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Abstract 

Plants secondary metabolic pathways are source of a broad plethora of bioactive compounds 

that have been widely employed in both modern and traditional medicine. In this regard, 

lignans are prominent examples, as they have long been attributed to several health promoting 

effects on the human body. Traditional means of production involve the extraction of lignans 

from Forsythia, Linum, Sesamum and Podophyllum plant species, however the increasing 

commercial demand determined overexploitation and environmental endangerment of the 

sources. Total-synthesis routes have been developed as alternatives; however, their feasibility 

is hampered by the high complexity and stereochemistry of the compounds. In search for more 

sustainable approaches, intensive genome mining led to the disclosure of many enzymes 

composing the lignans secondary metabolic network in planta. Complementary, advances in 

metabolic engineering and synthetic biology allowed the assembly of such pathways in 

recombinant bacteria and yeast.  

In this thesis, E. coli was used as host to harbour the biosynthetic route starting from coniferyl 

alcohol and proceeding towards the microtubules depolymerizer (-)-podophyllotoxin. In total, 

ten enzymes were assembled to develop combinable, independent modular units targeting 

the biosynthesis of diverse lignans such as (±)-pinoresinol, (-)-matairesinol, (-)-pluviatolide, 

and (-)-deoxypodophyllotoxin at need. Given the fundamental role within plant secondary 

metabolism, special attention was given to the recombinant expression of plant cytochrome 

P450 monooxygenases because reconstituting their activity in prokaryotic host is not trivial. 

Within this work, three P450 enzymes originating from Sinopodophyllum hexandrum were 

successfully expressed in active state in E. coli for the first time. 

In the first developmental step within this work, the biotransformation of the monolignol 

coniferyl alcohol to the lignan (-)-matairesinol was achieved. E. coli’s endogenous multi-

copper oxidase CueO was employed after copper-mediated activation to furnish (±)-

pinoresinol via coniferyl alcohol dimerization. The kinetic resolution of (±)-pinoresinol 

represents the first branching point in lignan biosynthesis and it was here performed by the 
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pinoresinol-lariciresinol reductase from Forsythia intermedia (FiPLR). The secoisolariciresinol 

dehydrogenase from Podophyllum peltatum (PpSDH) was implemented as a further step to 

produce (-)-matairesinol. 

In the second step, the biotransformation of (+)-pinoresinol to the non-commercially available 

lignan (-)-pluviatolide was achieved at a preparative scale. To produce (-)-pluviatolide, (-)-

matairesinol is oxidized by the action of a methylenedioxy bridge-forming P450 from 

Sinopodophyllum hexandrum (CYP719A23) with high regio- and enantioselectivity. To 

assemble a 4-step multi-enzyme cascade, FiPLR and PpSDH were coexpressed with 

CYP719A23, whose activity was supported and optimized by employing the NADPH-

dependent reductase ATR2 from Arabidopsis thaliana. After the optimization of this setup, the 

efficient conversion of (+)-pinoresinol was achieved leading to the isolation of 137 mg/L 

product with 76% isolated yield and high purity (>99% UV/vis, >94% MS, ee ≥99%). 

In the third step, the previous multi-enzyme cascade was prolonged by assembling an 

effective 5-steps biotransformation of (-)-matairesinol to (-)-deoxypodophyllotoxin (98% yield), 

further extendable to (-)-epipodophyllotoxin. In this setup, among the seven enzymes involved, 

activity of three plant P450s, CYP719A23, CYP71CU1, and CYP82D61 could be reconstituted 

in E. coli. To date, a physiological putative (-)-podophyllotoxin synthase from S. hexandrum 

performing the last step – the hydroxylation of (-)-deoxypodophyllotoxin to (-)-podophyllotoxin 

- remains unidentified. Alternatively, two potential candidates from the P450 library of our

group (CYP107Z and CYP105D from Streptomyces platensis) were evaluated for their ability 

to hydroxylate (-)-deoxypodophyllotoxin. Both P450s were found active, and (-)-

podophyllotoxin and (-)-epipodophyllotoxin were detected as reaction products. 
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1 Introduction 

1.1 Green chemistry, synthetic biology and biocatalysis 

Over the last decades, sustainable development became subject matter for the interplay 

between economy, technology and environment.1 Starting in the mid of the 20th century, rising 

environmental awareness fuelled the debates not only among scholars but also in the public 

sphere about the environmental sustainability of industrial processes. In fact, the pursuit of 

progress caused unintended harm to the planet and consequently to biodiversity and 

civilization.2 In the light of these aspects, the necessity of a paradigm change in the chemical 

industry led to the editing of the “12 Principles of Green Chemistry”, which outline how to 

design and develop novel chemical processing to avoid or minimize waste, usage, and 

production of toxic or generally hazardous compounds, as well as preventing overexploitation 

of natural sources (Figure 1.1).3  

Classical chemical routes towards fine chemicals or pharmaceuticals are often multi-step 

processes involving the application of inorganic catalysts in combination with harsh conditions 

of temperature, pressure and pH. Differently, the exploitation of enzymes as biocatalysts – 

either in isolated form or as whole-cell catalysts – generally allows to achieve energy efficient 

reactions, with minor waste production and lower reagents toxicity than inorganic catalysts.4 

Enzyme-catalysed reactions offer further advantages. Optimal activities are often achieved 

under mild, biologically compatible reaction conditions, which allow lower energy consumption 

and reduced recycling and disposal costs, as most of them are applied in aqueous solutions.5 

Not only, billions of years of evolution optimized the activities of an incredibly vast number of 

enzymes, leading to the production of numerous diverse molecules.6 Specifically, this fact 

endorses enzymes as powerful candidates for the fine tailoring of highly complex chemicals. 

Thus - under the big umbrella of Green Chemistry - nature becomes an inspiration source, 

making synthetic biology and biocatalysis irreplaceable approaches to target sustainable 

chemical processes.4, 6 
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Figure 1.1. Overview of the twelve principles of Green Chemistry.3 

As DNA technology cost dropped over the years, genome sequencing together with custom 

gene synthesis and protein engineering allowed more and more enzymes to be available for 

biosynthetic purposes and led to the improvement of enzymatic features such as selectivity, 

stability and substrate spectrum.7, 8 Consequently, biocatalytic processes could be specifically 

developed to be applied in food and beverages industry, as well as pharmaceuticals 

production and waste or plastic degradation.5, 9, 10 Concerning the synthesis of natural 

products, the plant kingdom represents an extremely vast source of bioactive specialized 

chemicals deriving from secondary metabolic pathways. More than 200,000 of plant natural 

compounds have been identified and eventually exploited in modern and traditional medicine 

as well as in industry as fragrances, nutrients and building blocks.11-13 In the attempt of 

sustainable production, studies in the fields of metabolic engineering and synthetic biology 

promoted the manipulation of microorganisms for enhanced metabolic properties and/or to 

insert unnatural, novel molecular parts for desired purposes.14, 15 Specifically, these 
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approaches provided the chance to engineer multi-step enzymatic cascades to rebuild 

complex plant pathways in bacteria and yeasts for the de-novo synthesis of highly valuable 

compounds from cheap starting material such as sugars or amino acids.12, 16  

1.1.1 Development of whole-cell biocatalysts 

Given the premises described above, the growing availability of biocatalysts allowed the 

development of more and more complex combinations among them, generating de novo 

synthetic cascades for in vitro, in vivo or hybrid approaches.17 Among these three ways, the 

building of multi-enzyme cascades within living cells offers several advantages compared to 

the approaches with isolated enzymes. First, whole-cell biocatalysts can perform 

biotransformations with little manipulation during or after cell cultivation. Intuitively, their usage 

overcomes tedious prepping steps such as cell lysis, enzymatic purification and 

immobilization, which are typical of in vitro approaches. This simplification inherently makes 

whole-cell systems the cheapest possible catalyst formulation,18 which is a relevant argument 

for the industrial chemical manufacturing decision-makers. In fact, the more steps are needed 

to prepare a biocatalyst, the more equipment/resources are required, resulting in higher costs. 

Along the same line, the scalability of whole-cell processes to implement fermentation 

processes is additional benefit.19 Another advantage over in vitro setups relies on the 

possibility to harness the host cells metabolism to directly generate cofactors or precursors in 

loco.18 For instance, to sustain reactions involving oxidoreductases, expensive co-substrates 

such as NAD(P)H can be supplied via cell metabolism starting from cheap energy sources like 

glucose and glycerol.18, 20 Moreover, benefits of the compartmentalization of one or multiple 

enzymes within a single cell may provide improved biocatalysts stability and efficiency.21 

Despite all advantages, some drawbacks need to be considered when developing whole-cell 

biocatalysts as well. When the components of a cascade are placed into a living system, the 

efficiency of the catalysts may be affected by the host organism itself. Among others, mass 

transfer limitations across the cell membrane represent the most prominent disadvantages. 

As an example, considering bacteria, the presence of cell wall may interfere with the 
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substrates uptake and thus the efficiency of the involved enzymes. For this reason, 

permeabilization techniques or coexpression of membrane transporters are often applied to 

overcome this issue.22-24 In some cases, once the desired compound has entered the cell, 

native enzymes may compete for the substrate and transform it into undesired side-products. 

In this case, gene knock-out/down may be implemented to prevent interferences with the 

host’s enzymes.25 Additionally, the building of non-native complex pathways by the inclusion 

of multiple enzymes of diverse origin may compromise not only cell viability and growth rate, 

but provoke gene expression imbalances as well, resulting in significant metabolic burden. 

Overall, all these factors substantially concur in influencing the efficiency of the biocatalyst. 

Such bottlenecks can be relieved in a case-by-case scenario by a combinatorial approach 

involving the core elements of the gene-expression machinery such as promoters, ribosome 

bindings sites (RBS), the genes themselves etc.21 

From these aspects, it seems clear that within the first development attempts, whole-cell 

biocatalysts often perform in suboptimal conditions which need to be optimized stepwise in 

order to fully disclose their potential as “green” chemical manufacturing devices. 

1.2 Cytochrome P450 monooxygenases 

1.2.1 General features 

Among all enzymes involved in secondary metabolism, cytochrome P450 monooxygenases, 

commonly abbreviated as P450s or CYPs, play a key role. They represent an array of 

enzymes capable of leading to an unrivalled diversity of specialized compounds by the 

performance of incredibly diverse reactions.26, 27 For this reason, such enzymes became 

significantly attractive to target chemically challenging transformations for biosynthetic 

purposes.28-31  
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Cytochromes P450 are heme-thiolate enzymes which belong to the enzyme class of 

oxidoreductases (E.C: 1.14.-.-) and are widely distributed all over natural kingdoms.32, 33 Their 

nomenclature is owed to a unique spectral property: A distinct absorption maximum at 450 nm 

rises when carbon monoxide (CO) is bound to the heme-group in the catalytic centre, where 

the iron atom is reduced from FeIII to FeII.34 Specifically, the iron is coordinated by the four 

nitrogens of the porphyrin ring (Figure 1.2) with a fifth axial bond made by a conserved cysteine 

which allow the formation of a sixth coordination bond with oxygen or CO.33 P450s act as 

protein terminals in electron transfer chains where molecular oxygen (O2) is the final acceptor 

of electrons. Electrons are delivered to the heme by nicotinamide adenine dinucleotide or 

nicotinamide adenine dinucleotide phosphate (NAD(P)H) cofactors via redox partner proteins. 

Specifically, P450s catalyse the introduction of an oxygen atom into a non-activated C-H bond, 

whereas the second oxygen atom is reduced to water as by-product, as summarized in the 

equation below.35 

R-H + O2 + NADP(H) + H+ → R-OH + NADP+ + H2O

After the first hydroxylation, P450s may carry out a wide range of diverse common and 

uncommon reactions such as carbon-carbon cleavage or coupling, O-, N- and S-dealkylation, 

but also N- and S-oxidation, aromatic coupling and other.36, 37 
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1.2.2 Catalytic cycle 

For most P450s a common catalytic cycle has been postulated (Figure 1.2). At first, the 

catalytic centre is at resting state, meaning the ferric heme-iron (FeIII) is bound to water, which 

serves as sixth ligand (1). Upon substrate binding, water is displaced determining the heme-

iron to undergo to a spin-state shift from low-spin to high-spin. This event results at increasing 

the redox potential, allowing FeIII to accept the first electron coming from NAD(P)H via redox 

partner proteins and being reduced to the ferrous state (FeII) (2 - 3). Afterwards, molecular 

oxygen (O2) is bound the FeII forming a dioxygen adduct (4). At this step, a second electron 

can be delivered to the complex to form the ferric-peroxo intermediate (5) which becomes the 

ferric-hydroperoxo intermediate after subsequent protonation (6). The hydrogen addition leads 

to the heterolytic cleavage of the dioxygen bond with the consequent release of water and the 

generation of the highly reactive intermediate named Compound I, a ferryl species, in which 

the radical cation is delocalized over the porphyrin ring and the thiolate ligand (6-7). 

Compound I abstracts a hydrogen atom from the substrate via the so-called rebound 

mechanism, generating a ferryl-hydroxo species named Compound II and a substrate radical 

(8). The radical rebound to the hydroxyl group of Compound II allows the generation of a 

mono-oxygenated product, whereas water can coordinate to the catalytic centre restoring the 

resting state (9).37 

Alternatively to the common cycle, some P450s can go through the peroxide shunt pathway, 

exploiting H2O2 as sole source of electrons and protons to generate the ferric hydroperoxo 

intermediate (6).38 However, other shunt reactions may occur as well leading to P450 self-

inactivation due to the uncoupling of substrate oxidation and electron consumption reactions 

and the generation of reactive oxygen species which may modify the apoenzyme or bleach 

the heme.39 
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Figure 1.2. The P450 catalytic cycle. The central iron has six possible coordination bonds. Four are formed with 
the protoporphyrin ring (blue box) surrounding the iron. A fifth axial bond is made by the thiol group of a cysteine. 
By this conformation, a sixth axial bond is possible with oxygen or other molecules of higher affinity such as carbon 
or nitrogen monoxides. 1: resting state, FeIII-water complex; 2: penta-coordinated ferric-Fe complex; 3: penta-
coordinated ferrous-Fe complex; 4: dioxygen adduct; 5: ferric-peroxo intermediate; 6: ferric-hydroperoxo 
intermediate; 7: Compound I; 8: Compound II; 9: free FeIII-complex. Dotted lines represent alternative shunt 
pathways. Adapted from Li et al., 2020.40 
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1.2.3 Redox partner systems 

By definition, to achieve the activation of molecular oxygen and perform substrate 

hydroxylation, P450s act as terminal electron acceptors receiving electrons from NAD(P)H via 

redox partner proteins.40 According to the identified in nature electron transfer systems, up to 

ten P450 classes have been defined. Among them, Class I and Class II represent the two 

major and more common systems in nature (Figure 1.3). Class I redox systems are typical for 

prokaryotic and mitochondrial P450s and are composed of three proteins involving two redox 

partners and a P450. Required electrons are provided from NAD(P)H and shuttled firstly to a 

ferredoxin reductase (FdR) containing flavin adenine dinucleotide (FAD) as cofactor. From 

FdR, electrons are transferred to a small iron-sulphur protein ferredoxin from which they are 

transferred eventually to the heme group of the P450. Whereas in bacterial systems all 

proteins are soluble, mitochondrial systems are characterized by the association of both 

reductase and  P450 to the inner mitochondrial membrane.33  

Class II redox systems exploits a two-protein system in which both proteins are typically bound 

to the endoplasmic reticulum (ER) of all eukaryotic organisms. Here, a single cytochrome 

P450 reductase (CPR) holding both FAD and flavin mononucleotide (FMN) domains is 

recruited to shuttle electrons from NADPH to the P450.41 In addition to Class I and II, it is 

worthy to mention a single-protein system (Class VIII) found in prokaryotes and lowers 

eukaryotes whose major feature is the natural fusion occurring between the eukaryotic-like 

FAD/FMN reductase domain and the P450 domain in a single polypeptide (Figure 1.3).33, 42 

The prokaryotic members of this class, for instance CYP102A1 from Bacillus megaterium, 

known as P450 BM3, are cytosolic soluble proteins whereas the eukaryotic members such as 

CYP505 from Fusarium oxysporum are often ER-bound.33, 43 
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Figure 1.3. Overview on various redox partners systems. Class I: example of a soluble bacterial system. Class II: 
eukaryotic microsomal system. Both P450 and CPR are anchored to the endoplasmic reticulum. Class VIII: 
bacterial CPR-P450 fusion system. Adapted from Hannemann et al., 2007.33 

Concerning the application of plant P450s, whose natural redox partners systems usually 

belongs to Class II, often the lack of knowledge about the physiologic cognate CPR limited 

the reconstitution of their activity for biotechnological purposes. For this reason, redox systems 

from Class I or the generation of fusion constructs mimicking Class VIII systems have been 

often applied to reconstitute P450 activity.44-47 
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1.2.4 P450s as oxidative tailors of complex molecules 

The whole range of diverse reactions catalysed by P450s are involved in either degradation 

or in biosynthesis. Human hepatic P450s – among which well-studied examples are CYP3A4 

and CYP2D6 – are mainly involved in drugs and xenobiotics detoxification, whereas 

steroidogenic enzymes like CYP17A or CYP21A in steroid metabolism.48 Microbial P450s 

participate for C-source assimilation, fatty acids hydroxylation, as well as in the synthesis of 

secondary metabolites, appointing such enzymes as valuable tools for biosynthetic and/or 

bioremediation purposes.49 To date, Streptomyces species are being kept in the spotlight as 

the source of many antibiotic, antifungal, antiparasitic, anticancer and immunosuppressant 

compounds which became commonly used pharmaceuticals.50 Moreover, because of the wide 

substrate scope which may mimic human P450s activities, P450s from Streptomyces have 

been applied for the generation of drug metabolites from a vast array of chemically and 

structurally different compounds.51 

Concerning the plant kingdom, P450s represent the largest gene class, with little less than 

200,000 (~172,000) entries collected into databases and more than 16.000 properly 

classified.52 The incredible variety of structurally and chemically diverse metabolites produced 

by plants reckon P450s as key actors in secondary metabolism and their role in plants 

defence, adaptation, and development.53 The continuous finding of more and more secondary 

metabolites becomes causally related to the progressive genetic evolution of P450s, 

amplifying the range of possible catalytic mechanisms which lead to the production of 

sophisticated chemicals with diverse biological activities.53 To sum up, all these metabolites 

can be gathered into three major classes: terpenoids, phenylpropanoids, and nitrogen-

containing compounds. The latter group covers alkaloids, cyanogenic glucosides, and 

glucosinolates. All these natural products constitute not only a chemical reservoir with 

essential ecological functions, but also a valuable source of novel pharmaceuticals, 

nutraceuticals, cosmetics, flavours and pesticides.13  
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1.2.5  Role of P450s in de novo assembly of plant metabolic pathways 
in E. coli 

As the market demand of plant-derived products is constantly growing, the interest towards 

the application of plant P450s rises exponentially. Thus, the attempts to engineer microbial 

cell factories to produce desired plant metabolites.54 Understanding the chemical logic behind 

Nature’s strategies to achieve high diversity becomes fundamental to build effective bio-bricks 

able to replicate complex biosynthetic routes.55 Following this logic, understanding the role of 

P450s is crucial, as the oxygenation they perform may act as branching point driving further 

modifications as well as a final chemical trimming.26, 56 Keeping an eye on industrial scalability, 

microorganisms such as Saccharomyces cerevisiae and Escherichia coli that can achieve 

high cell density, represent undoubtedly the organisms of choice for the heterologous 

reconstitution of plant metabolic pathways. In particular, the de novo synthesis of artemisinic 

acid, the precursor of the anti-malaria drug artemisinin, in S. cerevisiae, and taxa-4,11-diene, 

the precursor of the anticancer drug taxol, in E. coli are some of the most prominent 

examples.28, 31 Even though the expected ramp up in artemisinin production did not happen 

and taxol still cannot be synthesized in E. coli, both examples illustrate the power of synthetic 

biology and the role of P450 enzymes as essential bio-bricks. 

Regarding the development of E. coli as a microbial chassis to harbour multiple recombinant 

proteins, this organism does not possess any P450 genes in its genome, it can be easily 

genetically manipulated, easily cultured, and its physiology can thrive in various growth 

conditions, allowing the engineering of new phenotypes.20 However, since most of eukaryotic 

P450s are membrane-anchored, the absence of the well-developed system of inner 

membranes in the bacterium may represent a limitation for their expression. Similarly, the 

narrow range of post-translational modification typical for prokaryotes may represent another 

issue.57 Additionally, the translational efficiency of foreign genes may be critical to achieve the 

heterologous expression of desired target genes. In this regard, techniques of codon 

optimization and harmonization have been developed to minimize events limiting gene 

translation - such as the formation of mRNA secondary structures - or influencing the protein 



Introduction 

12 

folding, harming the final tertiary structure.58, 59 Such events may also complicate the 

successful production of catalytically active eukaryotic proteins in E. coli.  

Concerning the improvement of recombinant expression of cytochromes P450 in E. coli, 

several techniques have been gradually developed following the growing knowledge of P450s 

biology and biochemistry. Together with the just described codon usage optimization 

techniques, other factors such as the variation of cell growth conditions, the selection of 

different E. coli strains and promoters, and the modification of certain genetic features without 

altering the functional properties of the protein of interest, have been endeavoured and 

described to positively influence heterologous expression. Amongst these, the manipulation 

of the N-terminal membrane associated sequence typical for eukaryotic P450s including 

complete or partial truncation, or substitution of some amino acids, or addition of alanine as 

the second amino acid have been broadly applied and revealed to be often beneficial.60 

P450s involved into secondary metabolic pathways often possess high substrate- and 

product-specificity as a result of a millenary natural optimization process.61 This fact has to be 

considered as an added value, since the selective oxygenation of complex molecules can be 

performed without cumbersome procedures or conditions typical of synthetic chemistry. 

However, the extensive utilization of plant P450s in industrial processes is often limited by 

their low activity and stability,62 implying further efforts in protein engineering towards the 

enzymes themselves and their interdependency with redox partner proteins.54 
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1.3 Lignans 

Derived from the shikimate pathway, lignans are phenylpropanoid secondary metabolites 

widespread all over the plant kingdom, with Forsythia, Linum, Sesamum and Podophyllum 

identified as model species among flowering plants, whereas Thuya, Juniperus, Callitris, 

Tsuga and Picea among gymnosperms.63 These compounds are formed from two different 

phenyl propane units linked by a β-β’ bond with different oxidation and substitution patterns.64 

Within plants physiology, the role of lignans is similar to others plant secondary metabolites 

like alkaloids and thus related to plant defence against pathogens and herbivores.64 Based on 

the skeleton composition, the cyclization pattern, and oxygen position within the skeleton, 

lignans are divided between eight groups: arylnaphthalene, aryltetralin, 

dibenzocyclooctadiene, dibenzylbutane, dibenzylbutyrolactol, dibenzylbutyrolactone, furan, 

and furofuran (Figure 1.4).65  

Lignans, have been proven to possess various biological activities. Among others, anti-

inflammatory and antioxidant effects were described to be associated to lignan-rich diets, as 

well as prevention of prostate and breast cancers and cardiovascular diseases.66 Lignans such 

as pinoresinol or lariciresinol, but especially secoisolariciresinol and matairesinol are identified 

as phytoestrogens and eventually transformed by the human intestine microflora to the so-

called enterolignans named enterodiol and enterolactone (Figure 1.5).67, 68 Specifically, their 

presence in biological fluids has been associated with the beneficial effects described above. 

