify EcSanR homologs in opium poppy, we used the EcSanR sequence 

(Genbank accession number GU338458) to query EST libraries as well as Roche 454-

pyrosequencing databases of P. somniferum elicited cell culture (Zulak et al., 2007, Desgagné-

Penix et al., 2010) and stem. We identified four distinct EcSanR homologs. PsSanR1, PsSanR2 

and PsSanR3 are between 94% and 97% identical to one another and approximately 77% 

identical to EcSanR, suggesting that they have similar functions in planta. All three are 

predominantly found in P. somniferum elicited cell culture sequencing libraries. As these 

cultures produce large amounts of sanguinarine, they may maintain the role of sanguinarine 

reductase. We also identified PsSanR4, which is 79%, 77% and 76% identical to PsSanR1, 

PsSanR2 and PsSanR3 as well as approximately 62% identical to EcSanR. As PsSanR4 is only 

found in stem sequencing databases, it is possible that it plays a different role in planta than 

the other PsSanR isoforms. It is also interesting to note that PsSanR4 from different P. 

somniferum varieties contained variable N-terminal sequences of approximately 10-15 amino 

acids (Figure A1.2), which may alter its expression, localization or modification in planta. 

However, using the SignalP signal peptide prediction tool (Petersen et al., 2011), these 

sequences did not appear to be signal peptides.  

 Phylogenetic analysis of these sequences show that all PsSanRs form a distinct clade 

with EcSanR (Figure A1.3) and are distinct from the other reductases involved in BIA  
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Figure A1.2 Multiple sequence alignment of SanRs 

Sequence alignments of PsSanRs show that PsSanR1 through PsSanR3 are similar to 

EcSanR, while PsSanR4 is distinct. PsSanR4 amplified from several P. somniferum varieties 

have variable N-terminal regions.  
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Figure A1.3 Unrooted neighbor-joining phylogenetic tree of selected reductases  

SanRs (red) are distinct from other reductases, including short-chain 

dehydrogenases/reductases (SDRs, green) and aldo-keto reductases (AKRs, blue). 

Abbreviations and accession numbers are in Table 2.3. The branch length is proportional to 

the estimated divergence distance of each protein. The scale bar (0.2) corresponds to a 20% 

change. The percentage of replicate trees in which associated taxa clustered together in the 

bootstrap test is shown next to each branch. 
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metabolism: noscapine synthase (PsNOS), salutaridine reductase (PsSalR) and the aldo-keto 

reductase codeinone reductase (PsCOR). 

A1.3.2 PsSanRs only catalyze the transformation of sanguinarine to dihydrosanguinarine 

 In order to determine the substrate range of PsSanRs, we expressed polyhistidine-

tagged PsSanR2, PsSanR3 and a truncation of PsSanR4 lacking the variable N-terminal region 

in Escherichia coli and purified these using Co2+ affinity chromatography to yield highly 

enriched PsSanR extracts (Figure A1.4). We then assayed sanguinarine, papaverine, berberine, 

1,2-dehydroreticuline with NADPH as a cofactor and could only detect activity with 

sanguinarine (Figure A1.5) with all three enzymes. Interestingly, this reaction could be 

monitored visually, as addition of PsSanRs and NADPH would quickly change a visibly 

orange sanguinarine solution clear. We also assayed dihydrosanguinarine and (S)-reticuline 

with NADP+ as a cofactor and could only detect a conversion of dihydrosanguinarine to 

sanguinarine.  

A1.4 Discussion 

 Using the sequence for EcSanR (Vogel et al., 2010), we identified 4 candidate SanRs 

from P. somniferum using our in-house Roche 454 sequence databases. PsSanR1, PsSanR2 

and PsSanR3 are very similar to EcSanR (Figure A1.2) and are expressed at higher levels in 

roots, the site of sanguinarine accumulation (Frick et al., 2005). PsSanR4 on the other hand is 

significantly different from the other three PsSanRs and EcSanR. As well, it is not expressed 

in cell culture or roots and is expressed at high levels in stem. Additionally, it has a variable 

N-terminal region, of which several isoforms have been identified from different P. 

somniferum varieties. Phylogenetic analysis reveals that PsSanR and EcSanR form a distinct 

clade, separate from other reductases in BIA metabolism (Figure A1.3). 
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Figure A1.4 Coomassie Brilliant Blue stained SDS-PAGE of PsSanRs  

Recombinant PsSanRs purified from E.coli (25 µg) separated by SDS-PAGE and stained 

with Coomassie Brilliant Blue demonstrate the production of the expected protein products 

(indicated with arrows). 
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Figure A1.5 PsSanRs convert sanguinarine to dihydrosanguinarine 

PsSanRs all convert sanguinarine (m/z 332) to dihydrosanguinarine (m/z 334, indicated with 

arrow), but do not accept other BIA quaternary amines such as 1,2-dehydroreticuline or 

papaverine. 
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 Purified recombinant PsSanRs (Figure A1.4) only accepted sanguinarine, being unable 

to reduce other quaternary amine BIAs to their dihydro forms (Figure A1.5). Although it is 

possible these isoforms have different kinetic properties, our preliminary results do not indicate 

a dramatic difference between enzymes. Indeed, the roles of these enzymes remains unclear. 

It is possible that the PsSanR1 through PsSanR3 isoforms are involved in detoxification of 

sanguinarine when high levels of the alkaloid accumulate, such as in elicited cell cultures 

(Zulak et al., 2007) or participate in regulating sanguinarine production similarly to E. 

californica (Müller et al., 2014). PsSanR4 is only 76% to 79% identical to the three other 

isoforms, which suggests it has a different function, but none could be assigned. This sequence 

difference is similar to the 73% identity shared with 1,2-dehydroreticuline reductase that has 

now been identified (Chapter 6) and codeinone reductase (Unterlinner et al., 1999), which 

catalyzes a different reaction. The role of SanR4 may be to ensure that sanguinarine does not 

accumulate in the aerial organs, reducing it to dihydrosanguinarine which can then be exported. 

However, an EMS mutant that accumulates sanguinarine in latex was identified (Desgagné-

Penix et al., 2009), suggesting that if sanguinarine accumulates in the aerial organs, it does so 

in its oxidized form.  

It is also interesting to note that we were able to amplify isoforms that were not 

identified in our sequencing databases (Figure A1.2), suggesting that there may be many 

isoforms in the genome. In fact, we identified two PsSanR4 isoforms that vary in the N-

terminal region in P. somniferum variety “Marianne”. PsCOR was also reported to have at least 

6 isoforms (Unterlinner et al., 1999) and while they were all assumed to perform the same 

function, our group was able to identify codeinone isomerase (PsCOI), which is approximately 

95% identical to other PsCOR isoforms. Thus it is still possible that PsSanRs play a role 
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beyond reducing sanguinarine, but with the identification of DRR (Chapter 6) it is unlikely it 

plays a significant role in morphine metabolism. 

  



 

246 

APPENDIX 2: CHARACTERIZATION OF A FLAVOPROTEIN OXIDASE FROM 

OPIUM POPPY CATALYZING THE FINAL STEPS IN SANGUINARINE AND 

PAPAVERINE BIOSYNTHESIS 

Adapted from: Journal of Biological Chemistry (2012) 287(51): 42972-42983  

DOI: 10.1074/jbc.M112.420414  

A2.1 Introduction 

Benzylisoquinoline alkaloids (BIAs) are a large and diverse group of ∼2500 plant 

specialized metabolites, many of which possess potent pharmacological properties (Ziegler 

and Facchini, 2008), including the narcotic analgesics morphine and codeine, the cough 

suppressant and potential anticancer drug noscapine (Barken et al., 2008), the antimicrobial 

agents sanguinarine and berberine, and the vasodilator papaverine (Figure A2.1). BIA 

biosynthesis begins with the condensation of two tyrosine derivatives, dopamine and 4-

hydroxyphenylacetaldehyde, yielding 1-benzylisoquinoline (S)-norcoclaurine as the central 

precursor to BIA biosynthesis (Figure A2.1). Internal carbon-carbon coupling of the (S)-

norcoclaurine derivative and branch point intermediate (S)-reticuline results in the formation 

of various BIA structural subgroups, including morphinan (e.g. morphine), protoberberine (e.g. 

berberine), and benzophenanthridine (e.g. sanguinarine) alkaloids. Further carbon-oxygen 

coupling and functional group modifications within each branch pathway yield a multitude of 

structurally related compounds. Several of the enzymes responsible for the formation of novel 

backbone structures, hydroxylation of aromatic rings, and the modification of functional 

groups are oxidoreductases, including cytochromes P450, 2-oxoglutarate/Fe2+-dependent 

dioxygenases, and flavoproteins (Ziegler and Facchini, 2008; Hagel and Facchini, 2010a). 
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Figure A2.1 Established and putative reactions catalyzed by flavoprotein oxidases in 

BIA metabolism.  

BIA biosynthesis begins with the formation of (S)-norcoclaurine, a precursor to the central 

intermediate (S)-reticuline. (S)-Reticuline can be oxidized to (S)-scoulerine by BBE, a pivotal 

step toward the formation of either benzophenanthridine (e.g. sanguinarine) or protoberberine 

(e.g. berberine) alkaloids. The final steps in these pathways are catalyzed by DBOX and 

STOX, respectively. Alternatively, (S)-reticuline can be oxidized by DRS, leading to formation 

of (R)-reticuline and the morphinan alkaloid pathway. (S)-Coclaurine is a key intermediate for 

papaverine biosynthesis, with tetrahydropapaverine oxidase (TPOX) catalyzing the final step. 

Corresponding genes have been reported for BBE and STOX.  
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Berberine bridge enzyme (BBE) is a well characterized flavoprotein oxidase that 

catalyzes the stereo-specific conversion of the central intermediate (S)-reticuline to (S)-

scoulerine (Winkler et al., 2008) (Figure A2.1). The formation of (S)-scoulerine is the first step 

in the biosynthesis of the benzophenanthridine and protoberberine alkaloids sanguinarine and 

berberine, respectively. (S)-Tetrahydroprotoberberine oxidase (STOX) is another flavoprotein 

that catalyzes the four-electron oxidation of (S)-canadine to berberine. Isolated STOX from 

Berberis wilsonae cell cultures accepted a variety of tetrahydroprotoberberine alkaloid 

substrates, including (S)-scoulerine, (S)-tetrahydrocolumbamine, and (S)-tetrahydropalmatine, 

along with certain 1-benzylisoquinoline alkaloids, including (S)-norreticuline (Amann et al., 

1988). Recently, BBE from California poppy (Eschscholzia californica) was also shown to 

oxidize (S)-scoulerine in a manner similar to STOX, highlighting the catalytic similarities 

between the two enzymes (Winkler et al., 2006). 

The conversion of (S)-scoulerine to sanguinarine involves the closure of two 

methylenedioxy bridges by cytochromes P450 (Díaz Chávez et al., 2011) followed by N-

methylation (Liscombe and Facchini, 2007), yielding the intermediate (S)-cis-N-

methylstylopine. Two subsequent cytochrome P450-dependent oxidations coupled with 

spontaneous intramolecular rearrangement convert the protoberberine (S)-cis-N-

methylstylopine through a protopine backbone to the benzophenanthridine 

dihydrosanguinarine (Takemura et al., 2013). The two-electron oxidation of 

dihydrosanguinarine to sanguinarine is catalyzed by dihydrobenzophenanthridine oxidase 

(DBOX) (Figure A2.1). Partially purified and characterized DBOX from E. californica cell 

cultures shares certain features with BBE, such as molecular weight (56000 for DBOX versus 

57000 for BBE) and the nature of the catalyzed reaction. However, whether or not E. 
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californica DBOX is a flavoprotein oxidase has not been determined. A distinct 

dihydrobenzophenanthridine oxidase, designated DHBO to distinguish it from DBOX, was 

also isolated from bloodroot (Sanguinaria canadensis) cell cultures (Arakawa et al., 1992). In 

contrast to DBOX, DHBO was a copper-dependent protein with a molecular weight of 77000 

(Ignatov et al., 1997). Corresponding genes for neither DBOX nor DHBO have been isolated. 

Both sanguinarine and berberine are quaternary ammonium cations, which also occur 

at other points in BIA metabolism, including the oxidation of (S)-reticuline to 1,2-

dehydroreticuline (Figure A2.1). The introduction of a double bond into (S)-reticuline, 

catalyzed by 1,2-dehydroreticuline synthase (DRS), is proposed to initiate the formation of 

(R)-reticuline required for morphine biosynthesis due to the stereospecificity of the subsequent 

cytochrome P450, yielding the promorphinan intermediate salutaridine (Gesell et al., 2009). 

DRS was purified 5-fold from opium poppy (Papaver somniferum) seedlings and was 

suggested to require a covalently linked cofactor, such as FAD (Hirata et al., 2004). However, 

unlike the final oxidations in the formation of sanguinarine, berberine, and papaverine, the 

conversion of (S)-reticuline to 1,2-dehydroreticuline does introduce an additional aromatic ring 

system (Figure A2.1). The major metabolic route to papaverine does not proceed through (S)-

reticuline, but rather involves a series of N-desmethylated intermediates (Brochmann-Hanssen 

et al., 1975; Uprety et al., 1975; Desgagné-Penix and Facchini, 2012). In a final step, (S)-

tetrahydropapaverine is dehydrogenated to papaverine (Figure A2.1). Although a dedicated 

(S)-tetrahydropapaverine oxidase has not been isolated from a papaverine-producing species, 

such as opium poppy, STOX from Berberis wilsonae, a plant not known to produce papaverine, 

was reported to accept (S)-tetrahydropapaverine as a substrate (Amann et al., 1988). 
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Flavoprotein oxidases catalyze the enantio- and regio-specific oxidation of a substrate 

with a concomitant reduction of molecular oxygen, yielding hydrogen peroxide, and are 

involved in a diverse array of biological processes (Joosten and van Berkel, 2007). Many 

flavoprotein oxidases act on amine substrates and can have either a broad or a highly restricted 

substrate range (Heuts et al., 2009). Members of the vanillyl-alcohol oxidase flavoprotein 

family favor the covalent binding of FAD, a feature that increases the redox potential of the 

cofactor (Leferink et al., 2008). BBE, STOX, and related vanillyl-alcohol oxidase 

flavoproteins, such as the marijuana (Cannabis sativa) enzymes tetrahydrocannabinolic acid 

synthase (Sirikantaramas et al., 2004) and cannabidiolic acid synthase (Taura et al., 2007), and 

the sunflower (Helianthus annua) carbohydrate oxidase (Custers et al., 2004) are of interest 

due to their unique bivalent 8α-histidyl-6-S-cysteinyl mode of FAD attachment. Our work 

describes the isolation and functional characterization of an opium poppy cDNA encoding 

DBOX, a flavoprotein oxidase catalyzing the terminal oxidations in sanguinarine and 

papaverine biosynthesis. 

A2.3 Materials and Methods 

A2.3.1 Plants and Chemicals 

Opium poppy (P. somniferum) plants were cultivated as described previously 

(Desgagné-Penix and Facchini, 2012). Plant materials for gene expression and alkaloid 

analyses were harvested 1 day before anthesis (60–80 days after germination) and stored at 

−80 °C. (R,S)-Norlaudanosoline was purchased from Sigma-Aldrich. (S)-Norreticuline was 

purchased from Toronto Research Chemicals Inc. Dihydrosanguinarine and 

dihydrochelerythrine were prepared by NaBH4 reduction of sanguinarine and chelerythrine, 

respectively (Schumacher and Zenk, 1988). (S)-Scoulerine was prepared by the enzymatic 
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oxidation of (S)-reticuline (100 mg) using recombinant opium poppy BBE secreted from 

Pichia pastoris cells and purified by two rounds of thin layer chromatography. All other 

chemicals were synthesized or purchased as described previously (Liscombe and Facchini, 

2007; Hagel and Facchini, 2010a; Dang and Facchini, 2012; Desgagné-Penix and Facchini, 

2012) (Chapter 2.1, 2.4). 

A2.3.2 Selection of FADOX Candidates and Phylogenic Analysis 

Using the translated opium poppy BBE sequence (GenBankTM accession number 

AAC61839) as a query, local sequence databases for opium poppy stem, root, and cell cultures 

were searched to identify homologous sequences encoding putative FAD-dependent 

oxidoreductase (FADOX) candidates. Available resources include individual Roche 454-based 

pyrosequencing databases for sanguinarine-producing elicitor-treated cell cultures and eight 

plant chemotypes (Desgagné-Penix et al., 2010; Desgagné-Penix et al., 2012), in addition to 

Sanger sequencing databases for stem from a high morphine variety (Hagel and Facchini, 

2010a) and elicitor-treated cell cultures (Zulak et al., 2007). RNA-seq databases for root and 

stem of the opium poppy variety Bea's Choice were generated using Illumina HiSeq and 

Genome Analyzer Ilx technologies, respectively. Following RNA extraction (Desgagné-Penix 

et al., 2012), poly(A)+ RNA purification, cDNA library preparation, emulsion-based PCR and 

short-read sequencing were performed by the Genome Québec at the McGill University 

Innovation Center. Quality control, de novo transcript assembly, annotation, and gene 

expression analysis were performed at the University of Calgary Visual Genomics Center. 

