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Abstract 
 

Investigation of Catharanthus roseus monoterpenoid indole alkaloid (MIA) biosynthesis 

and accumulation has been important in elucidating the formation of the antineoplastic drugs, 

vinblastine and vincristine. These pharmaceuticals are formed by the condensation of the MIAs 

catharanthine and vindoline, which accumulate in C. roseus leaves. While we had completed and 

expressed the seven-step pathway from the aspidosperma-type MIA (-)-tabersonine to vindoline 

in yeast, little was known about the reactions involved in the metabolism of aspidosperma-type 

MIAs in roots. C. roseus roots convert (-)-tabersonine to lochnericine, the precursor for a major 

root alkaloid hörhammericine, and the reasons for the production of different aspidosperma MIAs 

in above and below ground plant organs is unknown. The molecular and biochemical 

characterization of minovincinine-19-O-acetyltransferase (MAT), tabersonine-19-hydroxylase 

(T19H), tabersonine-6,7-epoxidase (TEX1/2), and tabersonine 19-O-acetyltransferase (TAT) 

suggests that biosynthesis of hörhammericine and its derivative, 19-O-acetyl-hörhammericine, 

involves an ordered series of reactions.  

Bioinformatic analysis led to the identification of a root specific homolog of tabersonine-

3-oxygenase (T3O), a cytochrome P450 (P450) involved in the formation of tabersonine 2,3-

epoxides, as part of the vindoline pathway in leaves. Characterization of the T3O-homolog 

revealed that it converts (+)-vincadifformine to its 19-hydroxyderivative, (+)-minovincinine, and 

it was named (+)-vincadifformine 19-hydroxylase (V19H). V19H did not accept (-)-tabersonine 

or tabersonine-derived (-)-vincadifformine. T19H, another root-specific P450, hydroxylates (-)-

tabersonine and its derivatives, including (-)-vincadifformine, to their respective 19-

hydroxyderivatives, but does not accept (+)-vincadifformine. TAT will only acetylate the (-)-

tabersonine derivatives, whereas MAT only turns over the (+)-vincadifformine derivative to form 
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(+)-echitovenine. This shows that two distinct aspidosperma pathways exist in C. roseus since 

endogenous vincadifformine must be the (+)-enantiomer instead of the tabersonine derived (-)-

vincadifformine.  

Modelling studies revealed that V19H activity is competitively inhibited by (-)-

vincadifformine, suggesting that the (-)-aspidosperma backbone could still be incorporated into 

the binding site, albeit without hydroxylation. Models of T3O and T19H were generated to 

compare their binding pockets with that of V19H, and there were four conserved residues in T3O 

and T19H that were missing in V19H. Using site-directed mutagenesis (SDM) of V19H at those 

four residues, the binding pocket became more T3O-like, and V19H gained T3O-like activity 

without the loss of V19H activity.  
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Introduction 
 

The biological activity of monoterpenoid indole alkaloids (MIAs) has led to their use in 

cancer treatment and other medical applications. Their biosynthesis has involved the formation of 

reactive intermediates by responsible enzymes to elaborate several different chemical scaffolds. 

Modification of scaffolds through different substitution reactions has produced chemically diverse 

MIAs and related biological activities. The investigation of Catharanthus roseus monoterpenoid 

indole alkaloid (MIA) biosynthesis and accumulation has been important in elucidating the 

formation of the clinical antineoplastic drugs, vinblastine and vincristine. These pharmaceuticals 

are formed by the condensation of the MIAs catharanthine and vindoline, which accumulate in C. 

roseus leaves.  

While we had completed and expressed the seven-step pathway from the aspidosperma-

type MIA (-)-tabersonine, a (-)-aspidosperma MIA, to vindoline in yeast, little was known about 

the reactions involved in the metabolism of aspidosperma-type MIAs in roots. C. roseus roots 

convert (-)-tabersonine to hörhammericine, the precursor for a major root alkaloid 

hörhammericine, and the reasons for the production of different aspidosperma MIAs in above and 

below ground plant organs is unknown. Another MIA pathway in C. roseus roots is the 

biosynthetic pathway to (+)-echitovenine, a (+)-aspidosperma-type MIA. Harvesting the root 

alkaloids requires uprooting the entire plant, making C. roseus root MIAs more difficult to study 

than the MIAs in aerial tissues. Metabolic engineering of the root biosynthetic pathways leading 

to hörhammericine and (+)-echitovenine in a recombinant system will provide a new resource for 

investigating the biological activities of these products and their intermediates. Furthermore, 

recombinant enzymes can be fed MIAs that they would not encounter in planta, yielding novel 

MIAs that are not found in nature. 
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This thesis contains three chapters. The first chapter is a literature review on genetically 

and biochemically characterized P450s involved in MIA and BIA pathways, up to and including 

publication in 2020. The second chapter focuses on the discovery of a novel P450, (+)-

vincadifformine 19-hydroxylase (V19H), discovered in C. roseus roots, and it’s involvement in 

the biochemical pathway to the major root alkaloid (+)-echitovenine. This study also confirms that 

there are distinct (+)- and (-)-aspidosperma MIA biosynthetic pathways in roots, which was 

previous unsettled. The third and final chapter describes homology-based modelling of V19H and 

the benchtop experiments which it inspired. It was found that V19H was inhibited by the (+)-

vincadifformine enantiomer, (-)-vincadifformine. The final piece of this study involving site 

directed mutagenesis of the V19H binding site to match that of its homolog, tabersonine 3-

oxygenase (T3O), that is expressed in C. roseus leaves and plays an important role in vindoline 

biosynthesis. The mutagenesis experiments and subsequent assays showed that modification of 

four amino acid residues allowed the mutant V19H to acquire T3O-like activity, demonstrating 

key residues involved in the distinct biochemical activities of wild-type V19H and T3O.  

The work described in this thesis underscores the importance of considering the 

stereochemistry of plant secondary metabolites in biochemical pathway discovery. Until the 

manuscript in Chapter 2 was published, the stereochemistry of alkaloids in MIA-producing plant 

species was overlooked in the biochemical characterization of the relevant pathways. Experiments 

discussed in Chapters 2 and 3 extended broadly across a variety of disciplines, including enzyme 

characterization, extensive phytochemical analyses, and enzyme modelling and mutagenesis. The 

work summarized in this thesis stressed the importance of the stereochemical differences between 

MIAs produced in one plant species, C. roseus, and demonstrated that a routine and uncomplicated 

approach to protein modelling can inform benchtop experiments that uncover key amino acid 
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residues involved in the biochemical control of plant cytochrome P450s. At the time of writing 

this thesis, the published paper described in Chapter 2 has been cited 12 times in under two years, 

indicating its significant impact on the field of plant biochemistry and phytochemistry research.  

Chapter 2 describes the discovery of V19H, the P450 responsible for the conversion of (+)-

vincadifformine to (+)-minovincinine in C. roseus roots, which is then acetylated by 

minovincinine 19-O-acetyltransferase (MAT) to (+)-echitovenine.  The activity of V19H was 

contrasted with that of tabersonine 19-hydroxylase (T19H), another root P450 which accepts 

derivatives of (-)-tabersonine: V19H will not accept (-)-tabersonine, while T19H will not accept 

(+)-vincadifformine. Likewise, it was shown that MAT will only accept (+)-minovincinine, and 

another root-specific BAHD acetyltransferase, tabersonine 19-acetyltransferase (TAT), will only 

accept (-)-tabersonine and its derivatives. Root alkaloids were extracted, quantified, and 

chemically analyzed to prove that V19H and MAT are the enzymes involved in (+)-echitovenine 

biosynthesis.  This work clarified contradictions in the existing literature regarding root MIA 

biosynthesis, highlighting distinct pathways with two pairs of enantiomerically specific enzymes: 

T19H and V19H perform 19-hydroxylations and TAT and MAT perform 19-O-acetylations on the 

(-)- and (+)-aspidosperma backbone, respectively. Furthermore, it highlighted two highly 

homologous P450s expressed in different tissues which have drastically different biochemical 

activities: T3O expressed in leaves generates epoxides of the (-)-aspidosoerma backbone, while 

V19H expressed in roots hydroxylates the (+)-aspidosperma backbone. 

The work described in Chapter 3 demonstrated that P450 enzyme activity could be 

modified through mutagenesis of just a few residues, and also helped explain how two enzymes 

with such high amino acid sequence identity, V19H and T3O, could have such distinct roles in 

separate biochemical pathways. Broadly speaking, it demonstrated that a handful of key residues 
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are responsible for the distinct substrate specificities and biochemical activities of P450s involved 

in alkaloid biosynthesis. The key amino acid residues responsible for the different substrate 

specificities and biochemical activities in V19H and T3O were identified using computational 

models, highlighting the utility of computational experiments to guide bench-top experiments. The 

ligand docking experiments suggested that the enantiomer of a substrate can act as an enzyme 

inhibitor, which was shown experimentally and raises questions about the roles of enantiomeric 

alkaloids that are expressed in the same tissue. This chapter also uncovers the evolutionary process 

leading to two highly homologous enzymes with discrete biochemical roles in two separate MIA 

biosynthetic pathways in a single plant species.  

As discussed in Chapter 1, P450s carry out a diverse range of important biochemical steps 

in MIA and BIA biosynthesis, and understanding more about the mechanisms of these enzymes 

will be useful for bioengineering select biologically active alkaloids in plant and microbial 

systems. If the substrate specificity and biochemical activity of a single enzyme can be expanded 

to cover a range of substrates and modifications, fewer genes can be cloned into a yeast system 

and targeted biosynthesis of select alkaloids can be generated depending on the substrates given. 

As was shown in Chapter 3, yeast expressing the V19H four-point mutant can produce either (+)-

minovincinine or (-)-tabersonine 2,3-epoxides when fed either (+)-vincadifformine or (-)-

tabersonine, respectively. Furthermore, there are roughly defined substrate recognition sites in all 

P450s, and it is possible that plant P450s involved in MIA and BIA biosynthesis have recognition 

sites that are more important than others when it comes to their biochemical roles. Experiments 

like the ones executed in Chapter 3 will reveal the number and importance of substrate recognition 

sites, which will inform future mutagenesis experiments by providing a narrower range of sites to 

investigate for key amino acid residues. More detail about how plant P450s control their activities 
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will allow investigators to discover and engineer regio- and stereoselective enzymes involved in 

alkaloid biosynthetic pathways, and to optimize their expression in another organism, such as 

yeast, for targeted biosynthesis of naturally occurring and novel biologically active alkaloids.  

Chapter 1 is a manuscript of a literature review that will be submitted for publication in 

2021, which covers P450s in MIA and BIA pathways. This chapter emphasizes the variety of 

catalytic roles performed by plant P450s in alkaloid biosynthesis, with nearly sixty distinct P450s 

covered. Danielle Williams [Brock University (BU)] conceptualized and wrote the literature 

review, and Vincenzo De Luca (BU) edited the manuscript. 

Chapter 2 is a manuscript that has been published in The Plant Journal in 2019. This study 

describes the discovery and characterization of a novel P450, V19H, which was a T3O-homolog 

involved in the (+)-echitovenine pathway in roots. Yang Qu (BU), Vincenzo De Luca, and Danielle 

Williams conceptualized the experiments performed. Danielle Williams and Yang Qu executed 

the experiments: bioinformatic identification of V19H was accomplished by Yang Qu; plasmid 

construction and cloning were performed by Yang Qu and Danielle Williams; yeast 

biotransformation assays and enzyme assays were performed by Danielle Williams; metabolite 

extraction, purification, and optical analysis was performed by Danielle Williams; quantification 

of MAT and TAT expression in roots was performed by Danielle Williams. NMR analysis was 

performed by Razvan Simionescu (BU). Interpretation of the experimental work was done by 

Danielle Williams and Yang Qu. 

Chapter 3 is a manuscript that will be submitted for publication in 2021. This study 

describes homology-based template modelling of V19H, inhibition of V19H by (-)-

vincadifformine, and SDM of V19H resulting in gain of T3O-like activity. Heather Gordon (BU) 

conceptualized the modelling and ligand docking experiments, and supervised the experiments 
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executed by Weronika Brzezinski (BU). Heather Gordon and Weronika Brzezinksi interpreted the 

results of the modelling and ligand docking experiments. Heather Gordon and Vincenzo De Luca 

conceptualized the enzyme assays performed to analyze inhibitory effects of (-)-vincadifformine 

on V19H, and the experiments were executed by Danielle Williams. Comparison of T3O, T19H, 

and V19H active sites was conceptualized by Danielle Williams. T3O and T19H models were 

generated and compared to the V19H model by Danielle Williams, who selected residues to 

modify by site-directed mutagenesis. Site-directed mutagenesis, yeast biotransformation assays, 

and enzyme assays were performed by Danielle Williams. The kinetics and site-directed 

mutagenesis results were interpreted by Danielle Williams and Vincenzo De Luca. 
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Plant cytochrome P450s direct monoterpene indole alkaloid (MIA) and benzylisoquinoline 

alkaloid (BIA) biosynthesis 

 

Danielle Williams and Vincenzo De Luca 

Department of Biological Sciences, Brock University, St. Catharines, Ontario, Canada 

 

1.1 Introduction to plant P450s 

 Plant Cytochrome P450s perform regio- and stereospecific hydroxylation, dealkylation, 

isomerization, aryl migration, ring opening and/or ring forming reactions in the assembly of 

metabolites from primary and specialized (secondary) biosynthetic pathways (Nelson, 2009). 

There are over 130 plant P450 families that have been designated (http://drnelson.uthsc.edu/) and 

are divided among eleven distinct clans: CYP51, CYP71, CYP72, CYP74, CYP85, CYP97, 

CYP710, CYP711, and CYP727 (Hamberger & Bak, 2013). These divisions include some of the 

most extensively branched clans to have been identified within plants, with the degree of expansion 

being measured in the number of families and subfamilies within a clan. For example, the CYP51, 

CYP74, CYP97, and CYP710 clans are single family clans, with some subfamily distinction, 

whereas the CYP71, CYP72, CYP85, and CYP86 clan contain multiple families, each containing 

subfamilies (Nelson et al., 2008). Of the multi-family clans, the CYP71 clan contains the highest 

proportion of P450s involved in the biosynthesis of specialized metabolites (Hamberger & Bak, 

2013). To be considered in the same family, P450s must share 40% or more amino acid identity 

and those sharing 55% or more belong to the same subfamily (Nelson, 2006). The CYP clan and 

family denominations are in numbers, whereas the subfamily denominations are in letters. For 
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example, the CYP71 clan contains the CYP71 family, and the CYP71 family contains subfamilies, 

including the CYP71D subfamily. 

As the P450 clans and families evolved, their biochemical roles transitioned from primary 

metabolism – typically the biosynthesis of sterols and carotenoids – to secondary metabolism for 

biosynthesis of defensive molecules, such as alkaloids, or of attractants, such as pigments (Nelson 

et al., 2008). 

1.1.1 Phylogenetic history of plant P450s and the specialization of the CYP71 clan 

 The CYP71 clan first emerging in primitive liverworts and is now found in all plant 

families except for hornworts and algae (Nelson et al., 2011). The members of this clan make up 

more than half of known plant P450s and is the only clan which forms a monophyletic clade 

(Nelson & Werck-Reichhart, 2011; Hamberger & Bak, 2013). The 10 other clans were thought to 

be mostly involved in primary metabolism, although this is an over-generalization (Hamberger & 

Bak, 2013). This review also focuses on six plant P450s from the CYP71 and CYP86 clans that 

are involved in specialized metabolism. Gene duplication events followed by divergence and 

neofunctionalization is responsible for P450s that have acquired new biochemical roles in the 

formation of specialized metabolites (Nelson et al., 2008). The CYP71, CYP72, and CYP86 clans 

show the most extensive expansion over time compared to other CYP clans, and gene duplication 

events within these clans may have been accelerated through breeding programs (Nelson & Werck-

Reichhart, 2011). 

 This phenomenon repeated over and over led to the evolution of this expansive and diverse 

class of plant P450s, except in the case of mosses, where CYP71 clan members arose through 
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convergent evolution (Nelson & Werck-Reichhart, 2011). In general, P450s within the same 

subfamily have identical or sequential catalytic activities within or across species, so phylogenetic 

analysis can be useful in predicting biochemical functions in the same family or subfamily within 

the CYP71 clan (Nelson & Werck-Reichhart, 2011). However, some exceptions exist, and 

examples will be discussed for some CYP71 family members. More ancient CYP families within 

the CYP71 clan display lower correlations between their amino acid sequence and their 

biochemical function, where more time for gene duplication and continued divergence events have 

diversified modern biochemical functions away from those of their common ancestor. There are 

nearly thirty families within the CYP71 clan, and most known members act on shikimate pathway 

products and intermediates (Jun et al., 2015). Members of the CYP71, CYP75, CYP76, CYP80, 

CYP82 and CYP719 families belonging to the CYP71 clan will be discussed in detail in this 

review, as well as members of the CYP72 family from the CYP72 clan and the CYP96 families 

from the CYP86 clan.  

The most ancient CYP71 family first appeared in liverworts, followed by the CYP75 

family that appeared in ferns along with the CYP72 family (Nelson & Werck-Reichhart, 2011). 

The CYP80, CYP82 and CYP96 families first emerged in magnoliids, and are found exclusively 

in angiosperms (Nelson & Werck-Reichhart, 2011). The CYP719 family is restricted to 

Ranunculales and Aristolochiales orders, while the other CYP71 families are scattered across all 

angiosperm species (Nelson & Werck-Reichhart, 2011).  
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1.1.2 Enzyme structure and mechanism of plant P450s 

The overall fold conformation of all plant P450s is the same, even when amino acid 

sequence identity is lower than 20% (Nelson, 2009). These enzymes are anchored to the 

cytoplasmic surface of the ER by the N-terminal domain, which corkscrews into the membrane 

(Chapple, 1998). In all cytochrome P450s, the catalytic heme is anchored to the active site with a 

highly conserved thiolate ligand (FXXGXXXCXG) and splits molecular oxygen, with one oxygen 

molecule oxidizing the substrate while the other is reduced to water (Porter & Coon, 1991; Bolwell 

et al., 1994). NAD(P)H donates the electrons via cytochrome P450-reductase (CPR), which can 

either be bound to the P450 or can be a separate membrane-bound protein (Denisov et al., 2005).  

 The association of plant cytochrome P450s on the cytoplasmic surface of the endoplasmic 

reticulum (ER) may serve as scaffolds to recruit other metabolic enzymes (Ralston & Yu, 2006) 

involved in specialized metabolism pathways and appear to increase biosynthetic pathway 

efficiency as flux is dependent on the association and dissociation of substrates from one enzyme 

to the next (Srere, 2000). The recruitment of sequential enzymes in a pathway was suggested to 

enhance the tightly controlled order of reactions occurring in a micro-environment high in 

substrates and intermediates. Furthermore, labile intermediates were protected from degradation 

or modification outside of the ‘metabolon’ because the physical space between sequential pathway 

enzymes is decreased (Jørgensen et al., 2005). Metabolons are known to be involved in all of the 

major specialized metabolism pathways, and examples from the phenylpropanoid, flavonoid, 

isoflavonoid, and cyanogenic glucoside pathways are covered in the review by Ralston and Yu 

(2006). More recently, a metabolon was discovered in the BIA pathway in Papaver species, which 

will be covered in this review (Farrow et al., 2015). It is very likely that most – if not all – P450s 
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discussed hereafter act as anchors to metabolons in their respective pathways, although it has only 

been demonstrated with CYP82Y2. 

 Experimental structural analysis of plant P450s is lacking in the literature, which makes it 

difficult to predict and identify key residues involved in substrate docking that is responsible for 

their specificity. However, there are many available X-ray structures of mammalian cytochrome 

P450s, all of which share the same overall fold conformation (Cojocaru et al., 2007; Nelson, 2006) 

and template-based modeling approaches have been used to predict how targeted mutagenesis may 

lead to changes in the binding site. The B-C loop/B’ helix domain is was one of the first identified 

domains involved in substrate recognition (Gotoh, 1992) (Figure 1-1). There are six roughly 

defined substrate binding sites that are spread across the entire cytochrome P450 sequence (Gotoh, 

1992). Along with the B-C loop/B’ helix, the F-G loop is also involved in substrate binding, since 

it directly affects the size and shape of the protein channel leading towards the substrate binding 

site (Cojocaru et al., 2007) (Figure 1-1). Computer generated models help researchers identify 

these conserved domains in P450s with uncharacterized crystal structures and helps to identify 

potential amino acid residues that direct the three-dimensional shape of the channel (Wang et al., 

2011).  
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Figure 1-1: Structure of a plant cytochrome P450 from Salvia miltiorrhiza (CYP76AH1; 
ferruginol synthase), which is one the few plant P450s with a resolved X-ray crystal structure 
on the PDB (PDB ID: 5ylw). The structure is presented in rainbow, the heme is colored in white. 
The B-C loop is indicated with a blue arrow, the B’-helix by a red arrow, and the F-G loop by a 
green arrow. 
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Homology model guided site-directed mutagenesis coupled with biochemical function studies 

have been successfully used to identify key amino acid residues responsible for correct substrate 

binding (Schoch et al., 2003; Sawada & Ayabe, 2005; Dang et al., 2018). In all cases, the key 

residues were distributed between two or more of the recognized substrate recognition sites. This 

knowledge increases the complexity of selecting target amino acid residues for experimental 

testing, since mutagenesis of more than one amino acid residue across multiple putative substrate 

recognition sites is required to define substrate specificity or to alter it. The mechanisms by which 

these key amino acid residues affect substrate binding isn’t always clear: they could be important 

for correct channeling of the substrate towards the binding site, for physical orientation and/or for 

re-orientation at the catalytic site, or may be electrochemically necessary for catalysis.  

 In the case of cinnamate 4-hydroxylase (CYP73A1), two residues, N302 and I371, were 

necessary for correct orientation of the substrate within the active site, and K484, which is too far 

away from the catalytic site, played an indirect role in substrate docking (Schoch et al., 2003). In 

the case of 2-isoflavonone synthase (CYP93C2), two residues, S310 and K371, were found to be 

physically important for correct migration of the aryl group from the flavone skeleton, while a 

L371 residue was chemically necessary for proton abstraction before oxidation could occur 

(Sawada & Ayabe, 2005). More recently, three amino acid residues (S219, E310, and V452) were 

shown to expand the alstonine synthase (AS) activity of a P450 (CYP71AY1) to a polyneuridine 

aldehyde synthase activity, suggesting a role played by these residues in substrate recognition and 

in improving catalytic activity (Dang et al., 2018). In all cases, modification of a single residue led 

to some change in enzyme activity or loss of enzyme activity (Schoch et al., 2003; Sawada & 

Ayabe, 2005; Dang et al., 2018).  
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1.2 The CYP71 clan and alkaloid biosynthesis 

 It has been suggested that evolution of the CYP71 clan in the liverworts, but not in the 

more ancient hornworts and in aquatic algae (Nelson et al., 2008) might be  an adaptation to a dry 

above ground environment where specialized metabolism pathways helped plants to protect 

themselves and their gametes from UV radiation, desiccation or to predation (Nelson et al., 2008). 

The “younger” members of this clan contain some of the most highly specialized stereo- and regio-

specific enzymes found in plants (Pauli & Kutchan, 1995), with the most ancient members 

involved in hormone and biopolymer biosynthesis, together with more recent roles in amino acid, 

alkaloid, terpenoid and fatty acid biosynthesis/metabolism (Nelson & Werck-Reichhart, 2011).  

 Alkaloids are nitrogen-containing compounds with diverse and potent biological activities. 

Most of the 12,000 known alkaloids are produced in plants and contain a heterocyclic nitrogen 

derived from a few amino acids (Schläger & Dräger, 2016). The nitrogen is typically heterocyclic, 

but not always resulting in a wide range of chemical structures making alkaloids difficult to 

classify (Schläger & Dräger, 2016). Most alkaloids are too complex for efficient chemical 

synthesis leaving industry to largely depend on the plant sources for their commercial production. 

With recent progress in genomics, proteomics, and metabolomics several alkaloid pathways have 

been elucidated and are now being transferred from the native plant to industrially relevant plant 

species, such as tobacco, or to microorganisms, such as Saccharomyces cerevisiae. In such cases, 

pathway genes are cloned into the expression system of choice for asymmetric biosynthesis of 

alkaloid backbones that are then modified enzymatically or chemically to produce target alkaloid 

(Schrittwieser & Resch, 2013).  Even when an entire alkaloid pathway is cloned into one or a series 

of expression systems, the process is not as straightforward as theory suggests. There are inevitable 
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issues with optimizing the reaction conditions for each enzyme in a sequence of multiple 

enzymatic reactions, and at the same time optimizing the overall efficiency of the system(s) so that 

intermediates are consumed by the correct enzymes leading to the accumulation of target alkaloids 

(Gandhi et al., 2015; Dziggel et al., 2017). A piece of this puzzle involves solving the optimal 

conditions for each enzymatic reaction, which includes identification and supply of necessary 

cofactors, appropriate subcellular localization conditions, and understanding the enzyme 

mechanism. The expression of P450s are difficult to optimize in microbial systems since they need 

to localize to the ER membrane, which is lacking in prokaryotic systems, such as Escherichia coli 

(Renault et al., 2014). When overexpressed in ER-containing eukaryotic systems, such as yeast, 

they compete for heme cofactors necessary for native P450 function (Michener et al., 2012). In 

both cases, the result is inefficient expression, although co-expression of a P450 and its native 

NADPH cytochrome C reductase in yeast have yielded efficient biosynthesis of some plant 

secondary metabolites (Dziggel et al., 2017). Due to the low number of resolved plant P450 

structures, it is difficult to identify substrate recognition sites that are important for the 

specialization of a given CYP family or subfamily.  Investigations into the structure and function 

of P450s specifically involved in alkaloid biosynthesis will accelerate the optimization process, 

perhaps revealing likely inhibitors within a pathway, key residues in guiding and/or docking the 

correct substrate, and features that can be used as bait when looking for other P450s involved in 

the same or similar pathways. This review covers the history of plant P450s in alkaloid 

biosynthesis, specifically in the monoterpene indole alkaloid (MIA) and benzylisoquinoline 

alkaloid (BIA) pathways.  

 The MIA and BIA pathways produce chemically complex and highly valuable 

pharmaceuticals, and elucidation of these pathways have led to countless bioengineering projects 
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geared toward increasing the efficiency and availability of medicinal alkaloids (De Luca et al., 

2014; Colinas et al., 2020; Dastmalchi et al., 2018). The CYP71 and CYP72 clans contain the 

known P450s involved in biosynthesis of MIAs and BIAs. The P450s in the CYP71 clan covered 

in this review belong to six families - CYP71, CYP75, CYP76, CYP80, CYP82, and CYP719 – 

which are described below.  

 
1.2.1 The CYP71 clan and monoterpenoid indole alkaloid (MIA) biosynthesis 

 MIAs are derived from a common intermediate, strictosidine, and this class of alkaloids 

contain complex bridge structures with diverse biological activities and potential medicinal 

applications. Vincristine and vinblastine from Catharanthus roseus possess antineoplastic activity 

by interrupting microtubule formation, ajmalicine and reserpine from Rauvolfia serpentina are 

antihypertensives, and ibogaine from Tabernanthe iboga has proven to be a valuable opiate 

withdrawal medicine (Rosales et al., 2020). The MIAs which do not naturally accumulate in plant 

tissue due to high turnover rates or to low biosynthesis may have undiscovered therapeutic 

activities. Organic chemists have made progress in semi- or complete synthesis of many indole 

alkaloids, including MIAs (Norwood & Huigens, 2019; Iyler et al., 2020); however, many of the 

ring structures have proven recalcitrant to synthesis, or synthesis is more laborious and costly than 

harvesting the alkaloid from a biological sources. Semi- or complete synthesis of MIAs is more 

amenable to a bioengineering approach, where a series of select enzymes can asymmetrically 

produce selected MIAs (Dziggel et al., 2017). Engineered biosynthetic systems are also capable of 

creating MIAs that are not produced in nature and are difficult to chemically synthesize, by 

exploiting flexible substrate specificity of native enzymes. Selected enzymes from Catharanthus 

roseus have already been used to prove this concept, creating a multitude of aspidosperma-type 
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MIAs that are not found in nature using (-)-tabersonine as starting substrate (Carqueijeiro et al., 

2018a,b).  