However, among all lignans, (-)-podophyllotoxin (PTOX) represents a peculiar compound, and 

it is used in the treatment of viral infections (e.g. venereal warts). Moreover, this molecule has 

been appointed as a potent anti-neoplastic agent, acting by preventing the microtubules 

assembly within cells, subsequently leading to apoptosis. Not only, direct derivatives of PTOX 

such as teniposide and etoposide are widely used within several chemotherapy regimens 

because of their activity as topoisomerase inhibitors,69, 70 with the latter inserted in the list of 

essential medicines by the World Health Organisation.71 For all these reasons, in a world in 

which the demand for novel pharmaceuticals and dietary intakes with lifestyle diseases 
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reducing features, lignans represent valuable compounds for the potential development of 

drugs, functional foods and dietary supplements.72 

Figure 1.4. Exemplary chemical structures representing the eight lignan families. Adapted from Satake et al., 
2015.65 
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Figure 1.5. The synthesis of enterolignans in human intestines. The transformations are carried out by bacterial 
communities composed among others by Peptostreptococcucus and Eubacterium species which perform 
dehydroxylations and demethylation on (-)-matairesinol and secoisolariciresinol which activate their 
biological activities.67

1.3.1  Cascade reactions for (-)-podophyllotoxin biosynthesis 

Historically, the aryltetralin lignan (-)-podophyllotoxin has been widely employed in traditional 

oriental medicine through the application of Podophyllum and Sinopodophyllum plants and 

other related Berberidaceace species. Nowadays, the increasing focus towards traditional 

means for healthcare and medicine, plus the utilization of its derivatives as chemotherapeutic 

agents notably raised PTOX commercial demand, determining serious endangerment of the 

plant sources. In other words, the conventional ways of isolation became environmentally 

unbearable and its commercialization hampered due to the high costs of production.73 To 

overcome these limitations, mixed approaches combining organometallic chemical catalysts 

with single or multiple enzymatic steps have been proven successful, easing PTOX 

commercialization.74 Specifically, the preparation of PTOX, as well as its deoxygenated 

precursor or its epimer - which are all etoposide and teniposide precursors by themselves - 

has been successfully carried out via stereodivergent biotransformation and biocatalytic 

kinetic resolution of the corresponding dibenzylbutyrolactones with a 2-oxoglutarate-

dependent dioxygenase.75 However, because of increasing environmental awareness, 
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researchers are keen on disclosing the potential of multi-enzymatic cascades avoiding 

cumbersome although elegant chemo-synthetic steps. As introduced in the previous sections, 

the production of highly specialized chemicals could be targeted and developed in more 

feasible and environmentally friendly ways.76 Thinking of nature as a model, metabolic and 

enzymatic networks represent highly efficient systems of reaction cascades to churn out – for 

instance- a vast array of alcohols, aldehydes, acids, esters, ketones, in prokaryotic and 

eukaryotic cells.77 

Over the years, the biosynthesis of lignans in plants has been widely investigated, and the 

enzymatic network leading to dibenzylbutanes like (-)-secoisolariciresinol and 

dibenzylbutyrolactones like (-)-matairesinol from coniferyl alcohol has been confirmed.78, 79 

Nevertheless, only the rise of next generation sequencing technology allowed to cast light on 

the further steps necessary to elucidate the biosynthetic route to aryltetralin lignans in 

Podophyllum genus.70, 80 To date, no enzymes have been discovered to hydroxylate the last 

precursor (-)-deoxypodophyllotoxin (D-PTOX) to yield PTOX with the desired stereoselectivity. 

Instead, the enzymatic steps responsible for the synthesis of the epimer (-)-epipodophyllotoxin 

(Epi-PTOX) and the analogue (-)-desmethyl-epipodophyllotoxin were identified.70 As 

mentioned previously, both compounds are direct precursors to the antineoplastic compounds 

etoposide and teniposide, meaning that the discovered enzymes provide another significant 

gear to develop a biocatalytic clockwork for the sustainable production of (-)-podophyllotoxin-

derived pharmaceuticals (Figure 1.6).  

1.3.1.1  Coniferyl alcohol to (+)-pinoresinol 

Biosynthetic pathways towards lignans are typical for vascular plants, in which they start with 

the dimerization of the monolignol coniferyl alcohol yielding the common precursors (+)- or 

(-)-pinoresinol to further follow enantiocomplementary or other divergent routes.64, 81, 82 As a 

result of the activity of an oxidizing enzyme like laccase or peroxidase, coniferyl alcohol 

undergoes one electron oxidation, generating a radical intermediate which then couples to a 

second radicalized coniferyl alcohol unit.83  
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Figure 1.6. Overview on the metabolic pathway leading to aryltetralin lignans. In orange, the transformation of 
coniferyl alcohol towards dibenzylbutane and dibenzylbutyrolactone lignans (-)-secoisolariciresinol and (-)-
matairesinol, as described by Davin et al., 199783, Ford et al.,200178, and Xia et al., 2001.79 In green, the 
transformation of (-)-matairesinol to (-)-pluviatolide is drawn as elucidated by Marques et al., 2014.80 In blue the 
cascade elongation is shown as discovered by Lau and Sattely, 2015.70 The unknown enzymatic step leading to (-
)-podophyllotoxin is highlighted in red, whereas in black the structures of etoposide and teniposide drugs are 
shown. 
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To gain stereospecificity of such reactions, the so-called Dirigent proteins (DIR) functionally 

act as navigators to drive the bimolecular phenoxy radical coupling mechanism towards regio- 

and stereo-selective product formation, preventing “random” dimerization and promoting 

enantiomeric pure pinoresinol synthesis (Figure 1.7).81 In regard to the pathway leading 

towards aryltetralin lignans, a (+)-pinoresinol-forming DIR is believed to orientate coniferyl 

alcohol radicals, guiding the covalent bond to occur between C8 and C8’ of two coniferyl 

alcohol units. 82, 84 

Figure 1.7. The one-electron oxidation of coniferyl alcohol leading to diverse dimerization products is depicted. In 
the presence of a (+)-Dirigent protein (DIR),82 the coupling is guided to form (+)-pinoresinol.  

Since no evidence has been reported describing DIR to possess catalytic activity, the oxidation 

of coniferyl alcohol has been achieved in vitro and in vivo by the application of oxidants such 

as ammonium peroxydisulphate, or oxidases like laccases (E.C: 1.10.3.2) and peroxidases 

(E.C: 1.11.1.-).84-86 In planta, DIR are secreted in the apoplastic space and undergo post-

translational modifications (PTMs) such as N-terminal cleavage and glycosylation. Especially 

the latter was hypothesised to be crucial for proper protein folding, influencing as well 
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enzymatic activity, solubility and stability.81 Overall, PTMs may represent a crucial bottleneck 

for the application of DIR for biosynthetic purposes in prokaryotic hosts. More precisely, the 

heterologous expression in E. coli did not yield in active DIR so far.81 This means that, if 

pondering the development of an E. coli based biocatalyst for the synthesis of lignans, the 

production of undesired dimers as a result of coniferyl alcohol coupling should be taken into 

account. 

1.3.1.2 (+)-Pinoresinol to (-)-secoisolariciresinol 

After pinoresinol formation, a pinoresinol-lariciresinol reductase (PLRs) catalyse two 

consecutive reduction steps to produce lariciresinol and secoisolariciresinol. This reaction 

represents a crucial step, as it drives the metabolic pathway towards the synthesis of 

dibenzylbutane, dibenzylbutyrolactone and aryltetralin lignans in an enantioselective 

manner.87 PLRs are NADPH-dependent reductases, isolated and characterized mainly from 

Forsythia, Thuja, and Linum species.87-89 On this subject, extensive investigation upon 

different PLRs revealed the presence of a conserved “GXXGXXG” sequence at the N-terminal 

end. Moreover, the characterization of PLRs catalytic activity gave proof of distinct, diverse 

enantioselective preferences among these enzymes, depending not only on the species but 

also on the plant organ or the developmental stage.63, 90 For instance, both FiPLRs identified 

from Forsythia intermedia have been appointed with distinct preference towards (+)-

pinoresinol and (+)-lariciresinol to produce (-)-secoisolariciresinol.87 Differently, two PLRs from 

Linum usitatissimum - namely LuPLR1 and LuPLR2 - have been isolated and described to 

possess opposite enantiospecificity (Figure 1.8), divergent expression regulation and tropism, 

as they have been found in seed or leaves respectively.89 A similar scenario has been 

described for TpPLR1 and TpPLR2 from Thuja plicata, with TpPLR1 showing preference for 

(-)-enantiomers and TpPLR2 for (+)-enantiomers. Structure-function analysis has been 

performed after solving the crystal structures of these enzymes in the attempt of clarifying the 

origin of the different enantiospecificity. Few amino acid residues appeared to remark a 

different local environment within the substrate-binding site that could generate the 
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enantiospecificity of TpPLRs.91, 92 However, in spite of the extensive knowledge gathered 

around PLRs, more has to be done to fully understand the catalytic preferences, roles and 

regulation mechanisms of these enzymes.63 

Figure 1.8. Pinoresinol-lariciresinol reductases of Linum usitatissimum and Forsythia intermedia are taken as 
examples to show the different enantiospecificity of the reaction depending on the organism the enzymes 
originate from. 
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1.3.1.3 (-)-Secoisolariciresinol to (-)-matairesinol 

Proceeding along the path towards aryltetralin lignans, after the reduction of pinoresinol 

mediated by PLRs, the enantiospecific deprotonation of (-)-secoisolariciresinol promotes the 

formation of the dibenzylbutyrolactone lignan (-)-matairesinol via the (-)-lactol intermediate 

(Figure 1.9). This reaction is catalysed by secoisolariciresinol dehydrogenases (SDH), which 

are NAD+-dependent enzymes belonging to the family of short-chain 

dehydrogenases/reductases (SDR). The isolation and purification of homologues from 

Forsythia intermedia and Podophyllum peltatum, namely SDH_Fi321 and SDH_Pp7 

respectively, allowed the characterization of the two enzymes, which exhibited strong 

enantiospecificity towards (-)-secoisolariciresinol to produce (-)-matairesinol. Moreover, the 

presence of a highly conserved NAD-binding site, composed by the triad Ser153, Tyr167 and 

Lys171, was identified by sequence alignment among SDH_Fi321, SDH_Pp7 and other SDRs 

like CPRD12 from Vigna unguiculata, adNt1 from Nicotiana benthamiana and adAt1 from 

Arabidopsis thaliana.79 Further, deeper studies exploiting site-directed mutagenesis of the 

highly conserved catalytic triad of SDH_Pp7 allowed to elucidate the mode of hydride 

abstraction from (-)-secoisolariciresinol and its subsequent oxidation. In the light of this 

discovery, a catalytic model for the enantiospecific synthesis of (-)-matairesinol was proposed 

by Moinuddin et al.93  

Figure 1.9. The double oxidation of (-)-secoisolariciresinol generating (-)-matairesinol via the formation of the 
intermediate (-)-lactol is depicted. Adapted from Moinuddin et al., 2006.93 
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1.3.1.4 (-)-Matairesinol to (-)-pluviatolide 

Only recently, the combination of next generation sequencing technologies, bioinformatics and 

metabolomic analysis, enabled the reconstitution of the next steps aryltetralin lignans 

pathway. Specifically, the transcriptome analysis performed on Sinopodophyllum hexandrum 

and Podophyllum peltatum led to the discovery of two P450s performing the conversion of 

(-)-matairesinol to (-)-pluviatolide via methylenedioxy-bridge formation (MDB).70, 80 In plants, 

the occurrence of MDB structures is often found within several specialized metabolites 

belonging to lignans, alkaloids and isoflavones, upon which the oxidative formation of MDB 

moieties is attributed to the action of two cytochrome P450 families, CYP81Q and CYP719A.94 

To discover homologues enzymes to appoint as (-)-pluviatolide synthases, Marques and co-

workers performed sequence alignment of the assembled transcriptomes of P. hexandrum 

and P. peltatum against known MDB-forming P450s genes such as CYP81Q1 and CYP81Q2 

from Sesamum indicum,95 and CYP719A1 from Coptis japonica.29 Eventually, two enzymes 

were identified as putative (-)-pluviatolide synthases, namely CYP719A23 and CYP719A24 

respectively from S. hexandrum and P. peltatum, and successfully expressed in S. cerevisiae. 

Both exhibited catalytic activity against (-)-matairesinol and showed ~68% homology with 

CYP719A1, with ~98% identity between each other.80 Later, the confirmation of 

CYP719A23/A24 as (-)-pluviatolide synthases, and of (-)-pluviatolide as the direct precursor 

of (-)-podophyllotoxin, came by the work of Lau and Sattely.70 Although the way of MDB 

formation within the CYP719A family is still unclear, the reaction mechanism proposed for the 

CYP81Q family could be adapted instead. Indeed, Noguchi and co-workers noted that both 

families lack presence of a distal threonine, which is normally conserved in P450s (e.g. 

P450BM3 and P450cam from Pseudomonas putida),96 that is replaced by an alanine and by 

a serine in the CYP81Q and CYP719A classes respectively. According to their work, the distal 

threonine would hamper the formation of the MDB by altering the substrate-participated 

hydrogen-bonding network that is hypothesised to trigger the intramolecular nucleophilic 

cyclization characterizing the catalytic mechanism (Figure 1.10).94 Thus far, the proposed 

reaction mechanism highlights MDB-forming P450s as performers of a unique form of P450-
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mediated oxygenation, as no oxygen is integrated into the substrate to give the final reaction 

product. 

Figure 1.10. A: The methylenedioxy bridge (MDB) formation occurring on (-)-matairesinol by the action of 
CYP719A23 or A24 is depicted. B: The proposed catalytic mechanism for MDB-forming P450s is drawn adapted 
from Noguchi et al., 2014. The interaction among the water molecule (w2) with the carbonyl groups of the P450 
apoprotein main chain – in this case Ala304 and Ile303 from CYP81Q1- starts the hydrogen bond relay towards 
the hydroxy group of the substrate via two water molecules (w1 and w2). The nucleophilic attack (red arrow) 
towards the proximal methoxy group of the substrate is provoked by the activated oxygen, resulting in the formation 
of the MDB when the bond between the substrate and the heme is cleaved.94 The blue box holding the iron in 
different oxidation states represent the heme-group of the P450, as already depicted in Figure 1.2.
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1.3.1.5 (-)-Pluviatolide to (-)-deoxypodophyllotoxin 

According to Lau and Sattely,70 the combination of qRT-PCR with hierarchical RNA-seq 

clustering allowed the genome mining of S. hexandrum to identify the expression profiles of 

potential candidates for the next steps after (-)-pluviatolide formation. This approach reduced 

the selection down to several putative O-methyltransferases (OMTs), P450s, a 2-

oxoglutarate/Fe(II)-dependent dioxygenase (2-ODD), and polyphenol oxidases (PPOs). 

Among all, an O-methyltransferase (OMT3) was first identified, that accepts both (-)-

matairesinol and (-)-pluviatolide as substrates (Figure 1.11). Although OMT3 seems not to 

have strong substrate specificity, the determination of kinetic parameters in vitro revealed 

efficient (-)-pluviatolide methylation [(Km) = 1.4 µM, (kcat) = 0.72 s-1].70 Based on these data, 

OMT3 was accepted as the next-in-line enzyme in the pathway, generating the intermediate 

(-)-5’-desmethoxy-yatein (Figure 1.11).  

For the identification of the following step, further computational analysis based on the gene 

expression profiles within S. hexandrum tissues narrowed the selection to six putative 

hydroxylases for the synthesis of (-)-desmethyl-yatein. Using (-)-matairesinol as substrate, 

these were all singularly coexpressed with CYP719A23 and OMT3 in Nicothiana benthamiana 

leaves, identifying CYP71CU1 as the only candidate performing hydroxylation of (-)-5’-

desmethoxy-yatein. The functionalization (-)-5’-desmethoxy-yatein by the action of 

CYP71CU1 was confirmed in isolated microsomal fraction after successful heterologous 

expression in S. cerevisiae, likely endorsing this enzyme as the next gear in the metabolic 

clockwork. 
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Figure 1.11. Overview on the reactions catalysed by OMT3. Below, the proposed activity as (-)-pluviatolide-O-
methyltransferase is depicted. Above, OMT3 catalyses the double-methylation of (-)-matairesinol as metabolic 
side-products. 

In the past, feeding experiments performed on S. hexandrum identified (-)-yatein as a close 

precursor of (-)-podophyllotoxin.97 Using the same approach in N. benthamiana leaves 

infiltrated with (-)-matairesinol, Lau and Sattely identified the O-methyltransferase OMT1 as 

responsible for the methylation of (-)-5’-desmethyl-yatein to yield (-)-yatein (Figure 1.12).  

Figure 1.12. The hydroxylation with the subsequent methylation performed by CYP71CU1 and OMT1 are depicted. 
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Last, the step from (-)-yatein to (-)-deoxypodophyllotoxin necessarily involves the closure of 

the ring system by carbon-carbon bond formation to generate the aryltetralin scaffold.97 This 

reaction was confirmed to be catalysed by a 2-ODD, as a result of a first hydroxylation at the 

7’ carbon, followed by dehydration generating a quinone methide intermediate prior to the 

stereoselective cyclization (Figure 1.13).70  

Figure 1.13. The conversion of (-)-yatein to (-)-deoxypodophyllotoxin is depicted. The reaction mechanism for 
the arytetralin backbone closure by 2-ODD is drawn; adapted from Lau and Sattely, 2015. 70 

Overall, without considering P450s which have been extensively described previously, all 

these enzymes represent important components in the biosynthesis secondary metabolites in 

plants. In this regard, 2-oxoglutarate/Fe(II)-dependent dioxygenases significance is often 

underscored. In fact, these non-heme iron-containing enzymes can be compared to CYPs 

both in terms of reaction versatility and role as oxidative tailors of complex molecules.98 

Moreover, they do not require any redox partner to sustain their activity or expensive 

nicotinamide cofactors as electron source, as 2-ODDs co-substrate is 2-oxoglutarate. In the 

same way, O-methyltransferases, which belong to the large family of S-adenosyl-L-

26 
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methionine-dependent methyltransferases, are widely distributed all along the metabolic 

networks of plants. Within this context, OMTs contribute to the diversification of metabolites 

and their biological functions, for instance reducing the reactivity of phenolic hydroxyl groups, 

altering the solubility and activity against pathogens.99 

 

1.3.1.6 The unknown step: (-)-deoxypodophyllotoxin hydroxylation 

To date no enzymes have been identified to perform the direct C7-hydroxylation on the 

aromatic ring of (-)-deoxypodophyllotoxin with the correct stereochemistry to produce (-)-

podophyllotoxin. However, biosynthetic means have been proven successful in producing 

derivatives and epimers which can be used to chemically generate the essential 

pharmaceuticals etoposide and teniposide (Figure 1.6). In sought for a P450 enzyme as 

putative (-)-podophyllotoxin synthase within S. hexandrum, Lau and Sattely discovered 

instead two P450s, CYP71BE54 and CYP82D61, that catalyse the oxidation of (-)-

deoxypodophyllotoxin yielding (-)-desmethyl-deoxy-podophyllotoxin, (-)-desmethyl-

epipodophyllotoxin and (-)-epipodophyllotoxin.70 Heterologous expression of these P450s in 

N. benthamiana has provided a proof of concept which paves the way for reconstituting the 

arytetralin lignans pathway even in prokaryotic hosts. Complementary to this, the interest in 

producing actual (-)-podophyllotoxin by biosynthetic means remains pivotal. Needless to say, 

that more efforts are required in scavenging plant genomes and in the understanding of the 

physiologic metabolic network responsible for (-)-podophyllotoxin synthesis in plants. 

Alternatively, screening for substituting enzymes to be engineered could represent a 

breakthrough. Aiming to the hydroxylation of (-)-deoxypodophyllotoxin, bacterial P450s might 

represent starting candidates. In fact, numerous successful protein engineering examples with 

P450 BM3 or other bacterial P450s have been reported targeting the on-demand compounds 

with optimized activity and selectivity.100, 101  
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1.4 Aim of the work 

Lignans are plant secondary metabolites of particular interest. These compounds have been 

described as highly potent in the treatment and prevention of cancers and cardiovascular 

diseases, with anti-inflammatory and antioxidant activities reported as well. Prominent 

examples of lignans acknowledged for such health-promoting activities are (±)-pinoresinol,  

(-)-secoisolariciresinol, (-)-matairesinol, and (-)-podophyllotoxin. For these reasons, lignans 

are used as active pharmaceutical ingredients (APIs) to develop drugs and dietary 

supplements and encountered a growing commercial demand. Traditionally, lignans are 

extracted directly from plants, resulting in the endangerment of the original sources.  

In this work, performed within the framework of the BMBF funded LignaSyn project, we aimed 

to establish an artificial biosynthetic pathway to target the biosynthesis of lignans from coniferyl 

alcohol in E. coli. A modular and versatile enzyme-based platform was developed exploiting 

enzymes from different plants such as Forsythia intermedia, Podophyllum peltatum and 

Sinopodophyllum hexandrum. Developmental steps were: 

1. Optimization of the multi-copper oxidase-mediated coupling of coniferyl alcohol to (±)-

pinoresinol in an E. coli-based whole-cell biocatalyst. Development of a multi-enzyme 

cascade for the biotransformation of coniferyl alcohol to (-)-matairesinol (2.1). 

2. Development of a whole-cell multi-enzyme cascade to produce the non-commercially 

available lignan (-)-pluviatolide from (+)-pinoresinol at a preparative scale (2.2). 

3. Reconstitution of S. hexandrum biosynthetic pathway from (-)-matairesinol to (-)-

deoxypodophyllotoxin and (-)-epipodophyllotoxin in E. coli. Additionally, activity of the 

two bacterial P450s CYP107Z and CYP105D for the synthesis of (-)-podophyllotoxin 

or its analogues was evaluated (2.3)
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2  Results 

Within the following three chapters the results achieved are presented. Overall, the three 

chapters describe the development of combinable, independent “modules” to target the 

biosynthesis of various high-lignans analogues towards the potent antiviral agent (-)-

podophyllotoxin. Amongst these, chapter 2.1 and 2.2 will present the published articles, 

whereas chapter 2.3 will disclose the unpublished results, organized in a submitted 

manuscript. The chapters will follow the progressive functionalization of lignans over the 

metabolic pathway. Starting from the oxidative coupling of the monolignol coniferyl alcohol to 

(+)-pinoresinol, the syntheses of (-)-matairesinol and (-)-pluviatolide are described in chapter 

2.1 and 2.2. Further, the multi-enzyme cascade was extended towards (-)-podophyllotoxin-

like lignans such as (-)-deoxypodophyllotoxin and (-)-epipodophyllotoxin (chapter 2.3). 

Own contributions to the single parts are given in the preface to each chapter. 

 

 

Figure 2.1. Schematic overview of the chapters composing this thesis.  
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2.1 Copper-mediated enzymatic coniferyl alcohol coupling 

Title: “Use of copper as a trigger for the in vivo activity of E. coli laccase CueO: a simple tool for 

biosynthetic purposes” 

Authors: Davide Decembrino, Marco Girhard, Vlada B. Urlacher 

 

Published in: ChemBioChem 2021, 22, 1470-1479. (Wiley-VHC GmbH) 

DOI: 10.1002/cbic.202000775  

License: Open access (CC BY-NC-ND 4.0)  

 

Own contribution: conceptualization, design, performance of the experiments, analysis and 

evaluation of the data, drafting of the manuscript and the artworks. Relative contribution 90% 
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Supporting results 

 

Copper toxicity: Microscopy 

 

Figure S1. Effect of increasing CuSO4 concentrations on E. coli cells. Optical microscopy 40x magnification 
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Substrate screening 

 

Table S1. Features of 2,6-DMP and coupling products 

Compound Theoretical m/z Observed m/z fragments 
and proposed adducts Retention time [min] 

2,6-DMP 154 173 [M+H+H2O]+ 12.6 

Product 1 306 277 [M+H-2CH3]+ 10.7 

Product 2 306 292 [M+H-CH3]+ 14.6 

Product 3 306 307 [M+H]+ 19.4 

Figure S2. Oxidation of 2,6-DMP. A: LC/MS analysis. B: Proposed coupling and degradation products; m/z predicted 
by ChemDraw. C: Reaction sample and negative control after reaction. Products numbers have to be associated to 
the values listed in Table S1. 
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 Table S2. Features of ferulic acid and coupling products.  