Initial quality assessment of Illumina data were conducted based on FastQC statistics 

(Brabraham Bioinformatics). Cutadapt (Martin and Wang, 2011) was employed for 

adapter/primer trimming, and in-house scripts were written to perform quality score 
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conversion, trimming of reads based on a minimum quality score cut-off of 25, and removal 

of read pairs where at least one member is shorter than 35 base pairs. Short-read data were 

assembled using Trinity (Grabherr et al., 2011), and contigs were annotated in MAGPIE. 

Relative expression levels in RNA-seq databases were calculated as fragments per kilobase of 

exon model per million mapped reads (FPKM). Database queries yielded six unique, full-

length FADOX sequences and eight partial sequences. Phylogeny (Figure A2.2) and amino 

acid alignments (Figure A2.3) were performed using ClustalX (Chenna et al., 2003), and 

phylogenetic data were displayed using TREEVIEW (Page, 1996). 

A2.3.3 Expression Vector Construction 

The PichiaPink Expression System (Invitrogen) was used for recombinant protein production 

in P. pastoris. Open reading frames (ORFs) encoding FADOX and BBE1 proteins were 

amplified using Phusion High-Fidelity DNA polymerase (Thermo Scientific) and sense and 

antisense primers with flanking StuI and KpnI restriction sites, respectively (Table A2.1), from 

cDNA prepared from opium poppy stem tissues. Sense primers were designed to exclude 

known (Bird and Facchini, 2001) or predicted signal peptides targeting the endoplasmic 

reticulum and to create fusion products with the plasmid-encoded Saccharomyces cerevisiae 

α-mating factor presequence. Fusion with the α-mating factor presequence permitted the 

secretion of targeted gene products from P. pastoris cells into the culture medium, 

circumventing cell lysis prior to enzyme analysis and yielding a fraction highly enriched in 

recombinant protein. PCR amplicons were inserted between the StuI and KpnI sites of pPinkα-

HC. The same approach was used to assemble constructs for the expression of His6-tagged 

BBE1, BBE2, and FADOX5, except that different primers were used for ORF amplification 

(Table A2.1). For these constructs, a flanking region encoding six histidines followed by a stop  
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Figure A2.2 Unrooted neighbor-joining phylogenetic tree for opium poppy FADOXs 

and related flavoproteins. 

Bootstrap frequencies for each clade are percentages of 1000 iterations. Species and associated 

GenBankTM accession numbers for phylogenetic tree construction are as follows: P. 

somniferum(Ps) BBE1, AAC61839; B. stolonifera (Bs) BBE, AAD17487; E. californica (Ec) 

BBE, AAC39358; C. sativa (Cs) Δ1-tetrahydrocannabinolic acid synthase 

(THCAS),AB057805; H. annua (Ha) carbohydrate oxidase (CHOX), AAL77103; A. mexicana 

(Am) (S)-tetrahydroprotoberberine oxidase (STOX),ADY15027; B. wilsoniae (Bw) STOX, 

ADY15026; C. japonica (Cj) STOX,BAJ40864. 
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Figure A2.3. Alignment of deduced amino acid sequences of opium poppy FAD-

dependent oxidases (FADOXs) with opium poppy berberine bridge enzyme (BBE1).  

Sequences were aligned using ClustalX. Shaded boxes indicate residues that are identical in at 

least 40% of the aligned proteins. Dots represent gaps introduced into sequences to maximize 

the alignment. 
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Table A2.1 Pichia pastoris expression constructs: primers used for sequence 

amplification and ligation into pPINK 
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codon was added to the reverse primer. Plasmid propagation was performed in Escherichia 

coli strain XL1-Blue, and expression constructs were transformed into PichiaPink Strain 4, a 

double knock-out strain for endogenously secreted proteases prb1 and pep4. For recombinant 

protein expression in S. cerevisiae, primers used to assemble expression construct components 

are listed in Table A2.2. The partial Kozak site AAAACA was introduced upstream of all 

ORFs, which were cloned into pYES2 (Invitrogen). pYES2 was amplified using primers 

pYES2 HA Tag F and pYES2 HA Tag R to eliminate a putative partial Kozak site and 

introduce an HA tag. The DBOX ORF was amplified using primers DBOX F and DBOX HA 

Tag R, introducing regions of homology to the modified pYES2 vector. pYES2 and DBOX 

PCR amplicons were transformed into the yeast strain CEN.PK113–13D (MATα ura3-52, 

MAL2-8C, SUC2) resulting in the assembly of the vector pGC487 (pYES-2μ- ura3PGAL1-

FADOX5-HAtag-TCYC1). A further modified pYES2 vector, whereby the URA3 auxotrophic 

marker was replaced withLEU2, was used for the expression of 6OMT and 4′OMT2. This 

pYES2 vector was amplified using primers pYES F and pYES R, whereas 6OMT and 4′OMT2 

codon-optimized synthetic genes (DNA1.0) were amplified using primers 6OMT F-6OMT R 

and 4OMT F-4OMT R, respectively. Yeast promoters and terminators were isolated from 

CEN.PK genomic DNA using primers PMA1 F-PMA1 R for PPMA1, TDH3 F-TDH3 R for 

PTDH3, CYC1 F- 

CYC1 R for Tcyc1, and ADH1 F-ADH1 R forTADH1, which added 25-bp linker sequences at 

their 5′ and 3′ termini. Promoters and terminators with linker sequences were used as templates 

to amplify components for homologous recombination using primers pYES:C1 F and PMA1 

R2 for PPMA1, CYC1 F2 and C6:H1 R for TCYC1, C1:H1 F and TDH3 R2 for PTDH3, and ADH1 

F2 and pYES:C6 R for TADH1. The seven PCR products were co-transformed into yeast strain  



 

262 

 

 

 

Table A2.2 Saccharomyces cerevisiae expression constructs: primers used for sequence 

amplification and ligation into pYES2 
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CEN.PK113-16B (MATα leu2-3_112, MAL2–8C, SUC2), resulting in assembly of vector 

pGC634 (pYES2–2μ-leu2 PPMA1-6OMT-TCYC1-PTDH3-4′OMT2- TADH1). Constructs pGC487 and 

pGC634 were co-transformed into the haploid CEN.PK113 17A (MATα ura3-52, leu2-3_112, 

MAL2–8C, SUC2). CEN.PK113 13D (MATα ura3-52, MAL2-8C, SUC2) was transformed 

separately with pGC487 for DBOX expression or the empty plasmid pYES2 for use as a 

negative control. 

A2.3.4 Heterologous Expression in Yeast 

For P. pastoris, recombinant proteins were generated according to the manufacturer's 

instructions (PichiaPink Expression System, Invitrogen). Briefly, freshly transformed cells 

were cultured in 500 ml of growth medium to an OD between 2 and 6 and then transferred to 

100 ml of induction medium containing 0.5% (v/v) methanol. Following a 100-h induction 

period at 28 °C, the medium fraction containing secreted, recombinant protein was centrifuged 

to remove cells and applied in batches to Amicon Ultra-15 centrifugal filter units (Millipore) 

to concentrate the protein (final volume of 1 ml/100 ml of induction medium) and exchange to 

appropriate buffering conditions (100 mM Tris-HCl, pH 8.8). Desalted, concentrated fractions 

were stored at 4 °C for no longer than 48 h prior to enzyme analysis. For Saccharomyces 

cerevisiae, strains were grown overnight in YNB supplemented with synthetic dropout 

medium lacking uracil, histidine, tryptophan, and leucine but containing 0.2% (w/v) glucose 

and 1.8% (w/v) galactose. After 24 h, yeast cultures were diluted 20-fold in 10 ml of fresh 

medium containing 2% (w/v) galactose. After 6 h at 30 °C and 200 rpm, cells were collected 

by centrifugation at 2000 × g for 5 min and resuspended in 200 μL of medium containing 2 

mM norlaudanosoline. Cells were incubated at 30 °C and 200 rpm for 44 h and harvested by 

centrifugation. Alkaloid content of cell extracts and culture medium was determined using 
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liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Immunoblot 

analysis was performed on SDS-PAGE-fractionated cell lysate protein (50 μg) using anti-HA 

DyLight antibodies (Rockland). Immunoblots were visualized using a Typhoon imager (GE 

Healthcare). 

A2.3.5 Enzyme Assays 

To examine substrate range, triplicate enzyme assays were performed in 100 mM Tris-

HCl, pH 8.8, using 500 μM alkaloid substrate and desalted, concentrated recombinant enzyme 

in a total volume of 80 μL. Assays were incubated for 2 h at 37 °C, stopped by adding 1 ml of 

quenching solution (20% (v/v) 10 mM ammonium acetate, pH 5.5, in ethanol), and stored at -

20 °C until analyzed. Immediately prior to LC-MS/MS analysis, assays were centrifuged at 

room temperature for 5 min to remove insoluble debris. For Km and relative Vmax 

determinations, identical assay conditions were used with the exception that alkaloid substrate 

concentrations were varied (Figure A2.4). Saturation curves and kinetic constants were 

calculated based on Michaelis-Menten kinetics using GraphPad Prism 5 (GraphPad Software). 

To account for the spontaneous oxidation of the substrates dihydrosanguinarine and 

dihydrochelerythrine, results from control enzyme assays using culture medium proteins from 

P. pastoris cells harboring the pPinkα-HC vector were subtracted from corresponding assays 

performed with recombinant enzyme extracts. Empty vector control data were also subtracted 

from recombinant enzyme assays using (S)-norreticuline due to the conversion of this substrate 

by endogenous P. pastoris proteins. 

A2.3.6 Virus-induced Gene Silencing 

Gene-specific silencing constructs were designed for in planta functional analysis of 

FADOX1, FADOX3, FADOX5, and FADOX8 using unique 3′-UTR and/or 3′-ORF 
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sequences. Due to a high sequence identity (94%) between BBE1 and BBE2 (FADOX4), a 

single VIGS construct was designed based on the BBE1 sequence, which contained numerous 

conserved stretches of >24 nucleotides capable of silencing both BBE1 and BBE2 (Figure 

A2.5). Full-length cDNAs were used as templates to amplify gene-specific fragments (Figure 

A2.5). Forward and reverse PCR primers were designed with flanking BamHI and XhoI 

restriction sites, respectively (Table A2.3). Amplicons generated using Phusion High-Fidelity 

DNA polymerase (Thermo Scientific) were ligated into the BamHI and XhoI sites of pTRV2. 

Constructs in pTRV2 along with pTRV1 were independently mobilized in Agrobacterium 

tumefaciens strain GV3101(Liu et al., 2002). Infiltration of 2-week-old seedlings was 

performed as described previously (Hagel and Facchini, 2010a). Plants were harvested just 

prior to anthesis and screened by PCR to identify individuals harboring viral coat protein 

transcripts (Table A2.4 Figure A2.6). Infected plants were analyzed by real-time quantitative 

PCR (RT-qPCR) to determine relative target gene transcript levels. For BBE- and DBOX-

silenced plants, roots were ground to a fine powder under liquid N2 and extracted three times 

with 4 ml of methanol, and pooled extracts were reduced to dryness under reduced pressure. 

Residue was reconstituted in 1500 μL of methanol and stored at -80 °C until LC-MS/MS 

analysis. Latex alkaloids of FADOX1, FADOX3, and FADOX8-silenced plants were analyzed 

by HPLC. Briefly, latex samples were suspended in 30 μL of methanol, and 15 μL was further 

diluted with 235 μL of methanol, vortexed, and centrifuged to remove insoluble debris. 100 

μL of the supernatant was analyzed as described previously (Hagel and Facchini, 2010a). 

Major alkaloids were identified based on retention times and UV spectra compared with those 

of authentic standards. Statistical analysis of transcript and metabolite data were performed 

using GraphPad InStat 3.1a (GraphPad Software). For three-way comparisons, Tukey-Kramer  
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Figure A2.4 Steady-state enzyme kinetics of recombinant DBOX with varying 

concentrations of (S)-scoulerine (A) and dihydrosanguinarine (B) substrates.  

Enzyme assays were conducted as described in Experimental Procedures. Incubation time and 

protein quantity were adjusted prior to final analyses to ensure linear-range conditions. Points 

represent mean ± standard deviation of three (for scoulerine) and five (for 

dihydrosanguinarine) independent experiments. Curve-fitting and Km determinations were 

performed using GraphPad Prism 5. 
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Figure A2.5 Regions of various FADOX cDNAs used to construct virus-induced gene 

silencing (VIGS) vectors in pTRV2.  

Coding regions of each cDNA are shown as thick black line elements, whereas non-coding 5’- 

and 3’-untranslated regions (UTRs) are shown as thin lines. Red segments represent unique 

regions in each cDNA used to construct gene-specific VIGS vectors. Sequence lengths are 

shown in base pairs (bp) with respect to the start codon in each cDNA. For pTRV2-BBE, a 

nearly identical region in BBE1 and BBE2 was selected.  
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Figure A2.6 Detection of tobacco rattle virus in individual opium poppy plants infiltrated 

with various pTRV2 vectors, and used for gene expression and alkaloid profile analyses.  

RT-PCR was performed using primers listed in supplemental Table S1. The 613-base pair 

amplicon corresponding to tobacco rattle virus-coat protein transcripts was detected on agarose 

gels stained with ethidium bromide.   
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Table A2.3 VIGS constructs: primers used for the sequence amplification and ligation 

into pTRV2 

 

 

 

Table A2.4 Confirmation of TRV infection: primers used for the detection of TRV in A. 

tumefaciens-infiltrated plants 
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multiple comparison tests were used to determine statistical significance at p values of <0.05, 

<0.01, and <0.001. For two-way comparisons, paired t tests were performed using the same 

confidence intervals. 

A2.3.7 LC-MS/MS 

Routine enzyme assay analyses were performed using a 6410 Triple Quadrupole LC-

MS/MS system (Agilent Technologies, Santa Clara, CA). Two microliters of quenched 

reactions were subjected to liquid chromatography using a Zorbax Eclipse Plus C18 column 

(2.1 mm × 50 mm, 1.8-μm particle size; Agilent Technologies) at a flow rate of 0.2 ml/min. 

For protoberberine alkaloids, the column was equilibrated with solvent A (95:5 ratio of 10 mM 

ammonium acetate, pH 5.5, to acetonitrile), and elution and washing were performed using the 

following gradient: 0–5 min, 0–30% solvent B (100% acetonitrile); 5–10 min, 30–100% 

solvent B; 10–15 min, 100% solvent B; 15–15.1 min, 100–0% solvent B; 15.1–16 min, 0% 

solvent B. For benzophenanthridine alkaloids, gradient conditions were as follows: 0–8 min, 

0–100% solvent B; 8–12 min, 100% solvent B; 12–12.1 min, 100–0% solvent B; 12.1–16 min, 

0% solvent B. For 1-benzylisoquinoline alkaloids, the flow was adjusted to 0.4 ml/min, and 

the gradient conditions were as follows: 0–1 min, 0% solvent B; 1–10 min, 0–35% solvent B; 

10–11 min, 35–100% solvent B; 11–13 min, 100% solvent B; 13–13.1 min, 100–0% solvent 

B; 13.1–16 min, 0% solvent B. Injection into the mass analyzer was performed using an 

electrospray ionization probe inlet. Ions were generated and focused using an electrospray 

ionization voltage of 4000 V, 10 liter/min gas flow, 50 p.s.i. nebulizing pressure, and gas 

temperature of 350 °C. MS data acquisition was performed in positive ion mode over 100–700 

m/z. Product identification was based on comparisons of retention times and collision-induced 

dissociation (CID) mass spectra of authentic standards or published data (Table A2.5). 
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Collision energies used for CID spectra were either −30 or −35 eV, as noted in Figure A2.7, 

with the argon collision gas at a pressure of 1.8 × 10−3torr. For the analysis of VIGS 

experiments, 10 μL of root extract were subjected to liquid chromatography at a flow rate of 

0.5 ml/min with the following gradient: 0–10 min, 0–50% solvent B; 10–12 min, 50–99% 

solvent B; 12–13 min, 99% solvent B; 13–13.1 min, 99–0% solvent B; 13.1–17.1 min, 0% 

solvent B. Ion source and MS parameters were identical to those used for enzyme assays except 

that CID spectra were generated with collision energies listed in Table A2.5. 

A2.3.7 Real-time Quantitative PCR Analysis 

For gene expression analysis in different opium poppy organs, tissues (∼0.1 g) from 

three plants were collected just prior to anthesis, and total RNA was isolated with TRIzol 

(Invitrogen). Reverse transcription was performed at 42 °C for 60 min using 2.5 mM anchored 

oligo(dT) primer (dT20VN), 0.5 mM dNTP, 10–40 ng/μL RNA, and 5 microunits/μL reverse 

transcriptase (Fermentas, Burlington, Canada) after denaturing of the RNA/primer mix at 70 

°C for 5 min. Real-time quantitative PCR using SYBR Green detection was performed using 

a 7300 real-time PCR system (Applied Biosystems). Each 10-μl PCR included 1 μL of cDNA 

(taken directly from the RT reaction in the case of stem or diluted 50% (v/v) with water for 

bud, leaf, and root), 300 nM forward and reverse primers (Tables A2.6 and A2.7), and 1× 

Power SYBR Green PCR Master Mix (Applied Biosystems). Reactions were subjected to 40 

cycles of template denaturation, primer annealing, and primer extension. To evaluate RT-

qPCR specificity, the amplicons of all primer pairs were subjected to melt-curve analysis using 

the dissociation method as suggested by the  

manufacturer. The 2−ΔΔCt method was used to determine relative gene expression levels (Livak 

and Schmittgen, 2001). The gene encoding ubiquitin was used as the internal control (Tables   
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Table A2.5 Compound list and CID spectra used for the identification and 

quantification of benzylisoquinoline alkaloids by LC-MS/MS in plants subjected to 

virus-induced gene silencing 
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Figure A2.7 Collision-induced dissociation mass spectra for reaction products of DBOX 

(FADOX5) enzyme assays.  