 Biosynthesis of MIAs involves combinations of specific enzymes from the CYP71, 

CYP72, CYP76, and CYP82 families that participate at different pathway stages. The CYP72 and 

CYP76 families are exclusively involved in the iridoid pathway to form secologanin, a common 

central precursor of most known MIAs. The CYP71 and CYP82 families contain enzymes that 

oxidize different MIA backbones and typically display high substrate specificity.  
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Figure 1-2: Cytochrome P 450s involved in MIA biosynthesis in Gelsemium sempervirens 
(blue), Rauwolfia serpentina (orange), Catharanthus roseus (red), and Tabernanthe iboga 
(green). Pathways unique to the plant species are shown in boxes, whereas the others are found in 
all or in most MIA-producing species Selected intermediates together with characterized P450 are 
displayed with arrows representing one or more enzymatic steps. Organic nomenclature of 
representative MIAs is shown (insert), with biogenetic and IUPAC organic nomenclature for the 
aspidosperma-type alkaloids (i.e. (-)-tabersonine). 7-deoxyloganic acid synthase (7DLS; 
CYP76A26); alstonine synthase (AS; CYP71AY1); 7-deoxyloganetic acid 7-hydroxylase (DL7H; 
CYP72A224); geraniol 8-hydroxylase (G8H; CYP76B6); geissoschizine oxidase (GO; 
CYP71AY2); ibogamine 10-hydroxylase (I10H; Unnamed CYP71); rankinidine 11-hydroxylase 
(R11H; Unnamed CYP71); sarpagan bridge enzyme (SBE; CYP71AY4, CYP71AY5); 
secologanin synthase (SLS; CYP72A1, CYP72A565, CYP72A610); tabersonine 16-hydroxylase 
(T16H; CYP71D12, CYP71D351); tabersonine 19-hydroxylase (T19H; CYP71BJ1); tabersonine 
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3-oxidase (T3O; CYP71D1V2); tabersonine epoxidase (TEX; CYP71D521, CYP71D347); (+)-
vincadifformine 19-hydroxylase (V19H;  CYP71BY3); vinorine hydroxylase (VH; CYP82S18). 
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1.2.1.1 The CYP71 family 

 There are 13 characterized P450s in the CYP71 family, with nine discovered in 

Catharanthus roseus (Table 1-1; Figure 1-4). Six enzymes (CYP71BJ1, CYP71D1V2, 

CYP71D521, CYP71D347, CYP71D12, and CYP71D351) act on various substrates with the (-)-

aspidosperma backbone, namely (-)-tabersonine and its derivatives. While CYP71BJ1, 

CYP71D12, and CYP71D351 are hydroxylases, CYP71D1V2, CYP71D521, and CYP71D347 are 

epoxidases. The CYP71D1V2, CYP71D12, and CYP71D351 genes are preferentially expressed 

in the leaves where they are involved in the formation of the (-)-aspidosperma alkaloid vindoline 

from (-)-tabersonine (Figure 1-2) (St-Pierre & De Luca, 1995; Besseau et al., 2013; Giddings et 

al., 2011; Qu et al., 2015). A seventh enzyme characterized in this thesis (CYP71BJ1) acts on a 

substrate with a (+)-aspidosperma backbone. 

Two genes [CYP71D12 (Schröder et al., 1999) and CYP71351 (Besseau et al., 2013)] are 

tabersonine 16-hydroxylases (T16H1 and T16H2) that are preferentially expressed in flowering 

tissues and leaves, respectively are isoforms with 82% amino acid identity (Besseau et al., 2013). 

While the tissues specific expression of T16H1 and T16H2 suggests they are involved in the 

assembly of vindoline in each organ, it is not clear why separate genes might play this role (St-

Pierre & De Luca, 1995; Besseau et al., 2013). It remains to be seen if T16H1 also catalyzes other 

biochemical reactions in flowering tissues since it displays significantly lower affinity for 

tabersonine than T16H2 (Besseau et al., 2013).  

The third gene (CYP71D1V2), tabersonine 3-oxygenase (T3O) (Kellner et al., 2015; Qu et 

al., 2015) catalyses the formation of tabersonine 2,3-epoxide isomers from tabersonine or of 16-

methoxytabersonine 2,3-epoxide isomers from 16-methoxytabersonine that accumulate in  

mutants inactive for tabersonine 3-reductase (T3R) (Edge et al., 2018) and T3R-virus induced 
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silenced  plants (Qu et al., 2015). In contrast when tabersonine or 16-methoxytabersonine were 

assayed with T3O and T3R in the same enzyme assay, these MIAs were converted to the 3-

hydroxy-2,3-dihydro derivatives en route to the assembly of vindoline in  leaves rather than to 

epoxide isomers (Qu et al., 2015). The stable accumulation of tabersonine epoxide isomers and 

16-methoxytabersonine epoxide isomers in T3R mutant plants contradicts the hypothesis (Kellner 

et al., 2015) that these MIA epoxides may be reactive enough to form imine alcohols that rearrange 

to form eburnamine class of MIAs in plants. 

 The major MIAs accumulating in C. roseus roots are (-)-tabersonine, (-)-lochnericine, (-)-

hörhammericine and (+)-echitovenine (Figure 1-2) (Carqueijeiro et al., 2018b; thesis Chapter 2, 

Williams et al., 2019). Four genes (CYP71BJ1, CYP71D347, CYP71D521and CYP71BY3) are 

preferentially expressed in roots and their biochemical roles in the assembly of root MIAs have 

been characterized (Table 1-1; Figure 1-4) (Giddings et al., 2011; Carqueijeiro et al., 2018a; thesis 

Chapter 2, Williams et al., 2019).  The conversion of (-)-tabersonine to the (-)-6,7-epoxide named 

(-)-lochnericine is catalyzed by one of two tabersonine epoxidases [TEX 1 (CYP71D521) or TEX 

2 (CYPD347)] (Carqueijeiro et al., 2018a) (Figure 1-2). The conversion of (-)-lochnericine to 

hörhammericine is catalyzed by tabersonine 19-hydroxylase (T19H; CYP71BJ1)  that accepts (-)-

tabersonine and (-)-lochnericine as substrates (Giddings et al., 2011; Carqueijeiro et al., 2018b). 

Finally, (+)-vincadifformine 19-hydroxylase (V19H CYP71BY3), is a close homolog of T3O but 

is preferentially expressed in  roots, where it hydroxylates (+)-vincadifformine at the 19-carbon to 

produce (+)-minovincinine en route to the formation of the O-acetylated MIA (+)-echitovenine, 

the major (+)-aspidosperma MIA in  roots (thesis Chapter 2, Williams et al., 2019).  

  The decoration of the (-)-aspidosperma MIA backbone in C. roseus involves T16H, T3O, 

T19H and TEX, and they do not share high amino acid sequence identities with each other relative 
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to the other enzymes in this family. Some of the enzymes which act on (-)-tabersonine will also 

accept some tabersonine derivatives. Hydroxylation of (-)-vincadifformine, (-)-minovincinine, and 

lochnericine at the 16-position is mediated by T16H2, while T3O produces 2,3-epoxides from (-)-

tabersonine, (-)-vincadifformine and its 16-methoxy derivatives, and T19H hydroxylates (-)-16-

methoxytabersonine, (-)-vincadifformine, and (-)-lochnericine at the 19-carbon (Table 1-1) 

(Carqueijeiro et al., 2018a,b).  The plant roots express V19H which has considerably different 

activity from T3O: it hydroxylates the (+)-aspidosperma backbone at the distant 19-carbon. 

Interestingly, this activity is mirrored by T19H, which hydroxylates the (-)-aspidosperma 

backbone, including the (+)-vincadifformine enantiomer, at the 19-carbon (Table 1-1) (thesis 

Chapter 2, Williams et al., 2019). While V19H shares high identity (80%) with T3O and yet are 

specific to (+)- and (-)-aspidosperma enantiomers, T19H and T3O, which both act on (-)-

aspidosperma MIAs, share less than 40% identity. Despite T3O being preferentially expressed in 

the leaves and V19H in the roots, it is possible that one of these P450s is the recent ancestor of the 

other.  Since these P450s show high specificity for their respective aspidosperma backbones, it is 

surprising that little correlation can be drawn between enzyme homology and substrate chemistry. 

Investigating the binding sites of these enzymes could revealed key residues which were conserved 

in T3O and T19H, but not in V19H, that direct the specificity for the (-)- or (+)-aspidosperma 

MIAs.  

 The last two P450s in this family from C. roseus are CYP71AY1 and CYP71AY2, which 

perform oxidative coupling reactions (Table 1-1; Figure 1-4). CYP71AY1, alstonine synthase 

(AS), creates an aromatic b-carboline bridge in tetrahydroalstonine to form alstonine (Figure 1-2) 

(Dang et al., 2018). AS will also produce serpentine from ajmalicine, which is the 20-(R)-isomer 

of tetrahydroalstonine, and it is highly expressed in both stem and root tissues where the aromatic 



 24 

b-carboline MIAs accumulate (Dang et al., 2018).  The enzyme geissoschizine oxidase (GO; 

CYP71AY2) couples carbons 2 and 16 in 19-E-geissoschizine to produce an unstable intermediate 

en route to the formation of stemmadenine, a key branch point in MIA biosynthesis in C. roseus 

(Figure 1-2) (Qu et al., 2018).  

Enzymes with high amino acid sequence identity to AS have been identified in R. 

serpentina (CYP71AY4) and in G. sempervirens (CYP71AY5) that are involved in the formation 

of sarpagine-type MIAs (Table 1-1; Figure 1-4) (Dang et al., 2018). These orthologs catalyse 

oxidative coupling of 19-E-geissoschizine to form polyneuridine aldehyde (PNA) and were named 

sarpagine bridge enzymes (SBE’s) (Figure 1-2) (Dang et al., 2018). Further studies showed that 

AS also converts 19-E-geissoschizine to PNA with lower efficiency than tetrahydroalstonine, and 

SBE’s from R. serpentina and G. sempervirens display reciprocal AS activity. Detailed 

experiments determined that the 19-E ethylene group is necessary for AS activity likely due to the 

conductive effect of the ethylene group (Dang et al., 2018). Six single point mutations of AS were 

tested, and three mutations (S219A, E310W, and V451I) enhanced SBE activity without 

diminishing AS activity. This first example showed how computer-based modeling directed 

mutagenesis experiments, where modification of target amino acids led to changes in substrate 

specificity, and opens the door for future investigations into substrate specificity of MIA binding 

in MIA pathway P450s without producing defined X-ray structures. The residues were chosen 

using homology-based modeling, and all three were located within the binding site of AS. Since 

there is little homology among P450s, this approach makes it difficult to predict how changes in 

certain residues will affect protein folding and, consequently, activity. However, P450s share a 

common folding structure, so homology modelling can still be useful to identify residues which 

are likely in or close to the binding site or another substrate recognition site. Some of these residues 
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will play key roles in substrate docking in the binding site, and site-directed-mutagenesis can 

investigate these effects, as was demonstrated by Dang et al. (2018).  

Another P450 from G. sempervirens belonging to this family is rankinidine 11-hydroxylase 

(R11H), of which there are two isoforms (second not shown in Figure 1-4) (Table 1-1; Figures 1-

2 & 1-4) (Franke et al., 2019). R11H also hydroxylates humantenine, the N-methyl-derivative of 

rankinidine, indicating no steric hindrance occurs in the presence of the added methyl group when 

docking to the active site. It should also be noted that C11 is also named C16 according to IUPAC 

numbering (Figure 1-2). The only enzymes in this review named according to IUPAC numbering 

are T16H1/2 (CYP71D12, CYP71D351) and TEX1/2 (CYP71D521, CYP71D347). GsR11H was 

identified as a P450 candidate in G. sempervirens based on its homology to T16H, since the authors 

were trying to identify a P450 with T16H-like activity. Despite sharing only 53% identity, the 

homology-based approach was still fruitful in discovering a novel P450 with T16H-like activity 

(Franke et al., 2019). This is another example of the disparity between the protein sequence and 

activity overlap in the CYP71 family, making homology-based discovery more difficult by 

increasing the number of P450 candidates to screen when hunting for a specific enzyme.  

The final P450 from the CYP71 family is expressed in the roots and stems of Tabernanthe 

iboga and is ibogamine 10-hydroxylase (I10H) that converts ibogamine to noribogamine to form 

iboga-type MIAs (Table 1-1; Figures 1-2 & 1-4) (Farrow et al., 2018). This enzyme also 

hydroxylates coronaridine, a precursor to ibogamine, at the same position, indicating the additional 

16-acetyl group of coronaridine can be accommodated within the binding site without interfering 

with catalytic activity (Table 1-1). As with RsR11H, I10H was identified through homology-based 

screening using T16H2 as bait. Although I10H specifically acts on a different carbon than R11H 

and T16H, they are neighbouring carbons on the MIA backbone. Interestingly, the bridge systems 



 26 

accommodated by the binding sites of I10H and R11H are both outward facing like (-)-tabersonine, 

the substrate of T16H1 and 2. It is possible that there is something conserved within these binding 

sites which allows for hydroxylation of the indole moiety of an MIA with an outward facing 

terpene moiety. Comparisons between the binding sites of the TEX’s, which also cluster with 

T16H but act on the terpene moiety, and the binding sites of T16H, I10H, and R11H could reveal 

the residues which guide either the indole or the terpene moieties of MIAs toward the catalytic 

heme. 

 

1.2.1.2 The CYP76 family 

The P450s from the CYP76 family covered in this review are expressed in the internal 

phloem parenchyma (IPAP) cells in C. roseus leaves (Burlat et al., 2004) and are involved in 

secologanin biosynthesis (Figure 1-2). The conversion of geraniol to (6E)-8-hydroxygeraniol is 

catalyzed by geraniol 8-hydroxylase (G8H; CYP76B6 also known as geraniol 10-hydroxylase or 

G10H) (Table 1-1; Figure 1-4) (Collu et al., 2001). More detailed studies showed this enzyme to 

also catalyze a second oxidation converting (6E)-8-hydroxygeraniol to 8-oxogeraniol (Höfer et al., 

2013) corresponding to the next step in the assembly of secologanin. While this second oxidation 

has been documented, other studies have suggested the involvement of an NADPH-dependent 

oxidoreductase able to perform this oxidation (Ikeda et al., 1991; Hallahan et al., 1995). Further 

substrate specificity studies showed that G8H will also catalyze 3’ hydroxylation of the flavanone 

naringenin to produce eriodictoyl (Sung et al., 2011) (Figure 1-S1). The CYP76B6 binding site is 

large enough to accommodate a rigid three-ring molecule, which means there is enough physical 

space to allow for multiple conformations of the more flexible geraniol. Given the multiple 
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reported activities of CYP76B6, it is likely that more than one of these conformations can be 

oxidized.   

The formation of the carboxyl group of 7-deoxyloganetic acid from nepetalactol involves 

a 3-step oxidation catalyzed by 7-deoxyloganetic acid synthase (7DLS; CYP76A26) (Table 1-1; 

Figures 1-4) (Salim et al., 2014; Miettinen et al., 2014). This gene product catalyses the sixth to 

last step in assembly of secologanin in C. roseus (Figure 1-2) (Salim et al., 2014; Miettinen et al., 

2014). 

 

1.2.1.3 The CYP72 family 

The CYP72 family is the only family belonging to the CYP72 clan involved in MIA 

production, and the enzymes are involved in the pathway to secologanin (Figure 1-2). CYP72A224 

from C. roseus is 7-deoxyloganic acid 7-hydroxylase (DL7H), which is expressed in IPAP cells 

and produces loganic acid (Table 1-1; Figure 1-4) (Salim et al., 2013; Salim et al., 2014). 

CYP72A1 is secologanin synthase (SLS), and specifically oxidizes loganin to secologanin in MIA-

producing species (Table 1-1; Figure 1-4) (Irmler et al., 2000; Dugé de Bernonville et al., 2015; 

Rather et al., 2020). In C. roseus, SLS is preferentially expressed in the leaf epidermis, which 

means it is compartmentally separated from the earlier pathway enzymes, such as DL7H (Salim et 

al., 2014). There are two SLS isoforms in C. roseus, and SLS1 was the first SLS to be discovered 

and characterized (Irmler et al., 2000). SLS2 was identified much later, and it was found that both 

isoforms from C. roseues also able to accept loganic acid, producing secologanic acid, 

demonstrating the additional methyl in loganin is not necessary for correct docking in the binding 

site (Dugé de Bernonville et al., 2015). There are SLS orthologs in multiple MIA-producing 

species including Rauvolfia serpentina, Ophiorrhiza pumila, Amsonia hubrichtii, Vinca minor, 
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Tabernaemontana elegans, Camptotheca acuminata, and Nothapodytes nimmonia (Rather et al., 

2020). It was recently shown that two SLS isoforms from C. acuminata, CYP72A565 and 

CYP72A610, will oxidize both 7-deoxyloganic acid and loganin, demonstrating the dual DL7H 

and SLS activity of this enzyme (Table 1-1; Figure 1-4) (Yang et al., 2019). These SLS isoforms 

from C. acuminata may have a more flexible binding site than the related P450s, allowing space 

for the additional alcohol and methyl groups of loganin, without loss of oxidation activity. There 

could be residues in the binding site of the isoforms, which would prevent 7-deoxyloganic acid 

from correctly docking for oxidation, and/or residues in the channel leading to the binding site, 

which could prevent 7-deoxyloganic acid from entering the P450 binding site. The activity overlap 

between the SLS isoforms from C. acuminata and DL7H from C. roseus could mean that CrSLS 

and CrDL7H share a common ancestor which had both activities. The N. nimmonia SLS ortholog 

was recently characterized, but its activity was only tested using loganin as a substrate (Table 1-1; 

Figure 1-4) (Rather et al., 2020).  

 

1.2.1.4 The CYP82 family 

CYP82S18 is the only known P450 in the CYP82 family which modifies MIAs (Table 1-

1; Figure 1-4). This unique enzyme is vinorine hydroxylase (VH), which hydroxylates vinorine to 

vomilenine, an intermediate in the formation of ajmaline in R. serpentina (Figure 1-2) 

(Falkenhagen & Stockligt, 1995; Dang et al., 2017). It can also perform a non-oxidative 

isomerization of vomilenine to form perakine, however with significantly lower efficiency (Figure 

1-S2) (Dang et al., 2017). The authors proposed that the isomerization likely occurs through 

intramolecular nucleophilic attack by the oxygen of the hydroxy group, which breaks the 4,21-

bond and forms a 4,19-bond in its place. Since vomilenine is reduced to dihydrovomilenine by 
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vomilenine reductase en route to ajmaline production, the product must be released from the active 

site after hydroxylation of vinorine. However, it is unknown whether the low level of perakine 

accumulation is from two subsequent reactions before vomilenine leaves the binding site, or if 

vomilenine leaves and reenters for isomerization to perakine. Of the P450s which modify MIA 

backbones, VH is the only one which clusters with the CYP82 family, and the rest of the P450s in 

this family are expressed in BIA-producing species. This could indicate that there are other MIA-

modifying P450s in this family, so homology-based screening using CYP82 P450s as bait could 

lead to novel enzyme discovery in MIA producing species.  
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Table 1-1. Summary of P450 reactions in MIA pathways. 
 
CYP 
Clan 

CYP 
Family 

Native 
species 

CYP 
name 

Common 
name 

Substrate Product Expression 
system 

Reference 

         
71 71 Catharanthus 

roseus 
CYP71D12 Tabersonine 16-

hydroxylase 1 
(T16H1) 

(-)-tabersonine 

 

16-hydroxy-tabersonine 

 

N/A St-Pierre & De 
Luca, 1995 

CYP71D351 Tabersonine 16-
hydroxylase 2 
(T16H2) 

(-)-tabersonine 

 

16-hydroxy-tabersonine 

 

Saccharomyces 
cerevisiae 

Besseau et al., 
2013 

(-)-minovincinine 

 

16-hydroxy-minovincinine 

 

Saccharomyces 
cerevisiae 

Carquiejeiro, 
Dugé de 
Bernonville, et 
al., 2018 

(-)-vincdifformine 

 

16-hydroxy-vincadifformine 

 

Saccharomyces 
cerevisiae 

Carqueijeiro, 
Dugé de 
Bernonville, et 
al., 2018 

Lochnericine 

 

16-hydroxy-lochnericine 

 

Saccharomyces 
cerevisiae 

Carquejeiro, 
Brown, et al., 
2018 

CYP71D1V2 Tabersonine 3-
oxygenase (T3O) 

(-)-tabersonine 

 

tabersonine 2,3-epoxide 

 

Saccharomyces 
cerevisiae 

Qu et al., 2015 

16-methoxy-tabersonine 

 

16-methoxy-tabersonine 2,3-
epoxide 

 

Saccharomyces 
cerevisiae 

Qu et al., 2015 
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(-)-vincadifformine 

 

vincadifformine 2,3-epoxide 

 

Saccharomyces 
cerevisiae 

Carqueijeiro, 
Dugé de 
Bernonville, et 
al., 2018 

16-methoxy-(-)-vincadifformine 

 

16-methoxy-vincadifformin 
2,3-epoxide 

 

Saccharomyces 
cerevisiae 

Carqueijeiro, 
Dugé de 
Bernonville, et 
al., 2018 

CYP71BJ1 Tabersonine 19-
hydroxylase (T19H) 

(-)-tabersonine 

 

19-hydroxy-tabersonine 

 

Saccharomyces 
cerevisiae 

Giddings et al., 
2011 

Lochnericine 

 

Hörhammericine 

 

Saccharomyces 
cerevisiae 

Giddings et al., 
2011 

16-methoxy-tabersonine 

 

16-methoxy-19-
hydroxytabersonine 

 

Saccharomyces 
cerevisiae 

Carqueijeiro, 
Dugé de 
Bernonville, et 
al., 2018 

(-)-vincadifformine 

 

(-)-minovincinine 

 

Saccharomyces 
cerevisiae 

Carqueijeiro, 
Dugé de 
Bernonville, et 
al., 2018 

CYP71D521 Tabersonine 6,7-
epoxidase 1 (TEX1) 

(-)-tabersonine 

 

Lochnericine 

 

Saccharomyces 
cerevisiae 

Carquejeiro, 
Brown, et al., 
2018 

CYP71D347 Tabersonine 6,7-
epoxidase 2 (TEX2) 

(-)-tabersonine 

 

Lochnericine 

 

Saccharomyces 
cerevisiae 

Carquejeiro, 
Brown, et al., 
2018 
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CYP71BY3 Vincadifformine 19-
hydroxylase (V19H) 

(+)-vincadifformine 

 

(+)-minovincinine 

 

Saccharomyces 
cerevisiae 

Williams et al., 
2019 

CYP71AY1 Alstonine synthase 
(AS) 

Tetrahydroalstonine 

 

Alstonine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2018 

Ajmalicine 

 

Serpentine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2018 

CYP71AY2 Geissoschizine oxidase 
(GO) 

19-E-geissoschizine 

 

Unstable intermediate I 

 

Saccharomyces 
cerevisiae 

Qu, Easson, et al., 
2018 

Rauvolfia 
serpentina 

CYP71AY4 Sarpagan bridge 
enzyme (SBE) 

19-E-geissoschizine 

 

Polyneuridine aldehyde 

 

Saccharomyces 
cerevisiae 

Dang et al., 2018 

Gelsemium 
sempervirens 

CYP71AY5 Sarpagan bridge 
enzyme (SBE) 

19-E-geissoschizine 

 

Polyneuridine aldehyde 

 

Saccharomyces 
cerevisiae 

Dang et al., 2018 

Unnamed 
CYP71 

Rankinidine 11-
hydroxylase (R11H) 

Rankinidine 

 

11-hydroxy-rankinidine 

 

Saccharomyces 
cerevisiae 

Franke et al., 
2019 

Humantenine 

 

11-hydroxy-humantenine 

 

Saccharomyces 
cerevisiae 

Franke et al., 
2019 

Tabernanthe iboga Unnamed 
CYP71 

Iboga 10-hydroxylase 
(I10H) 

Ibogamine 

 

Noribogamine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2018 

Coronaridine 

 

10-hydroxy-coronaridine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2018 
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75 Rauvolfia 
serpentina 

CYP82S18 Vinorine hydroxylase Vinorine 

 

Vomilenine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2017 

Vomilenine 

 
 

Perakine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2017 

76 Catharanthus 
roseus 

CYP76A26 7-deoxyloganetic acid 
synthase (7DLS) 

Nepetalactol 

 

7-deoxyloganetic acid 

 

Saccharomyces 
cerevisiae 

Salim et al., 2014 

CYP76B6 Geraniol 8-
hydroxylase (G8H) 

Geraniol 

 

10-hydroxy-geraniol 

 

Saccharomyces 
cerevisiae 

Collu et al., 2001 

Naringenin 

 

Eriodictyol 

 

Spodoptera 
frugiperda 

Sung et al., 2011 
 

72 72 Catharanthus 
roseus 

CYP72A224 7-deoxy-loganic acid 
7-hydroxylase (DL7H) 

7-deoxyloganic acid 

 

Loganic acid 

 

Saccharomyces 
cerevisiae 

Salim et al., 2013 

CYP72A1 Secologanin synthase 
1 (SLS1) 

Loganin 

 

Secologanin 

 

Escherichia coli Irmler et al., 2000 

Secologanin 

 

Secoxyloganin 

 

Saccharomyces 
cerevisiae 

Dugé de 
Bernonville et al., 
2015 

CYP72A1 
isoform 

Secologanin synthase 
2 (SLS2) 

Loganin 

 

Secologanin 

 

Saccharomyces 
cerevisiae 

Dugé de 
Bernonville et al., 
2015 

Secologanin 

 

Secoxyloganin 

 

Saccharomyces 
cerevisiae 

Dugé de 
Bernonville et al., 
2015 

Camptotheca 
acuminata 

CYP72A565 Secologanin synthase 
(SLS) 

Loganin 

 

Secologanin 

 

Saccharomyces 
cerevisiae 

Yang et al., 2019 
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Loganic acid 

 

Secologanic acid 

 

Saccharomyces 
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1.2.2 The CYP71 clan and benzylisoquinoline alkaloid (BIA) biosynthesis 

All BIAs are derived from (S)-norcoclaurine, and the pathways covered in this review span 

seven species: Papaver somniferum, Papaver rhoeas, Eschscholzia californica, Argemone 

mexicana, Gloriosa superba, Berberis stolonifera, and Coptis japonica (Figure 1-3). Like MIAs, 

BIAs are a structurally diverse class of alkaloids with an equally diverse set of biological activities. 

The various poppy species – Papaver spp., Eschscholzia californica, and Argemone mexicana 

produce the antimicrobials sanguinarine and berberine, as well as the antitussive and anticancer 

compound, noscapine (Hagel & Facchini, 2013). The Papaver species also produce morphine and 

codeine, which are two of the most important pharmaceutical analgesics, as well as papaverine, a 

muscle relaxant (Hagel & Facchini, 2013). Because of the valuable pharmaceuticals produced in 

the poppy species, research into BIA biosynthesis has expanded to investigate other BIA-

producing plants with distinct pathways, such as G. superba, B. stolonifera, and C. japonica. 