 

Compound Theoretical m/z Observed m/z fragments and 
proposed adducts Retention time [min] 

Ferulic acid 194 196 [M+2H]+ 13-14 

Product 1 386 387 [M+H]+ 16.1 

Product 2 386 387 [M+H]+ 22 

Product 3-4 386 341 [M+H-CHO2.]+ 18.6 – 20.6 

Figure S3. Oxidation of ferulic acid. A: LC/MS analysis. B: Proposed coupling and degradation products; m/z 
predicted by ChemDraw. Products numbers have to be associated to the values listed in Table S2. 
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Table S3. Features of coniferyl alcohol and its products 

 

 Coniferyl 
alcohol 

Coniferyl 
aldehyde 

(±)-erythro/threo-
guaiacylglycerol 8-O-
4'-coniferyl alcohol 

ether 

(±)-erythro/threo-
guaiacylglycerol 
8-O-4´-coniferyl 

alcohol ether 

(±)-
dehydrodiconifer

yl alcohol 
(±)-

pinoresinol 

MW 180.2 178.2 376.15 376.15 358.39 358,39 

Retention 
Time (RT) 

[min] 
10.5 13 11.6 12.11 17.5 19.5 

Characteristic 
m/z 

fragments 
164 179 341  341 341 341- 359 

Figure S4. Oxidation of coniferyl alcohol. A: LC/MS analysis. B: Reaction products. Listed clockwise from coniferyl 
alcohol: coniferyl aldehyde, (±)-pinoresinol, (±)-dehydrodiconiferyl alcohol 2: (±)-erythro/threo-guaiacylglycerol 8-O-
4'-coniferyl alcohol ethers 
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Figure S5. Reaction with tyrosol. A: LC/MS analysis, UV/Vis chromatogram 280 nm. B: Proposed coupling product; 
m/z predicted by ChemDraw. 
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Coniferyl alcohol coupling 

 

 

 

 

 

Figure S6. Distribution of coniferyl alcohol coupling products. Plotted values are calculated based on the areas 
detected via mass spectrometry (MS) or UV/Vis (PDA). Average values are given in the main manuscript. 
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Figure S7. Effect of CuSO4 on the conversion of 2 mM coniferyl alcohol. UV/Vis chromatograms at 280 nm 
are shown, peaks are identified as follows: 1: coniferyl alcohol; 2: (±)-dehydrodiconiferyl alcohol; 3: (±)-
pinoresinol. 4: (±)-erythro/threo-guaiacylglycerol 8-O-4´-coniferyl alcohol ethers; IS: ferulic acid (internal 
standard). A: Effect of increasing CuSO4 concentrations on coniferyl alcohol coupling in aqueous solution 
(phosphate buffer KPi, 50 mM pH 7.5). A minor fragment of product 2 appeared as detectable in the “No 
copper” control as well; B: Qualitative comparison of coniferyl alcohol coupling by CueO in E. coli cells 
supplemented with 5 mM CuSO4,and 5 mM CuSO4-mediated conversion in aqueous solution (phosphate 
buffer KPi, 50 mM pH 7.5). 
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Figure S8. LC/MS analysis of coniferyl alcohol conversion with growing cells. Single ion monitoring was used 
to detect characteristic m/z fragments belonging to the desired product or to the substrate. 
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Figure S9. LC/MS analysis of coniferyl alcohol conversion with different cell densities after 4 h reaction time. UV/Vis 
chromatograms at 280 nm are shown. 1: coniferyl alcohol; 2: (±)-erythro/threo-guaiacylglycerol 8-O-4´-coniferyl alcohol 
ethers; 3: ferulic acid (internal standard); 4: coniferyl aldehyde; 5: (±)-dehydrodiconiferyl alcohol; 6: (±)-pinoresinol. 
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Figure S10. LC/MS analysis of coniferyl alcohol conversion with different cell densities after 21 h reaction time. UV/Vis 
chromatograms at 280 nm are shown. 1: coniferyl alcohol; 2: (±)-erythro/threo-guaiacylglycerol 8-O-4´-coniferyl alcohol 
ethers; 3: ferulic acid (internal standard); 4: coniferyl aldehyde; 5: (±)-dehydrodiconiferyl alcohol; 6: (±)-pinoresinol. 
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Copper driven cascade reactions  

Figure S11. LC/MS analysis after coniferyl alcohol conversion to (-)-matairesinol. UV/Vis chromatograms at 280 nm are 
shown. “One-cell one-pot” setup. 1: coniferyl alcohol; 2: coniferyl aldehyde; 3: (±)-pinoresinol; **: (±)-erythro/threo-
guaiacylglycerol 8-O-4'-coniferyl alcohol ethers; *: (±)-dehydrodiconiferyl alcohol; IS: internal standard sesamin. 

 

Figure S12. LC/MS analysis of coniferyl alcohol conversion to (-)-matairesinol. UV/Vis chromatograms at 280 nm are 
shown. Simultaneous “two-cells one-pot” setup. 1: coniferyl alcohol; 2: coniferyl aldehyde; 3: (±)-pinoresinol; 4: (+)-
lariciresinol; 5: (-)-matairesinol; **: (±)-erythro/threo-guaiacylglycerol 8-O-4´-coniferyl alcohol ethers; *: (±)-
dehydrodiconiferyl alcohol; IS: internal standard sesamin. 
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Figure S13. LC/MS analysis of coniferyl alcohol conversion to (-)-matairesinol. UV/Vis chromatograms at 280 nm are 
shown. Sequential “two-cells one-pot” setup. 1: coniferyl alcohol; 2: coniferyl aldehyde; 3: (±)-pinoresinol; 4: (+)-
lariciresinol; 5: (-)-matairesinol; **: (±)-erythro/threo-guaiacylglycerol 8-O-4´-coniferyl alcohol ethers; *: (±)-
dehydrodiconiferyl alcohol; ***: undefined product; IS: internal standard sesamin. 
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Supporting materials and methods 

 

Bacterial strains, plasmids and reference compounds 

 
Table S4. Features of bacterial strains used in this work 

Bacterial strains Genomic features 
E. coli BL21 (DE3) F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-T7p07 

ind1 sam7 nin5]) [malB+]K-12(λS) 
E.  coli BL21 (DE3) ∆cueO F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-

T7p07 ind1 sam7 nin5]) [malB+]K-12(λS) ∆(cueO) 

E. coli C41 (DE3) Overexpress F – ompT hsdSB (rB- mB-) gal dcm (DE3) 

 

Table S5. Features of plasmids used in this work 

Plasmids Features Copy number 

pET16b_cgl1 ColE1, PT7, lacI, AmpR ~40 

pET16b ColE1, PT7, lacI, AmpR ~40 

pET24b ColE1, PT7, lacI, KanR ~40 

pCDFDuet_ppsdh_fiplr CloDf13 ori, PT7, lac, SmR 20-40 

 

Table S6. Compound references for substrates or products used in this work and relative supplier 

Substrate Manufacturer Molecular 
weight 

Coniferyl alcohol Sigma Aldrich 180.2 
Ferulic acid Sigma Aldrich 194.18 
Tyrosol Sigma Aldrich 138.16 
2,6-DMP Sigma Aldrich 154.17 
Resveratrol Sigma Aldrich 228.24 
(+)-pinoresinol Sigma Aldrich 358.39 
(+)-lariciresinol Sigma Aldrich 360.41 
(±)-secoisolariciresinol Sigma Aldrich 362.42 
(-)-matairesinol Phytolab 358.39 
(+)-sesamin TCI 354.35 
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LC/MS analysis 

Table S7. Details of solvent gradient used in this work 

Time [min] ddH2O + 0.1% Formic acid [%] 

0.01 80 
5.00 65 

10.00 65 
25.00 25 
25.01 10 (100% MeOH) 
26.00 10 (100% MeOH) 
26.01 80 
35.00 80 

 

The column temperature was kept at 30°C and 1 µL samples were injected for the analysis. A mobile 
phase gradient constituted of methanol and double deionized water (ddH2O) with 0.1% formic acid 
with 0.5 mL/min flow rate was used to separate metabolites. The separated compounds were ionized 
by electron spray ionization (ESI) and atmospheric pressure chemical ionization (APCI); desolvation 
and block temperatures were kept at 275°C and 400°C, respectively. Nebulization gas flow was set 
at 1.5 L/min whereas the drying gas flow was fixed at 15 L/min. Analytes were monitored both based 
on their mass-to-charge ratio (m/z) in the positive ion mode between 159-1000 m/z and via UV/Vis 
signals at 280 nm. Substrate conversion was determined by comparison with a negative control, and 
products identified by retention times and plausible m/z fragmentation patterns from the literary 
sources and compared with ChemDraw data, Perkin Elmer). 

 

Quantitative analysis 

Quantitative analysis was performed for coniferyl alcohol depletion and its product pinoresinol 
formation. Pinoresinol was identified among different coupling products by comparing with a 
commercially available reference. Substrate conversion values and product distribution were 
calculated based on the corresponding peak areas in UV/Vis at 280 nm and by MS. The 
quantification of the produced racemic pinoresinol and (-)-matairesinol was done using the 
corresponding calibration curves. To this end, different pinoresinol concentrations ranging from 10 
to 300 µM were mixed with 200 µM ferulic acid as internal standard, while 50 to 500 µM (-)-
matairesinol solutions were mixed with 200 µM sesamin as internal standard. Mixtures were 
extracted and analyzed as described in the main experimental section. Ratios of the peak areas of 
the substrate to the internal standard (Sub/IS) were plotted against the according compound 
concentrations to give a straight-line calibration plot.  

 

Table S8. Equations used for LC/MS data analysis 

Conversion [%] 
(normalized to internal standard) * = 1- (Subsample/ISsample)/(Subcontrol/IScontrol) 

Conversion [%] = Σ(Parea) / Σ(Sarea+Parea) * 100 

Product distribution [%] = Parea / Σ(Sarea+Parea) * 100 

*IS: internal standard, Sub: substrate 
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2.2 Synthesis of (-)-pluviatolide from (+)-pinoresinol 

Title: “Assembly of plant enzymes in E. coli for the production of the valuable (-)-

podophyllotoxin precursor (-)-pluviatolide” 

Authors: Davide Decembrino, Esther Ricklefs, Stefan Wolhgemuth, Marco Girhard, Katrin 

Schullehner, Guido Jach and Vlada B. Urlacher 

 

Published in: ACS Synthetic Biology 2020, 9, 11, 3091–3103 

DOI: 10.1021/acssynbio.0c00354 

License: Copyright © 2020, American Chemical Society 

“Adapted with permission from ACS Synthetic Biology 2020, 9, 11, 3091–3103. Copyright 
2020 American Chemical Society." 

 

Own contribution: conceived and conducted most of the experiments, analysed the data, 

designed the artwork, and prepared the original draft. Relative contribution 70% 
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2.2.1 Supporting Information 

 

Supplementary materials 
 

Table S1. Reference compounds for LC/MS and HPLC. 

Substrate Manufacturer Purity 

(±)-pinoresinol [a] Sigma Aldrich ≥ 95% (HPLC) 

(+)-pinoresinol [b] Phytolab ≥ 95% (HPLC) 

(+)-lariciresinol Sigma Aldrich ≥ 95% (HPLC) 

(±)-secoisolariciresinol Sigma Aldrich ≥ 95% (HPLC) 

(±)-matairesinol [c] Cayman chemical ≥ 95% (HPLC) 

(-)-matairesinol Phytolab ≥ 99% (HPLC) 

(+)-sesamin TCI > 98% (GC) 
[a] 77% ee of (+)-enantiomer, [b] ≥ 96% ee of (+)-enantiomer, [c] 1% ee of (+)-enantiomer 
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Figure S1. Chiral HPLC analysis of the reference compounds of pinoresinol and matairesinol  (Table S1). Separation: 
Method 1 was used for pinoresinol and method 3 was used for matairesinol (Table S9).  
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Table S2. Overview on the genes used in this work. Sequences of codon-optimized genes and the fusion construct 
are listed below. 

Gene Complete name Organism Plasmid MCS Reference 

fiplr 
pinoresinol-
lariciresinol 
reductase 

Forsythia 
intermedia pCDFDuet-1 2 102 

ppsdh secoisolariciresinol 
dehydrogenase 

Podophyllum 
pleianthum / 

Dysosma 
pleiantha 

pCDFDuet-1 1 This work 

cyp719a23oc_t 

pluviatolide 
synthase 

(truncated, codon 
optimized) 

Sinopodophyllu
m hexandrum pETDuet-1 - This work 

atr2 
NADPH-

cytochrome P450 
reductase 2 (ATR2) 

Arabidopsis 
thaliana pETDuet-1 1 103 

ykun Flavodoxin YkuN  Bacillus subtilis  

pETDuet-1 1 104 
fdr 

NADPH dependent 
flavodoxin 
reductase 

Escherichia coli 
JM109 

fusion CYP719A23-CPR - pET28a(+) 1 Phytowelt 

 

 

fiplr (GenBank: AAC49608), codon-optimized sequence 

ATGCTGATTAGCTTCAAAATGCAAGGTGCGCATCTGGTGAGTGGCTCCTTTAAAGACTTCAA

TAGCCTCGTTGAAGCGGTAAAACTGGTAGATGTGGTTATTTCGGCAATCAGTGGCGTGCATA

TCCGCAGCCATCAGATTCTGTTACAGCTGAAACTTGTGGAAGCGATCAAAGAAGCTGGTAAC

GTTAAGCGCTTCTTACCGTCTGAATTCGGGATGGATCCTGCTAAATTCATGGATACCGCTAT

GGAACCCGGGAAAGTCACGTTAGACGAAAAGATGGTGGTACGCAAAGCCATTGAGAAAGCAG

GAATCCCGTTTACCTATGTGTCAGCCAATTGCTTTGCCGGCTATTTTCTGGGAGGTCTGTGT

CAGTTTGGGAAGATCCTCCCATCACGGGATTTCGTCATCATTCATGGCGATGGGAACAAGAA

AGCGATTTACAATAACGAGGATGACATTGCAACTTACGCGATCAAAACGATCAATGATCCGC

GTACTTTGAACAAAACCATCTACATTAGCCCACCTAAGAACATCCTTAGCCAACGCGAAGTT

GTGCAGACATGGGAGAAACTGATTGGCAAAGAATTGCAGAAAATTACGTTGTCGAAGGAGGA

CTTTCTGGCATCGGTGAAGGAACTGGAGTATGCGCAGCAAGTGGGTCTGAGTCACTATCATG

ATGTCAACTACCAGGGATGCTTAACCTCCTTTGAAATTGGCGATGAAGAGGAAGCCTCTAAA

CTGTATCCGGAAGTGAAATACACCTCTGTTGAAGAATACCTTAAACGCTATGTTGGCGGTCA

TCACCATCATCACCACTGA 
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ppsdh (GenBank: AHB18702), codon-optimized sequence 

ATGGGATCCACTTCTACGCCTGCAAGTTCCACTAACCGCTTACAAGACAAGGTAGCGATCAT

TACTGGAGGTGCAGGTGGCATTGGTGAGACGACGGCAAAATTGTTTATCCGTTACGGCGCTA

AAGTGGTTATAGCTGACATTTCTGATGATCATGGGCAGAAAGTCTGTAAAAATATTGGTTCT

CCGGATGTGATTTCATTTGTCCACTGCGACGTCACAAAAGATGAAGACGTTCGCAATCTTGT

TGATACCACCATTGCCAAGCATGGCAAGTTGGATATTATGTTCGGCAACGTTGGCGTATTAA

GTACGACACCGTATTCCATTCTGGAGGCGGGTAATGAGGATTTCAAACGGGTCATGGACATT

AACGTGTATGGCGCTTTCCTTGTGGCGAAGCACGCGGCACGAGTGATGATCCCAGCCAAAAA

AGGTAGTATCGTATTTACCGCTTCAATCTCATCGTTTACTGCCGGGGAAGGTGTTTCGCACG

TATATACCGCTACGAAACATGCCGTCTTAGGACTTACCACCAGCTTGTGTACCGAACTGGGC

CAGTACGGGGTTCGTGTAAACTGCGTTTCGCCGTATATCGTTGCCAGCCCCCTGCTGACAGA

CGTCTTCGGCGTGGACAGCAGCCGTGTGGAAGAACTTGCACATCAGGCGGCGAATCTGAAAG

GTACCCTTCTGCGCGCCGAAGATGTGGCCGATGCCGTGGCATACCTGGCGGGCGATGAAAGC

AAATACGTGAGCGGGCTGAACCTGGTGATCGATGGCGGTTATACGCGCACCAACCCAGCGTT

TCCGACCGCGCTGAAACATGGCCTGGCG 

 

 

cyp719a23 (GenBank: AGC29953.1), codon-optimized sequence 

ATGGAAATGGAAATGTCCGTTCTGGCTATGTCGTCAACCTTGATTCTCGCGTTGGCTATGGC

GCTGATCTTCCTGTTCAAAGCGAAAAGTTCCTCCGCAATCAAATGGCCTCCGGGTCCGAAAA

CGTTGCCAATCATCGGGAATCTGCACCAACTGGGTGGTGATGAACTGCATATTGTACTCGCA

AAACTTGCACGCGTGCATGGCGCGATCATGACGATTTGGATGGCCAAGAAACCGGTTATTGT

CGTATCAGACGTCAATAGCGTGTGGGAGGTGTTAGTCTCGAAATCTAGCGACTATGCAGCCC

GTGATGCAGCGGAAATCTCGAAAATTGTGTCTGCGAGCTCGCATAGTATCAACACCTCTGAC

AGTGGCCCATATTGGCAGACGCTGCGTCGTGGCCTTACGCATGGGCCTCTTGGTCCGCTGAA

CATTTCAGCTCAGATTCCGATCCAACAGCGCGATATGCAACGTGTGATTCGGGAAATGCAGC

AGGATGCTGCGGCTAATGGCGGCATTATCAAGCCACTGGATCATCTGAAACGCTCCTCTACG

CGCTTGGTTTCGCGCCTCATCTTCGGGGATACGTTTGACAACGACCCCTACAACGACTCCAT

GCACGAAGTGGTGCAAGATCTGAATCGTTTTGGCGGAATTGCCCTGTTAGAACAAGCATTCA

GCTTTGCCAAACATCTCCCCAGCTACAAACGCGGTGTGAAAGAGTTCCACATCCACAAACGG

AAAATTGACGATCTTGTTCGTCCTGTGGTAGCCAGCGCGAATCCACCGAGTAACAGCTATCT

GGGCTTTCTCCAGAGCCAGAACTATTCCGAAGAGATTATTATTGCGTGCATCTTCGAGCTGT

ACTTACTGGCGATGGATAGCTCGGCGTCAACCGCGACTTGGGCGTTAGCCTTTATGATCCGT

GATCAGCAAGTCCAGGAAAAGCTGTACCAGGACATCAAACGCGTTATTGGTGATGGAGTGGA

CCTGGTTAAAGCCGAAGATCTGAGCAAGATGCACTATCTTCAGGCAGTTGTGAAAGAAACCA

TGCGCATGAAGCCAATTGCACCGTTGGCCATTCCGCATAAAACAGCCATTGACACCACCGTC

ATGGGTACCAAAGTTCCGAAGGGTACTTGCGTGATGGTGAATCTGTACGCGTTGCACCATGA

TGAAAGTGTATGGGCGAAACCGTATACCTTCATGCCGGAACGCTTTCTGCAAGGCGAGGATG

GTAAAAGCGTCACAGAACAGGCCTTTCTGCCCTTTGGAGCTGGCATGCGCATTTGTGGCGGG

ATGGAAGTTGGCAAACTGCAGTTTTCTCTGGCACTGGCCAACCTGGTAAACGCATTTAAGTG

GACTAGTGCCGCTGAGGGTAAACTGCCTGATATGTCAGATGAGTTACAGTTCATTACCGTCA

TGAAAACACCGTTAGAAGCGCGCATCATTCCGCGTAATCCG 
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Fusion (cyp719a23_oc_t-cpr), CPR sequence underlined 

ATGGCGAAAGCGAAAAGTTCCTCCGCAATCAAATGGCCTCCGGGTCCGAAAACGTTGCCAATCAT

CGGGAATCTGCACCAACTGGGTGGTGATGAACTGCATATTGTACTCGCAAAACTTGCACGCGTGC

ATGGCGCGATCATGACGATTTGGATGGCCAAGAAACCGGTTATTGTCGTATCAGACGTCAATAGC

GTGTGGGAGGTGTTAGTCTCGAAATCTAGCGACTATGCAGCCCGTGATGCAGCGGAAATCTCGAA

AATTGTGTCTGCGAGCTCGCATAGTATCAACACCTCTGACAGTGGCCCATATTGGCAGACGCTGC

GTCGTGGCCTTACGCATGGGCCTCTTGGTCCGCTGAACATTTCAGCTCAGATTCCGATCCAACAG

CGCGATATGCAACGTGTGATTCGGGAAATGCAGCAGGATGCTGCGGCTAATGGCGGCATTATCAA

GCCACTGGATCATCTGAAACGCTCCTCTACGCGCTTGGTTTCGCGCCTCATCTTCGGGGATACGT

TTGACAACGACCCCTACAACGACTCCATGCACGAAGTGGTGCAAGATCTGAATCGTTTTGGCGGA

ATTGCCCTGTTAGAACAAGCATTCAGCTTTGCCAAACATCTCCCCAGCTACAAACGCGGTGTGAA

AGAGTTCCACATCCACAAACGGAAAATTGACGATCTTGTTCGTCCTGTGGTAGCCAGCGCGAATC

CACCGAGTAACAGCTATCTGGGCTTTCTCCAGAGCCAGAACTATTCCGAAGAGATTATTATTGCG

TGCATCTTCGAGCTGTACTTACTGGCGATGGATAGCTCGGCGTCAACCGCGACTTGGGCGTTAGC

CTTTATGATCCGTGATCAGCAAGTCCAGGAAAAGCTGTACCAGGACATCAAACGCGTTATTGGTG

ATGGAGTGGACCTGGTTAAAGCCGAAGATCTGAGCAAGATGCACTATCTTCAGGCAGTTGTGAAA

GAAACCATGCGCATGAAGCCAATTGCACCGTTGGCCATTCCGCATAAAACAGCCATTGACACCAC

CGTCATGGGTACCAAAGTTCCGAAGGGTACTTGCGTGATGGTGAATCTGTACGCGTTGCACCATG

ATGAAAGTGTATGGGCGAAACCGTATACCTTCATGCCGGAACGCTTTCTGCAAGGCGAGGATGGT

AAAAGCGTCACAGAACAGGCCTTTCTGCCCTTTGGAGCTGGCATGCGCATTTGTGGCGGGATGGA

AGTTGGCAAACTGCAGTTTTCTCTGGCACTGGCCAACCTGGTAAACGCATTTAAGTGGACTAGTG

CCGCTGAGGGTAAACTGCCTGATATGTCAGATGAGTTACAGTTCATTACCGTCATGAAAACACCG

TTAGAAGCGCGCATCATTCCGCGTAATCCGATGTCCGGTTCTGGGAATTCAAAACGTGTCGAGCC

TCTTAAGCCTTTGGTTATTAAGCCTCGTGAGGAAGAGATTGATGATGGGCGTAAGAAAGTTACCA

TCTTTTTCGGTACACAAACTGGTACTGCTGAAGGTTTTGCAAAGGCTTTAGGAGAAGAAGCTAAA

GCAAGATATGAAAAGACCAGATTCAAAATCGTTGATTTGGATGATTACGCGGCTGATGATGATGA

GTATGAGGAGAAATTGAAGAAAGAGGATGTGGCTTTCTTCTTCTTAGCCACATATGGAGATGGTG

AGCCTACCGACAATGCAGCGAGATTCTACAAATGGTTCACCGAGGGGAATGACAGAGGAGAATGG

CTTAAGAACTTGAAGTATGGAGTGTTTGGATTAGGAAACAGACAATATGAGCATTTTAATAAGGT

TGCCAAAGTTGTAGATGACATTCTTGTCGAACAAGGTGCACAGCGTCTTGTACAAGTTGGTCTTG

GAGATGATGACCAGTGTATTGAAGATGACTTTACCGCTTGGCGAGAAGCATTGTGGCCCGAGCTT

GATACAATACTGAGGGAAGAAGGGGATACAGCTGTTGCCACACCATACACTGCAGCTGTGTTAGA

ATACAGAGTTTCTATTCACGACTCTGAAGATGCCAAATTCAATGATATAAACATGGCAAATGGGA

ATGGTTACACTGTGTTTGATGCTCAACATCCTTACAAAGCAAATGTCGCTGTTAAAAGGGAGCTT

CATACTCCCGAGTCTGATCGTTCTTGTATCCATTTGGAATTTGACATTGCTGGAAGTGGACTTAC

GTATGAAACTGGAGATCATGTTGGTGTACTTTGTGATAACTTAAGTGAAACTGTAGATGAAGCTC

TTAGATTGCTGGATATGTCACCTGATACTTATTTCTCACTTCACGCTGAAAAAGAAGACGGCACA

CCAATCAGCAGCTCACTGCCTCCTCCCTTCCCACCTTGCAACTTGAGAACAGCGCTTACACGATA

TGCATGTCTTTTGAGTTCTCCAAAGAAGTCTGCTTTAGTTGCGTTGGCTGCTCATGCATCTGATC

CTACCGAAGCAGAACGATTAAAACACCTTGCTTCACCTGCTGGAAAGGATGAATATTCAAAGTGG

GTAGTAGAGAGTCAAAGAAGTCTACTTGAGGTGATGGCCGAGTTTCCTTCAGCCAAGCCACCACT

TGGTGTCTTCTTCGCTGGAGTTGCTCCAAGGTTGCAGCCTAGGTTCTATTCGATATCATCATCGC

CCAAGATTGCTGAAACTAGAATTCACGTCACATGTGCACTGGTTTATGAGAAAATGCCAACTGGC

AGGATTCATAAGGGAGTGTGTTCCACTTGGATGAAGAATGCTGTGCCTTACGAGAAGAGTGAAAA

CTGTTCCTCGGCGCCGATATTTGTTAGGCAATCCAACTTCAAGCTTCCTTCTGATTCTAAGGTAC

CGATCATCATGATCGGTCCAGGGACTGGATTAGCTCCATTCAGAGGATTCCTTCAGGAAAGACTA

GCGTTGGTAGAATCTGGTGTTGAACTTGGGCCATCAGTTTTGTTCTTTGGATGCAGAAACCGTAG

AATGGATTTCATCTACGAGGAAGAGCTCCAGCGATTTGTTGAGACAGGCGCCCTTTCTGAGTTGA

TTGTAGCCTTCTCCCGTGAGGGTCCAACTAAACAATATGTGCAACATAAAATGACTGAGAAAGCA

ACGGAACTTTGGAATATCATCTCCCAAGGCGGATATGTATACGTGTGTGGAGATGCTAAGGGCAT

GGCTAGAGATGTTCACAGAGTTCTTCATACTATTGCTCAAGAGCAGGGAGGTATGGATAGCTCCA

AAACAGAAAGCTTCATCAAGAGTTTGCAAATGGAAGGGAGATACCTAAGAGATGTATGG 
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Table S3. Plasmids used in this work. 