Following liquid chromatography, molecular parent ions (arrowheads) were generated and 

focused using electrospray ionization (ESI) and subjected to mass spectrometry. To identify or 

characterize compounds, daughter ions were generated using argon gas collision at either -30 

eV (benzophenanthridines) or -35 eV (1-benzylisoquinolines and protoberberines). Parent ion 

structures are shown. In panel A, the structure of only one isoform (1,2-dihydropapaverine) is 

shown, although CID analysis does not preclude the occurrence of 3,4-dihydropapaverine. 
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Table A2.6 RT-qPCR analysis of VIGS plants: primers used to quantify gene 

expression 

 

 

 

Table A2.7 RT-qPCR analysis of plant organs: primers used to quantify gene 

expression 
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A2.6 and A2.7), and the plant line showing the highest expression level served as the calibrator 

for each target gene. The same method was used to analyze VIGS experiments, except that 

nine plants per plant line were used to calculate mean transcript abundances, and alkaloid 

profiles were determined for the same plants. 

A2.4 Results 

A2.4.1 Isolation of FADOX Gene Candidates 

Opium poppy genes encoding FADOXs were identified from stem and elicitor-treated cell 

culture transcriptome databases queried using opium poppy BBE. 16 non-redundant contigs 

were identified, including eight full-length or nearly full-length sequences (Figure A2.8). 

FADOX9 and FADOX10 were partial clones found only in a cell culture database generated 

by Sanger sequencing (Zulak et al., 2007). FADOX clones 11–16 all consisted of partial 

sequences represented by few or single reads from individual 454 pyrosequencing databases 

(Desgagné-Penix et al., 2010; Desgagné-Penix et al., 2012). Except for FADOX2 and 

FADOX6, which contain stop codons and a deletion in the ORF, respectively, amino acid 

sequences of other FADOX candidates were aligned to opium poppy BBE1 (Figure A2.3). 

Opium poppy BBE1 contains an N-terminal ER-targeting peptide(Bird and Facchini, 2001), 

and online software predicted signal peptides in all FADOX candidates. Both BBE1 and 

FADOX4 (BBE2) contain Glu-421 as an equivalent of Glu-417, a key catalytic residue in 

berberine bridge formation, found in E. californica BBE (Winkler et al., 2008). All other 

FADOXs were substituted with other residues at this position (Figure A2.3). A phylogenetic 

tree based on an alignment of protein sequences corresponding to functionally characterized 

plant flavoproteins shows high bootstrap support for a monophyletic clade containing BBE 

homologues from E. californica (Dittrich and Kutchan, 1991), barberry (B. wilsoniae)  
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Figure A2.8 Schematic representation of sequence coverage for sixteen independently 

assembled contigs representing opium poppy FAD-dependent oxidases (FADOXs) with 

homology to berberine bridge enzyme (BBE).  

Red designates open reading frame (ORF) regions for which DNA sequence was available, 

whereas the remaining open-box regions indicate putatively missing ORF sequence. Black 

lines flanking each ORF represent untranslated regions (UTRs). FADOX2 contained three stop 

codons (black stripes) and FADOX6 showed a sequence gap (yellow stripe) compared with 

BBE.  
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(Chou and Kutchan, 1998), and opium poppy (Facchini et al., 1996)  (Figure A2.2). The nearest 

neighbor to FADOX5 (DBOX) is an enzyme from Mexican prickly poppy (Argemone 

mexicana), a member of the Papaveraceae along with opium poppy, that was recently shown 

to exhibit STOX activity (Gesell et al., 2011). An additional clade was formed by partially 

characterized STOX enzymes from B. wilsoniae and Japanese goldthread (Coptis japonica), 

which are members of the Berberidaceae and Ranunculaceae, respectively. Monophylogeny 

between the remaining FADOXs, carbohydrate oxidase, tetrahydrocannabinolic acid synthase 

and either the BBE or STOX clade was not supported. The relative transcript levels of full-

length FADOX candidates were compared in nine 454-pyrosequencing databases for opium 

poppy cell culture and stems from different chemotypes (Figure A2.9). All poppy chemotypes 

produce morphine except for T, which accumulates the morphinan pathway intermediate 

thebaine (Hagel and Facchini, 2010a), and Przemko, which is a nearly alkaloid-free variety 

(Desgagné-Penix et al., 2012). In addition to morphine, varieties Roxanne and Veronica 

accumulate papaverine and the phthalideisoquinoline alkaloid noscapine, whereas Marianne, 

Natasha, and Deborah accumulate only noscapine or the related compound narcotoline. 

Elicited cell cultures of opium poppy are devoid of morphinan alkaloids but accumulate 

sanguinarine (Zulak et al., 2007). Only BBE1 and FADOX4 (BBE2) transcripts were relatively 

abundant in all databases, including cell cultures. In contrast, FADOX5 and FADOX7 

transcripts were absent in stem, occurring exclusively in cell cultures. Transcript levels for the 

remaining FADOXs were sporadic, with FADOX1, for example, represented in all databases 

except for T and FADOX8 in five of eight chemotypes. Read counts for FADOX3 were also 

variable and notably absent in cell cultures. 
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Figure A2.9 Expression levels of opium poppy berberine bridge enzyme (BBE1) and 

FAD-dependent oxidoreductases (FADOXs) as indicated by the number of reads in nine 

different Roche 454-based sequence libraries.  

BBE1 and FADOX read abundances are shown for stem databases representing eight different 

opium poppy chemotypes and a single sanguinarine-accumulating opium poppy cell culture 

database. The total read count for each library is indicated under the library name in each panel. 
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A2.4.2 In Vitro Characterization 

Flavoproteins containing a covalently linked FAD cofactor require eukaryotic 

expression systems to generate active proteins. Of the several expression systems previously 

employed for the production of E. californica BBE, the methylotrophic yeast P. pastoris has 

proven most successful (Winkler et al., 2006; Winkler et al., 2008; Winkler et al., 2009). The 

secretory pathway of P. pastoris was used to produce opium poppy BBE and FADOX proteins. 

Replacing the native endoplasmic reticulum secretion signal sequence with S. cerevisiae α-

mating factor has been shown to yield higher expression levels of E. californica BBE (Winkler 

et al., 2006). For this reason, existing or predicted signal peptides were removed from opium 

poppy homologues prior to expression. Proteins with predicted molecular weight (57200 for 

BBE1 and BBE2 (FADOX4); 57500 for FADOX5) were routinely observed in concentrated 

and desalted medium fractions harvested 100 h postinduction (Figure A2.10). These proteins 

were never observed in empty vector controls, and enzyme activity was only associated with 

samples containing these proteins. Recombinant FADOX1, FADOX3, and FADOX8 proteins 

were not detected by SDS-PAGE, and enzyme assays performed on concentrated and desalted 

medium fractions showed no activity using available substrates. For the purposes of detecting 

BBE1, BBE2, and FADOX5 by immunoblot analysis and pursuing affinity chromatography-

based protein purification, we attempted to generate His6-tagged proteins in P. pastoris. 

However, recombinant proteins were not detected by either SDS-PAGE or immunoblot 

analysis, and no enzyme activities were observed. 

As a positive control for assay conditions, recombinant BBE1 and BBE2 (FADOX4) 

were tested for enzyme activity using 23 BIAs as potential substrates (Figures A2.7 and 

A2.11). As expected, both BBE1 and BBE2 catalyzed the efficient transformation of the N- 
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Figure A2.10 SDS-PAGE of recombinant FADOX5 and BBE proteins produced in 

Pichia pastoris.  

Each lane represents 4% (v/v) of total protein obtained from 100-mL of P. pastoris culture 

medium following 100 h of induction. Yeast harboring empty pPINKα-HC vector were 

included as a negative control. Coomassie Brilliant Blue staining was used to visualize 

proteins.  
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Figure A2.11 Relative conversion of selected substrates by BBE and DBOX (FADOX5) 

under standard assay conditions. 

Values represent mean ± S.D. of three independent experiments. The nature of each reaction 

is indicated below the activity values. The activity value for (R,S)-tetrahydropapaverine 

includes both dihydropapaverine and papaverine products. nd, not detected. 
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Figure A2.12 Extracted ion chromatograms (EICs) showing the conversion of (S)-

reticuline to (S)-scoulerine by BBE1 and BBE2 (FADOX4).  

In each panel, the lower EIC corresponds to an assay conducted with the empty pPINK-HC 

vector control, and the upper EIC shows an assay performed with recombinant enzyme. Parent 

ion mass-to-charge (m/z) values are indicated next to substrate and product peaks. The latter 

were subjected to collision-induced dissociation analysis for identification. 
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methyl group of (S)-reticuline into the C-8 berberine bridge carbon of (S)-scoulerine (Figure 

A2.12). In addition, columbamine and berberine were produced at low levels from (R,S)-

tetrahydrocolumbamine and (R,S)-canadine, respectively, which represents a four-electron 

oxidation characteristic of STOX activity. No other alkaloids were accepted as substrates 

(Figures A2.7 and A2.11). Although reported for E. californica BBE (Winkler et al., 2009), 

the four-electron oxidation of (S)-scoulerine to dehydroscoulerine was not detected with opium 

poppy BBE1 or BBE2. DBOX (FADOX5) was capable of both two- and four-electron 

oxidations. For example, STOX activity was apparent with most protoberberine substrates, 

with (R,S)-canadine showing the highest turnover rate under standard assay conditions (Figures 

A2.11 and A2.13). Conversely, DBOX did not fully aromatize the C-ring of (S)-scoulerine but 

instead catalyzed a two-electron oxidation to yield m/z 326 (Figure A2.13). Extracted ion 

chromatographs revealed two products at m/z 326 with essentially identical CID spectra, which 

were characterized as dihydroscoulerine isomers (Figure A2.14). The two-electron oxidation 

of (S)-scoulerine is consistent with a previous characterization of STOX from A. mexicana 

(Gesell et al., 2011). The formation of both dihydropapaverine and papaverine was observed 

upon incubation of DBOX with (R,S)-tetrahydropapaverine, although other 1-

benzylisoquinoline alkaloids, notably (S)-norreticuline, were not accepted as substrates (Figure 

A2.11). CID analysis of dihydropapaverine revealed low abundance, approximately equal 

intensity ions of m/z 190 and 204, which represent signature fragment masses of 1,2-

dihydropapaverine and 3,4-dihydropapaverine, respectively (Han et al., 2010). DBOX 

exhibited the highest relative activity with dihydrosanguinarine, producing the fully 

conjugated product sanguinarine (Figures A2.11 and A2.13). Dihydrochelerythrine was 

similarly oxidized with lower efficiency. CID spectra for all products are provided (Figure  
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Figure A2.13 Extracted ion chromatograms showing the substrates and products of 

DBOX (FADOX5) enzyme assays.  

In A–H, the tested substrate is indicated in the top left or right corner, the bottom extracted 

ion chromatogram corresponds to an assay conducted with the empty pPINKα-HC vector 

control, and the top extracted ion chromatogram shows an assay performed with recombinant 

DBOX. Parent ion mass-to-charge (m/z) values are indicated beside the substrate and product 

peaks. The latter were subjected to collision-induced dissociation analysis for identification 

(Figure A2.7). 
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Figure A2.14 DBOX catalyzes the formation of two reaction products with the same 

molecular ion mass from (S)-scoulerine substrate.  

Extracted ion chromatograms corresponding to the (S)-scoulerine substrate (blue, m/z 328) and 

product (red, m/z 326) in standard enzyme assays containing culture medium proteins from 

Pichia pastoris (A) harboring empty pPink-HC vector and (B) producing opium poppy 

DBOX. Despite identical m/z values, DBOX reaction products eluted separately after liquid 

chromatography at 1.8 min (Product 1) and 2.8 min (Product 2), respectively, with Product 1 

co-eluting with (S)-scoulerine. C, Collision-induced dissociation spectra obtained for each 

product using collision energy of -35 eV. D, Proposed isomers of dihydroscoulerine 

corresponding to Product 1 and Product 2. 
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Figure A2.15 Additional benzylisoquinoline alkaloids tested as substrates for BBE1 and 

DBOX (FADOX5).  

Abbreviation: nd, not detected. 
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A2.7). DBOX did not accept any of the tested aporphine, morphinan, phthalideisoquinoline, 

pavine, or bisbenzylisoquinoline alkaloids (Figure A2.15). 

Initial characterization of purified, native STOX from B. wilsoniae suggested that (S)-

norreticuline was a preferred 1-benzylisoquinoline substrate (Amann et al., 1988). Assays 

conducted using opium poppy BBE1, DBOX, and empty expression vector controls all showed 

the conversion of (S)-norreticuline to two unidentified compounds of m/z 328 that eluted 

separately during LC-MS/MS analysis. These products were occasionally associated with two 

unidentified compounds of m/z 326. No turnover of (S)-norreticuline occurred if P. pastoris 

protein extracts were boiled for 10 min prior to performing assays, suggesting an apparent 

consumption of (S)-norreticuline by native yeast enzymes. For this reason, DBOX activity with 

(S)-norreticuline as a substrate was re-evaluated using three different strains of S. cerevisiae 

(Figure A2.16). In two of these strains, an endogenous supply of (S)-norreticuline was 

generated by the co-expression of genes encoding (R,S)-norcoclaurine 6-O-methyltransferase 

and (R,S)-3′-hydroxy-N-methylcoclaurine 4′-O-methyltransferase coupled with the feeding of 

(R,S)-norlaudanosoline (Hawkins and Smolke, 2008). One strain also co-expressed a gene 

encoding DBOX, which presumably could oxidize the endogenous (S)-norreticuline (m/z 316) 

to expected products of m/z 314 or 312. However, no masses corresponding to (S)-norreticuline 

reduction products or to byproducts produced by endogenous P. pastoris enzymes (i.e. m/z 328 

or 326) were detected (Figure A2.16), supporting the conclusion that (S)-norreticuline is not 

DBOX substrate. 

Km values of 146 ± 9 and 201 ± 67 μM were determined for DBOX using the 

protoberberine and benzophenanthridine substrates (S)-scoulerine and dihydrosanguinarine, 

respectively (Figure A2.4). All substrates were assayed using the same enzyme preparations,   



 

297 

 

 

 

 

 

 

  



 

298 

 

Figure A2.16 Strains of Saccharomyces cerevisiae co-expressing 6OMT and 4’OMT2, or 

6OMT, 4’OMT2, and DBOX, and batch-fed (R,S)-norlaudanosoline accumulate 

endogenous (S)-norreticuline.  

The yeast strain expressing DBOX does not turnover norreticuline (m/z 316) to expected 

oxidation products (m/z 314, 312) or reaction byproducts (m/z 328, 326). A, Immunoblot 

analysis for HA-tagged, recombinant DBOX produced in S. cerevisiae. Yeast cell pellets were 

re-suspended in 200 µL of CelLytic Y (Sigma) containing the mini-complete protease inhibitor 

cocktail (Roche) and 10 mM dithiothreitol. Glass beads (~50 µL) were added and cells were 

incubated with shaking for 1 h at room temperature, followed by vortexing. Protein extracts 

(50 µg) were separated by SDS-PAGE and subsequently transferred to a nitrocellulose 

membrane for HA epitope detection. B-D, Extracted ion chromatograms (EICs) of culture 

medium corresponding to endogenous norreticuline (m/z 316), potential oxidation products 

(m/z 314, 312) and byproducts (m/z 328, 326) observed in enzyme assays using Pichia pastoris 

culture medium proteins. Culture medium was diluted five-fold in 50% (v/v) methanol 

containing 0.2% formic acid. Metabolites were separated on an Agilent Eclipse C18 (2.1 mm 

× 150 mm, 3.5 µm) column using a gradient of 0.2% (v/v) formic acid (solvent A) and 

acetonitrile containing 0.2% formic acid (solvent B).  The solvent gradient was 0-3 min at 5% 

B, 3-55 min 5–45% B, 55–60 min 40–90% B, 60-62 min 90-5% B, followed by a 10 min 

equilibration at 5% B. Metabolites were detected using a Finnigan LTQ ion trap mass 

spectrometer (Thermo Scientific). Collision-induced dissociation analysis was used to identify 

norreticuline eluting at 22.5 minutes. Similar results were obtained using cell lysates.  
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which enabled the calculation of relative Vmax values of 6.754 and 0.5308 pmol min−1, and 

relative Vmax Km
−1ratios of 4.63 × 10−8 and 2.64 × 10−9 min−1, for (S)-scoulerine and 

dihydrosanguinarine, respectively. The insolubility in aqueous solutions at saturating 

concentrations precluded Km analysis for (R,S)-canadine (O’Neil, 2013). Moreover, the 

formation of two products, dihydropapaverine and papaverine, precluded a reliable Km 

determination for (R,S)-tetrahydropapaverine due to the possible occurrence of competitive 

inhibition. 