Similar to MIAs, harvesting BIAs or their intermediates from plant tissue is significantly more 

efficient than chemical synthesis, compelling investigators to identify the enzymes responsible for 

their formation (Hagel & Facchini, 2013). Across the BIA-producing species, there are nearly 

thirty characterized P450s, all of which belong to the CYP71 clan. The CYP75, CYP80, CYP82, 

and CYP719 families modify BIAs exclusively (Figure 1-4). The one exception to this rule is 

CYP82S18 (vinorine hydroxylase; VH), which is involved in MIA biosynthesis in R. serpentina. 
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Figure 1-3: Functionally characterized BIA pathways in Narcissus pseudonarcissus (yellow), 
Gloriosa superba (blue), Berberis stolonifera (green), Coptis japonica (purple), Papaver spp. 
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(orange), Eschscholzia californica (red), and Argemone mexicana. Pathways unique to the 
plant species are shown in boxes, whereas the others are found in all or most BIA-producing 
species. Select intermediates and accumulates of each pathway are shown, and one arrow 
represents one or more enzymatic steps with all P450s named. Organic nomenclature of 
representative BIAs are shown (insert). BS: berbamunine synthase (CYP80A1); CAS: canadine 
synthase (CYP719A1, CYP719A21); CBS: (S)-corytuberine synthase (CYP80G2); CFS: 
cheilanthifoline synthase (CYP719A15, CYP719A14, CYP719A25); DB10H: 
dihydrobenzophenanthridine alkaloid 10-hydroxylase (CYP82P2, CYP82P3); DRS: 1,2-
dehydroreticuline synthase (CYP82Y2); ICS: isoandrocymbine synthase (CYP75A110); MBE: 
methylenedioxy bridge enzyme (CYP719A9); MSH: N-methylstylopine 14-hydroxylase 
(CYP82N4); NCS: N-formylcolchicine synthase (CYP71FB1);NM1H: (S)-N-methylcanadine 1-
hydroxylase (CYP82Y1); NM13H: (S)-N-methylcanadine 13-hydroxylase (CYP82X2); NM8H: 
(S)-N-methylcanadine 8-hydroxylase (CYP82X1); NMC3H: (S)-N-methylcoclaurine 3’-
hydroxylase (CYP80B1, CYP80B2); NMS: Noroxomaritidine synthase (CYP96T1)P6H: 
protopine 6-hydroxylase (CYP82N3); SalSyn: salutaridine synthase (CYP719B1); SAS: (S)-
autumnaline synthase (CYP75A109); SPS: stylopine synthase (CYP719A2, CYP719A3, 
CYP719A13, CYP719A20). 
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1.2.2.1 The CYP75 family 

The CYP75 enzymes, including CYP71FB1, were identified in G. superba and are 

involved in colchicine biosynthesis (Table 1-2) (Nett et al., 2020). (S)-autumnaline synthase (SAS; 

CYP75A109) that catalyzes two hydroxylations converts (S)-noroclaurine to (S)-autumnaline via 

three methylations by two O-methyltransferases and one N-methyltransferase converts (S)-

norcoclaurine to (S)-autumnaline (Table 1-2; Figures 1-3 & 1-4). CYP75A110 and CYP71FB1 

perform phenol coupling reactions with (S)-autumnaline and isoandrocymbine, respectively. 

CYP75A110 is isoandrocymbine synthase (ICS) and creates the 7-carbon B-ring of 

isoandrocymbine (Table 1-2; Figures 1-3 & 1-4). CYP71FB1 is N-formyldecolcine synthase 

(NCS) and rearranges the bridge over the B-ring to create the 7-carbon C-ring of N-

formyldemecolcine, forming the colchicine backbone (Table 1-2; Figures 1-3 & 1-4). All three 

P450s are highly expressed in the rhizome of G. sempervirens, where colchicine accumulates (Nett 

et al., 2020). The CYP75 P450s in G. sempervirens are the only P450s in this family known to be 

involved in alkaloid biosynthesis. The CYP75 family first appears in ferns, and it is the most 

ancient family involved in BIA biosynthesis. Unlike the CYP80 and CYP82 families from the 

CYP71 clan, of which the characterized members are exclusively involved in BIA biosynthesis, 

the CYP75 family contains many members involved in flavonoid biosynthesis (Nelson & Werck-

Reichhart, 2011). The colchicine pathway is possibly the most ancient BIA pathway, supported by 

the early branching from (S)-noroclaurine, whereas the (S)-reticuline derivatives require the more 

specialized CYP80 and CYP82 families (Figure 1-3).  
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1.2.2.2 The CYP80 family 

The five CYP80 enzymes covered in this review were found in C. japonica, E. californica, 

P. somniferum, and B. stolonifera. CYP80A1 and CYP80G2 from B. stolonifera and C. japonica, 

respectively, perform phenol coupling reactions on the C-rings of their substrates (Figure 1-4) 

(Stadler & Zenk, 1993; Kraus & Kutchan, 1995; Ikezawa et al., 2008). CYP80A1 is berbamunine 

synthase (BS) and performs an intermolecular diphenyl ethyl linkage between one (R)- and one 

(S)-N-methylcoclaurine to form berbamunine (Table 1-2; Figure 1-4) (Stadler & Zenk, 1993). 

Similar to the pathway in G. sempervirens, BS represents an early branching point in the BIA 

pathway, since it occurs before the common BIA intermediate, (S)-reticuline (Figure 1-3). This 

was the first plant P450 known to perform a regio- and stereoselective phenol coupling reaction 

without accompanying incorporation of oxygen (i.e. monooxygenase activity), and the first of 

many such reactions involved in BIA biosynthesis. BS demonstrated some substrate flexibility as 

long as one molecule of (R)-N-methylcoclaurine is present in the binding site. It will pair (R)-N-

methylcoclaurine with itself or with (R)- or (S)-coclaurine (Table 1-2) (Stadler & Zenk, 1993). In 

the coclaurine backbone, the chiral hydrogen is adjacent to the N-methyl group, so this chemistry 

is important for anchoring one molecule in the active site in the necessary orientation for phenol 

coupling to the second molecule. The binding site seems to be more rigid or specific to the first 

molecule, whereas binding of the second substrate has more flexibility, allowing both enantiomers 

to dock. BS was initially discovered in B. stolonifera cell cultures, and when provided with a 

racemic mixture of N-methylcoclaurine, will produce 90% the (R,S)-molecule, berbamunine, and 

10% of the the (R,R)-molecule, guatteguamerine. However, when expressed in Spodoptera 

frugiperda cells, BS will produce 62% guatteguamerine, favoring the (R,R)-coupling under the 

same in vitro conditions (Kraus & Kutchan, 1995). In the case of CYP80A1, and likely many other 
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plant P450s, the expression system and assay conditions affect enzyme activity, although the 

general substrate specificity remains unchanged. 

CYP80G2 from C. japonica is (S)-corytuberine synthase (CBS), and performs an 

intramolecular phenol coupling of (S)-reticuline to produce (S)-corytuberine, which is an 

intermediate in magnoflorine biosynthesis (Table 1-2; Figures 1-3 & 1-4) (Ikezawa et al., 2008). 

This is the only BIA pathway derived from (S)-reticuline that is not found in any of the poppy 

species (Papaver spp., E. californica, and A, mexicana). CBS will also turnover (R,S)-

norreticuline, (R,S)-codamine, (R,S)-orientaline, and (S)-N-methylcoclaurine with significantly 

less efficiency (Table 1-2) (Ikezawa et al., 2008). The latter three substrates differ from (R,S)-

reticuline at the 1-, 3’- and/or 4’-carbons. Substrates with modifications at the 6- or 7-carbon were 

not accepted by CBS, indicating that the phenol coupling most likely occurs through the A-ring of 

(S)-reticuline en route to (S)-corytuberine formation. The authors showed the CBS is 

stereoselective for (S)-reticuline, so it is likely true for the other racemic mixtures tested, although 

was not definitively shown.  

CYP80B1/2 from E. californica, P. somniferum, and C. japonica are orthologs of (S)-N-

methycoclaurine 3’-hydroxylase (NMC3H) and, like the other CYP80 enzymes, act on the C-ring 

of their substrate (Table 1-2 & Figure 1-4) (Pauli & Kutchan, 1998; Huang & Kutchan, 2000; 

Ikezawa et al., 2003). Rather than phenol coupling, however, they hydroxylate (S)-N-

methylcoclaurine to (S)-3’-hydroxy-N-methylcoclaurine, a key intermediate in (S)-reticuline 

biosynthesis (Figure 1-3). The NMC3H from E. californica was the first plant P450 to be 

characterized through heterologous expression in yeast, paving the way for the characterization of 

many elusive plant P450s (Pauli & Kutchan, 1998). All P450s discussed in this paper have been 

characterized in one heterologous system or another, making it possible to discover P450s that 
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otherwise proved difficult or impossible to isolate from plant tissue. The NMC3H from P. 

somniferum was identified over a decade later and was found to have the same activity as its 

ortholog in E. californica (Table 1-2; Figure 1-4) (Huang & Kutchan, 2000). Within a few short 

years, the third ortholog from C. japonica was identified (Table 1-2; Figure 1-4) (Ikezawa et al., 

2003). 

 

1.2.2.3 The CYP82 family 

The CYP82 enzymes are all involved in BIA biosynthesis, with the exception of 

CYP82S18 from R. serpentina, which is involved in MIA biosynthesis and covered in section 2.1. 

Generally, the enzymes in this family hydroxylate their substrates, and the CYP82Y2 orthologs 

are the exception (Table 1-2; Figure 1-4). They are the 1,2-dehydroreticuline synthase (DRS) 

orthologs from P. rhoeas and P. somniferum are responsible for the epimerization of (S)-reticuline 

to a cation intermediate, which is reduced by 1,2-dehyroreticuline reductase to (R)-reticuline 

(Table 1-2; Figures 1-3 & 1-4) (Farrow et al., 2015). DRS was tested with various 1-

benzylisoquinoline alkaloids, and epimerized only (S)-reticuline, (S)-3’-hydroxy-N-

methylcoclaurine, and (S)-N-methylcoclaurine, which all contain the N-methyl group necessary 

for cation formation (Table 1-2) (Farrow et al., 2015). Isoforms of DRS from P. rhoeas and P. 

somniferum show different susbtrates specificities, with the former showing a high preference for 

(S)-N-methylcoclaurine and the latter for (S)-reticuline (Farrow et al., 2015). (S)-N-

methylcoclaurine is an intermediate to (S)-reticuline, which contains additional 3’-hydroxy and 

4’methoxy groups. There is no evidence of (R)-N-methylcoclaurine in Papaver spp., so the role of 

DRS is very likely restricted to (S)-reticuline epimerization in planta (Farrow et al., 2015).  
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CYP82Y1, a close homolog of CYP82Y2, is (S)-N-methylcanadine 1-hydroxylase 

(NM1H) and hydroxylates (S)-N-methylcanadine to (S)-1-hydroxy-N-methylcanadine en route to 

noscapine biosynthesis in P. somniferum (Table 1-2; Figures 1-3 & 1-4) (Dang & Facchini, 2014b). 

This P450 will also accept (S)-N-methylstylopine, which contains a methylenedioxy bridge in the 

D-ring as well as the A-ring (Table 1-2) (Dang & Facchini, 2014b). This substrate specificity 

pattern indicates that the guaiacol moiety in the D-ring of canadine is not essential for activity, but 

the N-methyl group is. It is possible that this group interacts with the binding site to correctly 

anchor the A-ring for hydroxylation. Although the (S)-N-methylcanadine and (S)-N-

methylstylopine share a common precursor, (S)-scoulerine, they are involved in distinct BIA 

pathways: the former an intermediate of noscapine, and (S)-N-methylstylopine is an intermediate 

of sanguinarine (Figure 1-3). The expression of NM1H is limited to noscapine-producing ecotypes 

of P. somniferum, which supports its role as (S)-N-methycanadine 1-hydroxylase within these 

species (Dang & Faccini, 2014b). The differential expression of NM1H among ecotypes was 

attributed to the number of nucleotide motif cariations [(AT)n and (A)n] in the promoter region 

(Abedini et al., 2018). 

CYP82X2 and CYP82X1 from P. somniferum are (S)-1-hydroxy-N-methylcanadine 13-

hydroxylase (NM13H), and (13S, 14R)-1-hydroxy-13-O-acetyl-N-methylcanadine 8-hydroxylase 

(NM8H), respectively (Table 1-2; Figure 1-4) (Dang et al., 2015). NM13H produces (13S, 14R)-

1,13-dihydroxy-N-methylcanadine, which is subsequently acetylated, and NM8H hydroxylates 

(13S, 14R)-1-hydroxy-13-O-acetyl-N-methylcanadine, producing (13S, 14R)-1,8-dihydroxy-13-

O-acetyl-N-methylcanadine, an intermediate in noscapine biosynthesis (Table 1-2; Figure 1-3) 

(Dang et al., 2015). NM8H will also hydroxylate (S)-1-hydroxyl-N-methylcanadine at the 8-

carbon, indicating that the 13-O-acetyl group is not necessary for correct docking (Table 1-2) 



 43 

(Dang et al., 2015). Both NM13H and NM8H hydroxylate the C-rings of (S)-N-methylcanadine 

derivatives, but the 8- and 13-carbons are para-positioned relative to each other. The molecules 

would have to be oriented in a slightly different position for hydroxylation, and given the reported 

substrate specificities, the acetyl-group of (13S, 14R)-1-hydroxy-13-O-acetyl-N-methylcanadine 

may help flip the (S)-N-methylcanadine backbone for oxidation of carbon 8. Although NM8H does 

not require the 13-O-acetyl group for activity, it will not hydroxylate (S)-1-hydroxyl-N-

methylcanadine at the 13 carbon (NM13H activity) (Table 1-2), indicating that there must be 

structural differences between the two binding sites which orient carbons 8 or 13 towards the 

catalytic heme. 

CYP82N4 from P. somniferum is (S)-N-methylstylopine hydroxylase (MSH), and 

performs two subsequent oxidations at the 14-carbon of (S)-N-methylstylopine to produce the 

carbonyl group of protopine (Table 1-2; Figures 1-3 & 1-4) (Beaudoin & Facchini, 2013). The 

methylenedioxy bridge on the D-ring of (S)-N-methylstylopine is not necessary for activity, since 

MSH was shown to prefer (S)-N-methylcanadine in vitro, although the product, allocryptine, is 

low in all P. somniferum chemotypes (Table 1-2) (Beaudoin & Facchini, 2013). Taken together, 

MSH is most likely involved in protopine biosynthesis in P. somniferum (Figure 1-3). Like NMH, 

MSH will modify both the (S)-N-methylcanadine and (S)-N-methylstylopine backbones, despite 

both being involved in distinct pathways.  

Protopine is hydroxylated by CYP82N2, protopine 6-hydroxylase (P6H), to produce 6-

hydroxy-protopine, an intermediate in sanguinarine biosynthesis in poppy species (Table 1-2; 

Figures 1-3 & 1-4) (Takemura et al., 2013). P6H will modify a number of substrates with the 

protopine backbone, namely corycavine (13-methyl-protopine) and 13-oxoprotopine, although 

with much less efficiency than protopine, which indicates the hydrogen at the 13-position is 
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important for activity (Table 1-2) (Takemura et al., 2013). It’s possible that the added hydroxyl or 

methyl moieties are too bulky and prevent the 6-carbon from getting close enough to the heme for 

oxidation. It has been proposed that a P6H ortholog is involved in dihydrochelerythrine 

biosynthesis in E. californica, although the specific enzyme has not yet been characterized (Hori 

et al., 2018).  

CYP82P2 and CYP82P3 are both dihydrobenzophenanthridine alkaloid 10-hydroxylases 

(DB10H) found in E. californica: they will both hydroxylate dihydrosanguinarine at the 10-

carbon, and the latter hydroxylates dihydrochelerythrine at the same position (Table 1-2; Figures 

1-3 & 1-4) (Hori et al., 2018). When overexpressed in cell cultures, CYP82P2 expression led to 

an increase in macarpine accumulation, whereas CYP82P3 led to an increase in 10-

hydroxychelerythrine accumulation (Hori et al., 2018). Given these findings, the DB10Hs may 

have distinct roles in macarpine and chelerythrine biosynthesis (Figure 1-3). They are highly 

expressed in E. californica cultured cells, where macarpine and chelerythrine derivatives 

accumulate, while their expression is low in the roots, where there is little accumulation of these 

BIAs (Hori et al., 2018). The DB10H homologs share 80% amino acid identity, an CYP82P2 has 

stricter substrate specificity than CYP82P3. As with other highly homologous P450s with different 

activities, comparison between the binding sites could reveal specific residues which are key for 

substrate recognition. This may help reduce the spread of the previously defined substrate 

recognition sites, helping investigators target specific areas of P450 binding sites to modify 

enzyme activity.   

 
1.2.2.4 The CYP719 family 

The CYP719 enzymes covered in this review create a methylenedioxy bridge in either the 

A- or D-ring guaiacol moiety of their substrates, with the exception of CYP719B1, which catalyzes 
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a C-C rather than C-O phenol coupling (Table 1-2; Figure 1-4). Furthermore, they all contain the 

KPIAPXXXPH motif in their binding site, which is unique to this family and possibly important 

for methylendioxy bridge formation (Dang & Facchini, 2014a).  Of all the families covered in this 

review, the CYP719 family is the most highly specialized, since there are no known members 

which perform any other type of reaction.  

CYP719A5, CYP719A14, and CYP719A25 modify the D-ring of their substrates, and they 

are orthologs of (S)-cheilanthifoline synthase (CFS) from E. californica, A. mexicana, and P. 

somniferum, respectively (Table 1-2; Figure 1-4) (Ikezawa et al., 2009; Chávez et al., 2011; Fossati 

et al., 2014). CFS produces (S)-cheilanthifoline from (S)-scoulerine, which is a major branch point 

in BIA biosynthesis en route to sanguinarine (Figure 1-3). The CFS from E. californica is 

preferentially expressed in roots, which is the exclusive site of sanguinarine biosynthesis, 

supporting its role in sanguinarine biosynthesis (Ikezawa et al., 2009). The orthologs from A. 

mexicana and P. somniferum were tested with a variety of BIA substrates, and both only accept 

(S)-scoulerine as a substrate (Chávez et al., 2011; Fossati et al., 2014). This substrate specificity 

is likely true for the CFS from E. californica as well, although it was not reported. 

CYP719A1, CYP719A2, CYP719A3, CYP719A9 CYP719A13, CYP719A20, and 

CYP719A21 modify the A-ring of their substrates (Table 1-2; Figure 1-4). CYP719A1, the first 

identified CYP719, and CYP719A21 are orthologs of (S)-canadine synthase (CAS) from in C. 

japonica and P. somniferum, respectively, and convert (S)-tetrahydrocolumbine to (S)-canadine 

en route to the formation of noscapine (Table 1-2; Figures 1-3 & 1-4) (Ikezawa et al., 2003; Dang 

& Facchini, 2014a). In P. somniferum, there are only some chemotypes which produce noscapine, 

and the expression of CAS is limited to those varieties, supporting its role in the noscapine pathway 

(Dang & Facchini, 2014a). Like the CFS orthologs, the CAS orthologs are highly specific for their 
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substrate (Ikezawa et al., 2003; Dang & Facchini, 2014a). The activity of CYP719A1 was reported 

to be inhibitied by (S)-scoulerine with a Ki value 45 times higher than the KM of (S)-

tetrahydrocolumbine (Ikezawa et al., 2003). Although the nature of inhibition was not determined, 

it is plausibly competitive inhibition, since the molecules differ only by the methoxy group at C9. 

This indicates that the CAS orthologs are not only highly specific for their substrates but also 

susceptible to a negative feedback loop within the noscapine pathway (Figure 1-3). 

CYP719A2/3 from E. californica, CYP719A13 from A. mexicana, and CYP719A20 from 

P. somniferum, are isoforms of (S)-stylopine synthase (SPS) that convert (S)-cheilanthifoline to 

(S)-stylopine (Table 1-2; Figures 1-3 & 1-4) (Ikezawa et al., 2007; Chávez et al., 2011; Fossati et 

al., 2014). While the SPS from P. somniferum was reported to have strict substrate specificity for 

(S)-cheilanthifoline, the isoforms from E. californica will also convert (S)-scoulerine to (S)-

nandinine (Table 1-2) (Ikezawa et al., 2007). They also have different substrate preferences: 

CYP719A2 has a stronger specificity for (R,S)-cheilanthifoline than (S)-scoulerine, supporting its 

role as SPS rather than CFS. On the other hand, CYP719A3 had no obvious preference between 

(R,S)-cheilanthifoline, (S)-scoulerine, or (S)-tetrahydrocolumbamine, suggesting that substrate 

supply defines which product will be produced in E. californica (Ikezawa et al., 2007). The isoform 

from A. mexicana converts (S)-tetrydrocolumbamine to (S)-canadine, but it’s substrate preference 

supports its roles as SPS (Table 1-2) (Chávez et al., 2011). (S)-tetrahydrocolumbine lacks the 

methylenedioxy bridge in the D-ring present in (S)-cheilanthifoline, and (S)-scoulerine lacks the 

9-methoxy group of (S)-tetrahydrocolumbine. Comparison between the binding sites of the CFS 

and CAS orthologs to the SPS orthologs could reveal key structural features that have led to the 

range in substrate specificity among these CYP719 P450s. The leaky substrate specificity of the 

SPS isoforms support their recent divergence from a common ancestor in BIA-producing species, 
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possibly after the emergence of the CFS and CAS orthologs. The CFS reaction occurs prior to that 

of SPS in the assembly of sanguinarine (Figure 1-3), suggesting that CFS evolved previous to SPS, 

or that the specialization of CFS is more important for pathway control than the specialization of 

SPS.  

CYP719A9, named methylenedioxy bridge enzyme (MBE), is a unique enzyme in this 

family since it is the only member which accepts a simple BIA rather than a 

tetrahydroprotoberberine-type BIA (Table 1-2; Figure 1-4). This enzyme, first discovered in E. 

californica, catalyzes methyledioxy bridge formation in the A-ring of reticuline, although it was 

not determined whether it acted on both (S)- and (R)-reticuline (Ikezawa et al., 2009). The 

preferential expression of CYP719A9 in leaves suggests its involvement in pavine biosynthesis, 

where (S)-reticuline is a key intermediate (Figure 1-3) (Ikezawa et al., 2009). Like the CFS and 

CAS orthologs, MBE is highly specific for its substrate, and binding site comparisons of MBE to 

the CFS, CAS, and SPS orthologs could indicate key amino acid residues necessary for 

methylenedioxy bridge formation of the simple BIA, (S)-reticuline, rather than the 

tetrahydroprotoberberine substrates, (S)-scoulerine, (S)-cheilanthifoline, and (S)-

tetrahydrocolumbine. 

CYP719B1 is the only CYP719 member which does not create a methylenedioxy bridge 

in its substrate (Table 1-2; Figure 1-4). Salutaridine synthase (SalSyn; CYP719B1) from P. 

somniferum is highly specific for (R)-reticuline, on which it performs a C-C phenol coupling 

reaction to create salutaridine, a key intermediate in morphine biosynthesis (Figure 1-3) (Gesell et 

al., 2009). SalSyn is the only P450 which does not accept (S)-reticuline or one of its derivatives. 

Comparison of the binding site of SalSyn with the sites of CFS, CAS, SPS and MBE could reveal 

important features of the SalSyn structure which allows it to modify the (R)-reticuline backbone. 
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This may also reveal common features between SalSyn and MBE, which prevents them from 

accepting the tetrahydroprotoberberine substrates accepted by CFS, CAS, and SPS.  

P450s in the CYP719 family are all responsible for phenol coupling reactions, and, with 

the exception of SalSyn, they all create methylenedioxy bridges in their substrates (Figure 1-4). 

This family contains many orthologs among BIA plants, and there is a high correlation between 

homology and activity. However, there is relatively high identity between CYP719 enzymes that 

accept different substrates. For example, CFS from E. californica is 78% identical to CFS from A. 

mexicana, which shares the same activity, but is also 77% and 74% identical to the SPS isoforms 

from E. californica, which modify (S)-cheilanthifoline rather than (S)-scoulerine. Due to the high 

specificity for either A- or D-ring methylenedioxy bridge formation, there must be significant 

differences in the binding site of CFS and SPS. MBE and SalSyn are distantly related within the 

CYP719 family, yet they share the unique specificity for the simple reticuline backbone, which 

lacks the C8-C8a bond present in the tetrahydroprotoberberine-type alkaloids. Most enzymes in 

this family have high substrate specificity, although two SPS orthologs, one from E. californica 

and one from A. mexicana, will accept up all three tetrahydroprotoberberine substrates (Ikezawa 

et al., 2007; Chávez et al., 2011). As detailed above, investigating and comparing the residues 

within the binding sites of the CYP719 P450s in different combinations could reveal conserved 

regions or key mutations that guide their substrate specificity. If these features occur in the same 

or similar substrate recognition sites, this analysis could inform the characterization of specific 

enzyme mechanisms in other plant P450s.  

CYP96T1 is the only P450 in this review from the CYP86 clan, and it forms 

Amaryllidaceae alkaloids from its substrates through para-para and para-ortho phenol coupling of 

4’-O-methylnorbelladine in Narcissus sp. aff. pseudonarcissus (Figure 1-4) (Kilgore et al., 2016). 
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It’s major products are (10bS,4aR)- and (10bR,4aS)-noroxomaritidine, but it is also capable of 

producing the para-ortho product, N-demethylnarwedine, to a significantly lesser extent. 

(10bR,4aS)-noroxomaritidine and N-demethylnarwedine are intermediates of the haemanthidine 

and galanthamine pathways, respectively (Kilgore et al., 2016). Although Amaryllidaceae alkaloid 

biosynthesis was not covered in this review, CYP96T1 was included because it was also reported 

to perform inter- and intra-molecular phenol coupling of racemic coclaurine, although with lower 

efficiency than either reaction with 4’-O-methylnorbelladine (Kilgore et al., 2016). (S)-coclaurine 

is an intermediate in (S)-reticuline biosynthesis, which is the key branch point in BIA biosynthesis 

(Figure 1-3). This makes CYP96T1 the only P450 in this family known to modify the BIA 

backbone, which could be used to cross-examine the binding sites of P450s involved in BIA 

biosynthesis. A comparison with BS, which also performs intermolecular coupling, could reveal 

structural features that accommodate two molecules with the (S)-coclarine backbone. 

Comparisons with CBS, DRS, and MBE might indicate specific residues necessary for docking 

the (S)-coclaurine derivatives in their respective binding sites. Since CYP96T1 is from the CYP85 

clan, the sequence identity will be low between it and the CYP71 clan P450s, so any common 

residues in substrate recognition sites will be promising targets for mutagenesis.  



 50 

Table 1-2. Summary of P450 reactions in BIA pathways. 
 