Plasmid Features Copy number Reference 

pCDFDuet_ppsdh_fiplr CloDf13 ori, PT7, lac, SmR 20-40 This work 

pETDuet_atr2_cyp719a23oc_t ColE1, PT7, lacI, AmpR ~40 This work 

pETDuet_ykun_fdr_cyp719a23oc_t ColE1, PT7, lacI, AmpR ~40 This work 

pET28a_cyp719a23_t_cpr* ColE1, PT7, lacI, KanR ~40 This work 

pET28a_cyp719a23oc_t [a] ColE1, PT7, lacI, KanR ~40 This work 

pET22a_atr2 [a] ColE1, PT7, lacI, AmpR ~40 103 

pET16b-ykuN(N10His) [a] ColE1, PT7, lacI, AmpR ~40 105 

pET16b-fdr(N6His) [a] ColE1, PT7, lacI, AmpR ~40 105 

pET22b_gdh [a] ColE1, PT7, lacI, AmpR ~40 106 

[a] Plasmids used for expression of single enzymes to reconstitute cyp719a23 activity in vitro 

 

 

cyp719a23 variants and oligonucleotides  
Table S4. Names and features for the generated cyp719a23 gene variants. 

Variant Original sequence Inserted modification  
(amino acids) 

Truncated 
amino acids 

cyp719a23nat_bov Native 
Ala + N-terminal sequence 

from bovine CYP17A1 
(ALLLAVFL) 

1-14 

cyp719a23nat_rab Native 
Ala + N-terminal sequence 

from rabbit CYP2C3 
(AKKTSSKGK) 

1-35 

cyp719a23nat_tr Native Ala 1-26 

cyp719a23oc_bov Codon optimized N-terminal sequence from 
bovine CYP17A1(ALLLAVFL) 1-14 

cyp719a23oc_rab Codon optimized N-terminal sequence from 
rabbit CYP2C3 (KKTSSKGK) 1-35 

cyp719a23oc_tr Codon optimized Ala 1-26 
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Table S5. SLIC primers for cyp719a23 gene manipulations. 

[a] Underlined: Complementary sequence to the vector pETDuet-1. Normal: Sequence of N-terminal 
modification to be inserted. Bold-italics: Complementary sequence to the corresponding genes. 

 

  

Primer name Oligonucleotide sequence (5' → 3') [a] 

cyp719a23nat_bov_fwd 
AGTTAAGTATAAGAAGGAGATATACATATGGCATGGCTCT

GTTATTAGCAGTTTTTTTAGCCTTGGCTATGGCACTG 

cyp719a23nat_bov_rev 
CAGCAGCGGTTTCTTTACCAGACTCGAGTCAAGGATTGCG

AGGAATGATCC 

cyp719a23nat_rab_fwd 
TTAAGTATAAGAAGGAGATATACATATGGCATGGCTAAGA

AAACGAGCTCTAAAGGGAAGAAATGGCCTCCAGGGCCAAA

AACATTACCC 

cyp719a23nat_rab_rev 
CAGCAGCGGTTTCTTTACCAGACTCGAGTCAAGGATTGCG

AGGAATGATCC 

cyp719a23nat_tr_fwd 
AGTTAAGTATAAGAAGGAGATATACATATGGCGAAAGCAA

AGTCGTCTTCTGCAATTAAATGGCCTCC 

cyp719a23nat_tr_rev 
CAGCAGCGGTTTCTTTACCAGACTCGAGTCAAGGATTGCG

AGGAATGATCC 

cyp719a23oc_bov_fwd 
AGTTAAGTATAAGAAGGAGATATACATATGGCATGGCTCT

GTTATTAGCAGTTTTTCTCGCGTTGGCTATGGCGCTGATC

TTCCTG 

cyp719a23oc_bov_rev 
CAGCAGCGGTTTCTTTACCAGACTCGAGTTACGGATTACG

CGGAATGATGC  

cyp719a23oc_rab_fwd 
TTAAGTATAAGAAGGAGATATACATATGGCATGGCTAAGA

AAACGAGCTCTAAAGGGAAGTGGCCTCCGGGTCCGAAAAC

GTTGCC 

cyp719a23oc_rab_rev 
CAGCAGCGGTTTCTTTACCAGACTCGAGTTACGGATTACG

CGGAATGATGC  

cyp719a23oc_tr_fwd 
AGTTAAGTATAAGAAGGAGATATACATATGGCGAAAGCGA

AAAGTTCCTCCGCAATCAAATGGCC  

cyp719a23oc_tr_rev CAGCAGCGGTTTCTTTACCAGACTCGAGTTACGGATTACG

CGGAATGATGC  
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Screening of CYP719A23 variants 
The expression was induced at OD600 of 0.6 by the addition of 0.5 mM IPTG, with 0.5 mM 5-

aminolevulinic acid and 0.1 mM FeSO4 as supplements, and it was carried out at 20 °C, 

140 rpm for 16 – 21 h. From the expression of CYP719A23 variants, cells were harvested by 

centrifugation (3.220 x g, 4°C, 20 min) and resuspended in Potassium phosphate buffer (80% 

50 mM K2HPO4, 20% 50 mM KH2PO4, pH 7.5, 100 µM PMSF). Cell suspension was 

supplemented with 0.5 % Triton X-100 before cell disruption by sonication. P450 concentration 

was determined in the disrupted cell suspension by CO difference spectroscopy according to 

reference 107.  

Expressions of truncated CYP719A23 were incubated for 44 h with temperatures of 20°C - 

30°C. Cells were harvested and resuspended as described above, except that no Triton X-

100 was added. The soluble protein fraction was recovered by centrifugation (12,300 x g, 

30 min, 4 °C) and CO-difference spectroscopy was performed with the soluble protein fraction 

only. Results for initial and optimized expression conditions are shown in Tables S11 - S12. 

 
 
Analytical methods 
Table S6. LC/MS method. Solvent A methanol, solvent B ddH2O + 0.1% formic acid. 

Time [min] ddH2O + 0.1% formic acid [%] 

0.01 80 
5.00 65 

10.00 65 
20.00 38 
25.00 0 (100% MeOH) 
26.00 0 (100% MeOH) 
26.01 80 
35.00 80 

 

 

Table S7. Equations used for LC/MS data analysis 

Conversion [%] = Σ(Parea) / Σ(Sarea+Parea) * 100 

Product distribution [%] = Parea / Σ(Sarea+Parea) * 100 
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Table S8. Overview on compounds observed features. Commercially available substances were used as 
references. (-)-pluviatolide was identified via the typical fragmentation pattern and the elution order as described 
elsewhere.70, 80 *The most common observed retention time is stated for the compounds. 

 (+)-
pinoresinol 

(+)-
lariciresinol 

(-)-secoiso-
lariciresinol 

(-)-matai-
resinol 

(-)-
pluviatolide 

Molecular 
weight 358.39 360.61 362.41 358.38 356 

Retention 
Time [min]* 19 17 18 (17.5) 20 24 

Characteristic 
m/z fragments 

359 [M+H+] 
341 [M+H-H2O] 

220 
[M-C7H7O2.] 

345 [M+H-H2O] 
327 [M-2OH-] 
363 [M+H+] 

359 [M+H+] 
341 [M+H-H2O] 
376 [M+H3O+] 

357 [M+H+] 
339 [M+H-H2O] 
375 [M+H3O+] 

 

 
Table S9. Chiral HPLC methods used in this study, isocratic elution. 

Method number n-hexane [%] ethanol [%] Run time [min] 

1  50 50 20 

2 80 20 45 

3 90 10 90 

 

 

Table S10. Equation used for chiral HPLC data analysis 

Enantiomeric excess (ee) [%] = (E1area – E2area) / (E1area + E2area) 

 

 

Table S11. Preparative HPLC method used for (-)-pluviatolide isolation. Solvent A n-heptane, solvent B ethanol. 

Time [min] ethanol [%] 

0.01 10 
8.00 25 
8.01 90 
9.50 90 
9.51 10 
13.00 10 
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Supplementary results 

 
Table S12. Overview on the expression levels achieved for CYP719A23 variants in E. coli C41(DE3). 

Variant Inserted 
modification 

Truncated amino 
acids 

P450 concentration  

[µg/gcww] [nmol/l] 

cyp719a23nat - - nd nd 

cyp719a23nat_bov 
Ala + N-terminal 

sequence from bovine 
CYP17A1 

1-14 374 ± 71 227 ± 43 

cyp719a23nat_rab 
Ala + N-terminal 

sequence from rabbit 
CYP2C3 

1-35 907 ± 55 541 ± 33 

cyp719a23nat_tr Ala 1-26 1012 ± 41 633 ± 26 

cyp719a23oc - - nd nd 

cyp719a23oc_bov 
Ala + N-terminal 

sequence from bovine 
CYP17A1 

1-14 464 ± 190 279 ± 114 

cyp719a23oc_rab 
Ala + N-terminal 

sequence from rabbit 
CYP2C3 

1-35 1267 ± 67 763 ± 40.5 

cyp719a23oc_tr Ala 1-26 1457 ± 120 827 ± 68 

nd = not detectable 

 

 

Table S13. Overview of expression optimization for cyp719a23oc_t. Despite the highest P450 concentration was 
detected at 20°C, 25°C was chosen as compromise, given the expression conditions of fiPLR and ppSDH reported 
elsewhere.102, 108 

 
P450 concentration 

[µg/gcww] [nmol/l] 

Temperature 20h 44h 20h 44h 

20°C 350 ± 54 673 ± 5 256 ± 4 664 ± 5 

25°C 573 ± 12 499 ± 8 333 ± 7 442 ± 7 

30°C 49 ± 1 39 ± 4 27 ± 1 28 ± 3 
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FiPLR, PpSDH and CYP719A23 activities and enantioselectivities 

 
 

Figure S2. LC/MS analysis of (±)-pinoresinol (77% ee of (+)-enantiomer) biotransformation to (-)-matairesinol. 1: (±)-
pinoresinol RT, 19.7 min, 359 [M+H+] 341[M+H-H2O]. 2: (-)-lariciresinol, RT 17.4 min, 220 [M-C7H7O2-OH-]. 3: (-)-
matairesinol, RT 20.7 min, 359 [M+H+] 341 [M+H-H2O] 376 [M+H3O+].  
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Figure S3. Chiral HPLC analysis of (-)-matairesinol synthesis. A: SDH activity on (±)-secoisolariciresinol. B: 
Reference for (±)-secoisolariciresinol. C: Reference for (±)-matairesinol. D: Activity of E. coli co-expressing FiPLR–
SDH. E: Reference for (-)-matairesinol. All substances were analysed with method 2 (Table S9). 
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Figure S4. Effect of redox partners on (-)-matairesinol depletion and P450 concentration. Upper pictures show (-)-
matairesinol depletion (blue, diamond, solid line) and (-)-pluviatolide formation (orange, triangle, dashed line). 
Bottom pictures show CO-difference spectra measured within the corresponding experiment. 

 

 

Table S14. (-)-matairesinol conversion compared to detected P450 concentration. Co-expression of CYP719A23 
and suitable redox partners. 

Combination ~50% conversion 
time 

~100% conversion 
time 

P450 concentration 
[µg/gcww] 

P450 + ATR2 ~15 min 1 h > 99% 170 ± 40 

P450 + FdR/YkuN 3 h 24 h – 82% nd 

P450-CPR fusion ~45 min 3 h – 93% nd 

nd = not detectable: P450 concentration below detection limit. 
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Figure S5. In vitro activity of CYP719A23 supported by different redox partners’ combinations. Different ratios of 
CYP719A23-redox partners are compared to the fusion construct. 
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Table S15. (-)-Matairesinol conversion compared to detected P450 concentration. FiPLR, ppSDH, CYP719A23-
redox partners were co-expressed together. (+)-pinoresinol was used as substrate. 

nd = not detectable: P450 concentration below detection limit. 

Combination ~50% conversion 
time 

~100% conversion 
time 

P450 concentration 
[µg/gcww] 

P450 + ATR2 ~20 min 2 h > 99% 190 ± 70 

P450 + FdR/YkuN 3.5 h 24 h – 99% nd* 

P450-CPR fusion 2 h 3 h – 90% nd* 

Figure S6. Depletion of racemic matairesinol (blue, diamond, solid line) and detected (-)-pluviatolide (orange, 
triangle, dashed line) for biotransformation of (±)-matairesinol in the final E. coli strain. Top to bottom: 
Biotransformation with co-expressed P450 and ATR2, co-expressed P450, FdR/YkuN, and P450-CPR fusion. 
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Figure S7. Chiral HPLC analysis of (-)-matairesinol and (±)-matairesinol conversion catalyzed by CYP719A23. A: 
Conversion of 100 µM (-)-matairesinol (-)-pluviatolide; B: reference for (-)-matairesinol, 100 µM; C: (±)-matairesinol 
conversion to (-)-pluviatolide; D: reference for (±)-matairesinol; E: isolated (-)-pluviatolide. Conversions were 
carried in 1 mL Eppendorf tubes with open lids, at 25°C, 11500 rpm, 4 h reaction time. All substances were 
analysed with method 2 (Table S9). 
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Figure S8. Overview on the modular two-plasmid system for enzyme co-expression in E. coli. pCDFDuet harboring 
ppsdh and fiplr genes was combined with the corresponding pET-vector harboring the desired cyp719a23 gene 
variant and redox partner genes, atr2, ykun, fdr, or the cyp719a23ac-t-cpr-fusion. T7: T7 promoter; rbs: ribosome 
binding site; Amp: ampicillin resistance gene; Strp: streptomycin resistance gene; Kan: kanamycin resistance gene. 
MCS I/II: multiple cloning site I or II. 
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Figure S9. Chiral HPLC analysis from upscaling experiment (non-optimized trials). Whole-cell biotransformation of 
500 µM (+)-pinoresinol, 25°C, 180 rpm in 10 mL reaction buffer, 24 h reaction time. A: Co-expression of FiPLR, 
PpSDH, CYP719A23 and ATR2; B: Reference compound of (±)-matairesinol. Sample was analysed with method 
2 (Table S9).  
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NMR-data 
 

Disclaimer on (-)-pluviatolide availability 
Reference compound of (-)-pluviatolide (CAS No. 28115-68-6) was purchased from 

ChemFaces (China). According to the supplier, these stocks are extracted from the plant 

Macaranga tanarius, from which the only reported lignan among the extracted secondary 

metabolites is (+)-pinoresinol diglucoside 109.  

The LC/MS analysis on the compound revealed a major m/z fragment of 357 [M+H+] relatable 

to (-)-pluviatolide, however the observed retention time overlaps completely with (+)-

pinoresinol (m/z fragment 341 [M+H-H2O]), dramatically differing from the retention time for 

(-)-pluviatolide reported in the literature and observed in this work (Table S8, Figure S9). 

On the other hand the 13C-NMR data provided by the chemical supplier are consistent with 

the values recorded in this work for the desired product (Table S17). It is thus possible that a 

diastereomer of (-)-pluviatolide was isolated and sold instead of the claimed compound. 

 

 
 

 

NMR analysis – 1H NMR (-)-pluviatolide (CDCl3):  

δ 6.84 (d, J = 8.1 Hz, 1H), 6.69 (d, J = 7.7 Hz, 1H), 6.67 (d, J = 1.9 Hz, 1H), 6.63 (dd, J = 
8.1, 1.9 Hz, 1H), 6.48 – 6.42 (m, 2H), 5.93 (d, J = 1.5 Hz, 1H), 5.93 (d, J = 1.4 Hz, 1H), 4.11 
(dd, J = 9.2, 6.9 Hz, 1H), 3.88 – 3.85 (m, 1H), 3.85 (s), 2.96 (dd, J = 14.1, 5.1 Hz, 1H), 2.89 
(dd, J = 14.1, 7.0 Hz, 1H), 2.62 – 2.46 (m, 4H).  

  

Figure S10. LC/MS analysis of (+)-pinoresinol (Table S1) and purchased (-)-pluviatolide stock (extracted from Macaranga 
tanarius). IS: internal standard (+)-sesamin. 
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Table S16. Comparison of 1H spectroscopic assignments from literature references and the observed δ 1H for 
isolated (-)-pluviatolide. Data was recorded on a Brucker Avance 600 MHz spectrometer with CDCl3 as solvent. 

Carbon 
number 

Observed δ 1H 
(ppm) 

δ 1H 
(ppm) 80 

δ 1H 
(ppm) 70 

δ 1H 
(ppm) 110 

2, 3, 6 
2’, 5, 6’ 

6.42 – 6.48 (m, 2H) 
6.63 (dd, J = 8.1, 1.9 Hz, 

1H) 
6.67 (d, J = 1.9 Hz, 1H)  
6.69 (d, J = 7.7 Hz, 1H) 
6.84 (d, J = 8.1 Hz, 1H) 

6.44 – 6.47 (m) 
 6.63 (dd, J = 7.9, 1.8 

Hz) 
 6.67 (d, J = 1.8 Hz) 
6.69 (d, J = 7.7 Hz) 
 6.84 (d, J = 8 Hz) 

6.41 – 6.48 (m, 2H) 
6.58 – 6.71 (m, 3H) 

 6.83 (d, J = 8.0 Hz, 1H) 

6.44 – 6.47 (m, 2H) 
6.63 (dd, J = 7.9, 1.8 Hz, 1H) 

6.67 (d, J = 1.8 Hz, 1H) 
6.69 (d, J =7.7 Hz, 1H) 
6.84 (d J = 8 Hz, 1H) 

O-CH2-O 5.93 (d, J = 1.5 Hz, 1H) 
 5.93 (d, J = 1.4 Hz, 1H) 

5.93 (d, J = 1.4 Hz) 
5.94 (d, J = 1.4 Hz) 5.92 (s, 2H) 5.93 (d, J = 1.4 Hz, 1H) 

5.94 (d, J = 1.4 Hz, 1H) 

-OCH3 3.85 (s) 3.85 (s) 3.84 (s, 3H) 3.85 (s, 3H) 

7, 8 ,8‘ 2.46 – 2.62 (m, 4H) 2.45 – 2.62 (m) 2.39 – 2.65 (m, 4H) 2.45 – 2.62 (m, 4H) 

7‘ 
2.89 (dd, J = 14.1, 7.0 Hz, 

1H) 
2.96 (dd, J = 14.1, 5.1 Hz, 

1H) 

2.89 (dd, J = 14.1, 7.0 
Hz) 

2.96 (dd, J = 14.0, 5.2 
Hz) 

2.88 (dd, J = 14.1, 6.8 Hz, 
1H) 

 2.95 (dd, J =14.0, 5.0 Hz, 
1H) 

2.89 (dd, J = 14.1, 7.0 Hz, 1H) 
 2.96 (dd, J = 14.0 Hz, 5.2, 1H) 

9 
3.88 – 3.85 (m, 1H) 

4.11 (dd, J = 9.2, 6.9 Hz, 
1H) 

3.86 (dd, J =7.4, 9.1 
Hz) 

4.11 (dd, J =7.1, 9.2 
Hz) 

3.85 – 3.91 (m, 1H) 
4.06 – 4.15 (m, 1H) 

3.86 (dd, J = 9.1, 7.4 Hz, 1H) 
4.11 (dd, J = 9.2, 7.1 Hz, 1H) 
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Figure S11. 1H NMR spectrum of (-)-pluviatolide. Data was recorded on a Brucker Avance 600 MHz spectrometer 
with (-)-pluviatolide in CDCl3 
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NMR analysis – 13C NMR (-)-pluviatolide (CDCl3): 

δ 178.80, 148.02, 146.82, 146.49, 144.69, 131.75, 129.59, 122.23, 121.71, 114.40, 111.67, 
108.96, 108.47, 101.19, 71.35, 56.04, 46.76, 41.16, 38.47, 34.78. 

 

 

Table S17. Comparison of 13C spectroscopic assignments from literature reference and the observed δ13C for 
isolated (-)-pluviatolide. Data was recorded on a Brucker Avance 600 MHz spectrometer using CDCl3 as solvent. 

Carbon number Observed δ 13C (ppm) δ 13C 80 

1’ 129.59 129.43 

2’ 111.67 111.48 

3’ 146.49 146.32 

4’ 144.69 144.52 

5’ 114.40 114.22 

6’ 121.71 121.55 

7’ 34.78 34.62 

8’ 46.76 46.59 

9’ 178.80 178.64 

1 131.75 131.59 

2 108.96 108.79 

3 148.02 147.85 

4 146.82 146.65 

5 108.47 108.31 

6 122.23 122.07 

7 38.47 38.30 

8 41.16 41.00 

9 71.35 71.19 

O-CH2-O 101.19 101.04 

-OCH3 56.04 55.87 
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Figure S12. 13C NMR spectrum of (-)-pluviatolide. Data was recorded on a Brucker Avance 600 MHz 
spectrometer with (-)-pluviatolide in CDCl3 
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NMR analysis 1H-13C-HSQC spectrum for isolated (-)-pluviatolide 

 

 

Figure S13. Data was recorded on a Brucker Avance 600 MHz spectrometer, with (-)-pluviatolide in CDCl3. Plot 
generated with 1H on the x-axis (f2) and 13C on the y-axis (f1). Highlighted (black arrow) the HSQC pulse generated 
by the characteristic peaks of the methylenedioxy bridge O-CH2-O at δ 5.9 (1H) and δ 101 (13C), in agreement to 
previously reported data (Marques et al., 2013) 
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2.3 From (-) matairesinol towards (-)-podophyllotoxin 

Title: “Synthesis of (-)-deoxypodophyllotoxin, (-)-podophyllotoxin and (-)-epipodophyllotoxin 

via multi-enzyme cascade reactions in E. coli” 

Authors: Davide Decembrino, Alessandra Raffaele, Thomas Hilberath, Marco Girhard and 

Vlada B. Urlacher* 

Manuscript submitted to Microbial Cell Factories 

 

Own contribution: conceptualization, design, performance of the experiments, analysis and 

evaluation of the data, drafting of the manuscript and the artworks. Relative contribution 90% 
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Synthesis of (-)-deoxypodophyllotoxin, (-)-podophyllotoxin and (-)-

epipodophyllotoxin via multi-enzyme cascade reactions in E. coli 

Davide Decembrino1, Alessandra Raffaele1, Thomas Hilberath1, Marco Girhard1 and Vlada B. 
Urlacher1* 

1 Institute of Biochemistry, Heinrich-Heine University Düsseldorf, Universitätsstraße 1, 40225 

Düsseldorf, Germany 

*Corresponding author: vlada.urlacher@uni-duesseldorf.de 

Abstract 

The aryltetralin lignan (-)-podophyllotoxin is a potent cytotoxic, antiviral, and anti-neoplastic 

compound that is mainly found in Podophyllum and Sinopodophyllum plant species. Over the years, 

the commercial demand for this compound rose notably because of the high clinical importance of 

its semi-synthetic chemotherapeutic derivatives etoposide and teniposide. To satisfy this demand, 

(-)-podophyllotoxin is conventionally isolated from the roots and rhizomes of Podophyllum 

hexandrum, which can only grow in a few regions and is now endangered by overexploitation and 

environmental damage. For these reasons, the development of novel, sustainable routes are of high 

importance. Herein, we report the reconstitution of the biosynthetic pathway of Sinopodophyllum 

hexandrum as a multi-enzyme cascade in E. coli to produce (-)-deoxypodophyllotoxin and (-)-

epipodophyllotoxin. The pathway involves inter alia three plant cytochrome P450 monooxygenases, 

with two of them being functionally expressed in E. coli for the first time. Recently, we reported a 

four-step synthesis of the precursor (-)-matairesinol starting from (+)-pinoresinol in E. coli. Herein, a 

five-step conversion of (-)-matairesinol to (-)-deoxypodophyllotoxin was proven effective (98% yield). 