A2.4.3 Gene Expression Analysis 

Gene expression patterns of DBOX and BBE in different organs of opium poppy were 

examined using RT-qPCR. Due to the extensive sequence identity between BBE1 and BBE2, 

RT-qPCR analysis was unable to distinguish individual expression profiles (Figure A2.17). 

However, relative transcript levels were for BBE1 and BBE2 were determined using the FPKM 

values from Illumina-based stem and root transcriptome databases (Figure A2.18). RT-qPCR 

results showed the highest DBOX transcript levels in roots compared with other plant organs 

(Figure A2.17). Although direct comparisons of FPKM values are not possible using these 

databases, DBOX transcripts were not detected in the stem database but were relatively 

abundant in roots (Figure A2.18). RT-qPCR indicated abundant BBE transcript levels in roots 

compared with aerial organs (Figure A2.17), and FPKM data showed that BBE1 transcripts 

were restricted to stems, whereas BBE2 mRNAs were only in roots (Figure A2.18). 

A2.4.4 VIGS Analysis 

The organ-specific occurrence of DBOX transcripts prompted a focus on the metabolic 

consequences of DBOX gene silencing in roots. Our initial approach attempted to quantify 

perturbations in the levels of alkaloids representing in vitro substrates or products for DBOX  
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Figure A2.17 Relative abundance of transcripts encoding BBE (A) and DBOX (B) in 

opium poppy plant organs.  

RT-qPCR analysis was performed using cDNA synthesized with RNA isolated from three 

individual plants. PCR signal normalization was achieved using ubiquitin as the internal 

control, and the plant organ exhibiting the highest gene expression served as the calibrator for 

BBE or DBOX. Due to their extensive sequence identity, BBE1 and BBE2 could not be 

distinguished, and results reflect the cumulative abundance of both transcripts. Error bars, 

S.D.  
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Figure A2.18 BBE and DBOX (FADOX5) gene expression levels in stem (upper panel) 

and root (lower panel) of opium poppy determined by RNA-seq analysis.  

The opium poppy chemotype used was Bea’s Choice. FPKM denotes fragments per kilobase 

of exon model per million mapped reads. 
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and BBE in silenced versus control plants. However, the low abundance of many compounds, 

especially protoberberine alkaloids, in opium poppy roots precluded such analysis. Both full 

ion scanning and multiple reaction monitoring were used, together with CID analysis to 

confirm compound identities. However, sanguinarine, dihydrosanguinarine, papaverine, and 

reticuline were readily detected by full ion scanning analysis. Also included in the full ion 

scanning analyses were thebaine and noscapine, representing end products of morphinan and 

phthalideisoquinoline branch pathways, respectively, N-methylcoclaurine, an upstream 

precursor to (S)-reticuline, and protopine, which serves as a sanguinarine pathway intermediate 

(Figure A2.19). Sanguinarine and dihydrosanguinarine were significantly reduced in both 

DBOX- and BBE-silenced plants (Figure A2.20). However, spontaneous oxidation of 

dihydrosanguinarine during the analysis might have contributed to a low dihydrosanguinarine 

to sanguinarine ratio compared with levels in the plant. In contrast, a reduction in papaverine 

and noscapine levels was observed only in association with DBOX silencing. 

Tetrahydropapaverine and dihydropapaverine were not detected in either control or silenced 

roots. BBE-silenced plants showed an accumulation of N-methylcoclaurine and reticuline 

compared with empty vector control and DBOX-silenced plants. Protopine and thebaine levels 

were unaffected by the silencing of either gene. Multiple reaction monitoring analysis yielded 

data for the relative abundance of the substrate/product pair stylopine/coptisine, which 

remained unchanged in DBOX-silenced plants (Figure A2.21). The application of VIGS to 

silence genes encoding FADOX1, FADOX3, and FADOX8 produced no detectable alterations 

in major latex alkaloid levels compared with empty vector controls (Figure A2.22). 
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Figure A2.19. Expanded benzylisoquinoline alkaloid metabolic map illustrating 

reactions catalyzed by DBOX (FADOX5) (dark red).  

Enzymes for which corresponding cDNAs have been isolated are shown in blue. Compounds 

in bold are major alkaloids in opium poppy. Alterations within alkaloid structure resulting from 

each enzyme are highlighted (bright red). Two arrows denote two conversions whereas dashed 

arrows denote multiple steps. Abbreviations: 4’OMT, 3’-hydroxy-N-methylcoclaurine 4’-O-

methyltransferase; 6OMT, norcoclaurine 6-O-methyltransferase; BBE, berberine bridge 

enzyme; CAS, canadine synthase; CheSyn, cheilanthifoline synthase; CNMT, coclaurine N-

methyltransferase; CODM, codeine O-demethylase COR, codeinone reductase; DBOX, 

dihydrobenzophenanthridine oxidase; NCS, norcoclaurine synthase; NMCH, N-

methylcoclaurine 3’-hydroxylase; NMSH, N-methylstylopine 14-hydroxylase; P6H, protopine 

6-hydroxylase; SalAT, salutaridinol 7-O-acetyltransferase; SalR, salutaridine:NADPH 7-

oxidoreductase; SalSyn, salutaridine synthase; SOMT, scoulerine 9-O-methyltransferase; 

STOX, (S)-tetrahydroxyprotoberberine oxidase; StySyn, stylopine synthase; T6ODM, 

thebaine 6-O-demethylase; TNMT, tetrahydroprotoberberine cis-N-methyltransferase; TPOX, 

tetrahydropapaverine oxidase. 
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Figure A2.20 Effect of VIGS on root alkaloid levels.  

A, relative DBOX and BBE transcript levels in roots as determined by RT-qPCR following 

VIGS treatment. B, relative abundance of alkaloids in DBOX- or BBE-silenced roots, as 

determined by LC-MS/MS. Bars, mean ± S.D. (error bars) of nine individual plants, which 

were used for both gene expression and alkaloid profile analyses. Asterisks denote a 

statistically significant difference relative to empty vector (pTRV2) at p < 0.05 (*), p < 0.01 

(**), or p < 0.001 (***) determined by the Tukey-Kramer multiple comparisons test. pTRV2-

BBE targeted both BBE1 and BBE2 transcripts.  
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Figure A2.21 Effect of virus-induced gene silencing (VIGS) on stylopine and coptisine 

levels in opium poppy roots.  

Multiple reaction monitoring (MRM) was used at m/z 176, 149 (stylopine) and m/z 292, 318 

(coptisine) whereby the first ion represents the quantifier and the second ion the qualifier, 

respectively. Paired t-test analysis indicated no significant difference in alkaloid levels 

between empty pTRV2 vector control and DBOX-silenced (pTRV2-DBOX) plants at P <0.05.  
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Figure A2.22 Effect of suppressing FADOX1, FADOX3, and FADOX8 transcript levels 

by virus-induced gene silencing on latex alkaloid profiles.  

A-C, Relative FADOX transcript abundance in stems of opium poppy chemotype Bea’s Choice 

infiltrated with Agrobacterium tumefaciens harboring various pTRV2 constructs or the empty 

pTRV2 vector. D-F, Relative alkaloid levels in FADOX-silenced plants. Mean ± standard 

deviation was calculated for nine plants per construct. Paired t-test analysis indicated no 

significant differences in the major alkaloid content of empty vector controls (pTRV2) and 

FADOX-silenced plants at P <0.05. 
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A2.5 Discussion 

The isolation and characterization of DBOX as a novel flavoprotein oxidase is a key 

step toward an understanding of several key reactions within BIA metabolism. Our work 

demonstrates a functional role for opium poppy FADOX5 as DBOX, an enzyme previously 

uncharacterized at the genetic level. Results also support a role for FADOX5 in papaverine 

biosynthesis, although in vitro data (Figures A2.11 and A2.13) combined with the exclusive 

presence of the transcript in root (Figure A2.17), which is the primary site of 

benzophenanthridine alkaloid accumulation, favored naming the enzyme DBOX. Most genes 

encoding enzymes in sanguinarine biosynthesis have been isolated (Ziegler and Facchini, 

2008), with DBOX catalyzing the terminal oxidation (Figure A2.1). Opium poppy accumulates 

relatively large quantities of sanguinarine in roots and elicited cell cultures, a feature shared 

with other members of the Papaveraceae. Certain opium poppy cultivars also accumulate 

papaverine in roots and in the latex of stems, leaves, and seed capsules (Desgagné-Penix and 

Facchini, 2012). In contrast, (S)-tetrahydroprotoberberine alkaloids are not major alkaloids in 

opium poppy. In vitro characterization of recombinant DBOX revealed a versatile enzyme 

capable of accepting a variety of benzophenanthridine, 1-benzylisoquinoline, and (S)-

tetrahydroprotoberberine alkaloids (Figures A2.11 and A2.13). Opium poppy DBOX was able 

to catalyze both two- or four-electron oxidation reactions, depending on the substrate, resulting 

in the introduction of either one or two double bonds, respectively. The functional versatility 

of DBOX was corroborated by VIGS analysis, which highlighted changes in the levels of 

sanguinarine and papaverine in response to DBOX silencing. Surprisingly, the levels of 

noscapine, which does not appear to be biosynthetically linked to DBOX, were also suppressed 

(Figure A2.20). 
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Sequence analysis of opium poppy DBOX supported monophylogeny with STOX from A. 

mexicana (Figure A2.2). Opium poppy and A. mexicana are members of the Papaveraceae, 

which generally accumulate sanguinarine and other benzophenanthridine alkaloids in roots, 

latex, or elicited cell cultures (Farrow et al., 2012). Previous studies of STOX from A. 

mexicana and Berberis species did not test benzophenanthridine alkaloids as substrates 

(Amann et al., 1988; Gesell et al., 2011). Opium poppy BBE1 and BBE2 (FADOX4) formed 

a monophyletic clade with BBE from E. californica (Winkler et al., 2008) and Berberis 

stolonifera (Figure A2.2). No relationship with either the STOX or BBE clades was apparent 

for other FADOXs, which prompted us to focus on the functional characterization of 

FADOX5, with BBE1 and BBE2 serving as controls. 

Compounds representing nine BIA structural categories were tested, and DBOX 

accepted certain benzophenanthridine, protoberberine, and 1-benzylisoquinoline alkaloids as 

substrates (Figures A2.11, A2.13 and A2.15). Dihydrosanguinarine showed the highest 

turnover rate compared with other substrates and underwent a two-electron oxidation to 

complete the C-ring aromatization found in the sanguinarine backbone structure (Figure 

A2.11). DBOX also accepted dihydrochelerythrine at 29% of the turnover rate compared with 

dihydrosanguinarine, which was in contrast with partially purified DBOX from E. californica 

that did not convert dihydrochelerythrine (Schumacher and Zenk, 1988). Interestingly, purified 

DHBO from S. canadensis accepted dihydrochelerythrine as a substrate (Arakawa et al., 1992). 

The substrate preference of opium poppy DBOX, combined with the metabolic effects of 

silencing DBOX in planta, strongly supports the physiological role of the enzyme in 

sanguinarine biosynthesis. The molecular mass of opium poppy DBOX (58 kDa) (Figure 

A2.10) was similar to that of E. californica DBOX (56 kDa) compared with that of DHBO (77 
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kDa) (Ignatov et al., 1997). E. californica DBOX was suggested as a flavin-dependent enzyme 

with a covalently linked cofactor based on shared features with STOX from B. wilsoniae, such 

as inhibition by morin and dicumarol, and the lack of a dissociable cofactor (Amann et al., 

1984; Schumacher and Zenk, 1988). In contrast with opium poppy DBOX, DHBO is not 

flavinylated and depends instead on copper as a cofactor. 

Although the opium poppy and E. californica enzymes are probably sequence 

orthologs, the Km of opium poppy DBOX for dihydrosanguinarine was substantially higher 

(201 μM) than that reported for E. californica DBOX (16 μM) and DHBO (6 μM) (Figure 

A2.4). A high Km for dihydrosanguinarine is not surprising, considering the 

benzophenanthridine alkaloid levels in the plant. Depending on the opium poppy chemotype, 

the relative proportion of dihydrosanguinarine and sanguinarine in roots can vary from 

approximately equal to largely in favor of dihydrosanguinarine. For example, in the Marianne 

chemotype, 80% of the benzophenanthridine alkaloid content of roots consists of 

dihydrosanguinarine and 10-hydroxydihydrosanguinarine, whereas sanguinarine and 10-

hydroxysanguinarine account for only 20% (Frick et al., 2005). A high Km value for 

dihydrosanguinarine would contribute to the accumulation of dihydrosanguinarine. 

Opium poppy DBOX yielded fully aromatized alkaloids from most 

tetrahydroprotoberberine substrates (Figure A2.11). Purified STOX from B. wilsoniae showed 

a strict preference for (S)- over (R)-enantiomers. The available racemic substrates (i.e. (R,S)-

canadine, (R,S)-tetrahydrocolumbamine, and (R,S)-tetrahydropalmatine) might have reduced 

the apparent turnover rate of (S)-enantiomers. (S)-Scoulerine was the preferred protoberberine 

substrate for opium poppy DBOX, which is in agreement with the reported activity of B. 

wilsoniae STOX (Amann et al., 1988). Mechanistic investigation of B. wilsoniae STOX 
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oxidation using (S)-scoulerine showed the formation of a single dihydroprotoberberine with a 

double bond between N7 and C14. The lack of further oxidation to a fully aromatized 

dehydroprotoberberine was interpreted as an indication that the initial two-electron oxidation 

to an iminium ion is enzymatic, whereas a second two-electron oxidation yielding 

dehydroprotoberberine products, including berberine, columbamine, palmatine, and coptisine 

(Figures A2.11 and A2.13), occurs spontaneously as the result of iminium ion instability. In 

contrast, mechanistic studies on E. californica BBE, which exhibits STOX-like activity with 

(S)-scoulerine, suggested an initial oxidation between N7 and C8 and a four-electron oxidation 

of (S)-scoulerine to dehydroscoulerine (Winkler et al., 2009). In this case, the second oxidation 

step did not appear to occur spontaneously but was either enzymatic or the result of iminium 

ion disproportionation. Opium poppy BBE1 and BBE2 did not accept (S)-scoulerine but did 

exhibit STOX-like activity with (RS)-tetrahydrocolumbamine and (R,S)-canadine, yielding 

fully aromatized products (Figure A2.11). Opium poppy DBOX catalyzed only a two-electron 

oxidation of (S)-scoulerine, yielding two products with nearly identical CID spectra (Figure 

A2.14, A–C). We propose that DBOX initially forms a single iminium ion product, which in 

turn experiences a rearrangement of electrons around the nitrogen to form an isomer ( Figure 

A2.14D). Whether DBOX-catalyzed oxidation occurs between N7 and C14 or between N7 and 

C8 is not known. Recently, it was shown that feeding (S)-scoulerine or its structural isomer 

(S)-coreximine to insect cell cultures expressing A. mexicana or B. wilsoniae STOX yielded 

two-electron oxidation products with a possible double bond at N7-C8 (Gesell et al., 2011). 

However, evidence supporting the introduction of an N7-C8 (versus an N7-C14) double bond 

was not provided. 

http://www.jbc.org.ezproxy.lib.ucalgary.ca/cgi/content/full/M112.420414/DC1
http://www.jbc.org.ezproxy.lib.ucalgary.ca/cgi/content/full/M112.420414/DC1
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In addition to benzophenanthridine and protoberberine substrates, opium poppy DBOX 

also accepted the 1-benzylisoquinoline alkaloid (R,S)-tetrahydropapaverine (Figures A2.11 

and A2.13), yielding two-electron (dihydropapaverine) and four-electron (papaverine) 

oxidation products. The proposed stepwise mechanism for papaverine formation involves the 

initial loss of a C3-hydrogen to yield an N2-C3 double bond, followed by deprotonation at C4 

to create the enamine 1,2-dihydropapaverine (Battersby et al., 1977). The imine-to-enamine 

isomerization is followed by the introduction of a double bond at C1-N2 to form papaverine. 

Radioactive tracer experiments with opium poppy seedlings revealed the presence of 1,2-

dihydropapaverine upon feeding (R,S)-tetrahydropapaverine or (R,S)-laudanosine in support 

of this mechanism (Han et al., 2010). Whether DBOX-generated dihydropapaverine represents 

the 1,2-dihydro or 3,4-dihydro isomer is not known because the purported diagnostic fragment 

ions following CID analysis (m/z 190 and 204, respectively) (Han et al., 2010) were detected 

at equally low abundance (Figure A2.7A). Tetrahydropapaverine and dihydropapaverine occur 

naturally in opium poppy at much lower levels than papaverine (Desgagné-Penix and Facchini, 

2012), suggesting that physiological conditions strongly favor papaverine formation. The 

inability of DBOX to convert (S)-norreticuline (Figure A2.11 and A2.16) was unexpected 

because native STOX was reported to introduce a double bond at C1-N2, yielding 1,2-

dehydronorreticuline (Amann et al., 1988). The acceptance of (R,S)-tetrahydropapaverine, but 

not (S)-norreticuline or (R,S)-norlaudanosoline (Figure A2.11) suggests a requirement for fully 

O-methylated 1-benzylisoquinoline substrates. 