CYP 
Clan 

CYP 
Family 

Native 
species 

CYP 
name 

Common 
name 

Substrate Product Expression 
system 

Reference 

         
71 75 Gloriosa 

superba 
CYP71FB1 N-formyldemecolcine 

synthase (NCS) 
O-methylandrocymbine 

 

N -formyldemecolcine 

 

Saccharomyces 
cerevisiae 

Nett et al., 2020 

CYP75109 (S)-autumnaline 
synthase (SAS) 

(S)-norcoclaurine 

 

(S)-autumnaline 

 

Saccharomyces 
cerevisiae (with 
two GsOMTs and 
one GsNMT) 

Nett et al., 2020 

CYP75110 Isoandrocymbine 
syntahse (ICS) 

(S)-autumnaline 

 

Isoandrocymbine 

 

Saccharomyces 
cerevisiae 

Nett et al., 2020 

80 Berberis 
stolonifera 

CYP80A1 Berbamunine 
synthase (BS) 

(R)-N-methyl-coclaurine + (S)-
N-methyl-coclaurine 

 

 

Berbamunine ((R,S)-dimer) 
 
 
 
 

 

Spodoptera 
frugiperda 

Kraus & 
Kutchan, 1995 

2x (R)-N-methyl-coclaurine 

 

Guattegaumerine ((R,R)-dimer) 

 

Spodoptera 
frugiperda 

Kraus & 
Kutchan, 1995 

Papaver 
somniferum 

CYP80B1 (S)-N-methyl-
coclaurine 3’-
hydroxylase 
(NMC3H) 

(S)-N-methyl-coclaurine 

 

(S)-3’-hydroxy-N-methyl-
coclaurine 

Spodoptera 
frugiperda 

Huang & 
Kutchan, 2000 
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Eschscholzia 
californica 

CYP80B1 
ortholog 

(S)-N-methyl-
coclaurine 3’-
hydroxylase 
(NMC3H) 

(S)-N-methyl-coclaurine 

 

(S)-3’-hydroxy-N-methyl-
coclaurine 

 

Spodoptera 
frugiperda 

Pauli & Kutchan, 
1998 

Coptis 
japonica 

CYP80B2 (S)-N-methyl-
coclaurine 3’-
hydroxylase 
(NMC3H) 

(S)-N-methyl-coclaurine 

 

(S)-3’-hydroxy-N-methyl-
coclaurine 

 

Saccharomyces 
cerevisiae 

Ikezawa et al., 
2003 

CYP80G2 (S)-corytuberine 
synthase (CBS) 

(S)-reticuliine 

 

(S)-corytuberine 

 

Saccharomyces 
cerevisiae 

Ikezawa et al., 
2008 

82 Papaver 
somniferum 

CYP82N2 Protopine 6-
hydroxylase 

Protopine 

 

6-hydroxy-protopine 

 

Saccharomyces 
cerevisiae 

Takemura et al., 
2013 

CYP82N4 (S)-N-methyl-
stylopine hydroxylase 
(MSH) 

(S)-N-methyl-stylopine 

 

Protopine 

 

Saccharomyces 
cerevisiae 

Beaudoin & 
Facchini, 2013 

CYP82X1 (13S, 14R)-1-
hydroxy-13-acetyl-N-
methyl-canadine 8-
hydroxylase (NM8H) 

(S)-1-hydroxy-N-methyl-
canadine 

 

(13S, 14R)-1,8-dihydroxy-N-
methyl-canadine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2015 

(13S, 14R)-1-hydroxy-13-acetyl-
N-methyl-canadine 
 

 

(13S, 14R)-1,8-dihydroxy-13-
acetyl-N-methyl-canadine 

 

Saccharomyces 
cerevisiae 

Dang et al., 2015 
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CYP82X2 (S)-1-hydroxy-N-
methyl-canadine 13-
hydroxylase 

(S)-1-hydroxy-N-methyl-
canadine 

 

(13S, 14R)-1, 13-dihydroxy-N-
methyl-canadine 

 
 

Saccharomyces 
cerevisiae 

Dang et al., 2015 

CYP82Y1 (S)-N-methyl-
canadine 1-
hydroxylase (NM1H) 

(S)-N-methyl-canadine 

 

(S)-1-hydroxy-N-methyl-canadine 

 

Saccharomyces 
cerevisiae 

Dang TT, 
Facchini, 2014b 

CYP82Y2 1,2-dehydroreticuline 
synthase (DRS) 

(S)-reticuline 

 

(R)-reticuline 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 

(S)-3’-hydroxy-N-methyl-
coclaurine 

 

(R)-3’-hydroxy-N-methyl-
coclaurine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 

(S)-N-methyl-coclaurine 

 

(R)-N-methyl-coclaurine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 

Papaver 
rhoeas 

CYP82Y2 
ortholog 

1,2-dehydroreticuline 
synthase (DRS) 

(S)-reticuline 

 

(R)-reticuline 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 

(S)-3’-hydroxy-N-methyl-
coclaurine 

 

(R)-3’-hydroxy-N-methyl-
coclaurine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 

(S)-N-methyl-coclaurine 

 

(R)-N-methyl-coclaurine 

 

Saccharomyces 
cerevisiae 

Farrow et al., 
2015 
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Eschscholzia 
californica 

CYP82P2 Dihydrobenzophenant
hridine alkaloid 10-
hydroxylases 
(DB10H) 

Dihydrosanguinarine 

 

10-hydroxy-dihydrosanguinarine 

 

Saccharomyces 
cerevisiae & 
Pichia pastoris 

Hori et al., 2018 

CYP82P3 Dihydrobenzophenant
hridine alkaloid 10-
hydroxylases 
(DB10H) 

Dihydrosanguinarine 

 

10-hydroxy-dihydrosanguinarine 

 

Saccharomyces 
cerevisiae & 
Pichia pastoris 

Hori et al., 2018 

Dihydrochelerythrine 

 
 

10-hydroxy-dihydrochelerythrine 

 

Saccharomyces 
cerevisiae & 
Pichia pastoris 

Hori et al., 2018 

719 Coptis 
japonica 

CYP719A1 Canadine synthase 
(CAS) 

(S)-tetrahydrocolumbamine 

 

 (S)-canadine 

 

Saccharomyces 
cerevisiae 

Ikezawaet al., 
2003 

Papaver 
somniferum 

CYP719B1 Salutaridine synthase 
(SalSyn) 

(R)-reticuline 

 

Salutaridine 

 

Spodoptera 
frugiperda 

Gesell et al., 
2009 

CYP719A20 (S)-stylopine synthase 
(SPS) 

(S)-cheilanthifoline 

 

(S)-stylopine 

 

Saccharomyces 
cerevisiae 

Fossati et al., 
2014 

CYP719A21 (S)-canadine synthase 
(CAS) 

(S)-tetrahydrocolumbamine 

 

(S)-canadine 

 

Saccharomyces 
cerevisiae 

Dang & 
Facchini, 2014a 

CYP719A25 (S)-cheilanthifoline 
synthase (CFS) 

(S)-scoulerine 

 

(S)-cheilanthifoline 

 

Saccharomyces 
cerevisiae 

Fossati et al., 
2014 

Eschscholiza 
californica 

CYP719A2 Stylopine synthase 
(SPS) 

(S)-cheilanthifoline 

 

(S)-stylopine 

 

Saccharomyces 
cerevisiae 

Ikezawa et al., 
2007 

CYP719A3 Stylopine synthase 
(SPS) 

(S)-cheilanthifoline (S)-stylopine Saccharomyces 
cerevisiae 

Ikezawa et al., 
2007 
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CYP719A5 Cheilanthifoline 

synthase (CFS) 
 

(S)-scoulerine 

 

 (S)-cheilanthifoline 

 

Saccharomyces 
cerevisiae 

Ikezawa et al., 
2009 

CYP719A9 Methylenedioxy 
bridge enzyme 
(MBE) 

(R,S)-reticuline 

 

1-(3-hydroxy-4-methoxybenzyl)-
1,2,3,4-tetrahydro-2-methyl-6,7-
methylendioxyisoquinoline 

 

Saccharomyces 
cerevisiae 

Ikezawa et al., 
2009 

Argemone 
mexicana 

CYP719A14 Cheilanthifoline 
synthase (CFS) 
 

(S)-scoulerine 

 

 (S)-cheilanthifoline 

 

Spodoptera 
frugiperda 

Chávez et al., 
2011 

CYP719A13 Stylopine synthase 
(SPS) 

(S)-cheilanthifoline 

 
 

(S)-stylopine 

 

Spodoptera 
frugiperda 

Chávez et al., 
2011 

(S)-tetrahydrocolumbine 

 

(S)-canadine 

 

Spodoptera 
frugiperda 

Chávez et al., 
2011 

(S)-scoulerine 

 

(S)-nandinine 

 

Spodoptera 
frugiperda 

Chávez et al., 
2011 
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Figure 1-4. Phylogenetic representation of select plant P450s involved in MIA and BIA 
biosynthesis in various plant species. The CYP family is shown to the left of the tree in grey 
boxes, and the reaction type are shown to the right of the tree by colored dots beside each P450, 
where purple represents hydroxylations, green for other oxidations, blue for methylenedioxy-
bridge formations, orange for other coupling reactions, and red for epimerizations. Am: 
Argemone mexicana; Bs: Berberis stolonifera; Ca: Camptotheca acuminata; Cj: Coptis japonica; 
Cr: Catharanthus roseus; Ec: Eschscholzia californica; Gs: Gelsemium sempervirens; Gls: 
Gloriosa superba; Nn: Nothapodytes nimmonia ; Ns: Narcissus sp.; Pr: Papaver rhoeas; Ps: 
Papaver somniferum; Rs: Rauvolfia serpentina; Ti: Tabernanthe iboga; 7DLS: 7-deoxyloganic 
acid synthase (CYP76A26); AS: alstonine synthase (CYP71AY1); BS: berbamunine synthase 
(CYP80A1); CAS: canadine synthase (CYP719A1, CYP719A21); CBS: (S)-corytuberine 
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synthase (CYP80G2); CFS: cheilanthifoline synthase (CYP719A15, CYP719A14, 
CYP719A25); DB10H: dihydrobenzophenanthridine alkaloid 10-hydroxylase (CYP82P2, 
CYP82P3); DL7H: 7-deoxyloganetic acid 7-hydroxylase (CYP72A224); DRS: 1,2-
dehydroreticuline synthase (CYP82Y2); G10H: geraniol 10-hydroxylase (CYP76B6); GO: 
geissoschizine oxidase (CYP71AY2); I10H: ibogamine 10-hydroxylase (Unnamed CYP71); 
ICS: isoandrocymbine synthase (CYP75A110); MBE: methylenedioxy bridge enzyme 
(CYP719A9); MSH: N-methylstylopine 14-hydroxylase (CYP82N4); NCS: N-formylcolchicine 
synthase (CYP71FB1); NM1H: (S)-N-methylcanadine 1-hydroxylase (CYP82Y1); NM13H: (S)-
N-methylcanadine 13-hydroxylase (CYP82X2); NM8H: (S)-N-methylcanadine 8-hydroxylase 
(CYP82X1); NMC3H: (S)-N-methylcoclaurine 3’-hydroxylase (CYP80B1, CYP80B2); NMS: 
Noroxomaritidine synthase (CYP96T1)P6H: protopine 6-hydroxylase (CYP82N3); R11H: 
rankinidine 11-hydroxylase (Unnamed CYP71); SalSyn: salutaridine synthase (CYP719B1); 
SAS: (S)-autumnaline synthase (CYP75A109); SBE: sarpagan bridge enzyme (CYP71AY4, 
CYP71AY5); SLS: secologanin synthase (CYP72A1, CYP72A565, CYP72A610); SPS: 
stylopine synthase (CYP719A2, CYP719A3, CYP719A13, CYP719A20); T16H: tabersonine 
16-hydroxylase (CYP71D12, CYP71D351); T19H: tabersonine 19-hydroxylase (CYP71BJ1); 
T3O: tabersonine 3-oxidase (CYP71D1V2); TEX: tabersonine epoxidase (CYP71D521, 
CYP71D347); V19H: (+)-vincadifformine 19-hydroxylase (CYP71BY3); VH: vinorine 
hydroxylase (CYP82S18). 
 
  



 57 

1.3 Conclusions and Perspectives 

This review covered 22 cytochrome P450s with roles in MIA biosynthesis, and 28 involved 

in BIA biosynthesis. All of the BIA P450s and 16 of the MIA P450s belong to the CYP71 clan, 

which is the most extensively branched and specialized plant P450 clan. The BIA P450s belong to 

the CYP75, CYP80, CYP82, and CYP719 families within the CYP71 clan, and 16 of the MIA 

P450s belong to the CYP71, CYP76, and CYP82 families. The remaining 6 MIA P450s are from 

the multi-family CYP72 clan, and are restricted to the CYP72A subfamily. Except in the case of 

one MIA P450 in the CYP82 family, the P450s within one family are specific to either MIA or 

BIA biosynthesis. This is useful for homology-guided screens for new P450 candidates involved 

in either MIA or BIA biosynthesis, where potential candidates can be eliminated based on which 

family they belong to. For example, if screening uncharacterized P450s from an MIA-producing 

species, limiting the search to the CYP71 family will increase the chance of finding a novel P450 

involved in MIA biosynthesis.  

Patterns in substrate specificity and catalytic activity within the P450 families were 

discussed, with some families being more conserved than others. The P450s from the CYP72A 

subfamily, from two MIA-producing species, have SLS and/or DL7H activity, so when searching 

for SLS- and DL7H-like P450s in other MIA producing species, promising candidates have a high 

chance of belonging to the CYP72A subfamily.  On the other hand, the CYP71 family P450s 

belong to five subfamilies with no clear pattern of activity within the subfamilies. For example, 

T16H (CYP71D12, CYP71D351) hydroxylates (-)-aspidosperma MIAs on the indole moiety, 

whereas TEX (CYP71D347, CYP71D521) create an epoxide group on the terpene moiety of the 

same MIAs.  Meanwhile, T19H (CYP71BJ1) belongs to a different subfamily and hydroxylates (-

)-aspidosperma MIAs on the terpene moiety. The relationship between catalytic activities and the 
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CYP71 subfamilies is less clear than in the CYP72A subfamily. Like the MIA P450s, some of the 

BIA P450s belong to families with highly conserved activities, and also families with a diversity 

of substrates and activities. P450s from the CYP719 family all perform coupling reactions, and 

those from the CYP719A subfamily specifically catalyze methylenedioxy bridge formation. The 

CYP82 family P450s demonstrates a range of activities on a variety of BIA backbones. Within the 

CYP82 family, most subfamilies have similar activities on similar substrates; for example, the 

P450s from the CYP82N subfamily, MSH and P6H, perform sequential catalytic steps in 

sanguinarine biosynthesis. However, the only subfamily with more than two characterized P450s 

is the CYP82Y subfamily, and their catalytic activities are significantly different: NM1H 

(CYP82Y1) a hydroxylates a tetrahydroprotoberberine-type BIA, whereas the DRS orthologs 

(CYP82Y2) belong to a metabolon that isomerizes (S)-reticuline. In P450 families with more 

catalytic diversity, a higher volume of P450s in each family and subfamily is needed before 

comparative analysis can reveal concrete patterns in catalytic activity.    

Specific directions were suggested for comparative analyses of P450 binding sites using 

homology-based models to predict key residues guiding substrate specificity and/or catalytic 

activity. One P450 from an MIA-producing plant, C. roseus, has been mutagenized using this 

approach: AS (CYP71AY1) gained SBE-like activity with any one of three residues changes. 

Investigation the enzyme mechanisms of plant P450s involved in alkaloid biosynthesis has only 

just begun, and it is clear from these early experiments that homology-based modeling and 

mutagenesis is a worthwhile endeavor to learn more about these enzymes.  

Plant P450s involved in MIA and BIA biosynthesis have been an area of investigation for 

decades because of their capacity to perform highly specific regio- and stereoselective reactions 

on alkaloids, which are often too complex for efficient chemical synthesis. These characterizations 
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have contributed to the elucidation of multiple MIA and BIA biosynthetic pathways in alkaloid 

producing plants. Determining the specific enzyme mechanisms of the P450s involved in these 

pathways will help optimize their performance in a recombinant system and, if desired, can even 

lead to enzymes with more than one catalytic activity. Plant P450s are necessary for the synthesis 

of alkaloids in planta, and with bioengineering efforts, can be used to synthesize these biologically 

active molecules in non-alkaloid producing organisms, such as yeast. Furthermore, exploring the 

catalytic activities of P450s involved in alkaloid metabolism has led to the biosynthesis of MIAs 

and BIAs not known to occur in nature, which may have therapeutic biological activities.   
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2.1 Introduction 

Catharanthus roseus remains the only commercial source of the dimeric anticancer drugs 

vinblastine and vincristine used to treat Hodgkin’s lymphoma and several other types of cancer. 

The trace amounts of vincristine and vinblastine found in C. roseus are expensive to isolate and 

are produced exclusively in the leaves, where the biosynthesis of catharanthine and vindoline 

monomers takes place before they are coupled to form dimers. Extensive studies on the assembly 

of these monoterpenoid indole alkaloids (MIAs) in C. roseus have led to the molecular and 

biochemical characterization of the 29 steps required for their biosynthesis from geraniol. The 

nine-step pathway leading to the formation of strictosidine from geraniol and tryptophan has 

recently been solved and has been used to generate prototype strictosidine-generating yeast strains 

(Brown et al., 2015). The β-glucosidase-mediated hydrolysis of strictosidine generates reactive 

aglycone intermediates such as cathenamine and 4,21-dehydrogeissoschizine that serve as initial 

substrates for several different MIA pathways (Szabó, 2008) and for the formation of several 

thousand MIAs. The discoveries and functional characterization of geissoschizine synthase (GS) 
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(Tatsis et al., 2017; Qu et al., 2018a) and nine other genes (Caputi et al., 2018; Qu et al., 2018b; 

Qu et al., 2019) completed the description of the pathway involved in the formation of tabersonine 

(1) and catharanthine from strictosidine. The seven-step pathway involved in the formation of 

vindoline from tabersonine (1) has recently been expressed in yeast to generate a prototype strain 

that accumulates vindoline (Qu et al., 2015). The complete description of the vindoline and 

catharanthine pathways from geraniol and tryptophan has set the stage for their reconstitution as 

well as for the assembly of different MIA backbones in heterologous systems.  

Several MIAs, including ajmalicine, serpentine, catharanthine, tabersonine (1) and other 

aspidosperma-type MIAs (lochnericine (2), hörhammericine (4), minovincinine (8) and 

echitovenine(9)), have been detected in C. roseus hairy root cultures (Binder et al., 2009). In 

addition to these MIAs, studies with roots harvested from C. roseus (L.) G. Don cv. Little Bright 

Eye plants also show that vindolinine and 19-S-vindolinine are major MIAs in mature roots 

(Ferreres et al., 2010). While less is known about MIA biosynthesis in C. roseus roots, the pathway 

for assembly of 19-O-acetylhörhammericine (6) from tabersonine (1) involves two cytochrome 

P450-mediated reactions for 6,7-epoxide (Rodriguez et al., 2003; Carqueijeiro et al., 2018a) and 

19-hydroxytabersonine (3) (Giddings et al., 2011) formation followed by 19-O-acetylation 

catalyzed by minovincinine 19-hydroxy-O-acetyltransferase (MAT) (Laflamme et al., 2001) 

(Figure 2-2). However, the recent discovery of another root-specific 19-hydroxytabersonine 19-

O-acetyltransferase (TAT) (Carqueijeiro et al., 2018b), capable of acetylating both minovincinine 

and hörhammericine (4) with 200-fold higher catalytic efficiency than MAT, led to the suggestion 

that MAT may only play a minor role in O-acetylation of these tabersonine (1) and vincadifformine 

(7) derivatives in C. roseus roots. 
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The present study describes the functional characterization of (+)-vincadifformine 19-

hydroxylase (V19H), a root-specific cytochrome P450 with high amino acid sequence similarity 

to tabersonine-3-oxygenase (T3O; CYP71D1V1) which is involved in vindoline biosynthesis in 

C. roseus leaves. The substrate specificity of this CYP for the (+)- enantiomer of vincadifformine 

(7) (Figure 2-2) shows that formation of (+)-echitovenine (9) (Figure 2-2) occurs through a 

separate enantiomer-specific pathway from the one recently documented for the formation of the 

hörhammericine (4) (Laflamme et al., 2001; Carqueijeiro et al., 2018a), another major MIA found 

in C. roseus roots. The study follows up on the discovery that biosynthesis of vincadifformine (7) 

branches off prior to the formation of (-)-tabersonine (1) from a common MIA intermediate (Qu 

et al., 2019) to form the (+)-enantiomer that is converted to (+)-19-hydroxyvincadifformine (8) (or 

(+)-minovincinine) by V19H, while V19H is not active when the (-)-enantiomer of 

vincadifformine is used as a substrate (Figure 2-1). The study also shows that MAT accepts (+)-

minovincinine (8) but not (-)-minovincinine or hörhammericine (4) as substrates. In contrast TAT 

only converts the (-)-enantiomers for O-acetylation, further documenting that two parallel 

pathways are involved in the formation of (+)- and (-)-enantiomers in C. roseus roots. 
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Figure 2-1. The enantiomers of (+)- and (-)-vincadifformine are non-superimposable mirror 
images of each other. 
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Figure 2-2. Biosynthesis pathways. Biosynthesis of Catharanthus roseus root monoterpenoid 
indole alkaloid (MIA) enantiomer involves separate pathways from (-)-tabersonine (1) and (+)-
vincadifformine (7). The biosynthesis of (-)-tabersonine (1), catharanthine and (+)-
vincadifformine (7) involves a common intermediate derived from O-acetylstemmadenine by the 
action of O-acetylstemmadenine oxidase (ASO) and a dual-function geissoschizine synthase (GS). 
Different hydrolases (HL1 to HL4) act as scaffolds for the formation of each MIA. Biosynthesis 
of 19-O-acetylhörhammericine (6) involves tabersonine epoxidases 1 or 2 (TEX1/2), tabersonine 
19-hydroxylase (T19H) and 19-hydroxytabersonine 19-O-acetyltransferase (TAT), while that of 
(-)-19-O-acetyl-tabersonine (5) only involves T19H and TAT. Biosynthesis of (+)-echitovenine 
(9) involves (+)-vincadifformine-19-hydroxylase (V19H) and (+)-minovincinine-19-O-
acetytransferase (MAT). 
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2.2 Experiment procedures 

2.2.1 Chemicals 

(-)-Tabersonine was purchased from OmniChem (http://www.omnichem.ca/). (-)-

Tabersonine was hydrogenated (Zhao and Andrade, 2013) to generate (-)-vincadifformine that was 

purified by preparative thin layer chromatography. Amsonia hubrichtii leaves, rich in (+)-

vincadifformine, were extracted and this MIA was purified by preparative thin-layer 

chromatography. 

 

2.2.2 Yeast and Escherichia coli constructs for expressing V19H, T19H, MAT, and TAT 

The full-length cDNA sequence of V19H (T3O homolog; GenBank accession number 

MK050464) (PhytoMetaSyn project, https://bioinformatics.tugraz.at/phytometasyn/) and T19H 

(GenBank accession number HQ901597) were used to design the cloning primers (Table 1-S3). 

The open reading frames (ORFs) of V19H and T19H were amplified from root total cDNA using 

primer pairs 1/2 and 3/4. The V19H and T19H ORFs were inserted within ApaI/SalI sites and 

BamHI/SalI sites, respectively, into modified yeast overexpression vectors pESC-Leu2d and 

pESC-URA, respectively, containing C. roseus cytochrome P450 reductase (CPR). The MAT 

ORF (GenbankGenBank TM accession number AF253415) was amplified from root cDNA using 

primer pair 5/6 and inserted into the E. coli overexpression vector pET-30b(+)-within NcoI/Not1 

sites. The pQ- 30+TAT (GenbankGenBankTM accession number KU821123) construct was 

donated by Dr Vincent Courdavault and colleagues at the University of Tours and was used to 

transform E. coli. 
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2.2.3 RNA extraction, cDNA synthesis, and qPCR 

One hundred milligrams of roots or leaves from C. roseus plants grown in the greenhouse 

was ground in liquid nitrogen. RNA extraction was performed with TRIZOLTM reagent (Life 

Technologies, https://www.thermofisher.ca) and first-strand cDNA was synthesized using 

SuperScript II reverse transcriptase (Life Technologies). Quantitative RT-PCR was performed 

using a Bio-Rad CFX96 Real-Time system, iTaq Universal SYBR Green Supermix (Bio-Rad, 

http://www.bio-rad.com/), 5 lM primers and 5 ng of cDNA template in a reaction volume of 10 ll. 

The reaction conditions were: one cycle of 95°C for 1 min, followed by 40 cycles of 95°C for 15 

sec and 58°C for 1 min. The internal control was the highly conserved and constitutively expressed 

60S ribosome RNA, and the relative transcript abundance was calculated using critical threshold 

values. When no amplified product was detected, the default Ct value was recorded as 40 cycles. 

Standard curves (seven dilutions) for MAT and TAT amplification were created using the 

pET30b+-MAT and pQE30-TAT constructs, respectively. Melting curves were used to verify 

primer specificity. The primers are listed in Table 1-S3. 

 

2.2.4 Whole cell yeast biotransformation assays 

Genes V19H and T19H were expressed separately in yeast [BY47471 (MAT ahis3D1 

leu2D0 met15D0 ura3D0 YPL154c::kanMX4)], each with C. roseus cytochrome P450 reductase 

(CPR). A single yeast colony transformed with either the T19H or V19H construct was inoculated 

in 2 ml of synthetic complementary (SC) medium lacking appropriate amino acids, supplemented 

with 2% (w/v) glucose at 30°C overnight. Cells were harvested, washed three times and inoculated 

in SC medium with 2% (w/v) galactose at 30°C for 24 h. The cells were harvested and suspended 

in 1 ml of biotransformation buffer (10 mM TRIS-HCl at pH 7.5, 1 mM EDTA) with 2 lg of 
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substrate ((-)-tabersonine, (-)-vincadifformine or (+)-vincadifformine) and incubated at 30°C for 

24 h. Yeast cells were separated from media by centrifugation. After treating the media with base 

(pH ≥ 7.5), MIAs were harvested in ethyl acetate that was evaporated to dryness and dissolved in 

150 ml methanol for ultra-performance liquid chromatography (UPLC) analysis. 

 

2.2.5 Preparation of recombinant V19H- and T19H-containing yeast microsomes 

Microsomes containing recombinant V19H or T19H were prepared from induced yeast 

containing pESC-Leu2d-V19H and pESC-Ura-T19H, respectively. Induced yeast cells were 

pelleted, washed once with sterile water and resuspended in TES buffer (50 mM TRIS-HCl pH 

7.5, 1 mM EDTA and 0.6 M sorbitol) and mechanically lysed with 1.0-mm glass beads. The lysates 

were centrifuged at 2500 g for 20 min at 4°C. The supernatant was centrifuged at 100 000 g for 60 

min at 4°C to pelletize the microsomes. The microsomes were suspended in TEG buffer (50 mM 

TRIS-HCl pH 7.5, 1 mM EDTA and 20% v/v glycerol) and stored at -80°C. 

 

2.2.6 Preparation of recombinant TAT and MAT expressed in E. coli 

Escherichia coli strain BL21-DE3 (Invitrogen, https://www.thrmofisher.ca) harboring 

either pQE30+-TAT or pET30b+-MAT was grown in 300 ml of LB ampicillin liquid medium at 

37°C until OD600 = 0.6, and induced with the addition of 0.1 mM isopropyl b-d-1-thiogalactose 

(IPTG) at 15°C for 16 h. The cells were sonicated in 30 ml of lysis buffer (20 mM TRIS-HCl, 100 

mM NaCl, 10 mM imidazole and 10% glycerol at pH 7.5), centrifuged for 5 min at 10 000 g and 

the supernatant was passed through a 1-ml column of Ni-NTA Agarose resin (Qiagen, 

https://www.qiagen.com/), equilibrated with lysis buffer. The resin was washed with a wash buffer 

(20 mM TRIS-HCl, 100 mM NaCl, 20 mM imidazole and 10% glycerol at pH 7.5), and the His-
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tagged recombinant protein was eluted with an elution buffer (20 mM TRIS-HCl, 100 mM NaCl, 

200 mM imidazole and 10% glycerol at pH 7.5). Fractions containing recombinant protein were 

desalted on a Sephadex G-25 PD- 10 column (GE Healthcare, https://www.gehealthcare.com/) 

equilibrated with desalting buffer (20 mM TRIS-HCl, 100 mM NaCl and 10% glycerol at pH 7.5), 

and the desalted protein was stored at -80°C. 

 

2.2.7 In vitro assays 

The assays (100–200 ll reactions) with rT19H and rV19H contained 50 mM HEPES at pH 

7.5, 1 mM NADPH, 2 lg substrate and 50–100 lg microsomal protein. The reactions took place at 

30°C for 1 h. Ethyl acetate-extracted products were redissolved in methanol for UPLC analysis. 

The V19H kinetic assays contained 50 mM HEPES at pH 7.5, 1 mM NADPH, 0.7 g L-1 microsomal 

proteins and various amounts of substrate. Triplicate reactions were incubated at 30°C for 5 min. 

All reactions were stopped with 1 M NaOH and the alkaloids were extracted for analysis by UPLC-

MS. The concentration of (+)-minovincinine was determined by ES+ intensity at 355 m/z using 

the quantification curve (Figure 2-S12). The assays with rTAT and rMAT (100–200 ll) contained 

50 mM HEPES at pH 7.5, 0.1 mM acetyl-CoA, 1–2 µg substrate and 3 µg of recombinant protein. 

The reactions took place at 30°C for 1 h. Ethyl acetate extracted products were redissolved in 

methanol for UPLC analysis. 

 

2.2.8 UPLC-MS analysis 

All standards and reaction products were run on a Waters Acquity Ultra Performance LC, 

which includes the Waters Acquity Sample Manager, Binary Solvent Manager, 2996 PDA 

Detector and SQ Detector (http://www.waters.com/). The system was equipped with a BEH C18 
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column (2.1 9 50 mm, particle size 1.7 lM), and the solvent system was: solvent A, 

methanol:acetonitrile:5 mM ammonium acetate at 6:14:80; solvent B, methanol:acetonitrile:5 mM 

ammonium acetate at 24:64:10. The elution gradient was: 0–0.5 min, 99% A, 1% B at 0.3 ml min_1; 

0.5–0.6 min, 99% A, 1% B at 0.4 ml min_1; 0.6–8.0 min, 1% A, 99% B at 0.4 ml min_1; 8.0–8.3 

min, 99% A, 1% B at 0.4 ml min_1; 8.3–10.0 min, 99% A, 1% B at 0.3 ml min_1. The mass 

spectrometer was set to positive ion mode, and had a capillary voltage of 3.1 kV, cone voltage of 

48 V,desolvation gas flow of 600 L h_1, desolvation temperature of 350°C and source temperature 

of 150°C. 