As a putative (-)-podophyllotoxin synthase from S. hexandrum responsible for the final reaction 

remains unknown to date, two potential candidates CYP107Z and CYP105D from Streptomyces 

platensis were evaluated for their ability to catalyse the hydroxylation of (-)-deoxypodophyllotoxin. 

Both P450s accepted and converted this substrate, and (-)-podophyllotoxin and (-)-

epipodophyllotoxin were detected as reaction products. 

 

mailto:vlada.urlacher@uni-duesseldorf.de
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Introduction 

Herbs and herbal-derived products have a long history as essential components of traditional 

medical treatments all over the world. Since people health awareness and life expectancy is 

increasing globally, the demand for effective medicines is also increasing. Nowadays, modern drug 

development rediscovered plants as a rich source of potent bioactive compounds.11 In this regard, 

lignans represent a group of peculiar secondary metabolites with multiple biological activities. In 

particular, lignans have been described as antioxidant, anti-inflammatory, and powerful cytotoxic 

compounds, as well as agents preventing the development of breast and prostate cancers or 

cardiovascular diseases.64, 111 The aryltetralin lignan (-)-podophyllotoxin has gained much attention 

due to its potent anti-neoplastic and antiviral properties. There are evidences for its medicinal use 

through the application of Podophyllum species starting back to 2,500 BC.112 Podophyllotoxin is 

known for blocking tubulin polymerization and is currently used as antiviral topical agent. 

Semisynthetic (-)-podophyllotoxin derivatives like teniposide and etoposide with higher solubility, 

activity, and lower cytotoxicity has been traditionally used as chemotherapeutics for the treatment of 

different cancers,73 with the latter being introduced to the list of essential medicines by the World 

Health Organization (WHO).71, 113  

Conventional isolation of (-)-podophyllotoxin from natural sources like Podophyllum and 

Sinopodophyllum plants and other related Berberidaceace species.69, 114 This practise has become 

environmentally unbearable due to unregulated plant uprooting within the few regions where these 

plants can be cultivated.115 To overcome these limitations, various organometallic chemical catalysts 

have been successfully combined with single or multiple enzymatic steps, although such approaches 

often involve the usage of expensive/toxic reagents and harsh reaction conditions.75, 116 In addition, 

because of increasing environmental awareness, researchers are keen on putting aside such 

cumbersome - though elegant - chemo-synthetic approaches and disclosing the potential of 

enzymes as biocatalysts. Either alone or combined in multi-enzyme cascades, in vitro or in vivo, 

biocatalysts generally allow to achieve reactions under mild, biologically compatible reaction 

conditions, with minor waste production and lower reagents toxicity in comparison to chemical 

catalysts.4, 5, 76 
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Recent advances in metabolic engineering and synthetic biology boosted the production of plant 

secondary metabolites in recombinant microorganisms, in which partial or entire plant pathways 

were reconstituted.117-119 Over the years, the lignan biosynthetic pathways in plants have been 

explored, and the enzymes involved in the biotransformation of the phenylpropanoid (E)-coniferyl 

alcohol to the intermediate compound (-)-matairesinol have been disclosed.63, 78, 79 Yet, only recently 

light has been shed on the genome of Sinopodophyllum hexandrum, which allowed the elucidation 

of the subsequent steps in the biosynthetic route to (-)-deoxypodophyllotoxin.70, 80  

Against this background, within this study a part of the pathway of S. hexandrum was reconstituted 

in E. coli to allow the biosynthesis of (-)-deoxypodophyllotoxin 6 and (-)-epipodophyllotoxin 7 from 

the precursor (-)-matairesinol 1 (Figure 1). In two previous studies we reported on efficient four-step 

multi-enzyme cascades starting from coniferyl alcohol or (+)-pinoresinol to (-)-matairesinol 1 in 

E. coli.120, 121 In the subsequent steps, (-)-matairesinol 1 is first converted to (-)-pluviatolide 2 by the 

cytochrome P450 monooxygenase (P450) CYP719A23. The following methylation of (-)-pluviatolide 

2 is catalysed by the (-)-pluviatolide-O-methyltransferase (OMT3) yielding (-)-5’-desmethoxy-yatein 

3, which is in turn hydroxylated in the next reaction catalysed by CYP71CU1. Afterwards, a second 

methylation step is executed by the 5'-desmethyl-yatein O-methyltransferase (OMT1) to produce 

(-)-yatein 5. Finally, 2-oxoglutarate/Fe(II)-dependent dioxygenase (2-ODD) catalyses the oxidation 

of (-)-yatein to furnish (-)-deoxypodophyllotoxin 6. During this reaction a C-C bond is formed leading 

to ring closure, which is characteristic for the aryltetralin scaffold of the (-)-podophyllotoxin-like 

lignans.70 In this study, we combined these enzymes in a modular manner which allowed to achieve 

the efficient 5-step conversion of (-)-matairesinol 1 to (-)-deoxypodophyllotoxin 6 with 98% yield. 

Whereas the heterologous expression and the reconstitution of CYP719A23 activity in E. coli had 

been described in our previous report,120 CYP71CU1 has been expressed in E. coli for the first time.  

To date, the final stereo- and regioselective hydroxylation of (-)-deoxypodophyllotoxin 6 to (-)-

podophyllotoxin 8 remains elusive, and the physiological enzyme of S. hexandrum catalysing this 

reaction has yet to be identified.122 Within this study we therefore sought to achieve the hydroxylation 

of (-)-deoxypodophyllotoxin 6 by P450s identified in the genome of S. hexandrum or available from 

previous studies at our group. In particular, CYP82D61 from S. hexandrum and CYP107Z and 



Results: From (-)-matairesinol towards (-)-podophyllotoxin 

99 
 

CYP105D from Streptomyces platensis,51 were tested. Finally, a recombinant E. coli strain for the 

biosynthesis of (-)-epipodophyllotoxin 7 from (-)-matairesinol 1 was developed harbouring a six-step 

enzymatic cascade involving three P450s. Whereas CYP82D61 led to the formation of the epimer (-

)-epipodophyllotoxin 7 as expected based on the work of Lau and Sattely,70 CYP107Z and CYP105D 

produced mixtures of (-)-podophyllotoxin 8 and (-)-epipodophyllotoxin 7, with the latter one being the 

major product. 

 

 

Figure 1. Schematic view for the biosynthesis of (-)-podophyllotoxin and some semi-synthetic derivatives thereof. The six 
enzymes from S. hexandrum that were assembled in this work and S. platensis CYPs are underlined. Individual compounds 
involved into the development of this work are highòighted by a 1 to 8 numbering. Compounds 2, 3, 4, and 7 are not 
commercially available. Compound 2, (-)-pluviatolide, was isolated and identified within our previous work.120 
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Results and discussion 

Screening of E. coli strains to express OMT3, OMT1, CYP71CU1 and 2-ODD 

Following the genome mining efforts which led to their identification,70 the successful heterologous 

expression in E. coli of the individual genes of the methyltransferases OMT3, OMT1 and the 

dioxygenase 2-ODD has previously been reported in literature.70 Differently, the expression of 

CYP71CU1 was attempted in Saccharomyces cerevisiae only.70 Within this work, we first selected 

the most appropriate E. coli strain for coexpression of all enzymes to assemble a functional multi-

enzyme cascade. To achieve this, we first compared the individual expression levels of omt3, omt1, 

and 2-odd genes in the E. coli strains BL21 (DE3), C41 (DE3) and C43 (DE3). In summary, the 

production of OMT3 (41 kDa), OMT1 (38 kDa) and 2-ODD (35 kDa) using their native gene 

sequences was successful in all strains as judged by SDS-PAGE (Supplementary Figures S1, S2 

and S3).  

The heterologous expression of CYP71CU1 was endeavoured as well. The physiological bond of 

the N-terminal moiety to the endoplasmic reticulum membrane, which is a typical feature of 

eukaryotic P450s, is often a drawback to achieve functional expression in prokaryotic hosts because 

of the lack of organelles and well-developed inner membranes.123 Nevertheless, after the expression 

of the complete E. coli codon optimized sequence, named cyp71cu1oc_wt, the SDS-PAGE revealed 

a band in the range of 56 kDa in comparison to the respective negative control (Supplementary 

Figure S4). E. coli C41 (DE3) appeared as the most suitable strain for CYP71CU1 expression. For 

a more detailed investigation, CO-difference spectra were recorded to estimate the amount of 

soluble P450. After expression, in every strain, a peak at 420 nm was seen along with a peak at 

450 nm (Supplementary Figure S5). Unambiguously, ~ 25 µgP450/gcww and ~ 65 µgP450/gcww were 

calculated for E. coli BL21 (DE3) and C43 (DE3) respectively, in comparison to ~ 100 µgP450/gcww for 

C41 (DE3). Based on these results, E. coli C41 (DE3) was chosen as chassis for all following 

experiments. 
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Optimization of CYP71CU1 expression  

Since the intrinsic activity of P450s is generally low in comparison to many other enzymes, P450s 

involved in multi-enzyme cascades have often been reported as a bottleneck.124 Therefore improving 

and optimizing of cyp71cu1 expression and activity represented a crucial step for the development 

of an efficient multi-enzyme cascade. We optimized several expression parameters: By prolonging 

the cultivation time from 20 to 48 h an increase of the expression level (160 ± 15 µgP450/gcww vs. 

~ 100 µgP450/gcww) was achieved. In addition, the E. coli codon optimized gene sequence was 

compared to the cyp71cu1 native sequence. After 48 h expression 263 ± 16 µgP450/gcww was 

recorded for the native sequence, which is ~ 1.5-fold higher than the expression of the codon 

optimized gene (Supplementary Figure S6 and Supplementary Table S8). 

Given the successful detection of functional CYP71CU1, further optimization was attempted by 

manipulating its ER associated N-terminal domain. The partial or total truncation and/or manipulation 

by changing the sequence of the putative N-terminal membrane-associated region has often been 

proven successful in raising the expressions levels of plant P450s in E. coli.60 A proline-rich 

sequence was identified that followed the first 26 amino acids of CYP71CU1, this is a typical feature 

of microsomal P450s which is proposed to be crucial for the correct protein folding.125 Variants with 

deletion of the first 20 amino acids (Δ20) were generated. In addition, a DNA-triplet encoding for the 

amino acid alanine was introduced as the second codon within the truncated gene sequence, since 

the translation efficiency was proposed to be enhanced by this strategy.60, 126 

This manipulation remarkably influenced the amount of detectable soluble CYP71CU1; a 3-fold 

improvement was observed as compared with the expression levels of the non-truncated version 

(Supplementary Table S8). Specifically, 813 ± 163 µgP450/gcww were achieved using the manipulated 

native gene (cyp71cu1Δ20nat) and 465 ± 138 µgP450/gcww with the manipulated codon optimized 

sequence (cyp71cu1Δ20oc). Finally, the expression temperature was varied between 20°C and 

30°C; the optimum for the expression of CYP71CU1 variants was 25°C (Supplementary Table S9, 

Supplementary Figure S7). 
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Plasmid construction, initial enzyme activity tests, and initial evaluation of 

coexpression 

Since most of the substrates for the individual enzymes are not commercially available, only 2-ODD 

activity could be tested prior to the multi-enzyme cascade assembly. Using recombinant E. coli 

resting cells, complete conversion of 200 µM (-)-yatein 5 was observed after 3 h. Similar retention 

times and m/z fragments of the substrate (-)-yatein 5 (m/z 401 [M+H]+) and the product (-)-

deoxypodophyllotoxin 6 (m/z 399 [M+H]+) were recorded (Figure 2A). Due to these similar signals in 

the mass spectrum as well as partially overlapping peaks during chromatographic resolution, the 

quantification of these compounds could not be unambiguous even by direct comparison to the 

respective authentic standards. To prove the goodness of the reaction, (-)-yatein 5 depletion was 

followed over 30 min to confirm the activity of 2-ODD. Indeed, substrate 5 and product 6 were 

concomitantly detected as twin-peaks after 5 min, regardless of the almost identical features of both 

compounds (Figure 2B). 

 

Figure 2. LC/MS analysis to validate 2-ODD activity with (-)-yatein 5. A: Analysis with method 1 (Table S5), 3 h conversion. 
B: analysis with method 3, substrate depletion was followed over 30 min. Reaction conditions: 25°C, 1500 rpm in Eppendorf 
ThermoMixer C, in 2 mL reaction tubes with open lids, 200 µM (-)-yatein 5. 
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Next, the activity of OMT3 was proven. In our previous work, the OMT3’s substrate (-)-pluviatolide 2 

was successfully isolated after production in E. coli from (-)-matairesinol 1 by CYP719A23 from 

S. hexandrum supported by the cytochrome P450 reductase ATR2 from Arabidopsis thaliana.120 To 

perform the two-step biotransformation of (-)-matairesinol 1 to (-)-5’-desmethoxy-yatein 3, 

CYP719A23 and ATR2 (plasmid pETDuet_atr2_cyp719a∆23oc, Supplementary Table S3) were 

coexpressed with OMT3 (plasmid pCDFDuet_omt3). Utilizing 200 µM (-)-matairesinol 1 as substrate, 

three major peaks were detected after 30 min. One peak was recognized as (-)-matairesinol 1 (m/z 

341 [M+H-H2O]+, 360 [M+2H]2+) and one as (-)-pluviatolide 2 (m/z 339 [M+H-H2O]+, 358 [M+2H]2+). 

The predominant fragment ions of the third peak (m/z 372 [M+2H]2+, 354 [M+2H-H2O]2+) suggest a 

mass difference (Δm) of +14 g/mol compared to (-)-pluviatolide 2, pointing to a methylated product. 

After 3 h the characteristic m/z fragments of this product distinctly increased concomitant with the 

full conversion of (-)-pluviatolide 2, endorsing OMT3 activity (Supplementary Figure S8). The 

observed m/z fragments correspond to those associated to the isolated (-)-5’-desmethoxy-yatein 3 

reported elsewhere (Supplementary Table S6).70 

CYP71CU1-mediated hydroxylation of (-)-5’-desmethoxy-yatein 3 produced by OMT3 represents the 

next reaction step of the cascade. Therefore, we next evaluated the coexpression of CYP71CU1 

and OMT3 (plasmid pCDFDuet_omt3_cyp71cu1Δ20nat). Under the established optimized 

expression conditions for CYP71CU1, when coexpressed with OMT3 in the same E. coli cell, 

CYP71CU1 concentration achieved 240 ± 15 µgP450/gcww which is 3-fold lower in comparison to the 

single expressed CYP71CU1 (Supplementary Figure S9A). This is not surprising because in our 

previous work we observed a significant reduction of a P450 concentration when multiple genes 

were coexpressed from the same expression vector.120 In this regard, it is worth mentioning that 

P450s rely on electrons which are ultimately delivered by reduced nicotine amide cofactors NAD(P)H 

via redox partner proteins.35 Concerning eukaryotic organisms, the redox equivalents from NAD(P)H 

are transferred by cytochrome P450 reductases (CPR).33 Intuitively, the combination of redox 

proteins belonging to the same organism represent the method of choice, however, CPRs from 

S. hexandrum are unknown to date. In our previous study, ATR2 was found to support CYP719A23 

activity both in vitro and in vivo.120 In this regard, in plant natural systems a P450 to CPR ratio of 
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~ 15:1 has been reported127, 128; in other words, the activity of multiple P450s should be sufficiently 

supported by significantly lower amounts of CPR.  

Based on these considerations, we assumed that the expression level of ATR2 should be sufficient 

to sustain the activity of both CYP719A23 and CYP71CU1 upon coexpression with OMT3 in one 

E. coli cell (coexpression of plasmids pETDuet_atr2_cyp719a∆23oc and 

pCDFDuet_omt3_cyp71cu1Δ20nat). Under the above-described optimized conditions, when 

coexpressed with OMT3 in the same E. coli cell, CYP71CU1 concentration achieved 240 ± 15 

µgP450/gcww which is 3 times lower than the single expressed enzyme (Supplementary Figure S9A). 

This is not surprising; as a matter of fact previous experience suggested the likelihood of significant 

reduction of P450 amounts when multiple genes are harboured within the same expression vector.120 

The inclusion of OMT1 and 2-ODD catalysing the follow-up reaction steps finished assembly of the 

desired multi-enzyme cascade. 2-ODD and OMT1 were coexpressed utilizing plasmid 

pCOLADuet_2-odd_omt1 (Supplementary Table S3 and Supplementary Figure S9B). In summary, 

three plasmids were designed in a modular fashion to allow the coexpression of all necessary genes 

and to target the biosynthesis of (-)-deoxypodophyllotoxin in E. coli (Supplementary Figure S10). 

 

Implementation of the cascade from (-)-matairesinol 1 to (-)-deoxypodophyllotoxin 6 in 

E. coli  

One-cell approach 

As a first try to achieve the 5-step biotransformation of (-)-matairesinol 1 to (-)-deoxypodophyllotoxin 

6, all necessary pathway enzymes were coexpressed in a single cell harbouring three plasmids. This 

“one-cell” approach was evaluated in reaction flasks in 10 mL using 200 µM (-)-matairesinol 1 (Figure 

3). Following the reaction over time, substrate depletion, intermediates formation and consumption, 

as well as the final product (-)-deoxypodophyllotoxin 6 were monitored. In the absence of 

commercially available authentic references, the identification of the intermediates (-)-5’-

desmethoxy-yatein 3 and (-)-5’-demsethyl-yatein 4 was possible relying on the work of Lau and 

Sattely (Supplementary Table S6).70 
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The activity of CYP719A23 in combination with ATR2 was proven by ~50% consumption of (-)-

matairesinol 1 (m/z 341 [M+H-H2O]+, 359 [M+H]+) within the first 10 min, and formation of the 

intermediate (-)-pluviatolide 2 (m/z 339 [M+H-H2O]+, 358 [M+H]+) which accounted for 86% of all 

detected intermediates. Complete (-)-matairesinol 1 depletion was observed after 1 h; at that time 

point the presence of the intermediates (-)-5’-desmethoxy-yatein 3 (~7%, m/z 353 [M+H-H2O]+, 371 

[M+H]+) and (-)-yatein 5 (~ 13%, m/z 383 [M+H-H2O]+, m/z 401 [M+H]+) was observed, confirming 

the activities of OMT3 and OMT1, respectively. The activity of CYP71CU1 can also be concluded, 

given that this enzyme performes the hydroxylation step between the steps catalysed by OMT3 and 

OMT1. After 3 h, (-)-5’-desmethyl-yatein 4 formed in the CYP71CU1-catalysed reaction could be 

Figure 3. A: Schematic picture of the one-cell biotransformation of (-)-matairesinol 1 to (-)-deoxypodophyllotoxin 6. B: 
LC/MS analysis performed with method 4 (Supplementary Table S5). Compounds were identified via MS fragmentation 
by comparison to either commercially available authentic standards or literature references (Supplementary Tables S6). 
Reaction conducted at 25°C, 250 rpm in baffled Erlenmeyer flasks in an orbital shaker; 10 mL cell suspension, 200 µM 
substrate. 
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better evaluated. The structural similarity of (-)-5’-desmethyl-yatein 4 to (-)-pluviatolide 2 generates 

overlapping peaks, however distinctive fragmentation patterns allow to discern the compounds 

qualitatively. MS signals of (-)-pluviatolide 2 (m/z 339 [M+H-H2O]+ and 358 [M+H]+) were poorly 

detectable, while the intensity of (-)-5’-desmethyl-yatein 4 fragments (m/z 369 [M+H-H2O]+ and m/z 

387 [M+H]+) fragments increased. Notwithstanding the difficult quantification, this finding 

demonstrates that CYP71CU1 is catalytically active in E. coli and it also implies that ATR2 is 

performing as adequate electron shuttle to both CYP719A23 and CYP71CU1, in the current reaction 

setup. After 5 h (-)-5’-desmethyl-yatein 4 (~7%) was detected together with ~ 84% of the 

intermediate (-)-yatein 5 (m/z 383 [M+H-H2O]+, m/z 401 [M+H]+). At the same time point, (-)-

deoxypodophyllotoxin 6 (m/z 399 [M+H]+, 421 [M+Na]+) accounts for ~ 10%. After prolongation of 

the reaction to 24 h (-)-yatein 5 and (-)-deoxypodophyllotoxin 6 were detected in a 50:50 ratio, which 

revealed 2-ODD-catalysed reaction as an apparent bottleneck (Figure 3). This outcome was 

somewhat unexpected, since as described in the previous chapter, single expressed 2-ODD was 

able to fully convert 200 µM (-)-yatein within 3 h. 

The increased metabolic burden determined by the coexpression of multiple enzymes from three 

plasmids within a single cell may represent a straightforward explanation for this result. The presence 

of several redox enzymes in the cascade is also likely to generate competition for cofactors and co-

substrates within the cell.17 Although glucose was added as carbon source to support E. coli 

metabolism for TCA cycle or pentose phosphate pathway, its provision likely needs optimization to 

ensure a good balance between the host primary metabolic machinery and the heterologous one. 

For instance, 2-ODD’s co-substrate 2-oxoglutarate is highly required within TCA cycle.20 It is 

therefore likely that a lack of co-substrate is restricting the performance of this enzyme.
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Two-cells approach 

In the attempt to reduce the metabolic burden hypothesised for the one-cell approach, the cascade 

was divided between two E. coli cells, that from now on will be referred to as modules. Module one 

contained CYP719A23 and ATR2 together with OMT3 and CYP71CU1 covering (-)-matairesinol 1 

biotransformation to (-)-5’-desmethyl-yatein 4, while module two harboured OMT1 and 2-ODD to 

finalize (-)-deoxypodophyllotoxin 6 synthesis (Figure 4). 

Figure 4. A: Schematic picture of the sequential two-cell biotransformation of (-)-matairesinol 1 to (-)-
deoxypodophyllotoxin 6. After 3 h conversion by module one, module two was added to the reaction. B: LC/MS 
analysis performed with method 4 (Supplementary Table S5). Compounds were identified via MS fragmentation 
by comparison to either commercially available authentic standards or literature references (Supplementary Tables 
S6). Reaction conducted at 25°C, 250 rpm in baffled Erlenmeyer flasks in an orbital shaker; 2x10 mL cell 
suspension, 200 µM (-)-matairesinol 1. 
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The two modules were added in a sequential manner: 3 h after conversion of 200 µM (-)-

matairesinol 1 was started using module one, module two was added. Similar to the one-cell 

approach, ~ 60% substrate depletion was observed within 10 min, and full (-)-matairesinol 1 

conversion after 1 h. At this time, (-)-pluviatolide 2 (85%) and (-)-5’-desmethoxy-yatein 3 (15%) 

were the only detectable compounds. Prior to the addition of module two (after 3 h) no m/z 

fragments related to (-)-pluviatolide 2 were observed; instead, m/z 369 [M+H-H2O]+ and m/z 

387 [M+H]+ were recorded at a retention time (RT) 14.9 min, identifying (-)-5’-desmethyl-yatein 

4 (the final product of module one) as the most prominent product (~ 65%).  

Already 2 h after module two addition (corresponding to 5 h total reaction time), the two-cells 

approach seemed more efficient than the one-cell approach. At this time point, (-)-

deoxypodophyllotoxin 6 and (-)-yatein 5 corresponded to ~ 40% and ~ 23% of all detected 

compounds respectively, and after 24 h (-)-yatein 5 was fully converted to (-)-

deoxypodophyllotoxin 6. Noticeably, 2-ODD performance was substantially enhanced in the 

sequential two-cells approach. 