The in vitro capacity of DBOX to convert different BIA structural subgroups suggests 

that the enzyme participates in more than one biosynthetic pathway. The use of VIGS as a 

functional genomics tool to investigate the physiological role of BIA biosynthetic genes is well 
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established in opium poppy (Hagel and Facchini, 2010a; Desgagné-Penix and Facchini, 2012; 

Wijekoon and Facchini, 2012; Winzer et al., 2012). The restriction of DBOX transcripts to 

roots (Figure A2.17 and A2.18) was in contrast to the occurrence of BBE transcripts, which 

were most abundant in roots but also present in stems (Figure A2.18). The significant reduction 

of both sanguinarine and dihydrosanguinarine levels in BBE-silenced opium poppy plants 

(Figure A2.20) was consistent with the action of BBE at an entry point to the 

benzophenanthridine alkaloid branch pathway (Figure A2.19). The lower sanguinarine content 

of DBOX-silenced plants was also consistent with the in vitro function of the enzyme (Figure 

A2.20). However, the concomitant reduction of dihydrosanguinarine levels in DBOX-silenced 

plants suggests additional mechanisms of metabolic control. For example, lower sanguinarine 

levels or initially higher dihydrosanguinarine levels could trigger regulatory alterations in the 

activity of other relevant BIA biosynthetic enzymes. Interestingly, levels of upstream pathway 

intermediates, such as protopine (Figure A2.20) and stylopine (Figure A2.21) were unaffected 

by DBOX silencing. 

Papaverine levels were also dramatically reduced in DBOX-silenced plants but were 

unchanged in BBE-silenced plants (Figure A2.20), in support of a role for DBOX in papaverine 

biosynthesis. Despite a relatively straightforward pathway, many aspects of papaverine 

biosynthesis remain unresolved (Han et al., 2010; Desgagné-Penix and Facchini, 2012). The 

restriction of DBOX transcripts to roots suggests that papaverine biosynthesis does not 

necessarily occur in the aerial organs in which the compound accumulates. The unaltered levels 

of stylopine and its aromatized equivalent coptisine suggested that factors besides DBOX are 

important determinants in regulating metabolic flux toward the formation of protoberberine 

alkaloids. The spatial separation of DBOX from one or more potential substrates at the cellular 
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or intracellular levels would preclude VIGS-mediated effects on product accumulation. The 

possibility that DBOX oxidizes substrates beyond the scope of this study cannot be discounted. 

The suppression of DBOX transcripts correlated with diminished noscapine accumulation, 

suggesting the possible direct or indirect involvement of DBOX in phthalideisoquinoline 

alkaloid biosynthesis. However, an off-target shift in BIA metabolism triggered by the 

knockdown of DBOX transcript is equally plausible. 

An initial expectation was that an enzyme exhibiting STOX activity would be 

responsible for the oxidation of (S)-reticuline to 1,2-dehydroreticuline as the first step toward 

the generation of (R)-reticuline required for morphinan alkaloid biosynthesis (Figure A2.1). 

Although the nature of the DRS reaction is similar to others catalyzed by DBOX, (S)-reticuline 

was not accepted in vitro, and silencing DBOX had no apparent effect on reticuline or thebaine 

levels (Figure A2.19). The lack of alterations in the major alkaloid content levels of FADOX1-

, FADOX3-, and FADOX8-silenced poppy plants excluded the possibility that another FADOX 

enzyme functioned as DRS (Figure A2.22). Although the possibility cannot be ruled out that 

an additional FADOX homologue could possess DRS activity, it is equally possible that an 

entirely different enzyme catalyzes this key reaction. 
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APPENDIX 3: RECONSTITUTION OF A 10-GENE PATHWAY FOR SYNTHESIS OF 

THE PLANT ALKALOID DIHYDROSANGUINARINE IN SACCHAROMYCES 

CEREVISIAE 

Adapted from: Nature communications (2014) 5:3283 

DOI : 10.1038/ncomms4283 

A3.1 Introduction 

Many pharmaceutical drugs are isolated directly from plants or are semisynthetic 

derivatives of natural products (Newman and Cragg, 2007; De Luca et al., 2012). Information 

from New Drug Applications and clinical trials is evidence that the pharmaceutical industry 

continues to use natural products as a source of new drug leads (Mishra and Tiwari, 2011). 

However, the pipeline of drug discovery is difficult to sustain, due to technical challenges in 

isolating new compounds with diverse structures and complex chemistries in sufficient 

quantities for screening (Li and Vederas, 2009). 

Next generation DNA sequencing technology has provided rapid access to the genetic 

diversity underpinning the immense biosynthetic capacity of plants and microbes (Giddings 

and Newman, 2013; Xiao et al., 2013). Although Saccharomyces cerevisiae has traditionally 

been used for the biosynthesis of simple molecules derived from central metabolism (Liu et 

al., 2013), advances in recombinant DNA technology streamlining the cloning of large DNA 

sequences make this microbe an attractive platform for functional characterization of enzymes 

as well as the reconstitution of complex metabolic pathways (Gibson, 2009; Shao et al., 2009). 

When combined with genetic information on an ever-increasing number of species, microbial 

hosts provide new opportunities for the discovery and production of diverse and complex 

natural products. A recent example demonstrating the power of these combined technologies 

javascript:;
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is the high-level production of the artemisinin antimalarial drug precursor artemisinic acid in 

yeast (Paddon et al., 2013). 

Benzylisoquinoline alkaloids (BIAs) are a diverse class of plant secondary metabolites 

including such pharmaceuticals as the antitussive codeine, the analgesic morphine, the 

antitussive and anticancer drug noscapine (Chougule et al., 2011) and the antibacterial and 

potential antineoplastic drugs berberine and sanguinarine (Bessi et al., 2012). Their complex 

molecular backbone and the presence of multiple stereocentres makes the complete chemical 

synthesis of most BIAs commercially unfeasible (Rice, 1980; Newhouse et al., 2009; Pickens 

et al., 2011). Consequentially, plant extraction is the only commercial source of BIAs, which 

limits the diversity of BIA structures available for drug discovery due to their low abundance 

(Fumihiko et al., 2007). The pharmaceutical value of BIAs and advances made in the 

elucidation of their biosynthesis in plants have made these compounds high-value candidates 

for production using microbial hosts (Hagel and Facchini, 2013). 

Despite their structural diversity, BIAs share many common biosynthetic steps and 

intermediates. Escherichia coli was recently engineered to produce the key BIA intermediate 

(S)-reticuline from glucose or glycerol (Nakagawa et al., 2011; Nakagawa et al., 2012) and co-

cultured with S. cerevisiae expressing heterologous enzymes to synthesize (S)-magnoflorine 

and (S)-scoulerine (Minami et al., 2008). While production of the key intermediate (S)-

reticuline from simple carbon sources in E. coli is an undeniable success, S. cerevisiae is a 

more attractive host for BIA synthesis, due to its superior ability to express the cytochrome 

P450s common in downstream alkaloid synthesis (Siddiqui et al., 2012). Strains of S. 

cerevisiae were also engineered for the production of the BIA intermediates (R,S)-reticuline 

and (S)-scoulerine, and the protoberberine intermediates (S)-tetrahydrocolumbamine and (S)-
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canadine using the fed substrate (R,S)-norlaudanosoline (Hawkins and Smolke, 2008). 

However, gaps in biosynthetic pathways and the complexity of multi-gene co-expression in 

microbial hosts have prevented the production of a more diverse set of BIAs thus far. 

Sanguinarine is a BIA with recognized antimicrobial activities and potential as an 

antineoplastic drug (Godowski, 1989; W Obiang-Obounou et al., 2011). The last steps in 

sanguinarine biosynthesis were recently elucidated, laying the groundwork for complete 

synthesis of this molecule in a heterologous host (Hagel et al., 2012; Beaudoin and Facchini, 

2013; Takemura et al., 2013). 

Here we combine gene discovery with multi-gene heterologous expression in S. 

cerevisiae to reconstitute a 10-gene BIA pathway for the biosynthesis of dihydrosanguinarine 

and sanguinarine from the commercial precursor (R,S)-norlaudanosoline. We also demonstrate 

the activity of tetrahydroprotoberberine cis-N-methyltransferase (TNMT) towards scoulerine 

and cheilanthifoline and synthesize N-methylscoulerine and N-methylcheilanthifoline in yeast. 

The reconstitution of a complex pathway for BIA synthesis in S. cerevisiae represents an 

important advance towards the production of a broader class of alkaloids in a microbial host. 

A3.2 Materials and Methods 

A3.2.1 Chemicals and reagents 

(S)-Reticuline was a gift from Johnson & Johnson. (R,S)-Norlaudanosoline was 

purchased from Enamine Ltd. (Kiev, Ukraine), (S)-scoulerine and (S)-stylopine from 

ChromaDex (Irvine, CA, USA), protopine from TRC Inc. (North York, Ontario, Canada) and 

sanguinarine from Sigma. Dihydrosanguinarine was prepared by NaBH4 reduction of 

sanguinarine (Schumacher and Zenk, 1988). Antibiotics, growth media and α-D-glucose were 

purchased from Sigma-Aldrich. Restriction enzymes, T4 DNA polymerase and T4 DNA ligase 
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were from New England Biolabs (NEB). Polymerase chain reactions (PCRs) for the assembly 

of expression cassettes were performed using Phusion High-Fidelity DNA polymerase 

(NEB/Thermo Scientific). Taq polymerase (Fermentas/Thermo Scientific) was used in PCRs 

confirming DNA assembly or chromosomal integration. PCR-amplified products were gel 

purified using the QIAquick purification kit (Qiagen). Plasmid extractions were done using the 

GeneJET plasmid mini-prep kit (Thermo Scientific). Genomic DNA preparations were done 

using the DNeasy blood and tissue kit (Qiagen). HPLC-grade water was purchased from Fluka. 

HPLC-grade methanol and acetonitrile were purchased from Fischer Scientific. 

A3.2.2 Identification and characterization of PsCFS and PsSPS 

RNA extraction from root or stems of the P. somniferum (opium poppy) cultivar Bea’s 

Choice was performed using a modified CTAB method (Meisel et al., 2005) and the cDNA 

libraries were constructed using the TruSeq Stranded mRNA Sample Prep Kit (Illumina). 

Illumina GA sequencing was performed with 7 pmol per library with one lane in the flow cell. 

Sequence trimming was done with Cutadapt (Martin and Wang, 2011) and assembled with 

Velvet-Oases v0.1.16 (Zerbino and Birney, 2008) and the clustering tools CD-HIT-EST (Li 

and Godzik, 2006) and CAP3 (Huang, 1999). Gene expression analysis was performed by re-

mapping the raw reads to the assembled contigs using Bowtie (Langmead et al., 2009) and 

further refined using the RNA-seq by Expectation–Maximization package (Li and Dewey, 

2011). 

The pESC-CPR vector encoding opium poppy cytochrome P450 reductase (PsCPR) 

fused to a c-Myc tag was used for the heterologous expression of plant proteins in S. cerevisiae 

(Beaudoin and Facchini, 2013). PsCFS (CYP719A25; GenBank ADB89213) was amplified 

from opium poppy cell culture cDNA using the primer listed in Table A3.1. The amplicon was  
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Table A3.1. Oligonucleotides used for amplifications of expression constructs parts 

Name  Sequence 5’→3’ 

pESC-CPR/CFS 

PsCFS for GCGGCCGCAAAAATGGAGGTGACATTTTGGTTG 

PsCFS rev ACTAGTGCATGGATACGAGGAGTAAT 

pGC1062 

pG:C1 for 
TAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCGAGACTGCAGCATTAC
TTTGAGAAG 

TDH3p rev TTGATACTGTTTCCATTGTTTTTCGAAACTAAGTTCTTGGTGTTTTAAAAC 

6OMT for  AAACACCAAGAACTTAGTTTCGAAAAACAATGGAAACAGTATCAAAGATCG 

6OMT rev TAAGCGTGACATAACTAATTACATGATCAATATGGATAGGCTTCGATCAC 

CYCt for GTGATCGAAGCCTATCCATATTGATCATGTAATTAGTTATGTCACGCTTAC 

FBA1p rev CCAAGGAACCCATTGTTTTTATGTATTACTTGGTTATGGTTATATATGAC 

4OMT_2 for ATATAACCATAACCAAGTAATACATAAAAACAATGGGTTCCTTGGATGCG 

4OMT 2 rev CAAACCTCTGGCGAAGAAGTCCATTATGGAAAAGCTTCTATAACAGATTGTATTGC 

ADH1t for CAATCTGTTATAGAAGCTTTTCCATAATGGACTTCTTCGCCAGAGGTTTG 

PDC1p rev TTTGCTTTCAGTTGCATTGTTTTTGATTTGACTGTGTTATTTTGCGTGAG 

CNMT rev GCAAAATAACACAGTCAAATCAAAAACAATGCAACTGAAAGCAAAGGAAG 

CNMT for GCAAAATAACACAGTCAAATCAAAAACAATGCAACTGAAAGCAAAGGAAG 

PGIt for TCTTTAAGAAAAAGTAAAACAAATCGCTCTTAAATATATACCTAAAGAAC 

pG:C6 rev 
ATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTACCGCGGCCGCACAACTCATGGTGATGT
GATTGCC 

pGC994 

pG:C1 for 
TAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCGAGACTGCAGCATTAC
TTTGAGAAG 

TDH3p rev CAACCAAAATGTCACCTCCATTGTTTTTCGAAACTAAGTTCTTGGTGTTTTAAAAC 

CheSyn for TTTTAAAACACCAAGAACTTAGTTTCGAAAAACAATGGAGGTGACATTTTGGTTGATAAC 

CheSyn rev GTAAGCGTGACATAACTAATTACATGATTAATGGATACGAGGAGTAATTTTGGC 

CYC1t for GCCAAAATTACTCCTCGTATCCATTAATCATGTAATTAGTTATGTCACGCTTAC 

C6:pG rev 
CAATCTCGCCCACAGCCCCTTTCTTTAATCATTCCGACCCCCGCCATGAGACAACTCATGGTGATGTG
ATTGCC 

C1:H1 for 
CTCATGGCGGGGGTCGGAATGATTAAAGAAAGGGGCTGTGGGCGAGATTGGAGACTGCAGCATT
ACTTTGAGAAG 

PDC1p rev GGAGATTATCATTAACATCACCCATTGTTTTTGATTTGACTGTGTTATTTTGCGTGAGG 

BBE for AATAACACAGTCAAATCAAAAACAATGGGTGATGTTAATGATAATCTCCTCTCGTCATG 

BBE rev AAACCTCTGGCGAAGAAGTCCACAATTCCTTCAACATGTAAATTTCCTCAAATTTC 

ADH1t for GAAATTTGAGGAAATTTACATGTTGAAGGAATTGTGGACTTCTTCGCCAGAGGTTT 

C6:H2 rev 
TGGTGACCTCCATTAGGCCACCATCATGTTTGCCACGGTTTATTAACTGGACAACTCATGGTGATGT
GATTGCC 

C1:H2 for 
CCAGTTAATAAACCGTGGCAAACATGATGGTGGCCTAATGGAGGTCACCAGAGACTGCAGCATTAC
TTTGAGAAG 

PMA1p rev AGGTAGTAATCGATAATTCCATTTTGATAATTAAATCTTTCTTATCTTCTTATTCTTTTC 
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StySyn for TAAGAAGATAAGAAAGATTTAATTATCAAAATGGAATTATCGATTACTACCTCAATAGC 

StySyn rev GTTCTTTAGGTATATATTTAAGAGCGATTTGTTTTAAACTCTTGGGACTATCCTCGC 

PGI1t for GCGAGGATAGTCCCAAGAGTTTAAAACAAATCGCTCTTAAATATATACCTAAAGAAC 

pG:C6 rev 
ATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTACCGCGGCCGCACAACTCATGGT
GATGTGATTGCC 

pGC997 

pG:C1 for 
TAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCGAGACTGCAGC
ATTACTTTGAGAAG 

PDC1p rev AGCAAGCATTAAGGAATCCATTGTTTTTGATTTGACTGTGTTATTTTG 

P6H for GCAAAATAACACAGTCAAATCAAAAACAATGGATTCCTTAATGCTTG 

P6H rev TGTAAGCGTGACATAACTAATTACATGACTATTCGTACAACTTGTAATGT 

CYC1t for TCGTCTACATTACAAGTTGTACGAATAGTCATGTAATTAGTTATGTCACG 

C6:H1 rev 
CAATCTCGCCCACAGCCCCTTTCTTTAATCATTCCGACCCCCGCCATGAGACAACTCATGGTG
ATGTGATTGCC 

C1:H1 for 
CTCATGGCGGGGGTCGGAATGATTAAAGAAAGGGGCTGTGGGCGAGATTGGAGACTGCAG
CATTACTTTGAGAAG 

TDH3p rev CGGTCTGTTTGTTTTGATTGATTCGGTTCGCATTGTTTTTCGAAACTAAGTTCTTGGTG 

MSH for TTTAAAACACCAAGAACTTAGTTTCGAAAAACAATGCGAACCGAATCAAT 

MSH rev CCTCTGGCGAAGAAGTCCATCATATCTCGAGTCGAGGTTTGATC 

ADH1t for GATCAAACCTCGACTCGAGATATGATGGACTTCTTCGCCAGAGG 

ADH1t rev ACAACTCATGGTGATGTGATTGCCGCATGCCGGTAGAGGTGTGGT 

FBA1p for ACCACACCTCTACCGGCATGCGGCAATCACATCACCATGAGTTGT 

FBA1p rev TCATCTATTGAACCCATTGTTTTTATGTATTACTTGGTTATGGTTATATATGACAAAAG 

TNMT for TATATAACCATAACCAAGTAATACATAAAAACAATGGGTTCAATAGATGAGGTCAAGAA 

TNMT rev GTTCTTTAGGTATATATTTAAGAGCGATTTGTTCTACTTCTTCTTGAAAAGCAGCTG 

PGI1t for GCAGCTGCTTTTCAAGAAGAAGTAGAACAAATCGCTCTTAAATATATACCTAAAG 

pG:C6 rev 
ATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTACCGCGGCCGCACAACTCATGGTGATGTG
ATTGCC 

pGC577 

pG:C1 for 
TAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCGAGACTGCAGC
ATTACTTTGAGAAG 