 

2.2.9 Synthesis of (-)-vincadifformine from tabersonine-HCl 

The (-)-enantiomer of vincadifformine was generated from (-)-tabersonine by 

hydrogenation in the presence of H2, PtO2 (Adam’s catalyst) and ethyl acetate (Zhao and Andrade, 

2013). (-)-Tabersonine-HCl (40 mg) was dissolved in approximately 10 ml ethyl acetate in a 250-

mlround-bottomed Pyrex flask, 3 mg of PtO2 was added, a balloon filled with H2 was sealed over 

the flask with tape and the reaction was stirred at room temperature overnight. The ethyl acetate 

was separated from the catalyst and evaporated to dryness to yield 40 mg (-)-vincadifformine. 

 

2.2.10 Extraction and purification of (+)-echitovenine from C. roseus roots 

Freshly harvested C. roseus roots (approximately 30 g fresh weight) were soaked overnight 

in methanol. The extract was evaporated to a volume of approximately 2 ml and was separated by 

TLC (15:4:1 (v/v) toluene: ethyl acetate: methanol), where (+)-echitovenine (Rf = 0.56) was 

harvested and extracted into methanol to yield the partially purified enantiomer. The enantiomer 
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was further purified by preparative TLC (100% acetonitrile) (Rf = 0.60) where it was harvested 

and extracted into methanol to yield 0.3 mg of purified (+)-echitovenine. 

 

2.2.11 Extraction and purification of (+)-vincadifformine from Amsonia hubrichtii leaves 

Freshly harvested A. hubrichtii leaves (approximately 70 g fresh weight) were soaked for 

10 min in chloroform. The chloroform extract was evaporated to a volume of approximately 2 ml 

and was separated by preparative TLC (15:4:1 (v/v) toluene: ethyl acetate: methanol), where (+)-

vincadifformine (Rf = 0.56) was harvested and extracted into methanol to yield approximately 7 

mg of this enantiomer. The enantiomer (2 mg) was further purified by preparative TLC 

(acetonitrile), where the MIA (Rf = 0.49) was harvested in methanol, evaporated to dryness and 

weighed (0.1 mg). Larger-scale extractions of A. hubrichtii leaves (approximately 11 kg fresh 

weight) were processed in a similar manner to yield 100 mg of partially purified (+)-

vincadifformine that was used for biotransformation studies using V19H-expressing yeast 

described below. 

 

2.2.12 Extraction and purification of (+)-minovincinine and (+)-echitovenine from large-scale 

biotransformation experiments 

V19H-expressing yeast and MAT-expressing bacterial strains, respectively, were used to 

convert (+)-vincadifformine to (+)-minovincinine and (+)-minovincinine to (+)-echitovenine. The 

V19H-expressing yeast culture was incubated with (+)-vincadifformine (27.5 mg) for 30 h after 

which yeast cells were separated from the media by centrifugation. After treating the media with 

base (pH ≥ 7.5) MIAs were extracted into ethyl acetate and the ethyl acetate was evaporated to 

dryness. The residue was dissolved in 2 ml of methanol and MIA products were separated by TLC 
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(15:4:1 (v/v) toluene: ethyl acetate: methanol) where (+)-minovincinine (Rf = 0.35) was harvested, 

extracted into methanol, evaporated to dryness, weighed (1 mg) and submitted to chemical 

analysis. The MAT-expressing E. coli cultures were incubated with (+)- minovincinine (1 mg) for 

30 h after which cells were separated from the media by centrifugation. The media were treated as 

described above and MIA products were separated using the same TLC system where partially 

purified (+)-echitovenine (Rf = 0.56) was harvested, extracted into methanol and concentrated. 

The enantiomer was further purified by preparative TLC (100% acetonitrile) where pure (+)-

echitovenine (Rf = 0.60) was harvested to yield 0.42 mg of (+)-echitovenine that was submitted to 

chemical analysis. 

 

2.2.13 Extraction and purification of (-)-minovincinine and (-)-echitoveninine from large-scale 

biotransformation experiments 

Identical procedures were used for biosynthesis and purification of (-)-minovincinine (0.7 

mg) and (-)-echitovenine (0.22 mg) using yeast expressing T19H and E. coli expressing TAT. The 

(-)-enantiomers exhibited the same Rf values on TLC when using the same solvent systems used 

for purification of (+)-enantiomers. 

 

2.2.14 Polarimetry measurements 

All purified alkaloids were subjected to polarimetry using a Mandel Rudolph Research 

Analytical Autopol IV automatic polarimeter (50 mm chamber) (https://rudolphresearch.com/) and 

NMR analysis. 
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2.3 Results 

 

2.3.1 Catharanthus roseus roots accumulate (+)-echitovenine (9) rather than 19-O-

acetylhörhammericine (6) or (-)-19-O-acetyltabersonine (3) 

The aspidosperma MIAs, such as tabersonine, vincadifformine, minovincinine and 

echitovenine, occur naturally as (+) or (-) enantiomers (Buckingham et al., 2010). The tabersonine 

(1) used in this study is the (-)-enantiomer (Table 2-1, compound 1), while echitovenine (9) 

purified from C. roseus roots, was determined by polarimetry to be the (+)- enantiomer (Table 2-

1, compound 8). The MIA profiles of 3-week-old C. roseus root extracts show the presence of (-

)-tabersonine (1) (Figure 2-2, inset lane 1), lochnericine (2) (Figure 2-2, inset lane 2), 19-

hydroxytabersonine (3) (Figure 2-2, inset lane 3) and hörhammericine (4) (Figure 2-2, inset lane 

4), but not 19-O-acetyltabersonine (5) (Figure 2-2, inset lane 5) or 19-Oacetyl-hörhammericine (6) 

(Figure 2-2, inset lane 6). In marked contrast, both (+)-minovincinine (8) (Figure 2-2, inset lane 8) 

and its O-acetylated derivative (+)-echitovenine (9) (Figure 2-2, inset lane 9) accumulated, but not 

(+)-vincadifformine (7) (Figure 2-2, inset lane 7). While enantiomeric forms of the MIAs were not 

specified, hairy roots, adventitious roots and roots from whole C. roseus plants (Carqueijeiro et 

al., 2018a,b) were reported to accumulate tabersonine (1) and lochnericine (2) together with lower 

levels of hörhammericine (4), vincadifformine (7), minovincinine (8) and echitovenine (9), while 

only traces of 19-hydroxytabersonine (3), 19-O-acetyltabersonine (5) or 19-O-

acetylhörhammericine (6) were detected. 
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Table 2-1. Comparison of observed optical rotations of monoterpenoid indole alkaloids 
compared with those found in the literature. 
 
  Observed  Literature* 
Compound Conditions [α]D  Conditions [α]D 

1 (-)-Tabersonine c 0.130, MeOH, 24 °C -304  c 0.13, MeOH, 25 °C -310 

2 (-)-Vincadifformine c 0.100, MeOH, 26 °C -452  c ??, EtOH, 25 °C -540 

3 (-)-Minovincinine  c 0.070, MeOH, 24 °C -514  C 0.1, CHCl3, 23 °C -480 

4 (-)-Echitovenine  c 0.022, MeOH, 24 °C -421  C 0.1, CHCl3, 23 °C -436 

5 (+)-Vincadifformine c 0.010, MeOH, 24 °C +456  c 0.2, EtOH, 25 °C +605 

6 (+)-Minovincinine  c 0.100, MeOH, 24 °C +310  c 0.13, EtOH, ?? °C +441 

7 (+)-Echitovenine  c 0.042, MeOH, 24 °C +449  c ??, CHCl3, ?? °C +690 

8 (+)-Echitovenine c 0.030, MeOH, 24 °C +327  c ??, CHCl3, ?? °C +690 
 
c = g 100ml−1 
*Literature values were obtained from Buckingham et al. (2010) and Zsadon and Kaposi (1970). 
1, (-)-tabersonine from a commercial source; 2, (-)-vincadifformine was hydrogenated from (-)-
tabersonine (Zhao and Andrade, 2013). 3, tabersonine-19-hydroxylase (T19H)-yeast converted (-
)-vincadifformine to (-)-minovincinine; 4, 19-O-acetyltransferase (TAT)-E. coli converted (-)-
minovincinine to (-)-echitovenine; 5, (+)-vincadifformine extracted and purified from Amsonia 
hubrichtii leaves; 6, (+)-vincadifformine 19-hydroxylase (V19H)-yeast converted (+)-
vincadifformine to (+)-minovincinine; 7, minovincinine-O-acetyltransferase (MAT)-E. coli 
converted (+)-minovincinine to (+)-echitovenine; 8, (+)-echitovenine was extracted and purified 
from Catharanthus roseus roots. MeOH, methanol; EtOH, ethanol. 
 
 
2.3.2 Discovery and molecular cloning of vincadifformine 19-hydroxylase 

The conversion of 16-methoxytabersonine to the 3-hydroxy-16-methoxy-2,3-

dihydrotabersonine intermediate required for the assembly of vindoline involves the coupled 

action of T3O and tabersonine-3-reductase (T3R), since the reaction product of T3O generates a 

2,3-epoxide that cannot be used as a substrate by T3R (Qu et al., 2015). The epoxidase activity of 

T3O led to the original hypothesis that similar genes expressed in root tissues might yield a T3O 

homolog responsible for formation of tabersonine-6,7-epoxide (lochnericine (2)) from tabersonine 
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(1). Inspection of the C. roseus (L.) G. Don cv. Sunstorm Apricot v1.0 transcript database 

(http://medicinalplantgenomics.msu.edu) revealed a T3O homolog with 79% amino acid identity 

to T3O (Figure 2-S1) that was selected for further characterization. The relative expressions of 

T3O and this homolog in young C. roseus leaves were compared with those in 10-day-old, 3-week-

old and 8-week-old roots (Figure 2S2). As expected, the expression of T3O was enriched in young 

leaves while the T3O homolog was enriched in roots and increased with root age.  

As a result, the homolog was cloned from RNA extracted from C. roseus root tissue and 

was expressed in Saccharomyces cerevisiae (baker’s yeast) together with C. roseus cytochrome 

P450 reductase (CPR). The transformed yeast strain was used for biotransformation studies and 

for isolating recombinant protein to perform biochemical assays using various MIA substrates. 

When T3O homolog-expressing yeast was incubated with (-)-tabersonine (1) (Table 2-1, 

compound 1) it was not oxidized, while vincadifformine (7) purified from Amsonia hubrichtii 

leaves was readily converted to the 19-hydroxyderivative (8). Previous studies with Amsonia 

tabernaemontana (Zsadon and Kaposi, 1970) showed that members of this genus may accumulate 

the (+)-enantiomer of vincadifformine (7) (Table 2-1, compound 5). These results triggered more 

detailed studies about the enantiomeric form(s) of vincadifformine (7) that accumulate in C. roseus 

roots and raised the possibility that the formation of tabersonine (1) and vincadifformine (7) 

derivatives followed separate enantiomer-specific biochemical routes. 

 

2.3.3 V19H is an enantiomer-specific hydroxylase for the (+)-enantiomer of vincadifformine (7) 

The aspidosperma-type MIA vincadifformine (6,7-dihydrotabersonine) exists as two 

enantiomers that are mirror images of each other (Figure 2-1). Although indistinguishable when 

analyzed by NMR (Figures 2-S3–S7), their specific rotation values are opposite (Table 2-1, 
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compounds 2 and 5). As stated earlier (+)-vincadifformine (7) was purified from leaves of A. 

hubrichtii, whereas (-)-tabersonine (1) was chemically reduced to form (-)-vincadifformine (Zhao 

and Andrade, 2013). The yeast strain expressing tabersonine- 19-hydroxylase (T19H; CYP71BJ1) 

did not convert the (+)- enantiomer of vincadifformine (7) (Figure 2-3a, Table 2-1, compound 5), 

while the T3O homolog-expressing strain readily converted this enantiomer to accumulate (+)-

minovincinine (8) (Figure 2-3b, Table 2-1, compound 6) compared with a vector control (Figure 

2-3c). The product was isolated for NMR analyses (Figures 2-S8–S10, Tables 2-S1 and 2-S2) that 

confirmed it to be minovincinine (8) and the formation of the (+)-enantiomer ((+)-19S-

hydroxyvincadifformine) was confirmed by polarimetry (Table 2-1, compound 6). In contrast, the 

yeast strain expressing T19H converted the (-)-enantiomer of vincadifformine (Table 2-1, 

compound 2) to (-)-minovincinine ((-)-19R-hydroxyvincadifformine (Figure 2-3d, Table 2-1, 

compound 3), while the T3O homolog-expressing strain (Figure 2-3e) and the empty vector control 

(Figure 3f) did not convert this enantiomer. The identical NMR spectra of (-)-minovincinine and 

(+)-minovincinine (8) also showed that T19H catalyzes a regiospecific and stereospecific 

hydroxylation, which was not clearly shown in previous studies (Giddings et al., 2011). The T19H-

expressing yeast strain also converted (-)-tabersonine (1) to (-)-19-hydroxytabersonine (3) (Figure 

2-3g), while this MIA remained unchanged in fermentations with the T3O homolog-expressing 

strain (Figure 2-3h) and with the empty vector control (Figure 2-3i). The results obtained with the 

T3O homolog showed that these two separate enzymes, sharing 27% amino acid identity are 

specific for enantiomer-specific hydroxylation of (+)- and (-)-aspidosperma skeletons, respectively 

(Figure 2-1). The results suggest that while 19-O-acetylhörhammericine (6) is derived from (-)-

tabersonine (1) (Figure 2-2) (Carqueijeiro et al., 2018a,b), formation of (+)-echitovenine (9) 

involved a separate two-step pathway from (+)-vincadifformine (7) (Figure 2-2). The T3O 
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homolog that catalyzes this regiospecific and stereospecific hydroxylation was named (+)-

vincadifformine 19-hydroxylase (V19H). 

Since V19H and T19H are both membrane-bound CYPs, yeast strains expressing these 

proteins were extracted to prepare microsomes. Yeast microsomes containing recombinant T19H 

or V19H were submitted to enzyme assays containing (-)-tabersonine (1) (Figure 2-4a–c), (-)-

vincadifformine (Figure 2-4d–f) or (+)-vincadifformine (7) (Figure 2-4g–i) in the presence of 

NADPH. The results clearly showed that recombinant T19H only converted (-)-tabersonine (1) to 

(-)- 19-hydroxytabersonine (3) (Figure 2-4b) and (-)-vincadifformine to (-)-minovincinine (Figure 

2-4e), but not (+)-vincadifformine (7) to (+)-minovincinine (8) (Figure 2-4h). In marked contrast, 

V19H only converted (+)-vincadifformine (7) to (+)- minovincinine (8) (Figure 2-4i), but did not 

accept either (-)- tabersonine (1) (Figure 4c) or (-) minovincinine (Figure 2-4f) as substrates.  

As expected, substrate specificity studies (Figure S11) showed that V19H only accepted 

(+)-vincadifformine (7) as substrate, but not various (-)-tabersonine (1) derivatives. Substrate 

saturation kinetics was conducted with V19H-containing microsomes (Figures 2-S12 and 2-S13) 

and the apparent KM for (+)-vincadifformine (7) was determined to be 1.6 µM with a vmax of 20 

nM minovincinine min-1 g protein-1. The turnover rate, defined by vmax/KM, was 0.0125 min-1 g 

protein-1 M vincadifformine-1. 
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Figure 2-3. Yeast expressing (+)-vincadifformine-19-hydroxylase (V19H) converts (+)-
vincadifformine (7) to (+)-minovincinine (8), while tabersonine 19-hydroxylase (T19H) 
converts (-)-vincadifformine to (-)-minovincinine. A T19H-expressing yeast strain does not 
convert (+)-vincadifformine (7) to (+)-minovincinine (8) (a), while the V19H-expressing yeast 
strain does (b). A T19H-expressing yeast strain converts (-)-vincadifformine to (-)-minovincinine 
(d) while the V19H-expressing yeast strain does not (e). A T19H-expressing yeast strain converts 
(-)-tabersonine (1) to (-)-19-hydroxytabersonine (3) (g) while the V19H-expressing yeast strain 
does not (h). The elution profiles of empty vector control incubations with (+)-vincadifformine 
(c), with (-) vincadifformine (f) or with (-)-tabersonine (1) (i) are represented. The ultra-
performance liquid chromatography-MS elution profiles were measured by diode array detection 
(300 nm). 
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Figure 2-4. Isolated recombinant tabersonine 19-hydroxylase (T19H) yeast microsomes, (+)-
vincadifformine-19-hydroxylase (V19H) yeast microsomes, purified recombinant 19-O-
acetyltransferase (TAT) and purified recombinant minovincinine-O-acetyltransferase 
(MAT) display specificity toward different monoterpenoid indole alkaloid (MIA) 
enantiomers in enzyme assays. The elution profiles of MIA standards for (-)-tabersonine (1) (a), 
(+)-vincadifformine (7) (d), (-) vincadifformine (g), (+)-minovincinine (8) (j), (-)-minovincinine 
(m) are represented. T19H converts (-)-tabersonine (1) to (-)-19-hydroxytabersonine (3) (b), while 
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V19H does not (c). T19H converts (-)-vincadifformine to (-)-minovincinine (e), while V19H does 
not (f). T19H does not convert (+)-vincadifformine (7) to (+)-minovincinine (8) (h), while V19H 
does (i). MAT converts (+)-minovincinine (8) to (+)-echitovenine (9) (k), while TAT does not (l). 
MAT does not convert (-)-minovincinine to (-)-echitovenine (n), while TAT does (o). The MIA 
content was measured by selected ion monitoring at the following m/z values: tabersonine at 
m/z = 377; 19-hydroxytabersonine at m/z = 353; vincadifformine at m/z = 339; minovincinine at 
m/z = 355; echitovenine at m/z = 397.  
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2.3.4 Recombinant MAT and TAT catalyze enantiomer-specific O-acetylations 

It has been suggested (Carqueijeiro et al., 2018a,b) that TAT rather than MAT (Laflamme 

et al., 2001) catalyzes the terminal reactions for the biosynthesis of 19-O-acetylhörhammericine 

(6) and echitovenine (9) (Figure 2-2). When (+)-minovincinine (8) (Figure 2-4j) was incubated 

with recombinant purified MAT and acetyl-CoA, (+)-echitovenine (9) (Figure 2-4k) was formed, 

while TAT was not able to accept this (+)-enantiomer as a substrate (Figure 2-4l). When (-)-

minovincinine (Figure 2-4m) was incubated with recombinant purified MAT and acetyl-CoA, no 

(-)-echitovenine was detected (Figure 2-4n), while TAT accepted this substrate to form (-)-

echitovenine (Figure 2-4o). The purified reaction products isolated for NMR analyses (Figure 2-

S14) confirmed their identity to be echitovenine when compared with pure echitovenine obtained 

from C. roseus roots. The formation of the (-)-enantiomer by TAT (Table 2-1, compound 4) and 

the (+)-enantiomer by MAT (Table 2-1, compound 7) was confirmed by polarimetry. The identical 

NMR spectra and the opposite specific rotations elegantly illustrate the precise enantiomeric 

relationship between (+)- and (-)-vincadifformine, minovincinine and echitovenine. The 

enantiomeric specificity of T19H, V19H, MAT and TAT (Figure 2-3, 2-4) clearly highlight the 

existence of separate pathways for the formation of (+)-echitovenine (9) from (+)-vincadifformine 

(7), of 19-O-acetylhörhammericine (6) from (-)-tabersonine (1), and of (-)-echitovenine from (-)-

vincadifformine (Figure 2-2). The presence of hörhammericine (4) and the trace levels of 19-

Oacetylhörhammericine (6) in 3-week-old roots (Figure 2-2), in adventitious roots and in hairy 

roots (Carqueijeiro et al., 2018a,b) clearly suggests that TAT is poorly active in these organs. The 

accumulation of (+)-echitovenine (9) in these roots (Figure 2-2) combined with the substrate 
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specificity of MAT for (+)-minovincinine (8) (Figure 2-4n) show that MAT is responsible for its 

formation rather than TAT (Figure 2-2). 

 

2.3.5 Expression of V19H is enhanced in C. roseus roots that accumulate (+)-echitovenine 

Relative expression analyses of V19H show that this gene is poorly expressed in young 

leaves (Figure 2-S2, leaf pair 1) and preferentially expressed in roots that accumulate (+)-

echitovenine (9), with the highest levels being observed in older roots (Figure 2-S2). This contrasts 

with T3O that is preferentially expressed in leaves where vindoline biosynthesis occurs, but not in 

roots (Figure 2-S2). Previous studies suggested that the pattern of accumulation of lochnericine 

(2) and hörhammericine (4) in C. roseus roots coincides with the expression of T19H and 

tabersonine epoxidases 1 or 2 (TEX1/TEX2), while the accumulation of minovincinine and 

echitovenine coincides with the expression of T19H and TAT rather than with MAT (Carqueijeiro 

et al., 2018a,b). However, the enantiomer-specific activity of T19H and TAT with (-)-

vincadifformine and (-)-minovincinine substrates, respectively, rather than with the (+)-

enantiomers that accumulate in C. roseus make these previous studies (Carqueijeiro et al., 2018a,b) 

subject to reinterpretation. The relative expression of MAT was at least 129-fold higher than that 

of TAT in 3-week-old roots when determined by quantitative (q)PCR, confirming that MAT rather 

than TAT is involved in biosynthesis of echitovenine, as suggested in earlier studies (Laflamme et 

al., 2001). The presence of (+)-echitovenine (9) in C. roseus roots together with the discovery of 

the enantiomer-specific activity of V19H and MAT with (+)-vincadifformine (7) and (+)-

minovincinine (8) substrates explains the discrepancies between this study and previous results 

(Carqueijeiro et al., 2018a,b). However, TAT could be responsible for the formation of the trace 
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levels of 19-O-acetyltabersonine (3) and 19-O-acetylhörhammericine (6) reported previously 

(Carqueijeiro et al., 2018a,b). 

 

2.3.6 The (+)-enantiomer of vincadifformine (7) is formed from a common intermediate prior to 

the biosynthesis of (-)-tabersonine (1) 

The formation of tabersonine, catharanthine and vincadifformine involves separate 

conversions of a common reactive intermediate derived from O-acetylstemmadenine by the action 

of O-acetylstemmadenine oxidase (ASO) and GS (Figure 2-2) (Qu et al., 2019). Four separate 

hydrolases (HL1–4) that convert the reactive intermediate to catharanthine (HL1), to tabersonine 

(HL2) or to vincadifformine (HL3 or HL4) have been identified (Qu et al., 2018b; Qu et al., 2019). 

The involvement of separate hydrolases in the biosynthesis of tabersonine and vincadifformine 

clearly indicates that vincadifformine formation branches off prior to the formation of tabersonine. 

The substrate specificity of T19H for (-)-vincadifformine and of V19H for (+)-vincadifformine (8) 

was used to determine which enantiomer of vincadifformine was produced by hydrolases HL3 and 

HL4. As shown previously (Qu et al., 2019), vincadifformine was formed when O-

acetylstemmadenine was incubated with ASO, GS and HL3 in the presence of NADPH (Figure 2-

5a). Incubation of this reaction product with T19H-enriched yeast microsomes and NADPH did 

not result in the formation of minovincinine (Figure 2-5c), while the same assay with V19H yeast 

microsomes generated minovincinine (Figure 2-5b). These results clearly show that HL3 enzyme 

reactions do generate (+)-vincadifformine (7), which is used in the biosynthesis of (+)-

minovincinine (8) and (+)-echitovenine (9) that accumulate in 3-week-old C. roseus roots (Figure 

2-2). Similarly, when HL3 was replaced with HL4 in the same reactions, (+)-vincadifformine (7) 

was formed rather than the (-)-enantiomer. 
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Figure 2-5. The formation of (+)-minovincinine (8) involves hydrolase (HL) 3 and (+)-
vincadifformine-19-hydroxylase (V19H) but not tabersonine 19-hydroxylase (T19H). The 
incubation of O-acetylstemmadenine with acetylstemmadenine oxidase (ASO), geissoschizine 
synthase (GS) HL3 and NADPH generates the (+)-enantiomer of vincadifformine (7) (a). 
Incubation of this enantiomer with V19H generates (+)-minovincinine (8) (b) in the presence of 
NADPH, while T19H was unable to use the HL3 reaction product (c), providing evidence that the 
HL3 reaction product is the (+)-enantiomer of vincadifformine (7). The monoterpenoid indole 
alkaloid content was measured by selected ion monitoring at the following m/z values: 
vincadifformine at m/z = 339; minovincinine at m/z = 355. 
  



 97 

2.4 Discussion 

2.4.1 The roots of 3-week-old Catharanthus roseus accumulate (+)-echitovenine (9) but not 19-

O-acetylhörhammericine (6) or 19-O-acetyltabersonine (3) 

The C. roseus MIAs identified in the 3-week-old roots included tabersonine (1), 

lochnericine (2), vincadifformine (7), minovincinine (8) and echitovenine (9), while 19-O-

acetylhörhammericine (6) and 19-O-acetyltabersonine (3) were not detected (Figure 2-2). 

However, separate studies using extracts of adventitious and hairy roots (Carqueijeiro et al., 

2018a,b) detected the same MIAs as well as very low levels of 19-Oacetylhörhammericine (6) and 

19-O-acetyltabersonine (3) (Carqueijeiro et al., 2018a,b). Catharanthus roseus roots contained 

>25 000- and >960-fold higher levels of lochnericine (2) and hörhammericine (4), respectively, 

than 19-O-acetylhörhammericine (6) (Carqueijeiro et al., 2018a,b), suggesting that very low 

activities of the O-acetyltransferase might be responsible for the terminal biochemical reaction of 

this pathway. More detailed MIA analyses with C. roseus (L.) Don cv. little bright eye also 

detected ajmalicine, serpentine, catharanthine, tabersonine (1) , vindolinine and 19-S-vindolinine 

(Ferreres et al., 2010). Other early studies of the major root aspidosperma MIAs in C. roseus hairy 

roots detected tabersonine (1) and hörhammericine (4) (Kutney et al., 1980; Shanks et al., 1998), 

while lochnericine (2), minovincinine (8) and echitovenine (9) were detected in vivo at lower 

levels (Shanks et al., 1998; Laflamme et al., 2001). 

While tabersonine (1) is a known precursor of lochnericine (2) (Shanks et al., 1998; 

Morgan and Shank, 1999; Carqueijeiro et al., 2018a,b), and lochnericine (2) is a known precursor 

of hörhammericine (4) (Shanks et al., 1998; Morgan and Shank, 1999; Giddings et al., 2011), these 

studies did not establish the stereochemistry of the substrates involved in these reactions. This lack 

of information led to the reasonable speculation that enzymatic reduction in tabersonine (1) might 
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be involved in the formation of vincadifformine (7) (Giddings et al., 2011), which is subsequently 

converted to minovincinine (8) and echitovenine (9) (Laflamme et al., 2001; Carqueijeiro et al., 

2018a,b), respectively (Figure 2-2). The identification of separate enantiomeric forms of these C. 

roseus root MIAs (Table 2-1) clearly changes the possible conclusions about the assembly of 19-

O-acetylhörhammericine from (-)- tabersonine (1) and of (+)-echitovenine (9) from (+)-

vincadifformine (7). 

 
2.4.2 TEX1/2, T19H, and TAT convert (-)-tabersonine (1) and (-)-vincadifformine to 19-O-

acetylhörhammericine (6) and (-)-echitovenine, respectively 

Recent studies (Carqueijeiro et al., 2018a,b) have provided evidence that biosynthesis of 

19-O-acetylhörhammericine (6) and echitovenine occurs via a common pathway from tabersonine 

(Figure 2-2). The formation of (-)-tabersonine (1) in C. roseus (Table 2-1, compound 1) suggests 

that this enantiomer is the substrate used by TEX1/2 to generate the epoxide used in the T19H- 

and TAT-mediated reactions for the formation of lochnericine (2) and 19-O-acetylhörhammericine 

(6), respectively. The present study shows that if (-)-tabersonine (1) could be reduced to form (-)-

vincadifformine, this substrate is efficiently converted by T19H to (-)-minovicinine and by TAT 

to (-)-echitovenine, respectively. V19H only shares 46% amino acid identity with TEX1/2 and 

tabersonine-16-hydroxylase, while the amino acid sequence identity declined to 37% with 

tabersonine-19-hydroxylase (Figure 2-S1). These in vitro studies show that TEX1/2, T19H and 

TAT can only catalyze the (-)-enantiomer pathway for the formation of 19-O-acetylated MIAs 

from (-)-tabersonine (1) or (-)-vincadifformine, but only trace levels of the (-)-tabersonine (1) 

derivatives were detected in C. roseus roots (Figure 2-2) as well as in adventitious and hairy roots 

(Carqueijeiro et al., 2018a,b). The inactivity of T19H and TAT against the (+)-enantiomers of 
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vincadifformine (7) and minovincinine (8) conclusively eliminates them as enzymes involved in 

the formation of the (+)-echitovenine (9) that accumulates in C. roseus roots.  