It should be noted that a distinct though minor side product peak was detected after the 

addition of module two at ~ 13.5 min (marked with an asterisk within Figure 4B). The mass 

fragments (m/z 385 [M+H]+ and 407 [M+Na]+) suggest that aryltetralin ring closure may happen 

consequentially to the 2-ODD-catalysed oxidation. As (-)-5’-desmethyl-yatein 4 molecular 

weight is 386 g/mol, the observed mass difference is coherent to a compound with a predicted 

molecular weight of 384 g/mol, which corresponds to (-)-5’-desmethyl-deoxypodophyllotoxin 

(Supplementary Figure S11).  

Application of two-cells was remarkably effective: 196 µM of (-)-deoxypodophyllotoxin were 

quantified as a result of this 5-step enzymatic reaction cascade, corresponding to 98% yield 

unambiguously demonstrating the advantage of this setup in comparison to the one-cell 

approach. 
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Evaluation of (-)-deoxypodophyllotoxin hydroxylation 

CYP82D61 expression and activity evaluation in E. coli 

In a previous study by Lau and Sattely, the accumulation of (-)-epipodophyllotoxin 7 was 

described after (-)-deoxypodophyllotoxin 6 transformation catalysed by CYP82D61 from 

S. hexandrum. Within the same work, this compound was isolated and identified after 

heterologous expression of CYP82D61 in N. benthamiana leaves.70 Therefore, we attempted 

the expression and activity evaluation of CYP82D61 in E. coli. Similar to the optimization 

strategy applied for CYP71CU1, the N-terminal membrane-associated sequence of 

CYP82D61 was manipulated by generating a truncated variant where the first 23 amino acids 

were deleted (Δ23) and the second codon was substituted by alanine. Using E. coli C41(DE3) 

as host, the expression of the E. coli codon optimized gene sequence cyp82d61oc_wt and the 

manipulated gene variant cyp82d61Δ23oc was conducted for 48 h at temperatures between 

20° to 30°C. Expression of the wt gene was successful only at 30°C and reached 250 ± 14 

µgP450/gcww. The N-terminal manipulation was beneficial and improved the expression of 

CYP82D61 at 30°C resulting in 1395 ± 220 µgP450/gcww (compared to 936 ± 34 µgP450/gcww at 

25°C, no detectable expression at 20°C; Supplementary Table S10). Regarding the 

expression temperature, this outcome was somehow unexpected since multiple physiological 

features including gene expression have been reported to be enhanced in S. hexandrum at 

temperatures lower than 25°C.122, 129, 130 CYP82D61 activity was further evaluated using 

recombinant E. coli cells coexpressing ATR2 (plasmid pETDuet_atr2_cyp82d61Δ23oc; 

Supplementary Table S3). (-)-Deoxypodophyllotoxin 6 was converted up to ~ 30% after 24 h 

(Figure 5A). The m/z fragments of the product (m/z 415 [M+H]+ and m/z 437 [M+Na]+) match 

the features of (-)-epipodophyllotoxin 7 as described previously by Lau and Sattely 

(Supplementary Table S6).70  
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In vitro activity evaluation of CYP107Z and CYP105D from S. platensis 

Along with CYP82D61, two bacterial P450s were evaluated to perform the last hydroxylation 

step, namely CYP107Z and CYP105D from Streptomyces platensis. These P450s were 

chosen as they were found to oxidize a broad range of chemical compounds of different size.51 

Activity of both P450s against (-)-deoxypodophyllotoxin 6 was evaluated in vitro, using the 

three-component system comprising besides a P450, the flavodoxin YkuN from Bacillus 

subtilis and the flavodoxin reductase FdR from E. coli that have been established in previous 

studies.45, 51, 101, 105 Substrate conversion achieved 32% and 17% with CYP107Z and 

CYP105D, respectively, with similar product distributions observed in both cases. Among the 

four identified peaks, two were recognized with distinct fragments of m/z 415 [M+H]+, 

corresponding to putatively hydroxylated products given the mass difference (Δm) of +16 

g/mol compared to (-)-deoxypodophyllotoxin 6.  

 

Figure 5. P450 activity screening for (-)-deoxypodophyllotoxin 6 hydroxylation. A: CYP82D61 from S. hexandrum. 
B: CYP107Z and CYP105D from S. platensis. C: authentic standards for (-)-deoxypodophyllotoxin 6 and (-)-
podophyllotoxin 8. Analysis with method 2 (Supplementary Table S5). Reaction conducted at 25°C, 1500 rpm in 
ThermoMixer, open lids for 24 h in 0.5 mL total volume. 200 µM substrate, 2% (v/v) DMSO. 
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In case of CYP107Z these two putative hydroxylated compounds represented ~10% and 

~40% of the four products; the first one had corresponding RT and major m/z fragments (415 

[M+H]+ and 437 [M+Na]+) to the (-)-podophyllotoxin 8 authentic standard. The second peak is 

again attributed to be the (-)-podophyllotoxin epimer 7 (Figure 5B) in light of the results 

achieved with CYP82D61 described in the previous chapter. 

 

Extension of the multi-enzyme cascade toward (-)-epipodophyllotoxin 7 

The established two-cells approach allowed a straightforward extension. For the six-step 

multi-enzyme cascade from (-)-matairesinol 1 to (-)-epipodophyllotoxin 7, module one 

harboured CYP719A23, ATR2, OMT3, and CYP71CU1, whereas module two contained 

OMT1, 2-ODD, CYP82D61, and ATR2 (Supplementary Figure S12). Under the same 

conditions as described before, (-)-matairesinol 1 was readily consumed by CYP719A23 

within the first 10 min, with (-)-pluviatolide 2 accumulating to its maximum concentration after 

1 h and being completely depleted after 3 h. Concomitantly, (-)-5’-desmethoxy-yatein 3 was 

efficiently hydroxylated by CYP71CU1 resulting in (-)-5’-desmethyl-yatein 4 accumulation up 

to ~70% after 3 h. After 5 h total reaction time (2 h after module two addition), (-)-5’-desmethyl-

yatein 4 was depleted by 50% through OMT1 yielding (-)-yatein 5, which soared as the major 

intermediate at this time point (~ 55%). In comparison to the previous five-step cascade, the 

inclusion of CYP82D61 and ATR2 into module two appears to slightly influence the efficacy of 

2-ODD, since the turnover of (-)-yatein 5 was slowed down. As hypothesised for the one-cell 

approach, the addition of redox enzymes may lead to resources competition that reduces 

enzymatic performance. Nevertheless, full depletion of (-)-yatein 5 by 2-ODD was observed 

after 24 h. At the same time 160 µM (-)-deoxypodophyllotoxin 6 were quantified being the most 

abundant product (> 85%). Additionally (-)-epipodophyllotoxin 7 (~ 10%) was observed as the 

product of (-)-deoxypodophyllotoxin 6 hydroxylation catalysed by CYP82D61 (Figure 6).  
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Figure 6. Two-cells biotransformation of (-)-matairesinol 1 to (-)-epipodophyllotoxin 7. After 3 h conversion by 
module one, module two were added. LC/MS analysis performed with method 4 (Supplementary Table S5). 
Reaction conducted at 25°C, 250 rpm in baffled Erlenmeyer flasks in orbital shaker; 20 mL total volume (10 mL of 
each module), 200 µM substrate, 2% (v/v) DMSO. 

 

Summary and conclusion 

Within this study, eight enzymes were successfully combined to produce the direct precursor 

of (-)-podophyllotoxin 8 – (-)-deoxypodophyllotoxin 6 – as well as (-)-epipodophyllotoxin 7 in 

E. coli for the first time. The described results demonstrate the advantages of a sequential 

two-cells approach. The hypothesised metabolic burden resulting from the combination of 

multiple redox enzymes in one E. coli cell was relieved in a pragmatic manner, as no 

cumbersome host manipulation was required. Although P450-mediated reactions are often 

reported as rate-limiting step in reconstituted biosynthetic pathways, in the described cascade 

their activity does not represent a bottleneck (with only exception for the final hydroxylation 

step, catalysed by non-physiological promiscuous enzymes). 
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Due to the modular nature of the developed multi-enzyme cascade, it can straightforward be 

extended towards another precursor of etoposide and teniposide by introducing CYP71BE54 

(Figure 1).70 All in all, the introduction of CYP71BE54 into the established reaction cascade 

should be relatively straightforward due to the modular nature of the developed strategy and 

the well-established know-how to achieve functional expression of eukaryotic P450s in E. coli. 

Regarding CYP107Z and CYP105D, the use of prokaryotic P450s that mimic the activity of 

eukaryotic ones is generally of particular interest. Taking CYP107Z and CYP105D as models, 

the natural cytosolic localization of these enzymes simplifies the heterologous expression in 

E. coli, since extensive N-terminal manipulations are not required. Moreover, numerous 

examples of protein engineering upon bacterial P450s are reported regarding the tuning of 

their catalytic activity.101, 131, 132 Needless to say that comprehensive protein engineering efforts 

could also be applied to CYP107Z and CYP105D to enhance substrate turnover, regio- and 

stereoselectivity. 

To ensure the utilization of cheaper substrates than (-)-matairesinol 1, the cascade can also 

be extended backwards and coupled with, for instance, a four-step cascade from (+)-

pinoresinol to (-)-pluviatolide 2120 and even further with a two-step conversion of the cheap 

precursor eugenol to pinoresinol that both have been established earlier in our group 86, 102  

In conclusion, the present study describes the first example of a completely biosynthetic route 

to (-)-deoxypodophyllotoxin 6 and (-)-epipodophyllotoxin 7 and represents a solid step forward 

to the development of a more sustainable supply for these direct precursors to etoposide and 

teniposide. 
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Materials and Methods 

E. coli strains, enzymes and authentic reference compounds 

E. coli DH5ɑ (Clonetech, USA) was used for cloning purposes and E. coli BL21 (DE3), C41 

(DE3) and C43 (DE3) (Lucigen, USA) served for gene expressions and biotransformations. 

Endonucleases NcoI, NotI, NdeI and XhoI, Phusion High Fidelity DNA polymerase, 

thermosensitive alkaline phosphatase (FastAPTM), T4 DNA-ligase, and catalase from bovine 

liver originated from Thermo Scientific (Germany). T4 polynucleotide kinase and DpnI were 

purchased from New England Biolabs (USA). Authentic reference compounds used for LC/MS 

identification and their respective suppliers are listed in Supplementary Table S6. 

Reaction cascade design 

Synthetic genes were ordered from BioCat GmbH (Germany). (-)-Pluviatolide-O-

methyltransferase (GenBank KT390157.1, OMT3), 5'-desmethyl-yatein O-methyltransferase 

(GenBank KT390155.1, OMT1) and the 2-oxoglutarate/Fe(II)-dependent dioxygenase, 

deoxypodophyllotoxin synthase, (GenBank KT390173.1, 2-ODD) were purchased as native 

sequences. The gene encoding for CYP71CU1 (GenBank KT390172.1) was ordered as native 

and E. coli codon optimized gene sequence, whereas the gene encoding for CYP82D61 

(GenBank KC110995.1) was ordered in E. coli codon optimized form only (Supplementary 

Table S1). With the aim of developing a multi-enzyme cascade, conventional cloning methods 

were used to insert the sequences of OMT3 and CYP71CU1 in pCDFDuet-1 (Novagen, Merck, 

Germany) in the multiple cloning sites (MCS) I and II, respectively (Supplementary Table S2 

and S3; Supplementary Figures S10 and S12). In the same fashion, the sequences of 2-ODD 

and OMT1 were inserted in MCS I and II of a pCOLADuet-1 (Novagen, Merck, Germany) 

plasmid, whereas the CYP82D61 sequence was cloned into MCS II of a pETDuet-1 (Novagen, 

Merck, Germany) plasmid. The sequence coding for the NADPH-cytochrome P450 reductase 

2 from Arabidopsis thaliana (Protein ID NP_194750.1, ATR2) was manipulated as described 

elsewhere,104, 105, 133, 134 and cloned in MCS I of the pETDuet-1 vector already harbouring 
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cyp82D61 (Supplementary Table S2 and S3; Supplementary Figure S12). The genes 

encoding for CYP719A23 and ATR2 were cloned in a pETDuet-1 plasmid as described in a 

previous study by our group (Supplementary Table S2 and S3; Supplementary Figures S10 

and S12).120 For the expression of individual enzyme sequences coding for OMT3, 

CYP71CU1, OMT1 and 2-ODD were cloned in pCDFDuet-1, whereas pETDuet-1 was used 

for CYP82D61, as summarized in the Supplementary Table S3. 

The putative membrane associated N-terminal sequences of CYP71CU1 and CYP82D61 

were identified using the TMHMM software (version 2.0; 

http://www.cbs.dtu.dk/services/TMHMM/) in combination with the predictor of signal peptides 

and membrane protein topology named Spoctopus 

(https://octopus.cbr.su.se/index.php?about=SPOCTOPUS). Truncated variants of both 

enzymes were created using the oligonucleotides described in the Supplementary Tables S4 

following the supplier instructions of the Q5 site-directed mutagenesis kit (New England 

Biolabs, USA) and screened for expression in E. coli in comparison to the respective wild type 

sequences. 

CYP107Z (GenBank OSY37796) and CYP105D (GenBank OSY47991) from Streptomyces 

platensis as well as FdR, YkuN, and the glucose dehydrogenase (GDH) from Bacillus 

megaterium (GenBank D10626) for NADPH regeneration were generated as previously 

described (Supplementary Tables S2-S3).51, 104-106 The correct insertion of genes within the 

expression vectors was verified via automated Sanger sequencing (Eurofins Genomics 

GmbH, Germany).  

 

http://www.cbs.dtu.dk/services/TMHMM/
https://octopus.cbr.su.se/index.php?about=SPOCTOPUS
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E. coli cultivation, protein expression and cell density normalization 

Prior to expression of the target genes, biological duplicates of E. coli cells transformed with 

different plasmid combinations were precultivated in 5 mL Luria-Bertani (LB) medium 

supplemented with the appropriate antibiotics (streptomycin 50 µg/mL and/or ampicillin 

100 µg/mL and/or kanamycin 30 µg/mL) and incubated for 16 h at 37°C, 180 rpm. 50 mL 

Terrific broth (TB) media supplemented with the appropriate antibiotics were inoculated with 

500 µL from the precultures, and cells were grown at 37°C, 180 rpm to an OD600 of 0.6. The 

expression of target genes was induced with the addition of 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) supplemented by 0.5 mM 5-aminolevulinic acid (5-ALA), and 

0.1 mM FeSO4 in case a P450 was (co-)expressed. Thereafter, the cultures were incubated 

for 48 h at 25°C, 120 rpm, unless stated otherwise. This general setup is a compromise of the 

most suitable expression conditions identified for each single expressed enzyme. The 

bacterial P450s CYP107Z and CYP105D, GDH, YkuN and FdR were expressed and purified 

as described previously. 51, 105, 133  

E. coli cells were harvested by centrifugation (30 min, 3220 x g, 4°C) and frozen at -20°C. 

Prior to their use as whole cell biocatalysts, the cell wet weight (cww) was adjusted to 70 g/L 

(corresponding to ~ 15 g/L cell dry weight (cdw)) in resuspension buffer (80% 50 mM K2HPO4, 

20% 50 mM KH2PO4, pH 7.5, 500 mM D-glucose, 0.1 mM IPTG). This freeze-thaw cycle 

should ease mass transfer across the individual modules’ membranes by increasing cell wall 

permeability.24 

Enzyme activity determination 

Prior the inclusion into the cascade, the activity of individual enzymes for which substrates are 

commercially available was tested in in 2 mL reaction tubes in a reaction volume of 500 µL 

composed by the 70 g/L recombinant E. coli cell suspension with 200 µM substrate dissolved 

in DMSO (final DMSO concentration 2% (v/v)). Reaction tubes were incubated with open lids 

at 25°C, 1500 rpm in ThermoMixer C (Eppendorf, Germany) and samples for LC/MS analysis 

were taken at selected time points.  
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Given that (-)-pluviatolide 2 is not commercially available, OMT3 activity was screened via a 

two-step enzymatic cascade starting from (-)-matairesinol 1, with coexpression of ATR2 to 

sustain the activity of CYP719A23. 

Biotransformations for synthesis of (-)-deoxypodophyllotoxin 6 and (-)-epipodophyllotoxin 7 

starting from (-)-matairesinol 1 were carried out in 100 mL Erlenmeyer baffled flasks filled with 

10 mL of 70 g/L E. coli cell suspension and 200 µM substrate, incubated at 25°C, 250 rpm in 

orbital shaker Multitron (Infors HT, Germany). 500 µL aliquots were taken at respective time 

points to determine substrate depletion, intermediate formation and consumption, and product 

concentration over time. 

In case of the two-cells approach, 10 mL of 70 g/L E. coli C41 (DE3) coexpressing 

CYP719A23, ATR2, OMT3 and CYP71CU1 were employed as module one. After 3 h 

conversion, 10 mL of 70 g/L E. coli C41 (DE3) coexpressing OMT1 and 2-ODD (module two) 

were added to convert (-)-5’-desmethyl-yatein 4 to (-)-deoxypodophyllotoxin 6. Later, module 

two was further enhanced by additional coexpression of CYP82D61 and ATR2 (with OMT1 

and 2-ODD) to extend the reaction towards (-)-epipodophyllotoxin 7. 

Evaluation of P450s expression and CYP107Z and CYP105D activity against (-)-

deoxypodophyllotoxin in vitro 

Thawed cell pellets were resuspended in 5 mL 50 mM potassium phosphate buffer (pH 7.5) 

supplemented with 100 µM phenylmethylsulfonylfluoride (PMSF). Cell disruption was done via 

sonication (Sonifier 250, Branson, USA) and soluble and insoluble protein fractions were 

separated by centrifugation (40.000 x g, 25 min, 4°C). 

P450 concentrations were calculated by recording CO-difference spectra as described 

elsewhere with extinction coefficient ε450nm = 91 mM-1 cm-1.135 Two measurements were 

executed with every biological replicate. 

Concentrations of purified FdR and YkuN were calculated referring to previously reported133 

extinction coefficients: FdR, ε456nm = 7.01 mM-1 cm-1; YkuN, ε461nm = 10.01 mM-1 cm-1. GDH 
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activity was estimated from the generation of NADPH during glucose oxidation at 340 nm. The 

extinction coefficient ε340nm = 6.22 mM-1 cm-1 was used to calculate volumetric activity (U/mL). 

The in vitro reaction was set with 0.5 µM P450, 0.5 µM FdR and 5 µM YkuN 

(P450:FAD:FMN ratio = 1:1:10). Cofactor regeneration was ensured by addition of 5 U/mL 

GDH and 20 mM D-glucose. 600 U/mL of bovine liver catalase (Merck, Germany) were also 

added to prevent the potential generation of reactive oxygen species from uncoupling 

reactions, In vitro experiments were performed in 250 µL volume with 200 µM NADPH 200 µM 

(-)-deoxypodophyllotoxin dissolved in DMSO (2% final DMSO concentration (v/v)) in 2 mL 

reaction tubes at 25°C, 1500 rpm in a Thermomixer C (Eppendorf, Germany) in triplicate. 

Metabolite analysis 

Prior to metabolite extraction 200 µM of (+)-sesamin was added as internal standard (IS) to 

the reaction solution. Metabolites were extracted twice with 1 mL ethyl acetate. The organic 

phases from the two extractions were combined and evaporated. The residues were 

resuspended in 50 µl methanol prior to analysis. The biotransformations of (-)-matairesinol 1 

to (-)-deoxypodophyllotoxin or (-)-epipodophyllotoxin - through the intermediates (-)-

pluviatolide 2, (-)-5’-desmethoxy-yatein 3, (-)-5’-desmethyl-yatein 4 and (-)-yatein 5 - were 

analysed via liquid chromatography coupled with mass spectrometry (LC/MS) on an LCMS-

2020 system (Shimadzu, Japan) equipped with a Chromolith® Performance RP-18e column 

(100 x 4.6 mm, Merck, Germany). The column temperature was kept at 30°C and 1 µL sample 

was injected. Separation was carried out with a mobile phase gradient constituted of methanol 

and double deionized water (ddH2O) with 0.1% formic acid and a flow rate of 0.5 mL/min or 

0.8 mL/min depending on the respective method (Supplementary Table S5).  

Once resolved, compounds were detected in the UV/Vis spectrum at 280 nm first. Further, 

ionization was performed by Dual Ion Source, simultaneously combining electron spray 

ionization (ESI) and atmospheric pressure chemical ionization (APCI) for MS generation. 

Desolvation and block temperatures were kept at 275°C and 400°C, respectively. Nebulization 
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gas flow was set at 1.5 L/min whereas the drying gas flow set at 15 L/min. The ionized masses 

of the analytes were monitored in the positive ion mode between 159 – 1000 m/z. The analytes 

were identified by their retention times (RT) and typical m/z fragmentation patterns in 

comparison to commercially available authentic standards or literature references 

(Supplementary Table S7). From LC/MS measurements, in both MS and UV/Vis detection 

modes, the product/intermediate distribution was estimated setting all relevant peak areas 

except the substrate to 100% (Supplementary Table S7). Concentrations of the final product 

(-)-deoxypodophyllotoxin 6 were calculated via an internal calibration using (+)-sesamin as IS 

(Supplementary Table S7). All values represent the average from biological and technical 

duplicates at least.  
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2.3.1 Supporting Information 

 
 

 

omt1 (GenBank KT390155.1), native DNA-sequence 
ATGGATACTAGGGCTGATGCTGAGATTAAAGCAATGGAGCTGATTGGTATTGGAGTACTTCCACTGGC

AATGAAGGCGATAATTGAGCTCAATGTGTTAGAGATCCTATCAAAAGCAGGACCAGATACCCAACTCA

CTGCTGCTCAAATTGTCACCGACATACCCACCACCAACCCTAACGCTGGTTTCCAACTAGATCGAATT

TTACGACTACTAGCAAGTCATTCAGTCTTGTCTAGTAGTATTACAAAATCGGGGGAGAGAGTGTATGG

GCTAACCCCTATGTGCAAATACTTTCTCCCAGATCAAGATGGAGTCTCACTAGCACCTATGGTTGTTA

CCATCCATGACAAAGTGCTGCTTCAAAGTTGGCATTATCTTAAGGACTCTGTTTTAAAACAAGGCTCT

TTGCCATTTACCGAGGCCTTTGGGATGTCACCCTTTGAGTATTCTGTCTCCGATACAAGGTTTAATAA

GGTTTTTAATGCTGGCATGTTTGACCATTCTACTCTTTGTATGAGGGATGTCCTTCAACGGTACAAAG

GATTTCAAGGCTTGGGGGAGCTGGTTGATGTTGGTGGAGGAACTGGCGGATCGTTGAAGATGATTCTT

TCTCAGTACCCCAATCTAAAGGGCATCAATTTTGATCTCCCACATGTGGTTGCCGACGCGCCTTCTTT

TCCTGGTGTGAAGCACATTGGTGGTGATATGTTTGAGAGTGTTCCCTCTGGTGATGCAATTTTCATGA

AGTGGATACTTCATGACTGGGACGATGGACGTTGCCTGACTTTGCTGAAGAATTGTTGGAATGCATTG

CCAGAGCATGGAAAGGTGATAATAGTGGAGTGGATTCTACCATCAGATGCAGCGACTGACCCAACATC

TCGCCGTGTCTTCACAGCTGATTTGATGATGTTGGCTTTCAGCGAAGGGGGTAAAGAGCGAACCTTGG

GTGACTACGGAGCACTTGCAAAGGAAGCTGGTTTTACCACTGTCAAAGATTTCCCTTGCGCAAATGGC

ATTTCAGTCATTGAGTTCCATAAGAAGTGA 
 

 

omt3 (GenBank KT390157.1), native DNA-sequence 
ATGGAAATGGCTCCAACAATGGATTTAGAGATAAGAAATGGAAATGGTTATGGTGATTCTGGAGAGGA