TDH3p rev GTTTGCCAGGTTGTTTGACCCCATTGTTTTTCGAAACTAAGTTCTTGGTGTTTTAAAAC 

CPR for GTTTTAAAACACCAAGAACTTAGTTTCGAAAAACAATGGGGTCAAACAACCTGGC 

CPR rev GTAAGCGTGACATAACTAATTACATGATTACCATACATCTCTCAAGTATCTCTC 

CYC1t for GAGAGATACTTGAGAGATGTATGGTAATCATGTAATTAGTTATGTCACGCTTAC 

pG:C6 rev 
CAATCTCGCCCACAGCCCCTTTCTTTAATCATTCCGACCCCCGCCATGAGACAACTCATGGTG
ATGTGATTGCC 

pGC655 

pYES2 for GGCCCTGCATTAATGAATCG 

pYES2 rev ACTAGTGGATCATCCCCAC 

pY:C1 for 
CCGCCGCGCTTAATGGGGCGCTACAGGGCGCGTGGGGATGATCCACTAGTGAGACTGCAG
CATTACTTTGAGAAG 

PMA1p rev CATTAACATCACCCATTGTTTTTTTGATAATTAAATCTTTCTTATCTTCTTATTCTTTTC 
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BBE for GAAGATAAGAAAGATTTAATTATCAAAAAAACAATGGGTGATGTTAATGATAATCTCCTC 

BBE rev CTTTAGGTATATATTTAAGAGCGATTTGTTCTACAATTCCTTCAACATGTAAATTTCC 

PGI1t for GGAAATTTACATGTTGAAGGAATTGTAGAACAAATCGCTCTTAAATATATACCTAAAG 

pY:C6 
CAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGGACAACTCATGGT
GATGTGATTGCC 

pGC717 

pG:C1 for 
TAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCGAGACTGCAGC
ATTACTTTGAGAAG 

FBA1p rev GCCAGGTTGTTTGACCCCATTGTTTTTATGTATTACTTGGTTATGGTTATATATGAC 

CPR for GTCATATATAACCATAACCAAGTAATACATAAAAACAATGGGGTCAAACAACCTGGC 

CPR rev GTAAGCGTGACATAACTAATTACATGATTACCATACATCTCTCAAGTATCTCTC 

CYC1t for GAGAGATACTTGAGAGATGTATGGTAATCATGTAATTAGTTATGTCACGCTTAC 

C6:H1 rev 
CAATCTCGCCCACAGCCCCTTTCTTTAATCATTCCGACCCCCGCCATGAGACAACTCATGGTG
ATGTGATTGCC 

C1:H1 for 
CTCATGGCGGGGGTCGGAATGATTAAAGAAAGGGGCTGTGGGCGAGATTGGAGACTGCAG
CATTACTTTGAGAAG 

TDH3p rev CTTGACCTCATCTATTGAACCCATTGTTTTTCGAAACTAAGTTCTTGGTGTTTTAAAAC 

TNMT for GTTTTAAAACACCAAGAACTTAGTTTCGAAAAACAATGGGTTCAATAGATGAGGTCAAG 

TNMT rev GACTTGACCAAACCTCTGGCGAAGAAGTCCACTACTTCTTCTTGAAAAGCAGCTG 

ADH1t for GGATGGTTGCGCAGCTGCTTTTCAAGAAGAAGTAGTGGACTTCTTCGCCAGAGGT 

pG:C6 rev 
ATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTACCGCGGCCGCACAACTCATGGTGATGTG
ATTGCC 
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inserted into NotI and SpeI restriction sites of pESC-CPR in-frame with a FLAG-tag sequence 

yielding pESC-CPR/CFS. A synthetic PsSPS (CYP719A20) gene (GenBank KF481962), 

codon-optimized for expression in S. cerevisiae and containing a sequence encoding the N-

terminal membrane-spanning domain from the Lactuca sativa (lettuce) germacrene A oxidase 

(43 amino acids) (Nguyen et al., 2010) replacing the corresponding native domain (29 amino 

acids) to increase protein stability (Barriuso et al., 2011), was inserted into the NotI and SpeI 

restriction sites of pESC-CPR (Beaudoin and Facchini, 2013) in-frame with a FLAG-tag 

sequence yielding pESC-CPR/SPSΔN. For heterologous gene expression, S. cerevisiae strain 

YPH499, harbouring the plasmid of interest, was grown in yeast nitrogen broth, synthetic 

dropout supplement lacking leucine, 0.2% D-glucose, 1.8% D-galactose and 1% D-raffinose 

for 48 h at 30 °C (Beaudoin and Facchini, 2013). Microsomes were prepared by glass bead 

disruption and ultracentrifugation (Pompon et al., 1996). Cytochrome P450 enzyme assays 

were performed with 20 μg of microsomal protein in 50 mM HEPES, pH 7.5, 125 μM (S)-

scoulerine and 500 μM NADPH in 50 μL at 30 °C. Reactions were stopped after 90 min with 

the addition of 100 μL MeOH and the precipitate was discarded. The supernatant was 

evaporated to dryness and suspended in 50 μL solvent A (95:5, 10 mM ammonium acetate, pH 

5.5:acetonitrile). 

A3.2.3 Reconstitution of the sanguinarine pathway in S. cerevisiae 

For liquid cultures, S. cerevisiae was grown in yeast nitrogen broth, synthetic dropout 

supplement, 2% α-D-glucose and amino acids as appropriate (YNB-DO-GLU) at 30 °C and 

200 r.p.m. For solid media, selection for plasmid transformation was on YNB-DO-GLU/agar, 

while selection for chromosomal integration was on YPD/agar (yeast extract peptone-dextrose) 

with the appropriate antibiotic. Transformations were either performed by heat shock in the 
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presence of lithium acetate, carrier DNA and PEG 3350 (Gietz and Schiestl, 2007b), or by 

electroporation in the presence of sorbitol (Shao et al., 2009). 

All coding sequences are from P. somniferum with the exception of P6H, which is from E. 

californica. Synthetic sequences of Ps6OMT (GenBank KF554144), Ps4′OMT2 (GenBank 

KF661327), PsCNMT (GenBank KF661326) and PsP450R(CPR) (GenBank KF661328) were 

codon-optimized by DNA1.0 for optimal expression in yeast. The lettuce germacrene A 

oxidase N-terminus membrane-spanning domain was incorporated into SPS as described 

above and 25 amino acids were truncated from N-terminus of the opium poppy BBE 

(PsBBEΔN) (Bird and Facchini, 2001; Hawkins and Smolke, 2008). When not otherwise 

specified, coding sequences in Table A3.2 correspond to the plant cDNA sequences. The 

partial Kozak sequence AAAACA was introduced upstream of all coding sequences by PCR 

or as an integral part of gene synthesis. 

A3.2.4 Assembly of plasmids by homologous recombination 

Blocks of enzymes were designed to independently express sequential enzymes of the 

dihydrosanguinarine pathway. Enzyme blocks were cloned into the pGREG series of E. coli–

S. cerevisiae shuttle vectors (Jansen et al., 2005). Vectors pGREG503, 504, 505 and 506, 

harbouring the HIS3, TRP1, LEU2 and URA3 auxotrophic markers, respectively, were 

modified by site-directed mutagenesis to contain a unique KpnI site at the 3′ end of a stuffer 

cassette in the multiple cloning site using the PCR primers reported in Table A3.3. Gene 

expression cassettes were inserted by homologous recombination into pGREG vectors 

previously linearized with AscI/KpnI. Empty pGREG control plasmids were created by intra-

molecular ligation of the linearized pGREG made blunt with T4 DNA polymerase. 

Table A3.2 List of Saccharomyces cerevisiae strains and plasmids used in this study 
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Strain Genotype a,c Plasmid Source 

YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 
his3-Δ200 leu2-Δ1 

None (Sikorski and Hieter, 
1989; Ro et al., 2008) 

GCY1192 YPH499 pGC1189 This study 

GCY1193 YPH499 pGC1190 This study 

GCY1194 YPH499 pGC1191 This study 

CEN.PK113-
16B 

MATα leu2-3 MAL2-8C SUC2 None (van Dijken et al., 
2000) 

CEN.PK113-
16C 

MATα trp1-289 his3 Δ1 MAL2-8C SUC2 None (van Dijken et al., 
2000) 

CEN.PK113-
3B 

MATα ura3-52 his3 Δ1 MAL2-8C SUC2 None (van Dijken et al., 
2000) 

CEN.PK2-1D MATα ura3-52 trp1-289 leu2-3,112 his3 Δ1 MAL2-8C SUC2 None (van Dijken et al., 
2000) 

GCY1086 CEN.PK113-16B pGC1062  This study 

GCY1090 CEN.PK113-16C pGC994, 
pGC557  

This study 

GCY1094 CEN.PK113-3B pGC997, 
pGC557  

This study 

GCY1098 CEN.PK2-1D pGC1062, 
pGC994, 

pGC997, 
pGC557 

This study 

GCY1074 CEN.PK2-1D YORWΔ17(ChrXV)::C1-PTDH3-CFS-TCYC1-C6-H1-

C1-PPDC1-BBEΔN-TADH1-C6-H2-C1-PPMA1-SPSΔNb-TPGI1-C6 

None This study 

GCY1101 GCY1074 (Block 2 integrant) pGC557 (CPR) This study 

GCY1082 YPRCΔ15(ChrXVI)::C1-PPDC1-P6H-TCYC1-C6-H1-C1- PTDH3-
MSH-TADH1-C6-C1- PFBA1-TNMT-TPGI1-C6 with pGC557 

None This study 

GCY1104 GCY1082 (Block 2 and 3 integrant) pGC557 (CPR) This study 

GCY1108 GCY1082 (Block 2 and 3 integrant) pGC1062 
(Block1) 

pGC557 (CPR) 

This study 
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GCY1125 GCY1082 (Block 2 and 3 integrant) pGC1062 
(Block1) 

pGC557 (CPR) 

pGC655 (BBE-

2μ) 

This study 

GCY1127 GCY1074 (Block 2 integrant) pGC717 
(TNMT+CPR) 

This study 

Plasmid 
name 

Genotype a,c  Source 

pESC-leu2d 2ori, pUCori, leu2d, AmpR, PGAL1-c-Myc tag-TCYC1, PGAL10-FLAG tag-TADH1  (Ro et al., 2008) 

pGC1189 pESC-leu2d::CPRb  This study 

pGC1190 pESC-leu2d::CPRb-CFS  This study 

pGC1191 pESC-Leu2d::CPRb-SPSΔNb  This study 

pGREG503 CEN6/ARS4ori, pMB1ori, HIS3, AmpR, loxP-KanR, PGAL1-HISstuffer-TCYC1  (Jansen et al., 
2005) 

pGREG504 CEN6/ARS4ori, pMB1ori, TRP1, AmpR, loxP-KanR, PGAL1-HISstuffer-TCYC1  (Jansen et al., 
2005) 

pGREG505 CEN6/ARS4ori, pMB1ori, LEU2, AmpR, loxP-KanR, PGAL1-HISstuffer-TCYC1  (Jansen et al., 
2005) 

pGREG506 CEN6/ARS4ori, pMB1ori, URA3, AmpR, loxP-KanR, PGAL1-HISstuffer-TCYC1  (Jansen et al., 
2005) 

pGC964 pGREG503 KpnI(3555-2560)A(3558)G, KpnI(4509-4514) A(4512)G  This study 

pGC965 pGREG504 KpnI(3555-2560)A(3558)G  This study 

pGC966 pGREG505 KpnI(3555-2560)A(3558)G, KpnI(5176-5181) A(5179)G  This study 

pGC967 pGREG506 KpnI(3593-3598)A(3596)G  This study 

pGC1062  

(Block 1) 

pGC966::C1-PTDH3-6OMTb-TCYC1-C6-H1-C1- PFBA1-4’OMT2b-TADH1-C6-H2-
C1- PPDC1-CNMTb-TPGI1-C6,  

 This study 

pGC994  

(Block 2) 

pGC965::C1-PTDH3-CFS-TCYC1-C6-H1-C1-PPDC1-BBEN-TADH1-C6-H2-C1-
PPMA1-SPSΔNb-TTPGI1-C6 

 This study 

pGC997  

(Block 3) 

pGC967::C1-PPDC1-P6H-TCYC1-C6-H1-C1-PTDH3-MSH-TADH1-C6-C1- PFBA1-
TNMT-TPGI1-C6 

 This study 

pGC557  pGC964::C1-PTDH3-CPRb-TCYC1-C6  This study 



 

328 

pYES2 2ori, pUCori, URA3, AmpR, PGAL1-TCYC1  This study 

pGC655  pYES2::PPMA1-BBEN - TPGI1  This study 

pGC717 pGC964::C1- PFBA1-CPRb-TCYC1-C6-H1-C1-PTDH3-TNMT-TADH1-C6  This study 

a 
All coding sequences are from Papaver somniferum except PH6 which is from Eschscholzia californica.

b 
Synthetic gene. 

Codon-optimized sequence for expression in Saccharomyces cerevisiae. 
c 

Linkers used for cloning purposes are in bold. 

 

 

 

 

 

 

 

Table A3.3. Oligonucleotides used in site-directed mutagenesis of the pGREG vector 

series in order to eliminate additional KpnI sites 

Primer name Sequence 5’→3’ 

Kpn_forward TAATTAAGGGTGCCCAATTCGCCCTATAGTGAGT 

Kpn_reverse TAGGGCGAATTGGGCACCCTTAATTAAGACAAC 

KpnURA_f CGTTGGTGCCATTGGGCGAGGTGGCTTCTCT 

KpnURA_r CCTCGCCCAATGGCACCAACGATGTTC 

KpnLEU_f CTAAATGGGGTGCCGGTATTAGACCTGAACAAG 

KpnLEU_r CGTCTAACACTACCGGCACCCCATTTAGGACCAC 
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The DNA assembler technique, which takes advantage of in vivo homologous 

recombination in yeast (Shao et al., 2009), was used for the assembly of the sanguinarine 

pathway. Promoters, genes and terminators were assembled by incorporating a ~50-bp 

homologous region between the segments. Expression cassettes were joined to each other and 

to the vector backbone using DNA linkers (C6-H(n)-C1 linkers in Table A3.1), with the 

exception of some components of Block 3. DNA linkers were added to promoters and 

terminators by PCR using the primers listed in Table A3.1 and CEN.PK genomic DNA as 

template. In addition, a NotI site was introduced in the 3′ linker primer containing homology 

to pGREG backbones, allowing the excision of enzyme blocks by AscI/NotI double digest. 

PsBBEΔN was also independently cloned into the 2μ high copy vector pYES2. For DNA 

assembly, the pYES2 backbone was amplified by PCR using primers pYES2 for and pYES2 

rev described in Table A3.1. Transformation of DNA fragments in yeast for homologous 

recombination was accomplished by electroporation. Assembled plasmids were transferred to 

E. coli and sequenced-verified. All the plasmids used in this work are described in Table A3.2. 

A3.2.5 Integration of enzyme blocks into the genome 

Integration of enzyme blocks into the genome of S. cerevisiae was achieved through 

targeted homologous recombination to integration sites shown to support relatively high levels 

of gene expression (Flagfeldt et al., 2009). Enzyme blocks were integrated into the genome 

using upstream and downstream homology regions, selection cassettes and gene cassettes, as 

parts for chromosomal DNA assembly (Shao et al., 2009). Selection cassettes HygR and G418R 

(for Blocks 2 and 3, respectively), were amplified from pZC3 and pUG6, while genomic 

homology regions (site 18 on chromosome XV and site 20 on chromosome XVI for Blocks 2 

and 3, respectively) were amplified from CEN.PK genomic DNA using primers described in   
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Table A3.4. Oligonucleotides used for amplifications of for integration of the Block 2 

and Block 3 into the genome 

Primer name Sequence 5’→3’ 

Integration site 18 

18 Up for TGTGCACAAAGGCCATAATATTATGTC 

18 Up rev TAATTTCGATAAGCCAGGTTAACCTGCGGCATGAGTTATGGTTGCACAGT 

HygR for GGTAACTGTGCAACCATAACTCATGCCGCAGGTTAACCTGGCTTATCGAA 

HygR rev 
CTCAAAGTAATGCTGCAGTCTCGGCGCGCCGGCTACAATTAATACATAACCT

TATGTATC 

18 Down for 
CTCAAAGTAATGCTGCAGTCTCGGCGCGCCGGCTACAATTAATACATAACCT

TATGTATC 

18 Down rev AAAGCTGGCTCCCCTTAGACAA 

Integration site 20 

20 Up for GCCAGGCGCCTTTATATCAT 

20 Up rev TAATTTCGATAAGCCAGGTTAACCTGCTTTGCGAAACCCTATGCTCT 

G418 for TTCAAATCCGAACAACAGAGCATAGGGTTTCGCAAAGCAGGTTAACCTGGCT

TATCGAA 

G418 rev CTCAAAGTAATGCTGCAGTCTCGGCGCGCCGGCTACAATTAATACATAACCT

TATGTATC 

20 Down for GGCAATCACATCACCATGAGTTGTGCGGCCGCAATGGAAGGTCGGGATGAG 

20 Down rev ATAAAGCAGCCGCTACCAAA 
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Table A3.4. Gene cassettes of Blocks 2 and 3 were excised from their plasmids by AscI//NotI-

HF/XbaI digestion. Parts for assembly were transformed into S. cerevisiae by the lithium 

acetate method and integrants were selected on solid media. Successful integration was verified 

by PCR using genomic DNA as template. 