While such a pathway could be involved in the formation of (-)-echitovenine, which was 

detected in Catharanthus trichophyllus (Cordell and Farnsworth, 1976), it could not be involved 

in the formation of (+)-echitovenine (9), which is the enantiomer detected in C. roseus roots (Table 

2-1). The identification of (+)-echitovenine (9) in fruits of Alstonia venenata (Das and Bieman, 

1966) suggests that this enantiomer is also formed in other plant species. The presence of (+)- and 

(-)-enantiomers of echitovenine in Catharanthus species is also relevant, but it remains to be 

determined how the (-)-vincadifformine enantiomer could be formed in C. trichophyllus, which 

accumulates (-)-echitovenine (Cordell and Farnsworth, 1976).  

 

2.4.3 A separate branch pathway is involved in the assembly of MIAs derived from (+)-

vincadifformine (7) in C. roseus roots 

The results presented in this study show that a separate branch pathway from that involved 

in the formation of (-)-tabersonine (1) derivatives is responsible for the biosynthesis of (+)-

echitovenine (9) ((+)-19S-O-acetylvincadifformine), the enantiomer that accumulates in C. roseus 

roots (Table 2-1). The (+)-enantiomer of vincadifformine (7) is formed when O-

acetylstemmadenine is incubated with ASO, GS, HL3, V19H and NADPH; T19H did not accept 

the HL3 reaction product (Figure 2-5, Table 2-1, compound 5). In contrast (-)-tabersonine (1) is 

formed when O-acetylstemmadenine is incubated with ASO, GS, HL2, T19H and NADPH, while 

V19H did not accept the HL2 reaction product (Figure 2-5). Common reaction intermediates, 

proposed to be dehydroprecondylocarpine (Caputi et al., 2018) or a related intermediate (Qu et al., 

2018b, 2019), are transformed into (-)-tabersonine (1) (Table 2-1, compound 1) by the action of 
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HL2, and to (+)-vincadifformine (7) (Table 2-1, compound 5) by HL3 or HL4. The substrate 

specificities of V19H for the (+)-enantiomer of vincadifformine (7) and of MAT for the (+)-

enantiomer of minovincinine (8) clearly show that a three-enzyme pathway is responsible for the 

formation of the (+)-echitovenine (9) accumulating in roots of C. roseus seedlings. These recent 

results suggest that the much higher in vitro activity of MAT with minovincinine as a substrate 

than with hörhammericine (Laflamme et al., 2001) in previous studies was probably due to the use 

of C. roseus hairy root extracts, which contained (+)-minovincinine (8) rather than the (-)- 

enantiomer, in enzyme assays. These results clarify the important role that MAT plays in the 

assembly of (+)-echitovenine (9), which is the only major O-acetylated MIA reported to occur in 

hairy and adventitious roots of C. roseus (Carqueijeiro et al., 2018a) and in 3-week-old roots in 

the present study. The studies of Carqueijeiro et al. (2018a,b) show that TAT may be involved in 

the formation of the trace levels of 19-O-acetytabersonine (3) and 19-O-acetylhörhammericine (6) 

detected in regular, adventitious and hairy C. roseus roots. It would be relevant to test for the 

existence of 19-O-acetyhörhammericine (6) in older root tissues or if TAT-mediated O-acetylation 

might be inducible by external stimuli or elicitors. Additional studies examining the roots of C. 

trichophyllus for the possible involvement of TAT in the formation of (-)-echitovenine may 

provide biological evidence for its role in the formation of this enantiomer as suggested in the 

present study (Figure 2-2). 
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3.1 Introduction 

Catharanthus roseus (Madagascar periwinkle) produces over 100 monoterpenoid indole 

alkaloids (MIAs), which belong to a large class of nitrogen-containing secondary metabolites with 

diverse biological activities (St-Pierre et al., 1999). C. roseus is the only natural source of the 

chemotherapeutic bisindole alkaloids, vinblastine and vincristine, which are derived from the 

fusion of two MIAs, vindoline (4) and catharanthine. Due to their complex chemistries, total 

synthesis of vindoline (4) or catharanthine on a commercial scale has remained very elusive. 

Decades of research has led to the identification of more than 30 enzymes involved in their 

biosynthesis, with portions of these pathways that have been transferred to microbial systems for 

enzyme characterization and biosynthetic optimization (Giddings et al., 2011; Brown et al., 2015; 

Qu et al., 2015; Tatsis et al., 2017; Qu et al., 2018; Carqueijeiro et al., 2018a,b; Qu et al., 2019; 

thesis Chapter 2, Williams et al., 2019). Nearly a third of these enzymes are cytochrome p450 

monooxygenases (P450s) associated with membranes of the ER that use a heme cofactor to 

transfer electrons from NAD(P)H to oxidize specific substrates (Porter & Coon, 1991).  
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Vindoline (4) is derived from (-)-tabersonine (1) in above ground tissues of C. roseus via 

a 7-step enzyme pathway (Qu et al., 2015). The first characterized P450 in vindoline (4) 

biosynthesis was tabersonine 16-hydroxylase (T16H1; CYP71D12) (St-Pierre & De Luca, 1995). 

Since then homology-guided gene discovery led to the identification of T16H2 

(CYP71D351) (Besseau et al., 2013), an isoform of T16H1 that catalyzes the same reaction. The 

next step in the assembly of vindoline (4) is mediated by 16-O-methytransferase that converts 16-

hydroxytabersonine to 16-methoxytabersonine (2) (Figure 3-1) (Levac et al., 2008). This MIA is 

oxidized by tabersonine 3-oxygenase (T3O; CYP71D1V2) (Figure 3-1) (Kellner et al., 2015; Qu 

et al., 2015) to form epoxide isomers of 16-methoxytabersonine (2). However, combining T3O 

with tabersonine-3-reductase (T3R), converted 16-methoxytabersonine (2) to 2,3-dihydro-3-

hydroxy-16-methoxytabersonine (3) (Qu et al., 2015). The loss of vindoline (4) and accumulation 

of isomers of tabersonine-2,3-epoxide (5) and 16-methoxytabersonine-2,3-epoxide (6) was shown 

to occur in T3R mutant plants (Edge et al., 2018) supporting the importance of T3R to produce 

this vindoline (4) pathway intermediate. The next step in vindoline (4) biosynthesis involved N-

methylation of the indole N catalyzed by an N-methyltransferase belonging to the family of 

tocopherol-C-methyltransferases (Liscombe et al., 2010). Completion of the vindoline (4) pathway 

involved two remaining steps that convert desacetoxyvindoline to vindoline (4) mediated by 

desacetoxyvindoline 4-hydroxylase (D4H) (Vazquez-Flota et al., 1998) and deacetylvindoline O-

acetyltransferase (DAT) (St. Pierre et al., 1998). 

The above ground tissues of C. roseus accumulate vindoline (4), while its precursor, (-)-

tabersonine (1) occurs in all tissues including underground roots. This tissue-specific distribution 

of vindoline (4) has been attributed to the sites of expression of the 7 enzymes involved in the 
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conversion of (-)-tabersonine (1) to vindoline (4) with at least the last 2 pathway steps being 

induced in the presence of light (St-Pierre et al., 1998; Vasquez-Flota and De Luca, 1998). 

More recently, the search for enzymes involved in MIA biosynthesis has expanded to the 

roots, where multiple biologically active aspidosperma-type alkaloids are synthesized (Ferreres et 

al., 2010). To date, four root-specific P450s have been characterized: (-)-tabersonine epoxidase 1 

(TEX1; CYP71D521) (Carqueijeiro et al., 2018a), (-)-tabersonine epoxidase 2 (TEX2; 

CYP71D347) (Carqueijeiro et al., 2018a), (-)-tabersonine 19-hydroxylase (T19H; CYP71BJ1) 

(Giddings et al., 2011) and (+)-vincadifformine 19-hydroxylase (V19H; CYP71BY3) (thesis 

Chapter 2, Williams et al., 2019) (Figure 3-1).  

TEX1 and TEX2 share high sequence identity (85%), and act exclusively on the same 

substrate, (-)-tabersonine (1) (Carqueijeiro et al., 2018a) converting it to lochnericine (7). 

Lochnericine (7) is then hydroxylated by T19H to form hörhammericine (8), a major root alkaloid 

(Giddings et al., 2011). T19H will also convert (-)-tabersonine (1) to 19-hydroxytabersonine (10) 

and (-)-vincadifformine (12) to (-)-minovincinine (13) (Carqueijeiro et al., 2018b). It remains 

unknown if (-)-tabersonine (1) naturally reduces to (-)-vincadifformine (12), but it can be 

synthesized through hydrogenation in the presence of Adam’s catalyst (Zhao and Andrade, 2013; 

Carquiejeiro et al., 2018a,b; thesis Chapter 2, Williams et al., 2019). Tabersonine 19-O-

acetyltransferase (TAT) will accept all T19H products to produce 19-acetylhörhammericine (9), 

19-acetyltabersonine (11), or (-)-echitovenine (14) (Giddings et al., 2011; Carqueijeiro et al., 

2018b). Of these aspidosperma alkaloids, only (-)-tabersonine (1), lochnericine (7), and 

hörhammericine (8) accumulate in roots (Carqueijeiro et al., 2018b; thesis Chapter 2, Williams et 

al., 2019).  



 110 

The final major aspidosperma pathway in roots is the (+)-echitovenine (17) pathway, which 

is built on the (+)-aspidosperma backbone of (+)-vincadifformine (15) (thesis Chapter 2, Williams 

et al., 2019). V19H hydroxylates (+)-vincadifformine (15) to (+)-minovincinine (16), which is then 

acetylated by minovincinine 19-O-acetyltransferase (MAT) to form (+)-echitovenine (17) 

(Laflamme et al., 2001; thesis Chapter 2, Williams et al., 2019). While V19H has 79% amino acid 

identity to T3O, it shows low sequence identity (<40%) to T19H (thesis Chapter 2, Williams et al., 

2019). V19H has been shown only to accept (+)-vincadifformine (15), while T19H accepts (-)-

tabersonine (1), lochnericine (7), and (-)-vincadifformine (12) (Figure 3-1) (Giddings et al., 

2011; Carqueijeiro et al., 2018b; thesis Chapter 2, Williams et al., 2019) but not (+)-

vincadifformine (15) (thesis Chapter 2, Williams et al., 2019). It was discovered that the two 

enantiomeric aspidosperma backbones are derived from a common intermediate, O-

acetylstemmadenine (18), involving distinct hydrolases, HL2 and HL3 or 4, to form (-)-tabersonine 

(1) and (+)-vincadifformine (15), respectively (Figure 3-1) (Qu et al., 2018; Qu et al., 2019).  

These observations raise the question of i) how V19H hydroxylates (+)-vincadifformine 

(15), while closely related T3O oxidizes the 3 position of (-)-tabersonine (1) and ii) how T19H and 

V19H control their specificity for only one of the two enantiomers of vincadifformine (12, 15). 

Detailed comparisons between the binding sites of T19H and V19H could reveal amino acid 

differences that are responsible for the enantiomeric specificity of each enzyme. Membrane 

associated P450s are difficult to crystallize and there are few crystal structures in the literature. As 

a result two general approaches have been adopted to identify amino acid residues important for 

their substrate specificity: (1) a high-throughput approach where dozens or hundreds of modified 

versions of the native enzyme are cloned and characterized experimentally; (2) a computational 

approach where homology models are used to predict a handful of residues to investigate 
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experimentally. The first approach is costly both in terms of time and resources, while the second 

approach depends highly on the quality of the computational models and the predictive software. 

In the present study homology models were generated to investigate the binding site of V19H and 

how it interacts with the (+)- and (-)-aspidosperma backbones (Figure 3-2), and the computational 

predictions guided subsequent benchtop experiments. The computational predictions were used to 

create several site-directed mutants of V19H that were transferred to yeast for expression and 

biochemical analysis. All mutants (K106R, S312T, A376P, F377L, A376P+F377L, and 

K106R+S312T+A376P+F377L) retained their ability to convert (+)-vincadifformine (15) to (+)-

minovincinine (16), but were unable to convert (-)-tabersonine (1) or (-)-vincadifformine (12) to 

new products. However, when all four residues were changed, the enzyme retained its V19H 

activity and gained T3O-activity, converting (-)-tabersonine (1) to the tabersonine 2,3-epoxide (5). 
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Figure 3-1. The (-)- and (+)-aspidosperma pathways from Catharanthus roseus. In multiple  tissues, the (-)-aspidosperma pathways 
begin with the biosynthesis of (-)-tabersonine (1) from O-acetylstemmadenine (18) through acetylstemmadenine oxygenase (ASO), 
geissoschizine synthase (GS), and hydrolase 1 (HL1), whereas the (+)-aspidosperma pathway requires hydrolase 3 or 4 (HL3/4) to 
produce (+)-vincadifformine (15). Leaf-specific enzymes (green) convert (-)-tabersonine (1) to vindoline (4), which accumulates in the 
leaves, while root-specific enzymes (red) are responsible for the formation of two major root alkaloids, lochnericine (7) and 
hörhammericine (8). A third major root alkaloid, (+)-echitovenine (17) is derived from (+)-vincadifformine (15) via (+)-minovincinine 
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(16) by separate root-specific (blue) enzymes. The remaining (-)-aspidosperma alkaloids shown are derived from (-)-tabersonine (1) 
either artificially (grey box) or enzymatically (green or red), although they do not naturally accumulate in C. roseus tissues. T16H: 
tabersonine 16-hydroxylase; 16OMT: tabersonine 16-O-methyltransferase; T3O: tabersonine 3-oxygenase; T3R: tabersonine 3-
reductase; NMT: N-methyltransferase; D4H: desacetoxyvindoline 4-hydroxylase; DAT: deacetylvindoline O-acetyltransferase; TEX: 
tabersonine epoxidase; T19H: tabersonine 19-hydroxylase; TAT: tabersoinine 19-acetyltranferase; V19H: (+)-vincadifformine 19-
hydroxylase; MAT: minovincinine 19-O-acetyltransferase. 
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Figure 3-2:  The enantiomers of (+)- and (-)-vincadifformine (15, 12) are non-superimposable 
mirror images of each other. 
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3.2 Experiment procedures 

3.2.1 Sequence alignment 

The primary sequence of V19H was retrieved from the G. Don cv. Sunstorm Apricot v1.0 

transcript database (http://medicinalplantgenomics.msu.edu). Default settings on BLAST  

(https://blast.ncbi.nlm.nih.gov) was used to choose templates from the Protein Data Bank to model 

V19H. Possible template candidates were manually curated based on a series of parameters: (1) 

protein is a cytochrome P450 with the heme binding site; (2) high percent identity to V19H; (3) a 

ligand is present in the binding site. The primary sequences and three-dimensional structures of 

nine templates were selected and obtained from the PDB: P450 BM3 (PDB ID: 4rsn, PI = 29.8%), 

P450 BM3 (PDB ID: 3wsp, PI = 29.4%), P450 2E1 (PDB ID: 3e4e, PI = 28.2%), P450 C21 (PDB 

ID: 3qz1, PI = 26.5%), P450 17A1 (PDB ID: 3ruk, PI = 25.5%), P450 1MT (PDB ID: 2w0a, PT 

= 25.3%), P450 21A2 (PDB ID: 5vbu, PI = 25.3%), P450 46A1 (PDB ID: 2q9f, PI = 24.3%), and 

P450 21 24A1 (PDB ID: 3k9v, PI = 21.2%). All crystal structures with the exception of the first 

listed (4rsn) had ligands in the active site adjacent to the heme. The structure 4rsn was nevertheless 

included as one of the modelling templates because it had the highest sequence identity to V19H.  

 

3.2.2 Homology modeling 

V19H models were generated by homology-based modeling using the default settings on 

SWISS-MODEL (https://swissmodel.expasy.org). Since the generated models did not contain the 

heme ligand, it was added manually post-modeling by inserting the coordinates of the heme from 

each template file into the PDB file of the respective model. The quality of each model was 

assessed based on SWISS-MODEL’s QMEAN Z-score (£ -4) and the program MolProbity by 
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Duke University, which analyzes the number of Ramachandran outliers, bad angles, and number 

of cis-peptide bonds. 

 

3.2.3 Protein-Ligand docking 

The Genetic Optimization for Ligand Docking (GOLD) software and its visualization 

software Hermes (Verdonk et al., 2003) was used to carry out docking experiments in the nine 

V19H models. GOLD is a licensed program which has been shown to successfully predict binding 

of small ligands to a variety of proteins across a range of independent studies when compared to 

other docking tools (ccdc.ca.ac.uk). Docking experiments were completed in three steps: (1) 

positive control experiments with the template’s native ligand; (2) negative control experiments 

with the remaining eight (non-native) ligands; (3) docking of (+)- and (-)-vincadifformine (15, 12) 

into models of V19H. To prepare the SWISS-MODEL generated V19H models for docking 

experiments, hydrogen atoms were added, surrounding water molecules and the native binding site 

ligand were removed, and the PDB file was saved as a mol2 file. Native and non-native ligands 

were docked into each template with the GOLD system set to max operations with a radius of 8 Å 

and early termination disabled. Control experiments were performed twice for each template and 

ligand combination, and each time the top ten docked poses were ranked with a ChemPLP fitness 

score generated by the GOLD system. The ChemPLP fitness score is a Piecewise Linear Potential 

and has given the best results for standard test sets on the GOLD system (Verdonk et al., 2003). 

Although it is not the most advanced or recent scoring function, it balances speed of calculation 

with accuracy, and was a sufficient choice for the purposes of the experiments conducted in this 

chapter.  
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For each positive control experiment, the coordinates of the atomic positions of the best 

docked pose were compared to the X-ray coordinates of the ligand in the binding site using root-

mean-square deviation (RMSD). ChemPLP fitness of positive and negative experiments were 

compared for each template to determine whether GOLD can discriminate between native and 

non-native ligands. Under the same settings as for the positive and negative controls, docking of 

(+)- and (-)-vincadifformine (15, 12) in V19H was repeated twice, and the best pose from each 

trial was used for analysis. The GOLD scores were compared between docking of (+)- and (-)-

vincadifformine (15, 12) to predict the most likely positions of each ligand in the binding site of 

V19H.  

 

3.2.4 Chemicals 

(-)-Tabersonine (1) was purchased from OmniChem (omnichem.ca). (-)-Tabersonine (1) 

was hydrogenated (Zhao and Andrade, 2013) to generate (-) vincadifformine (12) that was purified 

by preparative thin layer chromatography. Amsonia hubrichtii leaves, rich in (+)-vincadifformine 

(15) were extracted and this MIA was purified by preparative thin layer chromatography according 

to the protocol outlined in Chapter 2 (Williams et al., 2019). 

 

3.2.5 Preparation of recombinant V19H-containing microsomes 

Microsomes containing recombinant V19H were prepared from induced Saccharomyces 

cerevisiae containing pESC-Leu2d-V19H according to the protocol outlined in Chapter 2 

(Williams et al., 2019). The microsomes were suspended in TEG buffer (50 mM Tris-HCl pH 7.5, 

1 mM EDTA, and 20% v/v glycerol) and stored at -80 °C.  
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3.2.6 Enzyme kinetic and inhibition assays with recombinant V19H 

Enzyme assays and kinetics with recombinant V19H and mutants were performed 

according to a modified protocol described in Chapter 2 (Williams et al., 2019), where the 

consumption of (+)-vincadifformine (15) was quantified directly by UPLC-MS. Reactions were 

run with 95 μg/L V19H microsomes in 0.05 M Hepes pH 7.5, 1 mM NADPH in a total volume of 

600 μL. The triplicate reactions were incubated in a 30 °C water bath for 5 minutes. All reactions 

were stopped with 1 M NaOH, and the alkaloids were extracted into ethyl acetate, dried and 

resuspended in 100 μL MeOH for analysis by UPLC-MS. The concentration of (+)-

vincadifformine (15) was determined by positive ion electrospray (ES+) intensity at 339 m/z. The 

(+)-vincadifformine (15) saturation curves were carried out for V19H to compare KM and vmax 

values, as well as the Ki when (+)-vincadifformine (15) saturation curves were performed in the 

presence of 3 μM (-)-vincadifformine (12). 

 

3.2.7 Creation of site-directed mutagenesis vectors for overexpression in yeast 

Plasmids (pESC-His) containing V19H with one of six V19H mutants (K106R, S312T, 

A376P, F377L, A376P+F377L, or K106R+S312T+A376P+F377L) in Mulitple Cloning Site 2 was 

ordered from Bio Basic Inc. The cytochrome P450 reductase from Catharanthus roseus (CrCPR) 

was inserted into Multiple Cloning Site 1, and the plasmids were cloned into Saccharomyces 

cerevisiae for biotransformation experiments. Creation of the plasmids (pESC-Leu) containing 

wild-type T3O or V19H have been described in Qu et al. (2015) and Chapter 2 (Williams et al., 

2019), respectively. 
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3.2.8 Biotransformation experiments 

A single yeast colony transformed with one of the six V19H mutants was inoculated in 2 

mL synthetic complementary (SC) medium lacking histidine with 2% (w/v) glucose for 48 hours 

at 30 °C. Cells were harvested, washed three times, and inoculated in SC medium lacking histidine 

with 2% (w/v) galactose at 30 °C for 24 h. The cells were harvested and suspended in 0.3 mL 

biotransformation buffer (10 mM Tris-HCl at pH 8, 1 mM EDTA) with 3 μg of substrate [(-)-

tabersonine (1), (-)-vincadifformine (12), or (+)-vincadifformine (15)] and incubated at 30 °C for 

24 h. Transformed yeast colonies containing wild-type T3O or V19H or V19H mutants were 

treated identically, except the SC medium lacked leucine instead of histidine. Yeast cells were 

centrifuged  at 10 000 g in a Thermo 2100R centrifuge, and the supernatant (buffer) was basified 

with NaOH to give a pH ≥ pH 8.5. Basified buffer was extracted with 1 mL ethyl acetate, dried, 

and dissolved in 75 μL MeOH for UPLC analysis. 

 

3.2.9 UPLC-MS analysis 

All standards and reaction products were run on a Waters Acquity Ultra Performance LC, 

which includes the Waters Acquity Sample Manager, Binary Solvent Manager, 2996 PDA 

Detector, and SQ Detector. The system was equipped with a BEH C18 column (2.1 x 50 mm; 

particle size, 1.7 μM), and the solvent system was: solvent A, methanol:acetonitrile:5 mM 

ammonium acetate at 6:14:80; solvent B, methanol:acetonitrile:5 mM ammonium acetate at 

24:64:10. The elution gradient was: 0-0.5 min, 99% A, 1% B at 0.3 mL min-1; 0.5-0.6 min, 99% 

A, 1&B at 0.4 mL min-1; 0.6-8.0 min, 1% A, 99% B at 0.4 mL min-1; 8.0-8.3 min, 99% A, 1% B 

at 0.4 mL min-1; 8.3-10.0 min, 99% A, 1% B at 0.3 mL min-1. The mass spectrometer was set to 



 120 

positive ion mode, and had a capillary voltage of 3.1 kV, cone voltage of 48 V, desolvation gas 

flow of 600 L h-1, desolvation temperature of 350 °C, source temperature of 150 °C. 

 

3.3 Results 

3.3.1 Homology-based template modeling of V19H 

3.3.1.1 Template selection 

Homology modeling predicts the unknown three-dimensional structure of a protein using 

the resolved crystal structure of another protein as a template. The quality of the computational 

model depends on a number of factors, beginning with the careful selection of an appropriate 

template. To create a homology-based model of V19H, potential template proteins were first 

selected from the PDB database based on percent identity of the primary amino acid sequence 

using BLAST. The list of 100 suggested proteins was further curated based on the following 

criteria: (1) percent identity between the protein and V19H should be as high as possible; (2) the 

protein is a cytochrome P450 with the conserved heme binding site; (3) the resolved crystal 

structure contains a ligand in the active site. Based on the three criteria, nine templates were chosen 

(Table 3-1): each had percent identities of 20-30%; all nine were cytochrome P450s with a heme 

ligand; nine of the eight had a ligand present in the active site. 

Use of a single (high-quality) template for homology modelling is normally employed if 

the protein used as the structural template and the protein to be modelled share a sequence identity 

of greater than 40% (Sánchez & Sali, 1999; Petsko et al., 2004) The use of multiple (low-quality) 

templates can diversify the structural options when sequence similarity searches of databases 

provide only option with sequence similarities less than 40%. A structurally diverse selection of 

multiple templates will produce concomitantly structurally diverse models of the protein of 
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interest, in anticipation that at least one model reflects the actual protein conformation. Diversity 

in the models of V19H will result in diversity in the intermolecular interactions found between the 

protein and the (+)/(-)-aspidosperma ligands. Since this study was designed to examine the 

enantioselectivity of V19H, investigating a variety of possible interactions between the enzyme 

and enantiomeric ligands will predict whether or not (-)-vincadifformine (12) can enter the active 

site. If all the templates were the same or very similar, the lack of diversity in the generated models 

would diminish the confidence in the computational predictions. To prove the diversity among 

sequences of the nine templates, a Root Means Square Deviation (RMSD; equation 1) was 

calculated between superimposed templates. In equation 1, !!" , "!" , and #!"  are the coordinates of 

the ith atom in first protein, and !#" , "#" , and ##"  are the coordinates of the ith atom in the second 

protein, and n is the number of atoms compared. The results showed that RMSD values for all 36 

pairwise superpositions of templates were greater than 1.51 Å (Table 3-S1).  

$%&' = 	*∑ $%&!"'&#" (
!)%*!"'*#" (

!)%+!"'+#" (
!,

-
-
".!    Equation 1 

 
 
Table 3-1. The nine templates chosen for homology-base modeling of V19H, including their 
percent identity to V19H and the ligand present in the PDB file.  
PDB ID Percent identity Ligand 
4rsn 29.8% N/A 

3wsp 29.4% N-perfluorononanoyl-L-
tryptophan (w09) 

3e4e 28.2% 4-methylpyrazole (4pz) 
3qz1 26.5% 17-hydroxyprogesterone (3qz) 
3ruk 25.5% Abiraterone (aer) 
2w0a 25.3% acii 
5vbu 25.3% 17-hydroxyprogesterone (3qz) 
2q9f 24.3% Cholesterol sulphate (c3s) 
3k9v 21.2% chaps 
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3.3.1.2 Generation of V19H computational models 

Nine homology models of V19H were created using the program SWISS-MODEL from 

the nine templates chosen (Figure 3-S1). The heme cofactor is cradled in the active site of P450s 

by a thiolate ligand (FXXGXXXCXG), which is conserved in all P450s regardless of phylogeny 

(Porter & Coon, 1991; Bolwell et al., 1994). The iron ion of the heme cofactor has a coordination 

geometry that is octahedral, and it is coordinated to a molecular oxygen (O2) and sulfur of the 

amino acid cysteine in its axial position. The binding of the substrate happens on the side of the 

molecular oxygen that is coordinated to the iron. In all P450s, there are two helices (helices I and 

L) that make direct contact with the heme and a b-bulge that keeps the thiol coordinated to the iron 

ion, and these conserved regions restrict the heme ligand in all P450s (Poulos et al., 2015). 

Sequence alignment showed that all nine templates contained the conserved heme binding site and 

their resolved crystal structures contained the characteristic beta bulge around their heme ligand 

(Figures 3-3 & 3-S2). It was assumed that the templates provided good representations of the heme 

binding site and therefore the position of the heme. 