GCTTCTAGCAGCACAAGCTCACATATACAACCACATATTCAACTTCATAAGCTCGATGGCACTGAAAT

GTGCAGTGGAGTTAAACATACCAGAAATTCTCCACAACCATCAACCCAAAGCGGTTACTCTCTCTGAA

CTAGTACAGGCCCTTCAAATCCCCCAAGCAAAATCCGCGTGTCTGTATCGCCTGTTGCGAATACTAGT

CCATTCTGGCTTCTTTGCCATAACGAAAATACAAAGCGAGGGAGATGAAGAGGGTTATTTACCAACCC

TTTCCTCTAAACTACTACTGAAAAACCATCCCATGAGCATGTCTCCATGCTTGTTAGGACTGGTGAAT

CCTACAATGGTAGCACCCATGCATTTCTTTAGTGATTGGTTCAAGAGGAGTGATGATATGACGCCGTT

TGAGGCGACGCATGGAGCGAGCTTGTGGAAGTATTTTGGTGAAACCCCACACATGGCGGAGATATTTA

ATGAGGCAATGGGTTGTGAGACAAGGTTGGCGATGAGTGTGGTGTTGAAAGAGTGTAAGGGCAAGCTT

GAAGGAATAAGTTCGTTAGTTGATGTAGGAGGTGGTACAGGAAACGTGGGTCGGGCAATTGCTGAAGC

CTTCCCAAATGTCAAGTGCACCGTGTTAGATTTGCCACAAGTTGTTGGAAACTTGAAAGGCAGTAACA

ATTTGGAGTTTGTCAGTGGGGATATGTTTCAATTTATTCCGCCTGCAGACGTAGTTTTCTTGAAGTGG

ATATTGCATGATTGGAATGATGAGGAATGTATAAAAATCCTAAAGAGGTGCAAGGAAGCGATTCCATC

CAAGGAAGAGGGAGGGAAATTGATCATAATAGACATGGTAGTAAACGACCACAACAAGGGAAGCTATG

AGTCTACAGAAACGCAACTCTTCTATGATTTGACGCTCATGGCTCTGTTGACAGGAACAGAGAGAACC

GAAACTGAATGGAAGAAGCTCTTCGTAGCTGCTGGTTTCACAAGTTACATTATTAGCCCTGTTTTGGG

GCTCAAGTCTATCATTGAAGTGTTTCCCTAA 
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cyp71cu1 (GenBank KT390172.1), native DNA-sequence (cyp71cu1nat_wt) 
N-terminally truncated part of the DNA-sequence (CYP71CU1∆20nat) is highlighted in bold and underlined  

ATGGAAACATTTCAGTGCCTCACACTTTTCCTTCTCTTCATCTCCACTGTTTTCATCCTCAAGAGAAA

ATTCTCTCATAAACCAAACCTACCACCATCACCACCAAAGCTACCAATCCTAGGCAACTTTCATCAGC

TAGGCACACTTGTCCACCGAGCTGTTACAGTTCTCGCAGCCAAATATGGCCCCCTCATGCTCTTACAC

TTTGGCAAAACTCCAGTTCTCATTGTTTCCTCACAAGAAACGGCTAAAGAGATCATGAAAACCCATGA

CCTCGCTTTGGCAAATAGACCCCTAACAACTGCTGCCAGGGCACTACTTTACGACTGCACAGATATAT

CTTTTGCACCTTATGGTGAGTACTGGAGAGAAATGAAAAAGATGGCAGTCCTAAACCTTCTTAGTATC

AAAAAAATCCAGTCGTTTCGATCCGTTAGGGAGGAATTGGCTTCTGATATGATAAAGGAGATTACTCG

TTTGTCCAAAACTGGAGCACCTGTGGATGTAACTAATATGTTATATCATTTTTCCGAAGACCTGCTTT

TTAGGTGTACTCTTGGGTTTAAACCTAAGGGACAACACAAGTTTCAGAAGCTGTCCAGGGATTTTTTG

GATCTTGTAGGAGCTTTTTGTTTTAATGATTTCTTCCCAGGGATGGCATGGATGGATGCTCTCACTGG

GCTAAACAGGAAGCTGAAGAAGGGTTCAAGAGAATTAGATGACTTTGTTGATGAACTCATAGAAGAAC

GCATTGCTATGGTAAAAGATGGCGTTGAGCCAAATGAATTTCTGGATCTTCTACTCCATACTCATAGA

GACACCACCCAGGAAATCAAACTCACCCGAGACAACGTCAAAGCAATAATATTGGACACATTTCTTGG

TGGAATTGATCTACCAGCATCAGTCATGGAATGGGCAATGGCCGAGCTTATGAGGAATCCAAGTAAGA

TGAAGATAGCTCAGGAAGAGGTCAGAAAAGTGGTTGGAAACAAAAACAAGGTAGACGAAGACGATGTG

TATCAAATGAATTTCTTGAAATCGGCTGTTAAGGAAACTCTAAGGCTACACCCACCAGCTCCTTTGCT

ATTTGCGAGAGAGTCATATACAAGTATAAACGTCGAGAACTACATCATTCCTCCTTACACTAGTGTCA

TGATCAACATCTGGCATATCCAAAGGGACCCCAAGTTATGGGACAAGGCCGAAGAGTTTATTCCAGAG

AGATTCATGAACAGCGGGATTGATTACAAATCCCATGACTATGAATTCATCCCTTTTGGATCCGGACG

AAGAGGTTGCCCTGGTATGTCGTTTGGCGTTGCAGCAGTGGAGTTTGCTGTTGCCAATCTCTTATACT

GGTTTGATTGGAAGTTTGTTGGTGATACAACTCCTGAAACACTTGATATGACTGAGGACTATTGTTTT

GCCCTCTTTAAGAAAAAACCTTTGCATTTTATTCCTATTTCTCGATCCTCTTGA 

 

cyp71cu1, E. coli codon optimized DNA-sequence (cyp71cu1oc_wt) 
N-terminally truncated part of the DNA-sequence (cyp71cu1∆20oc) is highlighted in bold and underlined 

ATGGAAACCTTCCAGTGCCTGACCCTGTTCCTGCTGTTCATCTCTACCGTTTTCATCCTGAAACGTAA

ATTCTCTCACAAACCGAACCTGCCGCCGTCTCCGCCGAAACTGCCGATCCTGGGTAACTTCCACCAGC

TGGGTACCCTGGTTCACCGTGCTGTTACCGTTCTGGCTGCTAAATACGGTCCGCTGATGCTGCTGCAC

TTCGGTAAAACCCCGGTTCTGATCGTTTCTTCTCAGGAAACCGCTAAAGAAATCATGAAAACCCACGA

CCTGGCTCTGGCTAACCGTCCGCTGACCACCGCTGCTCGTGCTCTGCTGTACGACTGCACCGACATCT

CTTTCGCTCCGTACGGTGAATACTGGCGTGAAATGAAAAAAATGGCTGTTCTGAACCTGCTGTCTATC

AAAAAAATCCAGTCTTTCCGTTCTGTTCGTGAAGAACTGGCTTCTGACATGATCAAAGAAATCACCCG

TCTGTCTAAAACCGGTGCTCCGGTTGACGTTACCAACATGCTGTACCACTTCTCTGAAGACCTGCTGT

TCCGTTGCACCCTGGGTTTCAAACCGAAAGGTCAGCACAAATTCCAGAAACTGTCTCGTGACTTCCTG

GACCTGGTTGGTGCTTTCTGCTTCAACGACTTCTTCCCGGGTATCTTGGATGGACGCTCTGACCGGTC

TGAACCGTAAACTGAAAAAAGGTTCTCGTGAACTGGACGACTTCGTTGACGAACTGATCGAAGAACGT

ATCGCTATGGTTAAAGACGGTGTTGAACCGAACGAATTTCTGGACCTGCTGCTGCACACCCACCGTGA

CACCACCCAGGAAATCAAACTGACCCGTGACAACGTTAAAGCTATCATCCTGGACACCTTCCTGGGTG

GTATCGACCTGCCGGCTTCTGTTATGGAATGGGCTATGGCTGAACTGATGCGTAACCCGTCTAAAATG

AAAATCGCTCAGGAAGAAGTTCGTAAAGTTGTTGGTAACAAAAACAAAGTTGACGAAGACGACGTTTA

CCAGATGAACTTCCTGAAATCTGCTGTTAAAGAAACCCTGCGTCTGCACCCGCCGGCTCCGCTGCTGT

TCGCTCGTGAATCTTACACCTCTATCAACGTTGAAAACTACATCATCCCGCCGTACACCTCTGTTATG

ATCAACATCTGGCACATCCAGCGTGACCCGAAACTGTGGGACAAAGCTGAAGAATTTATCCCGGAACG

TTTCATGAACTCTGGTATCGACTACAAATCTCACGACTACGAATTTATCCCGTTCGGTTCTGGTCGTC

GTGGTTGCCCGGGTATGTCTTTCGGTGTTGCTGCTGTTGAATTTGCTGTTGCTAACCTGCTGTACTGG

TTCGACTGGAAATTCGTTGGTGACACCACCCCGGAAACCCTGGACATGACCGAAGACTACTGCTTCGC

TCTGTTCAAAAAAAAACCGCTGCACTTCATCCCGATCTCTCGTTCTTCTTAA 
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2-odd (GenBank KT390173.12), native DNA-sequence 

ATGGGTTCTACAGCACCCCTAAGGCTTCCAGTTATAGATTTATCCATGAAGAACTTGAAGCCTGGAAC

AACTTCTTGGAACTCGGTACGCACCCAGGTACGGGAGGCACTGGAAGAATACGGTTGCTTTGAAGCTG

TGATCGATGCTGTGTCTCCAGAGCTGCAGAAGGCAGTATGTAACAAAGGACACGAGCTGCTTAATCTT

CCATTAGAAACCAAGATGTTGAACGGAAACAAACCAGAATATGATGGATTTACGTCAATACCAAACCT

CAACGAAGGCATGGGAGTCGGCAGAATAACAGATTTGGAAAAAGTTGAGAGGTTCACTAATCTTATGT

GGCCCGAGGGGAATAAGGATTTCTGTGAAACTGTGTATTCTTATGGCAAACGAATGGCGGAGGTGGAC

CACATATTGAAAATGATGGTTTTCGAGAGTTTTGGAATGGAGAAGCACTTCGACTCGTTCTGCGAATC

AACAAATTACCTTCTCCATTTCATGAGATACCAACAACCAGGGAAGGATGGACGTTCACCTGCTCTTT

CGTTGCATAAGGACAAGAGCATCTTGACCATAGTAAACCAAAATGATGTCAAGGGATTGGAATTTGAA

ACCAAGGATGGAGAATGGATTTTACCTACAGCTGACAACCATATTGTTCTTCTAGGAGACTGCTTCAT

GGCATGGAGCAATGGTAGATTACATAGTCCTCTTCACCGGGTCACGTTGGTCGCGAACCAGGCGAGGT

TATCTACATCATCGTTTTCGTTTCCAAAGGACATAATAGAGACCCCTGCAGAGCTGGTGGATGAAGAG

CATCCTTTGCTATTTAATCCCTTTGAGATAACGGAGTTGCTTGCTTACTGTTTCACAAAAGAGGGTGC

AAAGGCGGTGTGTGACCTCAAGCAATACAAGGCGTACACAGGTGCATGA 

 

 

cyp82d61, E. coli codon optimized DNA-sequence (cyp82d61oc_wt) 
N-terminally truncated part of the DNA-sequence (cyp82d61∆23oc) is highlighted in bold and underlined 

(for native DNA-sequence of cyp82d61 gene see GenBank KC110995.1) 

ATGGACTCTCTGCACTGCCTGGAAACCCTGCTGCTGGGTTTCTTCGTTCTGCTGCCGTGCTTCTTCTA

CTTCGTTTGGAAAAAACCGAACAACAAAATCAAAGAACCGCCGCAGCCGGCTGGTGCTTGGCCGATCA

TCGGTCACCTGCACCTGCTGGCTCGTGGTGACCTGCCGCACAAAATCCTGTCTTCTTTCGCTGACAAA

AACGGTCCGGTTTTCAAAATCCAGCTGGGTGTTCACCAGGCTCTGGTTGTTAACAACTCTGAAATCGC

TAAAGAATGCTTCACCACCAACGACCGTTTCTTCCTGAACCGTCCGTCTGGTGTTGCTGCTAAAATCA

TGGGTTACAACTACGTTATGCTGGGTGTTGCTCCGTACGGTCCGTACTGGCGTGACATGCGTAAAATC

ATCATGCTGGAATTCCTGTCTAACCGTCGTCTGCAGTCTCTGAAACACGTTTGGCACTCTGAAATCTC

TATCTCTTCTAAAGAACTGTACAAACTGTGGGAAACCCAGAACATCGACTTCTGCCTGGTTGACATGA

AACAGTGGCTGGCTGACCTGACCCTGAACATGTCTGTTAAAATGGTTGTTGGTAAACGTTTCTTCGGT

TCTGCTTCTGCTTCTGCTTGCGAAGAAACCGAATCTTCTAACTGCCCGAAAACCCTGCGTAACATGTT

CCGTCTGATGGGTTCTTTCGTTCTGTCTGACTACCTGCCGTACCTGCGTTGGCTGGACCTGGGTGGTC

ACGAAAAAGAAATGAAACGTACCGTTAAAGAACTGGACATCCTGTTCAAAGGTTGGCTGGACGAACAC

AAACGTAAACGTCTGTCTGGTGGTAAAGAAGACGACGACCAGGACTTCATGGACGTTATGCTGTCTAT

CCTGGAAGAATCTAAACTGGGTAACGACGTTGACACCATCAACAAAACCGCTTGCCTGGCTATCATCC

TGGGTGGTGCTGACACCACCTGGGCTACCCTGACCTGGGCTCTGTCTCTGCTGCTGAACAACCCGAAC

GCTCTGAAAAAAGCTCAGGACGAACTGGACCTGCACGTTGGTCGTGACCGTAACGTTGACGAATCTGA

CCTGGTTAAACTGACCTACATCGACGCTATCATCAAAGAAACCCTGCGTCTGTACCCGCCGGGTCCGC

TGCTGGGTCCGCGTGTTGTTACCGAAGACTGCACCATCGCTGGTTACCACGTTCGTGCTGGTACCCGT

CTGATCGTTAACGCTTGGAAAATCCAGCGTGACCCGCTGGTTTGGTCTCAGCCGCACGAATACCAGCC

GGAACGTTTCCTGGAACGTGACGTTGACATGAAAGGTCAGCACTTCGAACTGATCCCGTTCGGTTCTG

GTCGTCGTGCTTGCCCGGCTATCTCTCTGGCTCTGCAGGTTCTGCCGCTGACCCTGGCTCACATCCTG

CACGGTTTCGAACTGCGTACCCCGAACCAGAACAAAGTTGACATGACCGAAACCCCGGGTATCGTTCA

CGCTAAAGCTACCCCGCTGGAAGTTCTGGTTGCTCCGCGTATCTCTCCGAAATGCTTCGTTTAA 
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Expression of omt3, omt1 and 2-odd genes 
Expressions of omt3, omt1, and 2-odd were evaluated in E. coli BL21 (DE3), C41(DE3) and 

C43 (DE3). Protein expression was induced at OD600 = 0.6 by the addition of 0.5 mM IPTG 

(additional supplementation with 0.1 mM FeSO4 in the case of 2-ODD), followed by incubation 

at 25°C, 120 rpm for 20 h. 

 

 

Expression of wildtype and N-terminal truncated cyp71cu1 and cyp82d61 gene 
variants 
Expressions were evaluated in E. coli C41(DE3). Protein expression was induced at 

OD600 = 0.6 by the addition of 0.5 mM IPTG, with additional supplementation with 0.5 mM 5-

aminolevulinic acid (5-ALA) and 0.1 mM FeSO4. Incubation was carried out at 120 rpm for 

20 h or 48 h, with temperatures of 20°C, 25°C and 30°C. Cells were harvested by 

centrifugation (3,220 x g, 4°C, 20 min) and the cell pellet was resuspended in 50 mM 

potassium phosphate buffer, pH 7.5, 100 µM PMSF. Cells were disrupted by sonication, the 

cell debris was sedimented by centrifugation (12,300 x g, 4°C ,30 min) and separated from 

the soluble protein fraction. 

P450 concentration within the soluble protein fraction was determined by CO difference 

spectroscopy according to the method of Omura and Sato136 to allow comparison between 

wildtype and truncated versions of CYP71CU1 and CYP82D61. 

The results of the screening and optimized expression conditions are summarized in Tables 

S8, S9, and S10 within this appendix. 
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Table S1. Summary of generated cyp71cu1 and cyp82d61 gene variants. 

Name of variant DNA-sequence Inserted modification 
(second amino acid) 

No. of N-terminal 
truncated amino acids 

cyp71cu1Δ20nat Native Ala 1 - 20 (∆20) 

cyp71cu1Δ20oc E. coli codon optimized Ala 1 - 20 (∆20) 

cyp82d61Δ23oc E. coli codon optimized Ala 1 - 23 (∆23) 

 

 
Table S2. Summary of genes used for establishment of multi-enzyme cascade and (-)-deoxypodophyllotoxin 

hydroxylation 

Gene Complete name or purpose Organism Reference 

cyp719a∆23oc (-)-pluviatolide synthase 
(truncated, codon optimized) 

Sinopodophyllum 
hexandrum Decembrino et al., 2020 120 

atr2 NADPH-cytochrome P450 
reductase 2 (ATR2) Arabidopsis thaliana Kranz-Finger et al., 2018 133 

omt3 (-)-pluviatolide-O-
methyltransferase 

Sinopodophyllum 
hexandrum This work 

cyp71cu1Δ20nat 
(-)-5'-desmetoxy-yatein 
hydroxylase (truncated, 
native DNA-sequence) 

Sinopodophyllum 
hexandrum This work 

omt1 (-)-5'-desmethyl-yatein O-
methyltransferase 

Sinopodophyllum 
hexandrum This work 

2-odd (-)-deoxypodophyllotoxin 
synthase 

Sinopodophyllum 
hexandrum This work 

cyp82d61Δ23oc Putative hydroxylation 
(truncated, codon optimized) 

Sinopodophyllum 
hexandrum This work 

ykun Flavodoxin YkuN  Bacillus subtilis  

Worsch et al., 2018104 

fdr NADP-dependent flavodoxin 
reductase 

Escherichia coli 
JM109 

cyp107z Putative hydroxylation Streptomyces 
platensis Hilberath et al., 202051 

cyp105d Putative hydroxylation Streptomyces 
platensis Hilberath et al., 202051 
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Table S3. Summary of plasmids used within this study. 

Plasmid Features Copy number Reference 

pETDuet_atr2_cyp719a∆23oc ColE1 ori, PT7, lacI, AmpR ~ 40 Decembrino et al., 
2020 120 

pCDFDuet_omt3_cyp71cu1Δ20nat CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_omt3 CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_cyp71cu1Δ20nat CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_cyp71cu1Δ20oc CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_cyp71cu1nat_wt CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_cyp71cu1oc_wt CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCOLADuet_2-odd_omt1 ColA ori, P T7, lac, KanR 20 - 40 This work 

pCDFDuet_omt1 CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pCDFDuet_2-odd CloDf13 ori, PT7, lac, SmR 20 - 40 This work 

pETDuet_atr2_cyp82d61Δ23oc ColE1 ori, PT7, lacI, AmpR ~ 40 This work 

pETDuet_cyp82d61oc_wt ColE1 ori, PT7, lacI, AmpR ~ 40 This work 

pETDuet_cyp82d61Δ23oc ColE1 ori, PT7, lacI, AmpR ~ 40 This work 

pET24b_spl06346 (CYP107Z) ColE1 ori, PT7, lacI, AmpR ~40 Hilberath et al., 
202051 

pET24b_spl00625 (CYP105D) ColE1 ori, PT7, lacI, AmpR ~40 Hilberath et al., 
202051 

pET16b-ykuN(N10His)* ColE1 ori, PT7, lacI, AmpR ~40 Girhard et al., 
2010105 

pET16b-fdr(N6His)* ColE1 ori, PT7, lacI, AmpR ~40 Girhard et al., 
2010105 

pET22b_gdh* ColE1 ori, PT7, lacI, AmpR ~40 Khatri et al., 
2015106 

*Plasmids used for the expression of single enzymes for CYP107Z and CYP105D activity screening 
in vitro 
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Table S4. Oligonucleotides used for generation of cyp71cu1 and cyp82d61 gene variants. 

Name of variant Oligonucleotides 5’ → 3’ 

cyp71cu1Δ20nat 
forward: CAGAAAATTCTCTCATAAACCAAAC 

reverse: GCCATATGTATATCTCCTTCTTTATAC 

cyp71cu1Δ20oc 
forward: CCGTAAATTCTCTCACAAAC 

reverse: GCCATATGTATATCTCCTTCTTATAC 

cyp82d61Δ23oc 
forward: CGTTTGGAAAAAACCGAAC 

reverse: GCCATATGTATATCTCCTTCTTATAC 
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Table S1. LC/MS methods used within this study. Gradients were made of methanol (solvent A) and ddH2O + 0.1% 

formic acid (solvent B). A flow rate of 0.5 mL/min was employed with methods 1, 2 and 3, whereas 0.8 mL/min was 

used in case of method 4. 

Method 1 

Time [min] Solvent B [%] 

0.01 57 
8.00 28 

13.00 0 
14.01 57 
20.00 57 

 

Method 2: 

Time [min] Solvent B [%] 

0.01 80 
5.00 65 

10.00 65 
20.00 38 
25.00 0 
26.01 80 
35.00 80 

 

Method 3 

Time [min] Solvent B [%] 

0.01 65 
5.00 50 
8.00 45 

22.00 38 
25.00 0 
26.01 80 
35.00 80 

 

Method 4 

Time [min] Solvent B [%] 

0.01 80 
2.00 60 
5.00 55 

25.00 52 
32.50 0 
35.01 80 
40.00 80 
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Qualitative analysis 

Table S6. Authentic reference compounds used for LC/MS identification of reaction products. Commercially not 

available compounds were identified via their characteristic m/z fragments as described elsewhere.70 

Compound Manufacturer or 
reference Purity Molecular 

weight 
RT [min] 

(method 4) 
Characteristic 
m/z fragments 

(-)-matairesinol Phytolab ≥99% 
(HPLC) 358.38 9.0 359 [M+H]+ 

341 [M+H-H2O]+ 

(-)-pluviatolide Decembrino et al. 2020 
(isolated in-house) 120 

≥95% 
(HPLC) 360.61 15.0 357 [M+H]+ 

339 [M+H-H2O]+ 

(-)-yatein BioBioPha ≥97% 
(HPLC) 400.40 20.6 401 [M+H]+ 

383 [M+H-H2O]+ 

(-)-deoxypodophyllotoxin Toronto Research 
Chemical 

≥98% 
(HPLC) 398.40 19.8 399 [M+H]+ 

421 [M+Na]+  

(-)-5’-desmethoxy-yatein Commercially not 
available 70 - 370.40 21.0 371 [M+H+]+ 

353 [M+H-H2O]+ 

(-)-5’-desmethyl-yatein Commercially not 
available 70 - 386.40 14.8 387 [M+H]+ 

369 [M+H-H2O]+ 

(-)-epipodophyllotoxin Commercially not 
available 70 - 414.41 10.4 415 [M+H]+ 

437 [M+Na]+ 

(-)-podophyllotoxin BLDPharma ≥98% 
(HPLC) 414.41 - 415 [M+H]+ 

437 [M+Na]+ 

(+)-sesamin 
(internal standard) TCI >98% 

(GC) 354.35 31.4 337 [M+H-H2O]+ 

Underlined m/z fragments correspond to those referred by Lau and Sattely 70 which were used for identification 

 

Quantitative analysis 

Table S7. For quantitative analysis, substrate conversion values were calculated by the product distribution 

resulting from the MS-peak areas of reaction intermediates/products and substrate. Estimation of the concentration 

of the final product (-)-deoxypodophyllotoxin was done via internal calibration in the range of 10 - 300 µM utilizing 

200 µM (+)-sesamin as internal standard. 

Conversion [%] 
Normalized to IS = 1- (Ssample / ISsample) / (Scontrol / IScontrol) 

Conversion [%] = Σ(Parea) / Σ(Sarea + Parea) * 100 

Product distribution [%] = Parea / Σ(Sarea + Parea) * 100 

IS: internal standard; S: substrate; P = product. 
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Expression of OMT3, OMT1, 2-ODD and CYP71CU1 

 
Figure S1. 12.5% SDS-gel of OMT3 (41 kDa; marked by red arrow) expression in various E. coli strains. M: 

Molecular weight size marker, EV: Vector control without omt3 gene, CE: Soluble protein fraction after cell 

disruption. 
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Figure S2. 12.5% SDS-gel of OMT1 (38 kDa; marked by red arrow) expression in various E. coli strains. M: 

Molecular weight size marker, EV: Vector control without omt1 gene, CE: Soluble protein fraction after cell 

disruption. 