A3.2.6 Cell-feeding assays 

Whole-cell substrate feeding assays were used to test the function of each enzyme block 

individually and in combinations. To prepare the cells for the feeding assays, a colony of S. 

cerevisiae was inoculated in YNB-DO-GLU and incubated for 24 h. Cultures were diluted to 

an OD600 of 0.8 into 6 ml of fresh YNB-DO-GLU and incubated for an additional 7 h. Cells 

were harvested by centrifugation at 2,000 g for 2 min. Supernatants were decanted and cells 

were suspended in 2 ml of Tris-EDTA (10 mM Tris–HCl, 1 mM EDTA, pH 8), containing 

10 μM of one of the following feeding substrates: (R,S)-norlaudanosoline, (S)-reticuline, (S)-

scoulerine or (S)-stylopine. Cells were incubated for 16 h then harvested by centrifugation at 

15,000 g for 1 min. For BIA extraction from cells, the cell pellet was suspended in 500 μL 

methanol with ~50 μL acid-washed glass beads and vortexed for 30 min. Cell extracts were 

clarified by centrifugation at 15,000 g for 1 min and used directly for LC-MS analysis. 

A3.2.7 MRM analysis of alkaloids 

Analysis of enzyme assays was performed using an Agilent 1200 liquid 

chromatography system equipped with a 6410 triple-quadrupole mass spectrometer (Agilent 

Technologies, Santa Clara, CA). Solvent A1 (95:5, 10 mM ammonium acetate, 

pH5.5:acetonitrile) and solvent B (100% acetonitrile) were used in a gradient elution to 

separate the metabolites of interest as follows: 0–6 min at 0–60% B (linear gradient), 6–7 min 

at 99% B, 8–8.1 min at 100% A1, followed by a 3.9 min equilibration at 100% A1. Ten 
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microlitres of either cell extract or supernatant fraction were loaded on the HPLC column run 

at a flow rate of 0.7 ml min−1. Following liquid chromatography (LC) separation, the eluate 

was applied to the mass analyzer using the following parameters: capillary voltage, 4,000 V; 

fragmentor voltage, 125 V; source temperature, 350 °C; nebulizer pressure, 50 psi; gas flow, 

10 l min−1. Scoulerine, cheilanthifoline and stylopine were detected in MRM (multiple reaction 

monitoring) mode using a collision energy of 25 eV and monitored transitions of m/z328→178, 

326→178 and 324→176, respectively. 

A3.2.8 FT-MS analysis of alkaloids 

Detection of alkaloids in the sanguinarine biosynthetic pathway was performed by FT-

MS using a 7T-LTQ FT ICR instrument (Thermo Scientific, Bremen, Germany). Alkaloids 

were separated by reverse-phase HPLC (Perkin Elmer SERIES 200 Micropump, Perkin Elmer, 

Norfolk, CT, USA) using an Agilent Zorbax Rapid Resolution HT C18 2.1*30 mm, 1.8 micron 

column. Solvent A2 (0.1% acetic acid) and solvent B (100% acetonitrile) were used in a 

gradient elution to separate the metabolites of interest as follows: 0–1 min at 100% A2, 1–

6 min at 0–95% B (linear gradient), 7–8 min at 95% B, 8–8.2 min at 100% A2, followed by a 

1 min equilibration at 100% A1. Three microlitres of either cell extract or supernatant fraction 

was loaded on the HPLC column run at a flow rate of 0.25 ml min−1. Dilutions in methanol 

were performed to keep alkaloid concentrations within the range of standard curve values and 

avoid saturating FT signals. Following LC separation, metabolites were injected into the LTQ-

FT-MS (ESI source in positive ion mode) using the following parameters: resolution, 100,000; 

scanning range, 250–450 AMU; capillary voltage, 5 kV; source temperature, 350 °C; AGC 

target setting for full MS were set at 5 × 105 ions. Identification of alkaloids was done using 

retention time and exact mass (<2 p.p.m.) of the monoisotopic mass of the protonated 
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molecular ion [M + H]+. LC-FT-MS data were processed using the freely available program 

Maven (Clasquin et al., 2012). When available authentic standards were used to confirm the 

identity of the BIA intermediates (using HPLC retention times and exact masses) and to 

quantify sanguinarine alkaloids. When unavailable, we assumed equal ionization efficiency 

between an intermediate and the closest available quantifiable alkaloid (m/z 302 and m/z 316 

as reticuline; cheilanthifoline as stylopine). 

A3.3 Results 

A3.3.1 CFS and SPS from opium poppy 

Sanguinarine biosynthesis from (S)-scoulerine proceeds with the formation of two 

methylenedioxy bridges catalyzed by the P450s cheilanthifoline synthase (CFS) and stylopine 

synthase (SPS), to yield cheilanthifoline and stylopine, respectively (Figure A3.1). Candidate 

genes encoding opium poppy (Papaver somniferum) CFS (PsCFS) and SPS (PsSPS) were 

isolated from assembled opium poppy root and stem transcriptome databases generated using 

Illumina GA sequencing. Query amino-acid sequences used to search each database were 

AmCFS and AmSPS from Argemone mexicana (Díaz Chávez et al., 2011). The selection of 

candidate genes was guided by the expectation that PsCFS and PsSPS transcripts would occur 

exclusively or predominantly in opium poppy roots, owing to the lack of sanguinarine 

accumulation in stems of the plant (Facchini and De Luca, 1995). A PsCFS candidate 

corresponding to CYP719A25 shared 84% amino-acid identity with AmCFS and was 

expressed exclusively in opium poppy roots (Figure A3.2A). A PsSPS candidate 

corresponding to CYP719A20 shared 79% amino-acid identity with AmSPS and was 

expressed predominantly in roots (Figure A3.2A). 
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Figure A3.1 Description of the enzyme block strategy used in the reconstitution of the 

sanguinarine biosynthetic pathway in S. cerevisiae. 

Enzymes were tested for functional activity by blocks of sequential enzymes and on the basis 

of availability of feeding substrates. The final product from each block is highlighted. Boxed 

text indicates alkaloids used as feeding substrates. CFS, cheilanthifoline synthase 

(CYP710A25); SPS, stylopine synthase (CYP719A20); MSH, (S)-cis-N-methylstylopine 14-

hydroxylase (CYP82N4), P6H, protopine 6-hydroxylase (CYP82N2v2); DBOX, 

dihydrobenzophenanthridine oxidase. P6H is from E. californica, all other enzymes used in 

this work are from P. somniferum. The P. somniferum cytochrome P450 reductase (CPR) was 

also expressed for functional expression of cytochromes P450s together with Block 2 and/or 

3. 
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Figure A3.2 Characterization of PsCFS and PsSPS. 

(a) RNAseq analysis reporting relative transcript abundance of CYP719A25 (PsCFS) and 

CYP719A20 (PsSPS) in opium poppy roots and stems presented as Fragments Per Kilobase of 

exons model per Million mapped reads (FPKM). Data presented derive from a single 

experiment. (b) Immunoblot analysis of microsomal proteins from S. cerevisiae strains (i) 

GCY1192 (expressing PsCPR) (ii) GCY1193 (expressing PsCPR and PsCFS) or (iii) 

GCY1194 (expressing PsCPR and PsSPSΔN). α-c-Myc and α-FLAG antibodies (1:1,000 

dilution) and goat anti-mouse IgG HRP conjugate (1:15,000 dilution) were used to detect CPR, 

and PsCFS and PsSPS (arrowheads), respectively. Each lane was loaded with ~20 μg of 

microsomal proteins. (c) LC-MS profiles of enzyme assays of microsomal proteins from S. 

cerevisiae strains (i) GCY1192 (ii) GCY1193 or (iii) a mixture of GCY1193 and GCY1194 

incubated with (S)-scoulerine. Abbreviation: nd, not detected. 
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Constructs for the heterologous expression of PsCFS and PsSPS in S. cerevisiae were 

assembled in a vector harbouring PsCPR (Table A3.2). Western blot analysis of PsSPS showed 

that it was poorly expressed. To improve expression, the native N-terminal membrane-

spanning domain was swapped with that of lettuce germacrene A oxidase, generating 

PsSPSΔN. Immunoblot analysis confirmed expression of the recombinant proteins in yeast 

(Figure A3.2B). Microsomes were isolated from all three strains and incubated in vitro with 

(S)-scoulerine. Scoulerine was converted to cheilanthifoline in the presence of PsCPR and 

PsCFS, while scoulerine was converted to cheilanthifoline and stylopine in the presence of 

PsCPR, PsCFS and PsSPS (Figure A3.2C). No conversion of scoulerine was detected in the 

negative control. In the present study, PsCFS and PsSPS from opium poppy were used for the 

reconstitution of dihydrosanguinarine synthesis in S. cerevisiae. 

A3.3.2 Reconstitution of the dihydrosanguinarine pathway 

The synthesis of sanguinarine from norlaudanosoline requires 10 enzymatic reactions 

(Figure A3.1). In reconstitution of the pathway, we omitted dihydrobenzophenanthridine 

oxidase because of its low activity in S. cerevisiae (Hagel and Facchini, 2010a) and because 

dihydrosanguinarine is easily oxidized to sanguinarine ex vivo (Stipanovic et al., 1972). We 

divided the remaining nine reactions into three ‘blocks’ of three sequential enzymes, as 

illustrated in Figure A3.1. Each block was cloned into a separate plasmid and the cytochrome 

P450 reductase from P. somniferum (PsCPR) was cloned into a fourth plasmid (Table A3.2). 

To confirm functional expression of enzymes, plasmids expressing each of the three 

blocks were individually transformed into S. cerevisiae and cultures of the strains were 

supplemented with either (R,S)-norlaudanosoline, (S)-reticuline, (S)-scoulerine or (S)-

stylopine. Functional expression was verified by detection of the expected end products. As 
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negative controls, yeast strains lacking enzyme blocks were incubated with each of the 

pathway intermediate to evaluate substrate recovery and to assess the relative proportion 

recovered in cellular extracts versus culture supernatants. 

A3.3.3 Functional expression of individual enzyme blocks 

Block 1 contains the P. somniferum enzymes 6-O-methyltransferase (6OMT), 

coclaurine N-methyltransferase (CNMT) and 4′-O-methyltransferase 2 (4′OMT2), which 

catalyze three methylation reactions to convert (R,S)-norlaudanosoline to (R,S)-reticuline. The 

committed step of BIA synthesis in plants is the condensation of the L-tyrosine derivatives L-

dopamine and 4-hydroxyphenylacetaldehyde to produce (S)-norcoclaurine, catalyzed by the 

enzyme (S)-norcoclaurine synthase (Figure A3.3). The enzymatic synthesis of (S)-

norcoclaurine has not yet been achieved in S. cerevisiae, however, the 3′-hydroxylated 

analogue norlaudanosoline can be used to bypass synthesis of (S)-norcoclaurine and the P450 

NMCH, N-methylcoclaurine hydroxylase (CYP80B1), during pathway development (Hawkins 

and Smolke, 2008). The enzymes 6OMT, CNMT and 4′OMT2 from P. somniferum can be 

functionally co-expressed in yeast for the synthesis of racemic reticuline from (R,S)-

norlaudanosoline (Hawkins and Smolke, 2008). 

Strain GCY1086, expressing Block 1 enzymes from a plasmid, was incubated with 

(R,S)-norlaudanosoline. The end product reticuline was produced with a yield of 20% (Figures 

A3.4A and A3.5A), twice the previously reported yield (Hawkins and Smolke, 2008). While 

Block 1 enzymes are predicted to function in plants in the order depicted in Figure A3.3, a 

multitude of single- and double-methylated products can be formed when these enzymes are 

expressed in S. cerevisiae and incubated with norlaudanosoline (Ounaroon et al., 2003; Ziegler 

et al., 2005; Hawkins and Smolke, 2008). For example, the three methyltransferases expressed   
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Figure A3.3 Common steps in the native biosynthetic pathways of structurally diverse 

BIAs. 

The L-tyrosine derivatives dopamine and 4-hydroxyphenylacetaldehyde condense to generate 

(S)-norcoclaurine in a reaction catalyzed by the enantioselective enzyme norcoclaurine 

synthase (NCS). (S)-Norcoclaurine is O-methylated at positions 6 and 4’ by the enzymes 6-O-

methyltransferase (6OMT) and 4’-O-methyltransferase (4’OMT2) respectively, N-methylated 

by coclaurine-N-methyltransferase (CNMT) and hydroxylated at 3’ by (S)-N-

methylcoclaurine-3’-hydroxylase (NMCH) to give (S)-reticuline. (S)-Reticuline is a common 

precursor in the synthesis of morphinan, protoberberine and benzophenanthridine alkaloids 

and it is converted to (S)-scoulerine by the berberine bridge enzyme (BBE). (S)-Scoulerine is 

also a common precursor involved in the synthesis of protoberberine and benzophenanthridine 

alkaloids. The common branch point intermediates (S)-reticuline and (S)-scoulerine are 

highlighted. Dashed arrows indicate more than one enzymatic step. Full arrows indicate a 

single enzymatic step.  
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Figure A3.4 BIA yields from engineered strains incubated with pathway intermediates. 

(a) BIA yields from cell-feeding assays of strains expressing Block 1, 2 and 3 individually or 

in combinations. (b) Cell-feeding assays of strain GCY1125 with one of the four different 

substrates, (R,S)-norlaudanosoline (nor), (S)-reticuline (ret), (S)-scoulerine (scou), (S)-

stylopine (sty). Percent yield of end product is indicated in the appropriate column. Percent 

conversion was calculated as the ratio of total moles of end product recovered (sum of both 

cell extract and supernatant) to moles of supplemented substrate. Enzyme expressed from 

plasmid (dark grey); enzyme expressed from chromosome (light grey); enzymes expressed but 

not necessary for substrate conversion (no shading). BBE2μ signifies BBE expression from a 

2μ vector. Data presented represent the mean±s.d. of at least three biological replicates. 
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Figure A3.5 LC-FT-MS profiles of BIAs from cell-feeding assays. 

(a) Cell-feeding assay of strain GCY1086 harbouring Block 1 enzymes and incubated with 

(R,S)-norlaudanosoline (*). (b) Cell-feeding assay of strain GCY1090 harbouring Block 2 

enzymes and incubated with (S)-scoulerine (*). (c) Cell-feeding assay of strain GCY1094 

harbouring Block 3 enzymes and incubated with (S)-stylopine (*). Chromatograms shown are 

the summed ion counts of supernatant and cell extract. 
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in Block 1 can accept norlaudanosoline as a substrate and acceptance of N-

methylnorlaudanosoline (laudanosoline) by both 6OMT and 4′OMT was also demonstrated 

(Hawkins and Smolke, 2008). We did not detect any single-methylated products (m/z 302), 

and estimated the accumulation of double-methylated products (m/z 316) to be 2%. Low 

accumulation of intermediates indicated that the limiting reaction of Block 1 is likely the first 

methylation event. This limitation could be due to the fact that norlaudanosoline is not a natural 

substrate or that intracellular norlaudanosoline is low due to poor transport. When wild-type 

cells were incubated with norlaudanosoline, 3% was initially found in the cell extract, which 

increased to just 10% after 16 h of incubation (Figure A3.6A), suggesting that substrate 

availability to the intracellular enzymes is low. 

Block 2 contains the P. somniferum enzymes berberine bridge enzyme (BBE), CFS and 

SPS. In plants, the flavoprotein oxidase BBE stereoselectively converts (S)-reticuline to (S)-

scoulerine (Dittrich and Kutchan, 1991). A truncated version of BBE (PsBBEΔN) was cloned 

with CFS and SPSΔN into plasmid pGC994 (Table A3.2). When cells expressing enzymes of 

Block 2 and CPR (strain GCY1090) were incubated with (S)-reticuline, no scoulerine, 

cheilanthifoline or stylopine were detected (Figure A3.4A), suggesting that initial conversion 

of (S)-reticuline to scoulerine was poor. We hypothesized that BBEΔN activity was limiting 

the flux of Block 2. To assess the function of CFS and SPSΔN, we bypassed BBEΔN by 

feeding the next pathway intermediate, (S)-scoulerine, to the same yeast strain. Here, we 

observed the accumulation of cheilanthifoline and 19% conversion of scoulerine to stylopine 

(Figure A3.4A and A3.5B), confirming that BBEΔN was limiting. We estimated 70% 

conversion to cheilanthifoline using a stylopine standard curve. Cheilanthifoline was mainly 

found in the supernatant while stylopine was predominantly found in the cell extract (Figure 
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A3.6B). Accumulation of cheilanthifoline during cell-feeding assays also indicated that low 

activity of the SPS was limiting the flux of scoulerine to stylopine. 