There are varying differences in loop lengths, helical kinks, and structure between the nine 

models (Figure 3-S3). These differences may have different origins: for example, if a glycine 

residue in the template is a phenylalanine residue in the model, a new kink appears due to the 

change in size and charge of the residue. Another possibility is that the alignment of the V19H 

amino acid sequence to the template results in a gap, which typically results in a predicted loop in 

the model. Alignment to each of the nine templates can result in gaps in different locations of the 

sequence, so that the resulting models have loops in different places. This is important to remember 

when assessing the overall shape of the active site where predicted loops are present since they 
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can be artifacts of the modelling process, rather than likely representations of the real enzyme 

structure. 

Before docking experiments were run with the nine models, the quality of each model was 

assessed. All models created were verified using the QMEAN Z-score from SWISS-MODEL, and 

the number of Ramachandran outliers, cis-peptide bonds, and bad angles from Molprobity (Table 

3-S2). A QMEAN Z-score of -4 or lower was considered a low-quality model. The models 

produced from templates 2w0a, 3wsp, and 3qzi had QMEAN Z-scores of -4.78, -4.97, and -5.83, 

respectively. A Ramachandran outlier percentage of 2% or more was considered a low-quality 

since it meant that those models had dihedral angles that were in the disallowed region of space 

(j, y), indicating steric hindrance and/or clashes within the models. Models with a Ramachandran 

outlier percentage of 2% or more were: 3qz1, 3wsp, 2w0a, and 4rsn with scores of 4.72%, 3.40%, 

2.34%, and 2.34%, respectively. Cis-non proline peptide bonds means that a residue other than 

proline has a cis conformation, which is likely a modeling mishap since most amino acids are in 

the trans conformation in real peptides. Models generated from 2w0a and 5vbu had a higher 

number of cis-non proline peptide bonds compared to the other models at 0.89% and 0.68%, 

respectively. Bad angles indicated that peptide bonds are stretched or compressed, which, if real, 

would cause an additional strain to the protein. Models generated from 5vbu, 2q9f, 2w0a, and 3qz1 

had a higher percentage of bad angles compared to the other models with 1.26%, 0.91%, 0.88%, 

and 0.82%, respectively. Since there are roughly 500 residues in each model, the Molprobity 

results were considered significant if the percentage was greater than 2%. Anything less than 2%, 

given the number of residues, cannot distinguish between good and bad models. The QMEAN Z-

score and Molprobity percentage higher than 2% were weighted more heavily when determining 
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the quality of each model, and three models were considered lower quality than the rest: 2w0a, 

3wsp, and 3qz1. 

 

 
Figure 3-3: The 3ruk V19H model superimposed onto the 3ruk template and the location of 
the catalytic heme. V19H model (purple) is shown in purple, and the 3ruk template is shown in 
pink with the heme binding site in yellow. The H-bond interaction (green) between PHE443 and 
CYS450, the first and eighth residues of the heme binding site, which is responsible for the beta 
bulge (yellow) around the heme cofactor (black).  
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3.3.2 Docking experiments with computational models of V19H 

3.3.2.1 Positive and negative controls 

Docking predictions with the V19H models and (+)- and (-)-vincadifformine ligands (15, 

12) (Figure 3-2) were generated using the GOLD (Genetic Optimization for Ligand Docking) 

software program. Before predictive experiments were run, the compatibility of the models and 

the software was tested with positive and negative controls. All control experiments were run in 

duplicate to confirm that the software generated consistent predictions. Control experiments with 

4rsn were not possible because the crystal structure did not contain a ligand. 

The positive controls were used to ensure that GOLD can locate the known crystal structure 

of a ligand: each native ligand was removed and redocked into its protein receptor, and the RMSD 

was computed between the known crystal structure of the ligand and GOLD’s highest rated pose 

(Figure 3-S4). When computing the RMSD, the deviation between corresponding atoms of the 

predicted ligand position and the real ligand position was evaluated for each template protein 

(Table 3-S3). GOLD consistently produced ligand poses with very little deviation (< 2 Å) from 

the original crystal structure for three templates: 3ruk, 2q9f, and 5vbu. For templates 3e4e, 3qz1, 

and 2w0a, GOLD consistently predicted the best pose as one that deviated significantly (> 2 Å) 

from the original crystal structure, which demonstrates a scoring error with these templates. GOLD 

was unable to predict a consistent best pose and neither trial resulted in a pose similar to that found 

in the crystal structures of templates 3k9v and 3wsp, which both have ligands with a large number 

of rotatable bonds. Since the aspidosperma alkaloids have only three rotatable bonds, the 

possibility of this kind of sampling error was unlikely to occur with the V19H-aspidosperma 

docking experiments.  
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The negative controls were used to test whether the GOLD software can score a non-native 

ligand lower than a native ligand. The chosen non-native ligands used for each template were not 

known inhibitors of the template protein, as this could result in a higher GOLD score than the 

native ligand; this prediction would reflect the high affinity of a non-reversible inhibitor, rather 

than an error in GOLD’s scoring. The assumptions that the non-native ligands should have worse 

scores than native ligands would need to be confirmed by real binding experiments, but it is 

common to do these cross docking experiments in the absence of experimental binding data. If 

GOLD consistently scored native ligands higher than non-native ligands, it was expected that it 

would also score (+)-aspidosperma ligands higher than (-)-aspidosperma ligands when running 

V19H-aspidosperma docking experiments based on the previous biochemical characterization. For 

five of the eight templates, GOLD consistently scored non-native ligands lower than native ligands 

(Table 3-S4). It was observed that the largest scoring discrepancies resulted from significant size 

differences between native and non-native ligands. This is because the binding site shape and size 

of the template protein are defined by the native ligand (Ma et al., 2009). V19H models generated 

using the remaining three templates (3qz1, 5vbu, 3wsp), which had one or more non-native ligands 

with higher GOLD scores than their native ligands, were not used for V19H-aspidosperma docking 

experiments.  

 

3.3.2.2 Docking the (+)- and (-)-aspidosperma ligands to V19H models 

V19H was previously shown to hydroxylate (+)-vincadifformine (15) at the 19C position 

to form (+)-minovincinine (16), both of which are (+)-aspidosperma alkaloids (Figure 3-1) (thesis 

Chapter 2, Williams et al., 2019). It was also shown that V19H would not hydroxylate (-)-

tabersonine (1) or (-)-vincadifformine (12), both of which are (-)-aspidosperma alkaloids (thesis 
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Chapter 2, Williams et al., 2019). The cause(s) of V19H enantioselectivity was investigated by 

V19H-aspidosperma docking experiments using the five best generated V19H homology models. 

It was expected that the orientation of the terpene ring structure, which is mirrored between the 

(+)- and (-)-backbone (Figure 3-2), would prevent (-)-vincadifformine (12) from entering the 

active site and/or binding close to the heme for hydroxylation. Except in the case of the 2q9f model, 

it was not possible to distinguish between (+)-vincadifformine (15) and (-)-vincadifformine (12) 

as a ligand for V19H based on the GOLD score alone. A possible limitation of this experiment 

was that only a single variation of each ligand was used, although the vincadifformine enantiomers 

have only three rotatable bonds, so it was predicted that using the optimized sampling parameters 

would locate consistent results. The results imply that (-)-vincadifformine (12) can not only enter 

the active site, but also dock close to the heme just as well as (+)-vincadifformine (15) (Figure 3-

5). This suggests that the (-)-aspidosperma backbone can occupy the V19H active site but is 

oriented in a way that makes oxidation impossible. This implies that (-)-aspidosperma alkaloids 

are competitive inhibitors of V19H, which was examined experimentally using (-)-

vincadifformine (12). 

 

3.3.3 The enantiomer (-)-vincadifformine (12) is a competitive inhibitor of V19H 

3.3.3.1 V19H kinetics in the absence of (-)-vincadifformine (12) 

Previously, a yeast strain carrying the vector pESC-Leu2-CPR-V19H was engineered and 

biotransformation experiments showed that V19H converts (+)-vincadifformine (15) to (+)-

minovincinine (16), an intermediate in the (+)-echitovenine (17) pathway in roots (thesis Chapter 

2, Williams et al., 2019). It was also shown that V19H does not accept the enantiomer, (-)-

vincadifformine (12), or (-)-tabersonine (1), two structurally similar MIAs (thesis Chapter 2, 
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Williams et al., 2019). This was important to prove that (+)- and (-)-aspidosperma-type alkaloid 

pathways are enzymatically separated by hydrolases, HL2 and HL3/4 (Qu et al., 2018; Qu et al., 

2019). 

Since V19H is a membrane-bound cytochrome P450 monooxygenase, purified 

microsomes from V19H-expressing yeast were used for in vitro assays. Unfortunately, it is 

impossible to quantify the concentration of active V19H protein in harvested microsomes. Because 

of this, the previous kinetics experiments were repeated with a new batch of V19H-containing 

microsomes. Preliminary trials were run to determine a similar rate of activity that was previously 

reported (thesis Chapter 2, Williams et al., 2019). When V19H was first characterized, the apparent 

KM of (+)-vincadifformine (15) was 1.6 µM, and the vmax was 23 nM/ng protein/minute. When 

repeated for this study, the apparent KM of (+)-vincadifformine (15) turnover by V19H in the 

absence of (-)-vincadifformine (12) was 1.4 µM, and the vmax was 23 nM/ng protein/minute. The 

new batch of V19H-containing microsomes has a reduced KM by 0.2 µM (13%) and the vmax 

increased by 3 ng/ng protein/minute (15%) (Figure 3-4; Figure 3-S5; Table 3-2).  

 

3.3.3.2 V19H kinetics in the presence of 3 µM (-)-vincadifformine 

The above experiment was repeated in the presence of 3 µM of (-)-vincadifformine (12), 

and the apparent KM increased four-fold to 5.6 µM, yet the vmax remained essentially unchanged at 

24 nM/ng protein/minute (Figure 3-4; Figure 3-S5; Table 3-2) and the Ki was 0.97 µM. When the 

KM increases and the vmax is unaffected, the inhibitor must be a reversible competitive inhibitor. 

This is evident on the Hanes-Woolf plot used to calculate the apparent vmax and KM, where the 

slopes of both trendlines are nearly identical and the y-intercepts are different (Figure 3-4). A 

Hanes-Woolf plot was generated instead of a Lineweaver-Burke plot because using a y-axis of [S] 
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v-1 gives a more accurate reflection of the errors in rate over a wide range of substrate concentration 

values. 

In the absence of (-)-vincadifformine (12), the native substrate, (+)-vincadifformine (15), 

is free to enter the active site for hydroxylation and then leaves the active site as the product, (+)-

minovincinine. The interactions between the active site and (+)-vincadifformine orient the 

substrate so that the 19-C is available for hydroxylation at the heme site. When (-)-vincadifformine 

is present, it enters the active site, but it is not oriented in an optimal position for oxidation. In this 

case, the (-)-enantiomer enters and leaves the active site without modification, as demonstrated by 

a lack of product being formed in in vitro reactions (thesis Chapter 2, Williams et al., 2019). When 

both enantiomers are present, (-)-enantiomer will occupy the active site, which reduces the number 

of chances for the (+)-enantiomer to enter and increases the apparent KM.  

Kinetic assays confirmed that the V19H active site can accommodate the (-)-aspidosperma 

backbone, although the orientation is apparently not conducive to oxidation (Figure 3-5). The 

orientation of the (+)-aspidosperma backbone is such that the C19 can be hydroxylated by V19H, 

while the orientation of the (-)-aspidosperma backbone is not. Other P450s that catalyze  oxidations 

of aspidosperma MIAs, such as T19H and T3O, have been shown to accept (-)-aspidosperma 

MIAs, but not the (+)-enantiomers (Carqueijeiro et al., 2018a,b; thesis Chapter 2, Williams et al., 

2019). It is likely that there are key residues in the active sites of aspidosperma-pathway P450s 

that determine their enantioselectivity for a (+)- or (-)-aspidosperma backbone. 
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Table 3-2. The rate of V19H turnover of (+)-vincadifformine to (+)-minovincinine with and 
without 3 µM of (-)-vincadifformine. 
Conditions KM (µM) vmax (nM/ng 

protein/minute) 
Ki (µM) 

No (-)-vincadifformine 1.4 23 N/A 
3 µM (-)-vincadifformine 5.6 24 0.97 

*N/A: not applicable 
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Figure 3-4. The Hanes-Woolfe plot used to calculate apparent KM and vmax of V19H with and 
without the presence of (-)-vincadifformine. Orange data points represent the kinetics data in 
the absence of 3 μM (-)-vincadifformine and blue data points represent the data in the presence of 
(-)-vincadifformine. The slope represents vmax

-1, and is nearly equal between the two data sets: 4.15 
without (-)-vincadifformine, and 4.29 with (-)-vincadifformine. The x-intercept represents -KM, 
and is -5.55 without (-)-vincadifformine and -1.35 with 3 μM (-)-vincadifformine. Assays were 
run in triplicates for 5 minutes before stopping with 1 M NaOH. 
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3.3.4 Computational prediction of important residues for enantioselectivity of V19H and site-

directed mutagenesis 

3.3.4.1 Modification of docking parameters to predict important residues responsible for 

enantioselectivity of V19H 

To investigate the possibility of key residues that orient the (+)-aspidosperma backbone for 

C19 hydroxylation, various active site residues in the V19H active site were examined in the V19H 

homology-based models. To promote alternate conformations of the (+)-vincadifformine (15) 

ligand so that it can correctly orient in the binding site, some residue side chains within the site 

were made flexible and docking experiments were repeated. Although the previous docking 

experiments indicated that the (+)- and (-)-aspidosperma backbones can be accommodated by the 

V19H binding site, the GOLD program was not able to generate a pose for (+)-vincadifformine 

(15) where the C19 was correctly oriented towards the heme site for oxidation (Figure 3-5). By 

systematically increasing flexibility of the binding site residues in the six most promising V19H 

models, it was hypothesized that one or more models that could coordinate the (+)-vincadifformine 

(15) ligand, but not the (-)-vincadifformine (12) ligand, in the correct orientation for C19 oxidation.  

After visual inspection of the residues that line the binding site, five were chosen to be 

made flexible during docking and the changes in the predicted ligand poses and GOLD scores 

were assessed. This was done in three rounds, increasing the number of flexible residues each 

round, to investigate the impact of increasing the flexibility of specific residues. By allowing some 

side chains to be flexible, different intermolecular interactions can be promoted: for example, when 

carboxyl and amino groups are pushed closer together, a new hydrogen bond can form where there 

wasn’t before. It was found that the GOLD scores do not differ significantly between the (+)- and 
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(-)-aspidosperma ligands in each model. The model generated from the 3ruk template was the only 

model that consistently accommodated the (+)-vincadifformine (15) ligand in the correct 

orientation for C19 oxidation after residues were made more flexible (Figure 3-5). At first, it was 

hypothesized that ILE188 was responsible for this shift in orientation, since it was the only 

differing residue from the rest of the models. However, after the three rounds of increasing the 

number of flexible residues in the models, it was found that it did not matter whether ILE188 

specifically was allowed to be flexible, but just that the increased flexibility in the binding site of 

the 3ruk model lead to the correct pose of (+)-vincadifformine (15) in the binding site. Although 

this analysis did not indicate key residues involved in substrate specificity, the V19H model 

generated from 3ruk with increased flexibility in the binding site is the most representative of the 

real V19H enzyme since (+)-vincadifformine (15) can orient with C19 towards the catalytic heme. 
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Figure 3-5. GOLD’s highest rated poses for (-)-tabersonine and (+)-vincadifformine into the 
V19H model generated from the 3ruk template with and without increased flexibility in the 
binding site residues. (-)-tabersonine (B) and (+)-vincadifformine (A) best poses are shown in a 
rigid binding site (top) and a flexible binding site (bottom). The C19 is labelled in both ligands 
(arrows), and neither ligand is docked in the correct orientation for oxidation in a ridid binding site 
(top. However, in a flexible binding site, (+)-vincadifformine is in the correct orientation for C19 
oxidation (bottom; B), whereas (-)-tabersonine is not (bottom; A). 
  

A B

C D
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3.3.4.2 Three-dimensional comparison of V19H, T3O, and T19H based on the 3ruk V19H model 

As a final effort to predict key residues required for the correct orientation of (+)-

vincadifformine (15) in the binding site, three-dimensional comparisons between V19H, T3O, and 

T19H were performed. T3O and T19H have been previously shown to accept (-)-aspidosperma 

alkaloids, including (-)-tabersonine (1) and (-)-vincadifformine (12). Although the site of oxidation 

is different between these two enzymes (C3 for T3O, and C19 for T19H), they both require a 

similar orientation of the (-)-aspidosperma backbone because C3 and C19 are located on the 

terpene moiety of the ligand (Figure 3-1). Models of T3O and T19H were generated using the 3ruk 

template. Although this template may not be the best template for T3O or T19H, using the same 

template for all three models is sufficient to examine the differences in residue side chains within 

the binding sites of these enzymes. T3O was chosen because it is 80% identical to V19H; T19H 

was chosen because it has the same activity as V19H – C19 hydroxylation of an aspidosperma 

backbone – but shares less than 40% amino acid identity to V19H and T3O. The similarities 

between T3O and T19H binding site residues, and differences between V19H to them, may 

identify key amino acid residues necessary for the correct orientation of (+)-vincadifformine (15) 

in the V19H binding site and (-)-tabersonine (1) in the T3O and T19H binding sites.  

The T3O and T19H models were overlayed onto the V19H model separately in SWISS-

MODEL, and binding site residues were manually examined. One-dimensional comparisons of the 

three protein sequences were also examined to confirm the modelling observations (Figure 3-S6). 

Four residues, LYS106, SER312, ALA376, and PHE377 found in the V19H model were ARG, 

THR, PRO, and LEU, respectively, in both the T3O and T19H models (Figure 3-6; Table 3-S5) 

and raised the possibility that one or more of these residues plays a key role in aspidosperma 

alkaloid orientation within the binding sites of these P450s. If site-directed mutagenesis (SDM) 
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experiments confirm the modeling results, as observed with the kinetic assays, this will show that 

aspidosperma P450s control enantioselectivity with only a few changes in binding site residues, 

and also that homology-based template modelling is a useful predictive tool to inform benchtop 

investigations. 

 

3.3.4.3 Site-directed mutagenesis of V19H and gain of T3O-like activity 

Mutants with K106R, S312T, A376P, F377L, and A376P+F377L were cloned into yeast, 

and biotransformation experiments revealed that these mutants converted (+)-vincadifformine (15) 

to (+)-minovincinine (16) but would not turn over (-)-vincadifformine (12) or (-)-tabersonine (1). 

However, when all four residues were changed, the enzyme retained its V19H activity, producing 

(+)-minovincinine (16) from (+)-vincadifformine (15), and gained T3O-activity, converting (-)-

tabersonine (1) to the tabersonine-2,3-epoxide (5) produced by T3O (Figure 3-7). This 

demonstrates that ARG106, THR312, PRO376, and LEU377 are required for T3O activity, while 

these amino acid substitutions did not decrease the V19H activity compared to the unsubstituted 

enzyme. 
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Figure 3-6: The four residues in the V19H (left) and T3O (right) binding sites that were predicted to affect the opposite 
enantioselectivity of these highly homologous enzymes using models created on the 3ruk template. Residues shown in the V19H 
pocket are K106, S312, A376, and F377. Residues shown in the T3O pocket are R105, T311, P375, and L377. The model generated for 
T19H (3ruk template) looks identical to the T3O pocket, and the correlating residues are R101, T310, P374, and L375.
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Figure 3-7. The V19H four-point mutant retained V19H activity and gained T3O-like 
activity. Traces from yeast biotransformations with either (+)-vincadifformine (15) (A) or (-)-
tabersonine (1) (B) are shown. Traces from yeast expressing the V19H single mutants (orange), 
from top to bottom, are V19H-L106R, V19H-S312T, V19H-A376P, and V19H-F377L. Traces 
from yeast expressing the V19H double mutant (pink) is V19H-A376P-F377L, and the 4-point 
mutant (red) is V19H-L106R-S312T-A376P-F377L. Yeast expressing wild-type V19H (green) 
and wild-type T3O (blue) were used as positive controls for (+)-minovincinine (15) (A) and 
tabersonine-2,3-epoxide (5) (B) biosynthesis. All V19H mutants retain V19H activity, producing 
(+)-minovincinine (16) from (+)-vincadifformine (15) (A: orange, pink, and red), but the V19H 4-
point mutant gained T3O-like activity, producing tabersonine-2,3-epoxide (5) from (-)-tabersonine 
(1) (B: red). V19H: (+)-vincadifformine 19-hydroxylase; T3O: tabersonine 3-oxygenase.  
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3.4 Discussion 

Homology modeling depends on the hypothesis that the protein sequence determines 

protein structure (Alberts et al., 2002). This technique is used to create a three-dimensional model 

of a protein of unknown structure, the target, by using a protein with a resolved x-ray crystal 

structure, the template, from the Protein Data Bank (Fiser et al., 2001; Bernstein et al., 1977). In 

general, an appropriate template should be within the same protein family and have a percent 

similarity of 40% or higher (Sánchez & Sali, 1999; Petsko et al., 2004). When there are no 

template-target alignments with percent identities higher than 40%, it is common to use multiple 

models generated from more than one template to perform the homology modeling. For the present 

study, nine homology-based models of V19H were generated due to the lack of available crystal 

structures of other plant P450s and non-plant P450s with sufficiently high percent sequence 

identity to rely on a single modelling template. SWISS-MODEL, a homology-modeling server that 

guides users how to build and analyze models, was used to model V19H (Waterhouse et al., 2018). 

Once the models were generated, computational ligand docking experiments were run with (+)- 

and (-)-vincadifformine (15, 12) as representative molecules of the (+)- and (-)-aspidosperma 

backbone. The GOLD program was used to dock (+)- and (-)-vincadifformine (15, 12) ligands, 

and it scores ligand poses with ChemPLP (Jones et al., 1997). Docking experiments indicated that 

both (+)- and (-)-aspidosperma backbones fit nicely into the binding site of V19H, which suggested 

that a (-)-aspidsoperma type MIA might act as a competitive inhibitor.  

Kinetics experiments revealed that (-)-vincadifformine (12) was in fact a reversible 

competitive inhibitor of V19H (Ki = 0.97 µM) since there was a four-fold increase in the 

observable KM and no change in the vmax. This effect is only obvious in a range where the turnover 

rate increases dramatically when substrate concentration increases, which is around the enzyme’s 
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KM for that substrate. At low concentrations, the substrate-enzyme interaction frequency is too low 

to observe an inhibitory effect, and at high concentrations, the substrate-enzyme interaction 

frequency is over-saturated and can overcome any inhibitory effects. Since the KM of V19H was 

increased four-fold in the presence of the (-)-enantiomer but the vmax was unaffected, (-)-

vincadifformine (12) must be a reversibly competitive inhibitor of V19H. These results support 

the computational predictions of the modeling and docking experiments.  

Cytochrome P450 monooxygenases (P450s) are a class of enzymes that require a heme 

cofactor to transfer electrons from an electron donor, NAD(P)H, to activate molecular oxygen and 

oxidize a substrate (Denisov et al., 2005). The heme cofactor is held in place by the highly 

conserved helices I and L through direct interactions, whereas the B-C and F-G loops, which are 

thought to control substrate docking in the binding site, differ the most between P450s (Cojocaru 

et al., 2007). Although X-ray crystal structures of plant P450s are uncommon, the overall structure 

of eukaryotic P450s is conserved, so mammalian P450 crystal structures can be used as templates 

for plant P450 models (Cojocaru et al., 2007). Domains involved in substrate specificity, such as 

the B-C and F-G loops, tend to be highly flexible and are likely structurally different between 

homologous P450s with different activities (Gotoh, 1992; Cojocaru et al., 2007). The only 

substrate recognition site located in a highly conserved helix is the I helix, which is located directly 

above the heme in the binding site and, therefore, is close to the substrate during catalysis. In 

V19H, L106 is located in the B-C loop, S312 in the I helix, and A376/F377 are in the K’ loop. The 

B-C loop affects the size and shape of the binding site, the I helix is located directly above the 

catalytic heme, and the K’ loop affects the size and shape of the channel leading towards the 

binding site (Cojocaru et al., 2007). This combination of mutations allowed (-)-tabersonine (1) to 

be guided towards the catalytic heme and then properly oriented towards the heme for oxidation. 
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Recently, homology-based modelling was used to determine six residues which differed 

between alstonine synthase (AS) and sarpagan bridge enzyme (SBE), which are orthologs, 

respectively, from Catharanthus roseus and Rauwolfia serpentina (Dang et al., 2018). Three 

separate AS mutants (S219A, E310W, and V452I) gained some degree of SBE-like activity, which 

suggests that these residues are important for docking geissoschizine, the substrate of SBE, in the 

catalytic site. The mutants retained AS activity, so the lack of these residues did not affect docking 

of tetrahydroalstonine into the active site. In this case, modification of any one of the three residues 

resulted in gain of function, but in V19H, while all four residues had to be modified in V19H to 

acquire T3O-like activity. The greater similarity of the geissoschizine and tetrahydroalstonine 

substrates than those of the aspidsoperma enantiomers, might explain how single residue mutations 

allowed for increased substrate flexibility and the gradual increase in SBE activity obtained when 

individual amino acids were replaced in the AS protein. Like S312 and A376/F377 from V19H, 

E310 and V452 from AS are in the I helix and K’ loop of AS, respectively. The third residue from 

AS, S219A, is located in the F-G loop of CYPs suspected to play an important role in substrate 

specificity (Cojocaru et al., 2007). It is possible that there are additional residues from other 

substrate recognition sites in V19H, such as the F-G loop, that could be mutated to further 

investigate substrate specificity for (+)-vincadifformine (15) over the (-)-enantiomer.  

Since the four-point (K106R+S312T+A376P+F377L) mutants did not accept (-)-

vincadifformine (12), these four residues allow for orientation of (-)-tabersonine (1) in the active 

site for oxidation, but not the (-)-aspidosperma backbone in general. (-)-vincadifformine (12) lacks 

the 6,7-double bond present in (-)-tabersonine (1), which confers added rigidity to the terpene 

moiety, indicating that the mutants still cannot accomodate (-)-vincadifformine (12) into an 

orientation which allows for oxidation. Further investigation is required to determine the key 
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residues in the V19H active site necessary for oxidation of (+)-vincadifformine (15), and also the 

residues in the T3O and/or T19H active sites which allow those enzymes to oxidize both (-)-

tabersonine (1), their native substrate, and also (-)-vincadifformine (12). Models of other P450s 

which accept (-)-tabersonine (1), such as T16H1/2 and TEX1/2, could be generated to identify 

common residues between all known P450s which accept the (-)-aspidosperma backbone. If 

residues are present in all or most of the P450s known to act on (-)-tabersonine (1), site-directed 

mutagenesis can reveal how much of an effect each residue has on each particular enzyme. 

Residues which affect the capacity of all five P450s to turn over (-)-tabersonine (1) are key in 

oxidation of the (-)-aspidosperma backbone. Introduction of those residues into another P450, like 

V19H, can be used to prove their role in orienting and/or docking (-)-aspidosperma alkaloids in a 

CYP binding site.  

Despite the high homology (80% identity) between T3O and V19H, the two P450s have 

distinctly different roles in MIA biosynthesis. In the absence of T3R, T3O will produce 2,3-

epoxides from (-)-aspidosperma MIAs, and is expressed in leaves where vindoline (4), and 

consequently vincristine and vinblastine, are biosynthesized. On the other hand, V19H is expressed 

in roots where it hydroxylates a (+)-aspidosperma MIA, (+)-vincadifformine (15), at C19. Since 

modification at just four residues in the binding site of V19H resulted in the gain of T3O-like 

activity and the two enzymes are highly homologous, it is possible their common ancestor retained 

both V19H and T3O activity. If that were the case, selection pressures led to the specialization of 

T3O in leaves, and separate selection pressures led to the specialization of V19H in roots. This 

study reveals some of the amino acid substitutions that may have evolved in a P450 ancestor 

through the pressures formation of (-)-tabersonine (1) intermediates leading to the production of 

vindoline (4) in leaves, and (+)-vincadifformine (15) intermediates leading to the formation of (+)-
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echitovenine (17) in  roots, including R105, T311, P375, and L377 in T3O and K106, S312, A376, 

and F377 in V19H.  