 



Results: From (-)-matairesinol towards (-)-podophyllotoxin 

131 
 

Figure S3. 12.5% SDS-gel of 2-ODD (35 kDa; marked by red arrow) expression in various E. coli strains. M: 

Molecular weight size marker, EV: Vector control without 2-odd gene, CE: Soluble protein fraction after cell 

disruption. 
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Figure S4. 12.5% SDS-gel of CYP71CU1 (56 kDa; marked by red arrow) expression in various E. coli strains. M: 

Molecular weight size marker, EV: Vector control without cyp71cu1 gene, CE: Soluble protein fraction after cell 

disruption, P: Insoluble protein fraction after cell disruption. 
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Figure S5. CO-difference spectra of soluble CYP71CU1OC_WT (codon optimized gene without N-terminal 

truncation) in E. coli BL21 (DE3) - orange -, C41 (DE3) - blue -, and C43 (DE3) - green - after 24 h expression. 

 
 

 
Figure S6. CO-difference spectra of soluble CYP71CU1 in native (CYP71CU1nat_WT - blue) or codon optimised 

(CYP71CU1OC_WT - orange) gene sequences after 48 h expression. 
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Table S8. Expression levels of cyp71cu1 gene variants in E. coli C41(DE3) at 25°C after 48 h. 

Variant Inserted 
modification 

Truncated 
amino acids 

P450 concentration  

[µg/gcww] [mg/lculture 
volume] 

cyp71cu1nat_wt - - 263 ± 16 8 ± 5 

cyp71cu1Δ20nat Ala 1 - 20 813 ± 163 26 ± 6 

cyp71cu1oc_wt - - 159 ± 16 6 ± 1 

cyp71cu1Δ20oc Ala  1 - 20 465 ± 138 15 ± 4 

 
 
Table S9. Expression levels of N-terminally truncated cyp71cu1 gene variants in E. coli C41(DE3) at various 

incubation temperatures after 48 h. 

Temperature 

P450 concentration 

[µg/gcww] [mg/lculture volume] 

CYP71CU1Δ20oc CYP71CU1Δ20nat CYP71CU1Δ20oc CYP71CU1Δ20nat 

20°C 282 ± 26 566 ± 39 11 ± 1 20 ± 3 

25°C 465 ± 138 813 ± 163  15 ± 4 26 ± 6 

30°C 112 ± 18 253 ± 108 6 ± 3 8 ± 3 

 

 
Table S10. Expression levels of codon optimized WT and N-terminally truncated cyp82d61 gene variants in E. coli 

C41(DE3) at various incubation temperatures after 48 h. 

Temperature 

P450 concentration 

[µg/gcww] [mg/lculture volume] 

CYP82D61oc_wt CYP82D61Δ23oc CYP82D61oc_wt CYP82D61Δ23oc 

20°C n.d. 20 ± 17 n.d. 0.7 ± 0.6 

25°C n.d. 936 ± 34 n.d. 33 ± 2 

30°C 250 ± 14 1395 ± 220 8 ± 1 42 ± 9 

n.d.: Expression not detectable 
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Figure S7. Expression analysis of cyp71cu1 gene variants incubated at different temperatures. (A) CO-difference 

spectra of cyp71cu1Δ20nat (orange) and cyp71cu1Δ20oc (blue). (B) 12.5% SDS-gel of the expression of 

cyp71cu1Δ20nat and cyp71cu1Δ20oc (54 kDa; marked with a red arrow). M: Molecular weight size marker, EV: 

Vector control without cyp71cu1 gene, CE: Soluble protein fraction after cell disruption, P: Insoluble protein fraction 

after cell disruption. 

 
 

A 

B 
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Figure S8. LC/MS analysis (method 1) of OMT3 activity in the cascade reaction with CYP719A23. 
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A 

 
B 

 
Figure S9. (A) CO-difference spectra of single expressed cyp71cu1Δ20nat (orange) and cyp71cu1Δ20nat 

coexpressed with omt3 (blue). (B) 12.5% SDS-gel of the coexpressions of cyp71cu1Δ20nat (54 kDa) with omt3 

(41 kDa), and omt1 (38 kDa) with 2-odd (35 kDa). M: Molecular weight size marker, EV: Vector control without 

respective genes, CE: Soluble protein fraction after cell disruption, P: Insoluble protein fraction after cell disruption. 
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Figure S10. Schematic overview on the plasmid-based modular strategy developed to synthesize 

(-)-deoxypodophyllotoxin 6 from (-)-matairesinol 1 in E. coli via a one-pot 5-steps 6-enzyme reaction cascade. 

 
  



Results: From (-)-matairesinol towards (-)-podophyllotoxin 

139 
 

 
Figure S11. Hypothesised side reaction of 2-ODD occurring in the one-pot two-cells setup.  

 

 

 
Figure S12. Schematic overview on the plasmid-based modular strategy developed to synthesize 
(-)-epipodophyllotoxin 7 from (-)-matairesinol 1 in E. coli via a one-pot two-cell 6-steps 8-enzyme reaction cascade. 
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3 General discussion 

Within this PhD project parts of the biosynthetic pathway towards the plant secondary 

metabolites lignans were reconstituted in Escherichia coli. A modular approach was 

developed to target specific lignans such as (+)-pinoresinol, (-)-matairesinol, (-)-pluviatolide 

and (-)-deoxypodophyllotoxin. In fact, because of the numerous biological activities, some 

lignans are endorsed as valuable APIs, for which the development of versatile and sustainable 

production processes is highly valuable. 

3.1 Enzymes for the reconstitution of lignans biosynthesis 

The effective modular reconstitution is the result of the successful selection and 

implementation of appropriate enzymatic candidates. Among these, genes originating from 

Sinopodophyllum hexandrum, Podophyllum pleianthum, Forsythia intermedia and 

Arabidopsis thaliana were expressed in E. coli in active state. Along with plant enzymes, the 

E. coli’s endogenous multi-copper oxidase CueO was employed to catalyse coniferyl alcohol 

coupling.  

CueO-mediated coupling 

In this work, the activity of CueO was optimized regarding the coupling of coniferyl alcohol to 

furnish the parent lignan (±)-pinoresinol. Specifically, this enzyme was employed to substitute 

plant laccase or peroxidase that catalyse this reaction in plants, as well as the recombinant 

laccase CgL1 from Corynebacterium glutamicum which was employed in a previous study of 

our group for the same purpose.86 CueO catalytic activity was found to be switched on in vivo 

by the simple addition of copper salts. By doing this, the host E. coli became active part of the 

multi-enzyme cascade, performing the first reaction of a 4-step biotransformation to (-)-

matairesinol starting from coniferyl alcohol. Copper-triggered single-electron oxidation was 

proven effective in the dimerization of diverse phenolic compounds other than coniferyl 

alcohol. Independently from the reaction cascade, regular E. coli strains may be optimized as 

simple biosynthetic devices for the dimerization and/or polymerization of phenolic compounds 
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with enhanced biological properties compared to the respective monomers.137 It is the case, 

for instance, of 2,6-dimethoxyphenol and ferulic acid dimers.138, 139 Likewise, the oxidation of 

coniferyl alcohol determines the generation of four coupling products. Among these, (±)-

dehydrodiconiferyl alcohol (β-5 dimer) and (±)-pinoresinol (β–β dimer) stand as the two major 

products.84 (±)-Pinoresinol is known for its anti-inflammatory, anticancer and antimicrobial 

properties, as well as the common precursor to various lignans pathways.64, 66 (±)-

Dehydrodiconiferyl alcohol is a phytoestrogen associated to anti-adipogenic and antioxidant 

properties, which was reported effective on osteoblasts differentiation process.140 

Furthermore, it was associated to strong anti-inflammatory activity, which made it eligible as 

a potential therapeutic candidate for the control of inflammatory diseases such as multiple 

sclerosis.141 For these reasons, (±)-dehydrodiconiferyl alcohol may represent a valuable 

chemical to be targeted by biosynthetic means instead of being considered an undesired side-

product during lignan synthesis. Lignans biosynthetic pathways differentiate their routes via 

enantioselective enzymes metabolizing either (+)- or (-)-pinoresinol.63, 95 Therefore, 

maximizing (±)-pinoresinol production is crucial to increase the yield of the cascade. In 

absence of Dirigent proteins driving the regio- and stereoselectivity of the reaction,81 in the 

best-case scenario, only 15% of the starting coniferyl alcohol would be transformed to the 

desired pinoresinol enantiomer. In addition, another harming factor to the availability of (±)-

pinoresinol is determined by the overoxidation related to laccases/multi-copper oxidases 

unspecific reaction mechanism.142  

Both overoxidation and lack of stereo- and regiospecificity during phenolic coupling are 

undoubtedly major drawbacks pursuing optimal reaction performance. Nevertheless, in this 

work such issues were limited by tightly controlling the reaction time. This strategy allowed to 

achieve (±)-pinoresinol close to the theoretical expected value of 250 µM from 2 mM substrate 

and further implement CueO in a multi-enzyme cascade to (-)-matairesinol. Alternatively, other 

methods may be used to protect (±)-pinoresinol from laccase-mediated overoxidation. As an 

example a biphasic reaction system mixing water to non-miscible organic solvents has been 
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developed in a previous work from our group.86 Overall, the possibility to “switch on” an 

enzyme is a valuable feature for a multi-enzyme cascade. In this case even more, as it offers 

a way to control the multi-copper oxidase CueO from undesired side reactions. 

Biotransformation of (±)-pinoresinol 

As indicated previously, diverse lignans biosynthetic pathways involve enantiocomplementary 

routes via kinetic resolution of (±)-pinoresinol. In this work, such step is described in both 

chapters 2.1 and 2.2 and performed by the pinoresinol-lariciresinol reductase from Forsythia 

intermedia to produce (-)-secoisolariciresinol via (+)-lariciresinol through two reduction steps. 

Further oxidation to (-)-matairesinol is catalysed by the secoisolariciresinol dehydrogenase 

from Podophyllum pleianthum. As highlighted in chapter 2.2, both enzymes resulted in the 

rapid turnover of the respective substrates. Particularly, (+)-pinoresinol concentrations up to 

180 mg/L were transformed to (-)-matairesinol within the first 10 minutes. Strong 

enantioselectivity towards (-)-secoisolariciresinol was observed for PpSDH, as already 

annotated in previous studies.79 Differently, for FiPLR a discrepancy was observed between 

the enantiospecificity of the two reduction steps. Although the preference toward (+)-

pinoresinol reduction is aligned to the previous reports,87 the depletion of minor amounts of 

the (-)-enantiomer was observed in our experiments as well. Interestingly, the second 

reduction only appears truly enantiospecific. All in all, both FiPLR and PpSDH exhibit potential 

features which prove them as solid gears in the metabolic clockwork designed within this work. 

P450s in high lignans biosynthesis 

Over time, more and more cytochromes P450 have been described as key elements in plant 

secondary metabolic pathways. The evolution of these enzymes has been recognized 

essential to achieve more and more sophisticated metabolites.53, 62 Also P450s may act as 

strict branch points along the biosynthesis, channelling the pathways in precise directions with 

strong enantioselectivities.143 In lignan metabolism, methylenedioxy bridge-forming enzymes 

CYP81Q1 and CYP719A23/24 are perfect examples for this. On the one hand, CYP81Q1 

from Sesamum indicum produces (+)-sesamine after the double oxidation of (+)-pinoresinol 
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via (+)-piperitol.95 On the other hand CYP719A23/A24, respectively from S. hexandrum and 

P. peltatum, address the transformation of dibenzylbutyrolactones toward aryltetralin lignans 

such as (-)-deoxy-, (-)-epi-, and (-)-podophyllotoxin.70, 80 Following this specific route, three 

other P450s have been identified in S. hexandrum genome: CYP71CU1, CYP82D61, and 

CYP71BE54.70  

In this work, the ‘active’ expression of CYP719A23, CYP71CU1 and CYP82D61 was achieved 

in E. coli for the first time. As a general matter, the expression of eukaryotic membrane-

associated genes in prokaryotic hosts is not trivial, and P450s are no exception. Because of 

the lack of inner organelles or well-developed membranes, achieving the heterologous 

expression of plant P450s in bacteria is a notorious challenge.123 In fact, eukaryotic P450s are 

typically membrane bound to the cytoplasm-facing side of the endoplasmic reticulum by their 

N-terminal domain.123 Over time, manipulation of the latter has been presented as prompt 

resolution to this issue.60 For all three P450s here considered, the analysis of the respective 

primary structures allowed to recognize the putative transmembrane N-terminal sequence and 

the presence of a proline-rich region which is reported to drive the correct folding process.125 

The generation of P450 variants where the first 20-26 amino acids were truncated, with the 

addition of the triplet encoding for alanine as second codon, resulted particularly effective. The 

expression of the wildtype genes always resulted in little to no enzyme detection, whereas 

correctly folded, soluble P450s were produced after N-terminus manipulation. However, codon 

usage was not decisive. 

Although remarkable, successful heterologous expression is not the only factor to be 

considered. As described within the introduction to this thesis (1.2.3), the presence of redox 

partner proteins is fundamental for the reconstitution of P450s activity. Given that physiological 

CPRs from S. hexandrum remain unidentified to date, different non-native alternatives have 

been explored within this work. Using CYP719A23 as an example, the use of ATR2 from 

Arabidopsis thaliana as CPR was compared to a fusion construct P450-ATR2, and to a 

bacterial redox system involving the E. coli’s reductase FdR and the B. subtilis’ flavodoxin 
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YkuN. Overall, ATR2 was determined as the most suitable candidate for CYP719A23, and it 

was further proven effective in sustaining the activity of all three P450s.  

This evaluation highlighted the importance of appropriate interaction among a P450 and redox 

partners. The fusion construct was applied since it has been reported the physical linkage 

between P450 and CPR is likely to enhance substrate conversion.44, 46 Although this happened 

to be true in vitro, the fusion of CYP719A23 with ATR2 significantly reduced P450 expression, 

negatively affecting the benefits of this strategy in vivo. To this end, harnessing the 

coexpression of P450 and CPR is crucial to achieve a suitable balance resulting in adequate 

activity. Although some studies suggest high redox partners ratios to be beneficial, others 

report detrimental effects on P450 expression levels and substrate turnover, as well as harmed 

cell viability.28, 144, 145 In this work, the application of the bacterial redox system indeed affected 

P450 expression, significantly hampering the activity. Conversely, physiological CYP to CPR 

ratio are reported to be ~15:1 in planta.127, 128 Thus, lower amounts of redox partners are 

thought to be sufficient to support the activity of multiple P450s, which seems to be the case 

within this work. For instance, in chapter 2.3, the sole ATR2 was used to reconstitute the 

activity of both CYP719A23 and CYP71CU1, resulting in efficient activity of both P450s. 

In conclusion, although P450s are often addressed to be a bottleneck within metabolic 

pathways,62, 143 in this work efficient implementation was reported. In chapter 2.2, 137 mg/L of 

(-)-pluviatolide were produced in high purity (>99% UV/vis, >94% MS) with 76% isolated yield 

through a 4-step cascade from 180 mg/L (+)-pinoresinol. Previously, only 13% isolated yield 

has been reported after the single oxidation of (-)-matairesinol by CYP719A23 in S. 

cerevisiae.70 Also, strict enantiospecificity was observed for CYP719A23 within this work. 

Furthermore, the 6-steps synthesis of (-)-deoxypodophyllotoxin was achieved from (-)-

matairesinol with 98% yield assembling CYP719A23, CYP71CU1, and the methyltransferases 

OMT3 and OMT1, plus the 2-oxoglutarate-dependent dioxygenase 2-ODD. Ultimately, 

CYP82D61 was introduced into the multi-enzyme cascade to achieve (-)-epipodophyllotoxin 

production in E. coli for the first time. 
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3.2 Modular design of the multi-enzyme cascade 

When designing the assembly of complex multi-enzyme cascades, harnessing the spatial 

organization of their components becomes crucial for their primary implementation and further 

optimization.146 In this work, the 10-steps cascade from the monolignol coniferyl alcohol to 

dibenzylbutyrolactone and aryltetralin lignans was implemented stepwise. Each chapter of the 

results section of this dissertation (2.1, 2.2, 2.3) depicts the development of a portion of the 

metabolic pathway. In each chapter at least one enzymatic step is shared by the previous or 

the following portion of the pathway. Each portion represents an independent and functional 

biological device which can be sequentially combined to the others. The coexpression of 

multiple enzymes was achieved by the design of compatible vectors. Genes were cloned into 

plasmids flanked by rigorously selected communal restriction enzymes to ensure the 

maximum combinability to the system. In this way, genes could be easily “cut-and-pasted” into 

any of the chosen expression vectors at need. The design of such units, or modules, can be 

addressed as an application of the synthetic biology principle of “standardized parts 

development”.147, 148 As an example, Wu and co-workers designed autonomous 2-, 3- or 4-

enzyme combinable one-pot cascades to achieve oxy- and amino-functionalization of alkenes 

with high regio- and stereoselectivity in E. coli. 149 

Here, the modularity was developed not only to combine several enzymes together, but also 

to overcome some of the bottlenecks typical of whole-cell biocatalytic systems. In fact, 

enzymatic compartmentalization is often reported as effective in relieving pitfalls of metabolic 

nature.17, 146, 150 Furthermore, the formation of a so-called metabolon may be hypothesised to 

occur for some of the enzymes involved within this work. Six of them originate from S. 

hexandrum (CYP719A23, OMT3, CYP71CU1, OMT1, 2-ODD, CYP82D61), whereas two of 

them (FiPLR and PpSDH) originate from F. intermedia and P. peltatum and cover the previous 

steps of the same biosynthetic route. Numerous examples of multi-enzymes complexes have 

been reported in plants secondary metabolic pathways.151, 152 However, altered protein-protein 

interactions may affect such events consequently to the manipulations required for their 
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implementation in prokaryotic hosts. Moreover, extensive pathways involving more than 10 

enzymes have been successfully split among individual host strains co-cultured together to 

produce salicylate 2-O-β-D-glucoside or cis,cis-muconic acid in E. coli. 153, 154  

In chapters 2.1 and 2.3, separate E. coli strains harbouring sequential parts of the pathway 

were mixed together and exploited as permeable compartments to allow the intermediates 

transfer. Such two-cells systems were proven particularly effective to overcome side-reactions 

and metabolic competition deriving from the host.  

Considering chapter 2.1, the efficiency of coniferyl alcohol biotransformation cascade to (-)-

matairesinol in a single-cell setup was likely hampered because of substrate seizure by 

endogenous alcohol dehydrogenases (ADHs).155 Despite ~90% of substrate conversion was 

observed, coniferyl aldehyde soared up as the main product, limiting the formation of the 

expected alcohol dimers. In this scenario, (+)-pinoresinol availability is drastically reduced and 

so (-)-secoisolariciresinol and (-)-matairesinol formation by FiPLR and PpSDH. As well as 

ADHs, both enzymes are NAD(P)H dependent,63, 79, 155 thus competition over nicotinamide 

cofactors could be responsible for this behaviour. Differently, notable reduction of the 

aldehyde, resulting in clear coniferyl alcohol dimerization, was related to the 

compartmentalization of the cascade in a two-cells system. This was especially true when the 

second E. coli strain was added after a certain amount of time. The final product (-)-

matairesinol was detected in concentrations close to the theoretical optimum of 250 µM from 

5 mM coniferyl alcohol. This result endorses the importance of spatial organization and 

appropriate reaction timing for optimal performance of multi-enzyme networks, as suggested 

in other recent works. 146, 156 Complementarily, the side-activity of ADHs could be targeted by 

metabolic engineering means such as gene knock-out and carbon source feeding-optimization 

as well.20  

A similar scenario was described in chapter 2.3. There the implementation of a two-cells 

approach allowed the achievement of 98% yield from the 5-step conversion of (-)-matairesinol 

to (-)-deoxypodophyllotoxin. Differently, the application of a single-cell setup generated a 
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bottleneck at the last enzymatic step, blocking the conversion of (-)-yatein to (-)-

deoxypodophyllotoxin. All in all, the co-localization of three plasmids into the cell is likely 

increasing the metabolic burden. Furthermore, the presence of redox enzymes such as two 

P450s and 2-ODD is likely determining resource competition between exogenous and 

endogenous metabolic pathways.17 

A typical argumentative advantage of in vivo multi-enzyme cascades compared to their in vitro 

counterparts involves the exploitation of the host metabolism for co-substrates 

supplementation and regeneration.17 However, the introduction of multiple foreign enzymes 

may generate the drawbacks described above. Generally, the addition of carbon sources such 

as glycerol or glucose is often a practical solution to support the host metabolism.157 

Specifically, in this work, glucose was provided to sustain E. coli’s pentose phosphate pathway 

and the TCA cycle for the generation of cofactors and co-substrates either. Yet, feeding 

strategies need to be optimized to overcome the reported metabolic side effects. Additionally, 

although the modular multi-cells systems offer practical advantages, other issue may arise. 

Frequently, one of these is related to inefficient traverse of the intermediates across the 

membranes. As a matter of fact, mass transfer issues are frequently reported as some of the 

most common drawbacks in developing efficient whole-cell biocatalysts. 17, 21 In this work, the 

usage of resting cells was practical to avoid such limitation. As the cells were frozen after 

harvest and thawed prior to usage, the membranes are physically damaged to grant substrate 

passage without causing cell lysis, also avoiding the usage of harmful detergents.24  

 

3.3 Future perspectives 

Over the last few decades, multiple findings helped casting light on S. hexandrum secondary 

metabolic pathway in order to reach the production of (-)-podophyllotoxin by sustainable 

biotechnological means.70, 80, 130 Nevertheless, to date the physiological enzyme performing 

the final hydroxylation of (-)-deoxypodophyllotoxin to yield (-)-podophyllotoxin has yet to be 
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discovered.122 In chapter 2.3, the generation of (-)-podophyllotoxin and its epimer was 

demonstrated via the application of two promiscuous P450s from Streptomyces platensis, 

CYP107Z and CYP105D. Following protein engineering endeavours to enhance substrate 

turnover, regio- and stereoselectivity,101, 131, 132 such enzymes may become interesting 

candidates to patch up the lack of a known (-)-podophyllotoxin synthase. Additionally, 

compared to their eukaryotic counterparts, bacterial P450s are more easily expressed in 

recombinant E. coli, facilitating their successful implementation.  

Complementary to this, CYP82D61 should be investigated together with CYP71BE54 to 

further extend the cascade. (-)-4’-desmethyl-deoxypodophyllotoxin can be produced from the 

demethylation of (-)-deoxypodophyllotoxin by CYP71BE54 and further hydroxylated to (-)-4’-

desmethyl-epipodophyllotoxin by CYP82D61. All of these compounds are also direct 

precursors to etoposide and teniposide (Figure 1.6),70 therefore their production by 

recombinant means is of high interest. 

More genomic investigations on S. hexandrum should be done not only in sought for a putative 

(-)-podophyllotoxin synthase, but also for the identification of cognate CPRs to support the 

activity of the already implemented P450s. Not only, further gene scavenging should be 

directed to closely related plants such as Forsythia intermedia and Thuja plicata, but mainly 

Podophyllum peltatum.79, 80, 158 The identification and subsequent evaluation of homologous 

and orthologous gene candidates is undoubtedly a chance to improve the current setup. As a 

straightforward example, CYP719A24 from P. peltatum should be evaluated as alternative for 

(-)-matairesinol oxidation to (-)-pluviatolide.80 

Independently from these argumentations, the modules herein developed should be finally 

combined to produce aryltetralin lignans from coniferyl alcohol. Once done, backwards 

extension should be implemented to start from even cheaper sources. As a potential route, 

the 3-step enzymatic cascade starting from eugenol (-)-secoisolariciresinol established in a 

previous study of our group could be adapted as starting module.102 Moreover, coherently to 

the final aim of the LignaSyn project, more efforts should be implemented to extend the 
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pathway backwards to even simpler precursors. L-phenylalanine, L-tyrosine or even glucose 

could be used as starting material exploiting genes from shikimate and phenylpropanoids 

pathways. 159-163  

Within this work, the importance of a balanced gene expression was highlighted concerning 

the direct interactions between the enzymes and their interplay with the host metabolism. To 

improve these aspects, gene titration studies testing weaker promoters and diverse gene copy 

number are valuable strategies chasing optimal metabolic flux.164 For the same purpose, 

metabolic engineering efforts should be pursued on the host E. coli for the optimization of 

carbon sources utilization and limiting the competing pathways.20 Ultimately, high cell density 

cultivation in bioreactors and process engineering optimization strategies should be applied 

for reaction upscale. In these ways, environmentally sustainable and economically feasible 

production of precursors to life-saving pharmaceuticals and health-improving compounds can 

be achieved finally. 
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