The third block encodes the three enzymes catalyzing the conversion of stylopine to 

dihydrosanguinarine. Stylopine is N-methylated to (S)-cis-N-methylstylopine by TNMT 

(Liscombe and Facchini, 2007). The next two biosynthetic steps are catalyzed by the P450 

hydroxylases (S)-cis-N-methylstylopine 14-hydroxylase (MSH) and protopine 6-hydroxylase 

(P6H). Both enzymes were recently identified and characterized from P. somniferum and 

Eschscholzia californica, respectively (CYP82N4 and CYP82N2v2) (Beaudoin and Facchini, 

2013; Takemura et al., 2013). 6-Hydroxyprotopine spontaneously rearranges to 

dihydrosanguinarine. When cells expressing Block 3 and CPR (strain GCY1094) were 

incubated with (S)-stylopine, the majority of the stylopine was consumed, resulting in 57% 

conversion to dihydrosanguinarine (Figure A3.4A and A3.5C). N-methylstylopine was the 

intermediate with the next largest peak area (Figure A3.5C) and trace amounts of protopine 

were detected. We also detected 3% conversion to sanguinarine indicating spontaneous 

conversion of dihydrosanguinarine to sanguinarine. 

Approximately 55% of the pathway intermediate N-methylstylopine was found in the 

culture supernatant as opposed to stylopine and dihydrosanguinarine, which were mostly found 

in the cellular extract fraction (Figure A3.6B). This suggests that the charged intermediate N-

methylstylopine is secreted outside of the cell, thereby reducing the pathway efficiency. 

A3.3.4 Integration of Block 2 and Block 3 in the genome 

The vectors harbouring Blocks 1, 2, 3 and CPR are closely related and share several of 

the same promoters and terminators. We occasionally observed loss of function from strains 

harbouring multiple plasmids, which we attributed to recombination. To address this problem,  
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Figure A3.6 Relative abundance of BIAs in culture supernatants and cell extracts.  

(A) Fractionation of BIAs in the absence of heterologous enzymes. Control strain S. cerevisiae 

CEN.PK2-1D incubated with either (R,S)-norlaudanosoline (nor), (S)-reticuline (ret), (S)-

scoulerine (scou), or (S)-stylopine (sty) for 0 or 16 hours. (B) Fractionation of BIAs in the 

presence of heterologous enzymes. Cell feeding assays of strain GCY1086 incubated with 

(R,S)-norlaudanosoline, strain GCY1090 incubated with (S)-scoulerine, and strain GCY1094 

incubated with (S)-stylopine were extracted after 16 hours. BIAs in supernatant and cell extract 

fractions were analyzed using LC-FT-MS. Percent BIA recovery in supernatant and cell extract 

relative to total BIA recovery is shown for each individual alkaloid. Nor: norlaudanosoline; 

316: intermediates with m/z 316; ret: reticuline; scou: scoulerine; che: cheilanthifoline; sty: 

stylopine; N-st: N-methylstylopine; DHS: dihydrosanguinarine. Data presented represents the 

mean±s.d. of at least two biological replicates.  
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Figure A3.7 LC-MS analysis of alkaloids N-methylated by TNMT. 

(a) Cell-feeding assay of strain GCY1104 harbouring Block 2 and 3 enzymes and incubated 

with (S)-scoulerine (*) demonstrates the accumulation of the side-products N-

methylscoulerine and N-cheilanthifoline. (b) LC-FT-MS chromatographic profiles and 

fragmentation profiles of BIAs from cell-feeding assays of strains GCY1101 and GCY1127 

incubated with (S)-scoulerine. In strain GCY1127 but not GCY1101, the products N-

methylscoulerine, N-methylcheilanthifoline and N-methylstylopine were detected. 

Chromatograms shown are the summed ion counts of supernatant and cell extract.  

 

  



 

352 

Blocks 2 and 3 were integrated into the genome of S. cerevisiae (Table A3.2). Since the 

plasmids were single copy and the regions targeted for integration of the blocks had been 

demonstrated to allow for good expression (Flagfeldt et al., 2009), we expected that the 

enzyme activity would not be affected by integration. 

Block 2 was integrated into S. cerevisiae and the strain was transformed with CPR 

(strain GCY1101). When incubated with scoulerine, 14% of the substrate was converted to 

stylopine, which is comparable to what was obtained by expressing Block 2 from a centromeric 

plasmid (Figure A3.4A). Only trace cheilanthifoline and stylopine accumulation was observed 

in the absence of the heterologously expressed CPR, indicating the importance of including a 

cognate CPR for improved cytochrome P450 activity in S. cerevisiae. 

Block 3 was integrated into the Block 2 strain, generating a Block 2–Block 3 double 

integrant, which was subsequently transformed with CPR (strain GCY1104). Incubation of this 

strain with (S)-scoulerine resulted in 7.5% conversion to dihydrosanguinarine (Figures A3.4A 

and A3.7A), which is an eight-fold decrease in dihydrosanguinarine synthesis compared with 

cells expressing Block 3 enzymes and incubated with (S)-stylopine (Figure A3.4A). Similar to 

previous feeding assays where cells expressed only Block 3 enzymes, the intermediate N-

methylstylopine accumulated and trace protopine was detected (Figure A3.7A). 

A3.3.5 TNMT N-methylates scoulerine and cheilanthifoline 

When cells of the Block 2–Block 3 double integrant were incubated with (S)-

scoulerine, compounds with exact masses of 342.1710 m/z and 340.1548 m/z were detected in 

addition to expected sanguinarine pathway intermediates. These exact masses, and their 

fragmentation profiles, correspond to N-methylscoulerine and N-methylcheilanthifoline, 

respectively (Farrow et al., 2012). The compounds had been previously identified in opium 
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poppy cell culture and were predicted to be a product of TNMT activity, an enzyme that had 

also been shown to methylate (S)-canadine (Liscombe and Facchini, 2007). To confirm that 

TNMT was responsible for the N-methylation of cheilanthifoline and scoulerine, we compared 

the Block 2 integrant strain harbouring CPR on a plasmid (strain GCY1101) with the Block 2 

integrant strain harbouring both CPR and TNMT on a plasmid (strain GCY1127). The resulting 

chromatograms and fragmentation profiles (Figure A3.7B) for N-methylscoulerine, N-

methylcheilanthifoline and N-methylstylopine demonstrate that all three compounds are 

present only in the presence of TNMT. These data provide the first experimental evidence that 

TNMT accepts both scoulerine and cheilanthifoline as substrates for methylation. 

Because we lacked standards to quantify the N-methylated products and since the three 

compounds are similar in structure, we assumed equal ionization efficiency and estimated their 

relative proportions by peak area: when strain GCY1127 is fed (S)-scoulerine, the expected 

product N-methylstylopine is 33%, while N-methylscoulerine is 7% and N-

methylcheilanthifoline is 60% (Figure A3.7B). Diversion of the intermediates scoulerine and 

cheilanthifoline from dihydrosanguinarine synthesis affects the efficiency of the pathway and 

shows that favoring N-methylation of stylopine will be necessary to increase yield to the 

desired downstream compounds. 

A3.3.6 Production of dihydrosanguinarine from norlaudanosoline 

The three functional blocks were combined to assemble a complete 

dihydrosanguinarine pathway in yeast. The Block 2–Block 3 integrant served as a background 

strain for the transformation of Block 1 and CPR (strain GCY1108). When this strain was 

incubated with (R,S)-norlaudanosoline, trace levels of dihydrosanguinarine were observed 

(Figure A3.4A), along with 13% conversion to reticuline and no other accumulation of 
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downstream intermediates or N-methylated side products. Lack of conversion of endogenously 

synthesized (R,S)-reticuline to scoulerine confirmed that BBEΔN was not highly active in our 

system, as previously observed by incubating cells expressing Block 2 enzymes with (S)-

reticuline (Figure A3.4A). In previous studies, BBEΔN has been functionally expressed from 

a high-copy vector (Hawkins and Smolke, 2008; Minami et al., 2008), which suggested that 

the expression level from a centromeric plasmid was insufficient for conversion of reticuline 

to scoulerine. To test this hypothesis, we co-transformed a high-copy vector expressing 

BBEΔN along with Block 1 and CPR plasmids into the double integrant (strain GCY1125). 

When strain GCY1125 was incubated with (R,S)-norlaudanosoline, conversion to 

dihydrosanguinarine improved from trace to 1.5% (Figure A3.5A) and (R,S)-reticuline 

accumulation dropped from 13% to 0.5%, confirming that low BBEΔN expression was 

limiting flux. PsBBE was previously proposed to be functionally identical to E. californica 

BBE (Facchini et al., 1996; Hagel et al., 2012), which is enantioselective for (S)-reticuline 

(Dittrich and Kutchan, 1991). However, more reticuline than expected was consumed 

assuming an equal mixture of (R)- and (S)-reticuline from (R,S)-norlaudanosoline (Hawkins 

and Smolke, 2008), indicating that (R)-reticuline is also consumed in our system. 

Finally, we independently incubated GCY1125 cells with (R,S)-norlaudanosoline, (S)-

reticuline, (S)-scoulerine or (S)-stylopine to assess the efficiency of substrate conversion at 

different points in the complete pathway (Figure A3.4B). In all GCY1125 substrate feeding 

experiments, spontaneous oxidation of dihydrosanguinarine to sanguinarine was detected, 

corresponding to 6% of the total dihydrosanguinarine. Feeding (R,S)-norlaudanosoline resulted 

in 1.5% conversion to dihydrosanguinarine, while bypassing Block 1 using (S)-reticuline 

resulted in 4% conversion to dihydrosanguinarine. Bypassing BBEΔN by incubating the same 
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strain with (S)-scoulerine increased conversion to only 8%. In all cases, the accumulation of 

the N-methylated side-products, especially N-methylcheilanthifoline, diverted intermediates 

from the dihydrosanguinarine pathway. In fact, the biggest increase in efficiency was observed 

when strain GCY1125 was incubated with stylopine, bypassing production of scoulerine and 

cheilanthifoline and their N-methylated products: from 8% to 35%. However, 35% yield is a 

decrease from the 57% yield observed when Block 3 enzymes were expressed on their own, 

indicating that expression of Block 1 and 2 negatively affects the yield of Block 3. 

A3.4 Discussion 

Plant secondary metabolites are a rich source of bioactive molecules. The chemical 

diversity of these compounds derives from enzymes that have diversified to perform an array 

of stereo- and enantioselective modifications. Coupling these reactions by chemical synthesis 

to reach high yields can be difficult if not impossible. While plants remain the main source of 

these valuable natural compounds, the use of microbial platform has emerged as an attractive 

alternative. 

In this work, we described the reconstitution of a complex BIA biosynthetic pathway 

in S. cerevisiae. The sanguinarine pathway from norlaudanosoline includes four plant 

cytochrome P450s, enzymes that are difficult to functionally express in microbial systems 

(Pompon et al., 1996; Siddiqui et al., 2012). While CFS, MSH and P6H were expressed in S. 

cerevisiae, the SPS enzyme required substitution of the N-terminal membrane-spanning 

domain in order to achieve sufficient expression. However, SPS remained a limiting enzyme 

in Block 2, resulting in a build-up of cheilanthifoline, which was diverted to N-

methylcheilanthifoline in the presence of TNMT. Increasing the activity of SPS, and thus the 

flux of alkaloids towards sanguinarine, is a key point of optimization in this pathway. 
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Orthologous genes from different plants can have varying kinetic constants and expression 

efficiency in yeast. Searching transcriptomics databases for orthologous SPS candidates 

(Ikezawa et al., 2007; Díaz Chávez et al., 2011) may provide a good option for optimizing 

pathway efficiency and flux to the desired end-product. Moreover, cytochrome b5 has been 

reported to enhance activity of certain cytochrome P450s (Schenkman and Jansson, 2003). 

Tuning expression of the four P450s, CPR and cognate cytochrome b5 could increase pathway 

efficiency. 

The high number of P450s expressed in this work may be affecting yields of 

dihydrosanguinarine. (S)-Scoulerine fed to Block 2–Block 3 integrant strains expressing four 

P450s yielded the same conversion to dihydrosanguinarine whether or not Block 1 and 

BBEΔN-2μ were expressed (7.5 vs 7.7%; Figure A3.4). In contrast, conversion of the fed 

substrate (S)-stylopine to dihydrosanguinarine dropped from 57% when Block 3 enzymes were 

expressed in isolation to 37% when Block 3 enzymes were co-expressed with Block 1, 

BBEΔN-2μ and integrated Block 2. Because Block 1 and BBEΔN-2μ do not appear to affect 

yields, we hypothesize that it was the co-expression of Block 2 with Block 3 that was 

responsible for this decrease in yields. Further, because these two strains were fed stylopine, 

the promiscuity of TNMT is not responsible for this decrease. This suggests that it is the co-

expression of the four P450s in Blocks 2 and 3 in GCY1125 that is decreasing pathway 

efficiency. 

Synthesis of the side products N-methylcheilanthifoline and N-methylscoulerine by 

TNMT was shown to be a major limiting factor in the reconstituted pathway. Promiscuity is a 

common theme among enzymes involved in plant-specialized metabolism and is one of the 

factors contributing to the great chemodiversity of plant secondary metabolites (Weng et al., 
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2012). While broad substrate specificity of PsTNMT had been previously described (Liscombe 

and Facchini, 2007), we present the first experimental evidence of its acceptance of scoulerine 

and cheilanthifoline as substrates. Possible solutions for overcoming the problem of PsTNMT 

promiscuity in our system would include screening for orthologous plant enzymes with 

narrower substrate specificity, enzyme engineering (Yoshikuni et al., 2006), substrate 

channeling and/or spatio-temporal sequestration of the reactions (Farhi et al., 2011; Avalos et 

al., 2013). 

While N-methylscoulerine and N-methylcheilanthifoline are undesirable side-products, 

they may themselves be end products of interest. Both compounds are quaternary BIAs like 

sanguinarine and berberine. N-methylscoulerine (cyclanoline) can be extracted from several 

plants of the genus Stephania and has been described as an acetylcholinesterase inhibitor45, but 

to the best of our knowledge N-methylcheilanthifoline has never been detected in plants. The 

promiscuity of TNMT could also be further explored to generate other quaternary BIAs. 

Synthesis of N-methylcheilanthifoline, although serendipitous, highlights the potential of 

combinatorial biology in S. cerevisiae, through which libraries of alkaloids can be generated 

independent of their abundance in nature. 

Synthesis of (S)-reticuline from glucose and glycerol has been reported in E. coli 

(Nakagawa et al., 2011; Nakagawa et al., 2012) but not in S. cerevisiae. Thus, supplemented 

(R,S)-norlaudanosoline was required to measure the efficiency of the reconstituted BIA 

pathway. We observed that just 10% of fed norlaudanosoline was detected in the cell extract 

after 16 h of incubation with the negative control yeast cells (Figure A3.6A). While we cannot 

directly compare substrates with different chemical properties and possibly different 

mechanisms of transport into yeast, we suspect that limited availability of norlaudanosoline to 

http://www.nature.com.ezproxy.lib.ucalgary.ca/ncomms/2014/140211/ncomms4283/full/ncomms4283.html?message-global=remove#ref45
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the intracellular enzymes is limiting pathway efficiency. In a previous study, it was shown that 

(R,S)-reticuline accumulation increased with (R,S)-norlaudanosoline concentration in cell-

feeding assays (Hawkins and Smolke, 2008), further supporting the evidence that low 

intracellular norlaudanosoline concentration is limiting flux. Linking the reconstituted alkaloid 

pathway to the microbe’s central metabolism, thereby bypassing the need to feed 

norlaudanosoline, will likely boost yields of reticuline and thus the entire dihydrosanguinarine 

pathway. 

Next-generation sequencing technology and the accelerated discovery of genes 

combined with advances in synthetic biology is opening up new opportunities for the 

reconstitution of plant natural product biosynthetic pathways in microbes (Facchini et al., 

2012). In the last 5 years, there has been a growing trend in the complexity and diversity of the 

chemical structures achieved by these pathways. For example, microbes have been engineered 

for the synthesis of terpenoids such as artemisinin acid (Paddon et al., 2013) and taxa-di-ene 

(Engels et al., 2008), BIAs such as magnoflorine (Minami et al., 2008) and canadine (Hawkins 

and Smolke, 2008) and glucosinolates such as indolylglucosinolate (Mikkelsen et al., 2012). 

Cytochrome P450s are required for the synthesis of a wide range of plant natural products and 

the efficient recombinant expression of this class of enzyme can be difficult. Of all pathways 

reconstituted in microbes thus far, only those of the mammalian hydrocortisone (Szczebara et 

al., 2003) and plant dihydrosanguinarine pathways require the heterologous expression of four 

cytochrome P450s. The dihydrosanguinarine pathway described in this work represents the 

most complex plant alkaloid biosynthetic pathway ever reconstituted in yeast and provides a 

glimpse into the potential of engineering microbes for the synthesis of ever more complex plant 

natural products. 
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