The major (-)-aspidosperma MIA in leaves is vindoline (4), which requires the activity of 

T3O in its biosynthesis (Qu et al., 2015). T3O will accept a range of (-)-aspidosperma MIAs: (-)-

tabersonine (1), (-)-vincadifformine (12), and their respective 16-methoxy derivatives 

(Carqueijeiro et al., 2018b). There are (-)-aspidosperma MIAs in roots, including (-)-tabersonine 

(1), and if an enzyme with T3O activity were present in that environment, the roots would have a 

different profile of alkaloids. Like T3O, T16H and T19H, two other (-)-aspidosperma P450s, will 

also accept a variety of (-)-aspidosperma MIAs (Carqueijeiro et al., 2018b). Furthermore, the roots 

express their own epoxidases, TEX1 and 2, and they are uniquely specific to (-)-tabersonine (1), 

meaning they will not accept any other (-)-aspidosperma MIAs (Carqueijeiro et al., 2018a). The 

specialization of TEX1 and 2 for (-)-tabersonine (1) indicates a selection pressure for epoxidases 

producing lochnericine (7) from (-)-tabersonine (1) generated by HL2 (Figure 3-1). The 

specialization of V19H for (+)-vincadifformine (15) could have appeared through a selection 

pressure for a T3O-like enzyme which lacks T3O activity, and instead prefers the (+)-

aspidosperma backbone generated by HL3 and 4 (Figure 3-1). Perhaps the lack of specialization 

of T3O for (-)-tabersonine (1) means that this enzyme is phylogenetically younger than V19H, and 

selection pressures in the leaves lead to a V19H-like enzyme which lacks V19H activity. Since 

there are no reports of (+)-aspidosperma alkaloids in leaves, if the latter case were true, retention 

of V19H activity while acquiring T3O activity, as was demonstrated with the four-point mutant, 

may not have led to different profile of alkaloids; however, specialization towards the (-)-

aspidosperma backbone is nevertheless more energetically efficient if there are environmental 

pressures favouring vindoline (4) production.   



 144 
 

3.5 Conclusion 

Mutagenesis of V19H demonstrated that at least four residues in the binding pockets of 

T3O (and T19H) facilitate the (-)-tabersonine (1) backbone: R105 (R1010), T311 (T310), P375 

(P374), and L377 (L375). The loss of K106, S312, A376, and F377 in the V19H pocket did not 

affect its native activity, so there is still more to learn about how this enzyme has evolved to 

hydroxylate (+)-vincadifformine (15) rather than (-)-aspidosperma MIAs. Mutagenesis of select 

residues in the binding pockets of V19H, T3O, T19H, and the T16H and TEX isoforms will help 

answer specifically why V19H hydroxylates (+)-vincadifformine (15), and the remaining P450s 

accept a range of (-)-tabersonine (1) derivatives.  

The gain of T3O-like activity following mutagenesis without the loss of V19H activity 

supports the hypothesis that V19H and T3O share a common ancestor, although it is unclear 

whether that ancestor was more V19H-like or T3O-like in nature. This study revealed four residues 

that play a key role in the restriction of V19H activity to the (+)-aspidosperma backbone, and if 

wild-type V19H contained these four residues, there would be a different profile of aspidosperma-

type MIAs in C. roseus roots. This is the second example of site directed mutagenesis of a plant 

P450 involved in alkaloid biosynthesis, and more studies like this need to be conducted to refine 

the recognized substrate recognition sites of P450s involved in MIA biosynthesis. This knowledge 

will direct the discovery of native enzymes involved in alkaloid biosynthesis and also help generate 

engineered enzymes with expanded or novel activities.   
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General Discussion and Conclusions 

Two distinctive studies described in this thesis highlight the role of cytochrome P450s in 

the aspidosperma-type MIA biosynthetic pathways in roots to form the major root alkaloids, (+)-

echitovenine and hörhammericine. The first study explained in Chapter 2 describes the 

characterization of a novel P450 in C. roseus roots, (+)-vincadifformine 19-hydroxylase (V19H), 

that converts (+)-vincadifformine to (+)-minovincinine, which is then acetylated by the BAHD-

type acyltransferase, minovincinine 19-O-acetyltransferase (MAT). This study also quantified and 

qualified the major root MIAs, and showed that there are two distinct aspidosperma pathways to 

form the (-)-aspidosperma alkaloid, hörhammericine, from (-)-tabersonine, and a separate pathway 

to form the (+)-aspidosperma alkaloid, (+)-echitovenine, from (+)-vincadifformine. The distinct 

pathways branch at a common intermediate, O-acetylstemmadenine, that is converted to (-)-

tabersonine by hydrolase 1 (HL1) and (+)-vincadifformine by hydrolase 3 and 4 (HL3 and HL4). 

This study also highlighted that V19H is a close homolog of tabersonine 3-oxygenase, a leaf-

specific P450 that acts on the (-)-aspidosperma backbone. Additionally, the roots express another 

19-hydroxylase, tabersonine 19-hydroxylase (T19H), that is responsible for the formation of 

hörhammericine from lochnericine, a (-)-aspidosperma MIA. Curiously, T3O and T19H share low 

identity (40%) and both accept (-)-aspidosperma MIAs, while T3O and V19H share high identity 

(80%) and V19H will not accept (-)-aspidosperma MIAs.  

After the first study was completed, it remained unknown why a T3O homolog would reject 

(-)-aspidosperma MIAs and accept (+)-vincadifformine, a (+)-aspidosperma MIA. A second study, 

illustrated in Chapter 3, used computational modelling and docking experiments with V19H to 

understand how the V19H binding site would accommodate a (+)-aspidosperma MIA, but not a (-

)-aspidosperma MIA. These experiments led to the discovery that both (+)- and (-)-
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vincadifformine can occupy the V19H binding site, and this was proven experimentally by 

showing that (-)-vincadifformine was a competitive inhibitor of V19H. Models of T3O and T19H 

were generated to superimpose over the V19H model and investigate the residues within their 

binding sites. Four amino acid residues conserved in the T3O and T19H binding sites were missing 

in the V19H binding site, and their roles were tested using site-directed mutagenesis of V19H. 

Mutants with single or double amino acid substitutions (K106R, S312T, A376P, F377L, 

A376P+F377L) retained their ability to convert (+)-vincadifformine to (+)-minovincinine, but 

were unable to convert (-)-tabersonine or (-)-vincadifformine to new products. However, V19H 

mutants with four amino acid substitutions (K106R+S312T+A376P+F377L) retained V19H 

activity and gained T3O-activity, converting (-)-tabersonine to the tabersonine 2,3-epoxide. This 

study revealed four amino acid residues in the original protein that play a key role in restricting 

V19H activity to the hydroxylation of (+)-vincadifformine and to it’s inactivity with tabersonine. 

The first study clarified existing questions about MIA biosynthesis in roots and confirmed 

the existence of two distinct biosynthetic pathways to the (-)- and (+)-aspidosperma-type MIAs. It 

is an example of how homology-guided bioinformatics led to the discovery of a novel P450 

involved in alkaloid biosynthesis, and that P450s can share high homology yet perform 

significantly different reactions in MIA biosynthesis. The second study demonstrated that P450 

activity can be expanded by changing a handful of select residues, which reveals how V19H 

restricts its substrate specificity to the (+)-aspidosperma backbone. This study demonstrated the 

utility of computational models and ligand docking experiments in guiding bench-top experiments 

to characterize P450s involved in MIA biosynthesis.  
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The mutagenesis of V19H described in Chapter 3 led to the discovery of four residues that 

play a key role in the enzyme’s substrate specificity. It remains unknown whether there are other 

residues in V19H that specifically anchor (+)-vincadifformine in the binding site for hydroxylation 

at C19, since all mutants retained V19H activity. Using the experimental procedures outlined in 

Chapter 3, comparative analyses of the V19H binding sites and those of other P450s accepting the 

(-)-aspidosperma backbone, such as the tabersonine 16-hydroxylases (T16H 1 and 2) and the 

tabersonine 6,7-epoxidases (TEX1 and 2). This may reveal additional residues that are conserved 

in most P450s acting on (-)-aspidosperma MIAs that are missing in the V19H binding site, and 

their roles can be investigated using site-directed mutagenesis. Furthermore, this approach can be 

used to compare the binding sites of all P450s accepting the (-)-aspidosperma backbone, in an 

effort to determine specifically how the (-)-aspidosperma backbone is anchored in the binding site 

for various decorations.  

 There are roughly defined substrate recognition sites in all P450s, and some exist outside 

the binding site and play important roles in forming the channel that guides the substrate towards 

the catalytic heme. Computational modelling can be used to investigate these substrate recognition 

sites outside of the binding site. Locating the residues responsible for shaping the channel towards 

the binding site may help narrow the number of substrate recognition sites directly involved in 

substrate specificity and catalytic activity of P450s involved in MIA biosynthesis. Understanding 

plant P450s at this level will lead to improved optimization procedures, especially when these 

regio- and stereoselective enzymes are expressed in another organism, such as yeast. Studies like 

this will contribute to the limited knowledge of how plant P450s control their activities, and this 

will inform characterization of plant P450s involved in biosynthetic pathways towards all kinds of 

biologically active secondary metabolites.  
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Appendices 
 
Appendix I 
 
Chapter 1 Supplementary Figures: 
 

 
Figure 1-S1. Geraniol 8-hydroxylase (G8H; CYP76A26) is capable of converting the flavanone 
naringenin to eriodictyol as described in Sung et al., 2011. 
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Figure 1-S2. Isomerization of vomilenine to perakine by vinorine hydroxylase (VH; CYP82S18), 
adapted from Dang et al., 2017. 
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Figure 1-S3. Unrooted phylogenetic representation of select plant P450s involved in MIA and BIA biosynthesis in various plant 
species. The inner ring contains the CYP denomination, where available, and abbreviated name of the P450. The middle two rings 
represent the dominant substrate and product of each enzyme, and the chemical change is shown by a colored circle on the product. If 
homologs with identical activities are neighbours, the substrate and product are centered between them. The CYP family and pathway 
are listed in the outer ring, with solid lines separating clans and dotted line separating families within the same clan. Note for CYP80A1: 
The (R)-N-methylcoclaurine is shown, and the reaction requires one of each enantiomer. Am: Argemone mexicana; Bs: Berberis 
stolonifera; Ca: Camptotheca acuminata; Cj: Coptis japonica; Cr: Catharanthus roseus; Ec: Eschscholzia californica; Gs: Gelsemium 
sempervirens; Gls: Gloriosa superba; Nn: Nothapodytes nimmonia ; Ns: Narcissus sp.; Pr: Papaver rhoeas; Ps: Papaver somniferum; 
Rs: Rauvolfia serpentina; Ti: Tabernanthe iboga; 7DLS: 7-deoxyloganic acid synthase (CYP76A26); AS: alstonine synthase 
(CYP71AY1); BS: berbamunine synthase (CYP80A1); CAS: canadine synthase (CYP719A1, CYP719A21); CBS: (S)-corytuberine 
synthase (CYP80G2); CFS: cheilanthifoline synthase (CYP719A15, CYP719A14, CYP719A25); DB10H: dihydrobenzophenanthridine 
alkaloid 10-hydroxylase (CYP82P2, CYP82P3); DL7H: 7-deoxyloganetic acid 7-hydroxylase (CYP72A224); DRS: 1,2-
dehydroreticuline synthase (CYP82Y2); G8H: geraniol 8-hydroxylase (CYP76B6); GO: geissoschizine oxidase (CYP71AY2); I10H: 
ibogamine 10-hydroxylase (Unnamed CYP71); ICS: isoandrocymbine synthase (CYP75A110); MBE: methylenedioxy bridge enzyme 
(CYP719A9); MSH: N-methylstylopine 14-hydroxylase (CYP82N4); NCS: N-formylcolchicine synthase (CYP71FB1); NM1H: (S)-N-
methylcanadine 1-hydroxylase (CYP82Y1); NM13H: (S)-N-methylcanadine 13-hydroxylase (CYP82X2); NM8H: (S)-N-
methylcanadine 8-hydroxylase (CYP82X1); NMC3H: (S)-N-methylcoclaurine 3’-hydroxylase (CYP80B1, CYP80B2); NMS: 
Noroxomaritidine synthase (CYP96T1)P6H: protopine 6-hydroxylase (CYP82N3); R11H: rankinidine 11-hydroxylase (Unnamed 
CYP71); SalSyn: salutaridine synthase (CYP719B1); SAS: (S)-autumnaline synthase (CYP75A109); SBE: sarpagan bridge enzyme 
(CYP71AY4, CYP71AY5); SLS: secologanin synthase (CYP72A1, CYP72A565, CYP72A610); SPS: stylopine synthase (CYP719A2, 
CYP719A3, CYP719A13, CYP719A20); T16H: tabersonine 16-hydroxylase (CYP71D12, CYP71D351); T19H: tabersonine 19-
hydroxylase (CYP71BJ1); T3O: tabersonine 3-oxidase (CYP71D1V2); TEX: tabersonine epoxidase (CYP71D521, CYP71D347); 
V19H: (+)-vincadifformine 19-hydroxylase (CYP71BY3); VH: vinorine hydroxylase (CYP82S18).
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Appendix II 
 
Chapter 2 Supplementary Tables: 
 
Table 2-S1. 1H chemical shifts (acetone d6) of vincadifformine, minovincinine, and echitovenine. 
 
position  vincadifformine minovincinine echitovenine 
NH 9.20 s 9.16 s 9.26 S 
3 2.42 ddd 3.10 m 2.39 ddd 3.09 ddd 2.54 ddd 3.11 m 
5 2.59 ddd 2.89 dd 2.52 ddd 2.88 dd 2.61 ddd 2.92 dd 
6 1.61 dd 1.96 ddd 1.60 dd 1.98 ddd 1.63 m 1.98 ddd 
9 7.24 d 7.25 d 7.26 d 
10 6.83 dt 6.82 dt 6.84 dt 
11 7.10 dt 7.09 dt 7.12 dt 
12 7.00 d 6.99 d 7.03d 
14 1.25 dddd 1.80 m 1.58 ddd 1.81 dddd 1.62 m 1.80 m 
15 1.53 m 1.80 m 1.51 ddd 1.63 ddd 1.58m 1.59 m 
17 2.26 dd 2.73 d 2.66 dd 2.75 d 2.48 dd 2.69 d 
18 0.57 d 0.84 d 0.90 d 
19 0.60 ddd 0.96 ddd 3.38 dq 4.63 qt 
21 2.47 d 2.64 s 2.71 d 
O-CH3 3.68 s 3.65 s 3.65 s 
OH - 3.00 d - 
O=C-CH3 - - 1.54 s 

 
 
  



 160 

Table 2-S2. 13C chemical (acetone d6) shifts of vincadifformine, minovincinine and echitovenine. 
 
position vincadifformine minovincinine echitovenine 
2 167.2 167.1 166.6 
3 50.3 50.5 49.4 
5 51.2 51.3 51.0 
6 45.5 45.7 45.0 
7 55.5 55.3 55.5 
8 137.9 137.3 137.5 
9 120.7 120.7 121.0 
10 120.2 120.2 120.2 
11 127.5 127.4 127.6 
12 109.6 109.6 109.7 
13 143.8 144.1 144.1 
14 32.8 21.8 21.2 
15 22.2 26.0 28.0 
16 92.1 92.3 91.8 
17 25.5 25.6 26.1 
18 6.5 17.4 14.1 
19 29.1 66.1 70.2 
20 38.2 42.9 42.8 
21 72.5 67.9 67.4 
C=O 168.0 168.4 167.7 
O-CH3 50.1 50.0 50.1 
O=C-CH3 - - 169.1 
O-C-CH3 - - 19.6 
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Table 2-S3. List of primers used during this study. 
 
Primer Primer Name  Sequence 
1 T3OH-ApaI-F TAAGGGCCCATGGAGCTTGATGAATGTTCTCCC 
2 T3OH-SalI-R GCGGTCGACCATATAGGATGTAGGGATTAAATGAAGA 
3 T19H-BamHI-F CGGGGATCCATGTTGTCTTCATTGAAAGATTTCTTCG 
4 T19H-SalI-R TTAGTCGACAAAAATGGTAACCGGAGTTGCC 
5 MAT-NcoI-F GCGCCATGGACTCAATAACAATGGTTG 
6 MAT-NotI-R TTAGCGGCCGCATTAGAAGCAAATGAAAGGAGCAG 
7 TAT-BamHI-F CTGAGAGGATCCATGGCATCCAAAATGGTTGAGATAG

TT 
8 TAT-BamHI-R CTGAGAGGATCCTTATTCAAAGCTCTTATCTTCTTCTGG

AATGATTA 
9 qPCR-T3OH-F3 CTGGGCAATGGGcAGAGATCCTGA 
10 qPCR-T3OH-R GGAACCAAAAGGAAATGTTGCCAGT 
11 60s-ribosomal-

P0C-forward 
TCTTAGTTGGAATGTTCAGCACCTG 

12 60s-ribosomal-
P0C-reverse 

CAAGGTTGGAGCCCCTGCTCGTGTT 
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Chapter 2 Supplementary Figures: 
 
 V19H T3O T6,7Epo1 T6,7Epo2 T16H1 T16H2 T19H 
V19H 100       
T3O 80 

 
100      

T6,7Epo1 46 48 100     
T6,7Epo2 46 48 87 100    
T16H1 46 47 58 57 100   
T16H2 46 47 58 57 82 100  
T19H 37 40 38 39 39 37 100 

 
 

 

Figure 2-S1. Amino acid identities between (+)-vincadifformine 19-hydroxylase (V19H), 
tabersonine 3-hydroxylase (T3O), tabersonine 6,7-epoxidase 1 and 2 (T6,7Epo1 & 2), Tabersonine 
16-hydroxylase 1 and 2 (T16H 1 & 2) and tabersonine 19-hydroxylase (T19H) are displayed 
above. (+)-Vincadifformine 19-hydroxylase (upper) and tabersonine 3-oxidase (lower) protein 
sequence identities are compared below. 
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Figure 2-S2. Relative expression of T3O (top) and V19H (bottom), in young leaves, and 10-day-
, 3-week-, and 8-week-old roots. T3O is preferentially expressed in young leaves to accommodate 
the vindoline biosynthetic pathway and V19H is preferentially expressed in roots to accommodate 
the (+)-echitovenine biosynthetic pathway. 



 164 

 
 
Figure 2-S3. 1H NMR spectra (acetone-d6) show identical chemical shifts for both (-)-
vincadifformine (lower panel) and (+)-vincadifformine (upper panel) indicating enantiomeric 
structures. 
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Figure 2-S4. HSQC cross peaks of (-)-vincadifformine. 
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Figure 2-S5. HMBC cross peaks of (-)-vincadifformine. 
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Figure 2-S6. COSY cross peaks of (-)-vincadifformine. 
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Figure 2-S7. NOESY cross peaks of (-)-vincadifformine. The cross peaks among H9, H21, H14, 
H15, H18, and H19 indicate the absolute configuration showed in Figure 2-1. 

ppm

9 8 7 6 5 4 3 2 1 0 ppm

9

8

7

6

5

4

3

2

1

0



 169 

 
Figure 2-S8. 1H NMR spectra (acetone-d6) show identical chemical shifts for both (+)-
minovincinine (lower panel) and (-)-minovincinine (upper panel) indicating enantiomeric 
structures. 
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Figure 2-S9. COSY cross peaks of (+)-minovincinine. The cross peak between H18 and the single 
proton at H19 indicates hydroxylation at C19 position. 
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Figure 2-S10. NOESY cross peaks of (+)-minovincinine. The cross peaks between H19 and H17, 
as well as the cross peaks between H18, H15, and H21 together showed 19S-configuration. The 
same results were obtained from NOSEY cross peaks of (-)-minovincinine, indicating the 19R-
configuration that confirms the enantiomeric relation between (-)- and (+)-minovincinine. The 
19R-configuration of (-)-minovincinine also supports the previous reported 19R-configuration of 
19-hydroxytabersonine which derives from hydroxylation of (-)-tabersonine by tabersonine 19-
hydroxylase. 
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Figure 2-S11. Substrate specificity assays with different aspidosperma type MIAs tested in 
biotransformation assays with yeast expressing V19H.  No activity was observed with any of these 
substrates. 
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Figure 2-S12. The minovincinine standard curve used to monitor its formation in V19H enzyme 
assays with vincadifformine. 
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Figure 2-S13. (+)-vincadifformine saturation curve for V19H (Km = 1.6 μM; Vmax = 9.9 nM 
(+)-minovincinine min-1 �g-1 protein; Vmax/Km =0.0125 min-1 μM vincadifformine-1. 
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Figure 2-S14. 1H NMR spectra (acetone-d6) show identical chemical shifts for (+)-echitovenine 
(lower panel) derived from (+)-vincadifformine by V19H and MAT, (+)-echitovenine (middle 
panel) isolated from Catharanthus roseus root tissue, and (-)-echitovenine (upper panel) derived 
from (-)-vincadifformine by T19H and TAT. 
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Appendix III 
 
Chapter 3 Supplementary Tables: 
 
Table 3-S1. RMSD (Å) of backbone atoms for optimally superimposed templates. 
 3ruk 3e4e 3qz1 2q9f 5vbu 4rsn 3k9v 2w0a 3wsp 
3ruk          
3e4e 2.44         
3qz1 2.97 2.75        
2q9f 3.02 3.01 3.08       
5vbu 2.85 2.69 1.51 3.06      
4rsn 3.04 3.10 3.00 2.65 3.01     
3k9v 3.02 3.12 3.05 3.05 3.13 3.02    
2w0a 3.02 3.18 3.01 3.15 3.02 3.05 3.08   
3wsp 3.06 3.02 3.05 3.02 3.03 1.32 3.01 3.01  
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Table 3-S2. Qualitative assessments of V19H models produced from SWISS MODEL. 

Model produced 
from: 

Percent 
identity 

QMEAN-
Z Score 

Ramachandran 
outliers (a) 

Cis-non 
proline 
peptide 
bonds (b) 

Bad 
angles (c) 

3k9v 21.2% -3.06 1.28% 0.22% 0.52% 
3e4e 28.2% -3.18 1.71% 0.23% 0.74% 
5vbu 25.3% -3.20 1.08% 0.68% 1.26% 
2q9f 24.3% -3.45 1.57% 0.47% 0.91% 
4rsn 29.8% -3.51 2.34% 0.45% 0.79% 
3ruk 25.5% -3.56 1.08% 0.45% 0.58% 
2w0a 25.3% -4.78 2.34% 0.89% 0.88% 
3wsp 29.4% -4.97 3.40% 0.22% 0.62% 
3qz1 26.5% -5.83 4.72% 0.45% 0.82% 

 
a) Expressed as a percent of total number of ( φ, ψ) dihedral angle pairs. 
b) Expressed as a percent of total number of peptide bonds  
c) Expressed as a percent of total number of bond angles 
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Table 3-S3. Chem PLP scores and RMSD (Å) of backbone atoms for the x-ray-crystal structure 
of ligand and the redocked pose for the positive control. 

PDB ID ChemPLP 
score 

 RMSD(Å)  

 Trial 1 Trial 2 Trial 1 Trial 2 
3ruk 93.77 93.70 0.57 0.55 
3e4e 40.38 40.29 2.53 2.57 
3qz1 67.73 67.69 4.59 4.59 
2q9f 106.95 104.74 1.64 1.77 
5vbu 71.45 71.41 0.75 0.78 
3k9v 94.83 85.60 4.60 5.10 
2w0a 81.62 82.62 5.19 5.32 
3wsp 71.38 71.37 3.22 2.00 
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Table 3-S4. The average GOLD scores for each set of the negative control experiments. Table 3-
7 lists non-native ligands docked to each template.  
PDB ID GOLD Score averages   
 Set 1 Set 2 Set 3 
3ruk 40.11 77.46 66.75 
3e4e -139.01 -50.89 -55.8 
3qz1 72.87 66.61 63.2 
2q9f 69.96 29.75 96.5 
5vbu 47.83 54.82 81.6 
3k9v 68.82 66.40 71.45 
2w0a 35.05 73.72 58.95 
3wsp 67.12 77.98 29.8 
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Table 3-S5. Binding site residues in the V19H, T3O, and T19H models generated from 3ruk, 
where those highlighted in yellow are shared between V19H and T3O but not T19H. Residues 
highlighted in green are shared between T3O and T19H, where the spatial equivalent in V19H is 
highlighted in blue.  
T19H T3O V19H 
ARG 101 ARG 105 LYS 106 
LYS 103 VAL 107 ALA 108 
LEU 111 THR 115 THR 116 
LYS 115 LEU 119 LEU 120 
MET 117 ILE 121 ILE 122 
THR 118 SER 122 ALA 123 
SER 120 ASN 124 ASN 125 
PRO 121 ALA 125 SER 126 
GLY 186 ASN 188 ASN 189 
SER 188 VAL 190 VAL 191 
ILE 301 LEU 302 LEU 303 
ILE 302 LEU 303 LEU 304 
LEU 303 PHE 304 PHE 305 
MET 305 ILE 306 ILE 306 
VAL 307 ALA 308 SER 309 
THR 310 THR 311 SER 312 
ASP 311 GLU 312 ASP 313 
THR 313 SER 314 SER 315 
HIS 314 SER 315 SER 316 
LEU 315 THR 316 THR 317 
LEU 316 ALA 317 THR 318 
LEU 317 VAL 318 ILE 319 
HIS 318 ASP 319 ASP 319 
VAL 320 ALA 321 ALA 322 
LYS 364 GLN 365 GLN 366 
ALA 366 THR 367 THR 368 
SER 372 PRO 373 PRO 374 
LEU 373 ALA 374 ALA 375 
PRO 374 PRO 375 ALA 376 
LEU 375 LEU 376 PHE 377 
VAL 377 MET 378 MET 378 
PRO 378 - - 
VAL 380 GLN 380 GLN 381 
VAL 398 ALA 398 VAL 399 
ILE 399 PHE 399 PHE 400 
ALA 402 VAL 402 ILE 403 
LEU 489 LEU 490 ILE 490 
VAL 490 ALA 491 ALA 491 
SER 491 ALA 492 ALA 492 
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Chapter 3 Supplementary Figures: 
 

 
Figure 3-S1. The nine V19H models generated from templates 2q9f, 2w0a, 3e4e, 3k9v, 3qz1, 
3ruk, 3wsp, 4rsn, and 5vbu (A-I, respectively) using SWISS-MODEL. Heme binding sites are 
highlighted (yellow) surrounding the heme (grey) in the binding site of each model.  
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Figure 3-S2. Multiple alignment of nine chosen templates. The green box represents the heme 
binding sites, including the first phenylalanine (F) and the eighth cysteine (C) responsible for the 
conserved beta bulge within cytochrome P450s. 
  

Figure 14 from Weronika
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Figure 3-S3. A representation of the difference in predicted structure resulting from a gap between 
two templates. The two strands are superimposed models of V19H generated from two different 
templates: the model created from 2q9f (blue) had THR165 located in a loop, while the model 
created from 2w0a(purple) had THR165 located in an alpha helix.  
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Figure 3-S4. Computing the RMSD using the template 3e4e. The RMSD is computed between 
the known crystal structure of the ligand (orange bracket) and the best pose that GOLD predicts 
(green bracket). 
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Figure 3-S5. Kinetic curves demonstrating that (-)-vincadifformine acts as a reversible 
competitive inhibitor of V19H. The rate of (+)-vincadifformine consumption by V19H was 
reduced in the presence of 3 µM of (-)-vincadifformine within the range of 15-20 µM of substrate 
and remains unchanged at low and saturated concentrations. Assays were run in triplicates for 5 
minutes before stopping with 1 M NaOH. 
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Figure 3-S6. One-dimensional comparison of the T19H, T3O, and V19H amino acid sequences. 
Residues highlight in green were located within 10 Å of the heme in the homology model, and 
residues indicated in red boxes are shared between T19H and T3O, but are different in V19H.  
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Figure 3-S7. Nucleotide alignment of T19H, T3O, and V19H using Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). 
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Figure 3-S8. Nucleotide alignment of wild-type V19H (V19H-WT), and the V19H mutants, 
V19H-K106R, V19H-S312T, V19H-A376P, V19H-F377L, V19H-A376P-F377L, and V19H-
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K106R-S312T-A376P-F377L using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
Red boxes indicate nucleotide the nucleotide(s) modified in the V19H mutants with respect to 
wild-type V19H. 
 
 
 


