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Abstract 

Plants and cyanobacteria are promising heterologous hosts for metabolic engineering, and 

particularly suited for expression of cytochrome P450 (P450s), enzymes that catalyse key steps in 

biosynthetic pathways leading to valuable natural products such as alkaloids, terpenoids and 

phenylpropanoids. P450s are often difficult to express and require a membrane-bound NADPH-

dependent reductase, complicating their use in metabolic engineering and bio-production. We 

previously demonstrated targeting of heterologous P450s to thylakoid membranes both in N. 

benthamiana chloroplasts and cyanobacteria, and functional substitution of their native reductases 

with the photosynthetic apparatus via the endogenous soluble electron carrier ferredoxin. 

However, because ferredoxin acts as a sorting hub for photosynthetic reducing power, there is 

fierce competition for reducing equivalents, which limits photosynthesis-driven P450 output. This 

study compares the ability of four electron carriers to increase photosynthesis-driven P450 activity. 

These carriers, three plant ferredoxins and a flavodoxin-like engineered protein derived from 

cytochrome P450 reductase, show only modest differences in their electron transfer to our model 

P450, CYP79A1 in vitro. However, only the flavodoxin-like carrier supplies appreciable reducing 

power in the presence of competition for reduced ferredoxin, because it possesses a redox potential 

that renders delivery of reducing equivalents to endogenous processes inefficient. We further 

investigate the efficacy of these electron carrier proteins in vivo by expressing them transiently in 

N. benthamiana fused to CYP79A1. All but one of the fusion enzymes show improved 

sequestration of photosynthetic reducing power. Fusion with the flavodoxin-like carrier offers the 

greatest improvement in this comparison - nearly 25-fold on a per protein basis. Thus, this study 

demonstrates that synthetic electron transfer pathways with optimal redox potentials can alleviate 

the problem of endogenous competition for reduced ferredoxin and sets out a new metabolic 

engineering strategy useful for producing valuable natural products. 
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1. Introduction 

Photosynthetic hosts constitute a relatively recent addition to the metabolic engineering portfolio 

but are being rapidly adopted. Photosynthetic organisms such as plants offer enticing prospects in 

terms of sustainable production and well-developed industrial-scale production facilities (Holtz et 

al., 2015). Their metabolic diversity and modest requirements of light, atmospheric CO2, water 

and inorganic nutrients to produce metabolic building blocks, sometimes makes photosynthetic 

organisms more suitable for engineering complex biosynthetic pathways than traditional microbial 

hosts (Angermayr et al., 2009; O’Neill and Kelly, 2017). However, certain issues still complicate 

engineering of photosynthetic organisms for small molecule production. These include a dearth of 

fast genetic engineering tools for both plants and phototrophic microbes, limited infrastructure for 

large scale cultivation of cyanobacteria and algae, and the complexities of biochemical engineering 

such as challenged allocation of metabolic energy from photosynthesis towards desired products 

(Brennan and Owende, 2010; Nielsen et al., 2016; Pouvreau et al., 2018).  

Notable recent success stories (Gao et al., 2016; Oliver et al., 2013) demonstrate how control over 

carbon partitioning is key to any successful metabolic engineering project (Angermayr et al., 2015; 

Melis, 2013; Oliver and Atsumi, 2014). By comparison, although the proper function and 

regulation of redox enzymes is essential for plant growth and adaptation to environmental 

challenges (Nielsen et al., 2016), the mechanisms that control channeling of photosynthetic 

reducing equivalents into different paths before they reach the Calvin-Benson-Bassham cycle are 

less well studied. A prominent family of redox enzymes present in all kingdoms is the cytochrome 

P450s (P450s). P450s are a large and diverse enzyme class that occurs frequently in the 

biosynthesis of structurally complex natural products (specialized metabolites) where they 

catalyze key metabolic steps (Girvan and Munro, 2016; Renault et al., 2014). A specific P450 

isoform is referred to by the prefix ‘CYP’ (CYtochrome P450) followed by a numerical 

designation based on homology (Nelson, 2004). Whereas P450s of prokaryotes are soluble 

enzymes, eukaryotic P450s are typically ER-localized via an N-terminal transmembrane domain. 

This membrane localization, and a requirement for dedicated reducing systems such as the ER 

membrane-localized NADPH-dependent cytochrome P450 reductases (CPR) contributes to the 

reputation of eukaryotic P450s for being challenging enzymes to express in heterologous systems 

(Frey et al., 2019; Jung et al., 2011). Both difficulties may be partly overcome by targeting P450s 

to chloroplasts or cyanobacteria. Here, they readily insert in the photosynthetic thylakoid 

membranes, and the photosynthetic electron transfer chain can supply reducing power, in the form 

of reduced ferredoxin, needed for their catalytic cycle (Berepiki et al., 2016; Jensen et al., 2011a; 

Nielsen et al., 2016, 2013; Wlodarczyk et al., 2016) 

The use of photosynthetic reducing power to drive P450 activity is limited by the presence of 

native endogenous electron sinks coupled to the host metabolism. One major sink is ferredoxin-

NADP+ reductase (FNR), which is responsible for photoreduction of NADP+ and easily 

outcompetes P450s introduced through metabolic engineering efforts. Generally, many such 

competitors occur at high abundance in photosynthetic hosts and they accept electrons from Fd 

with high native efficiency (Antal et al., 2013; Nielsen et al., 2013). FNR in particular consumes 

around 80% of photosynthetic reducing power and is strictly required for photoautotrophic growth 

(Backhausen et al., 2000; Lintala et al., 2012). As a result, the allocation of sufficient 
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photosynthetic reducing power towards non-native metabolic processes represents a complicated 

engineering challenge. We previously showed that fusing a eukaryotic P450 with a native plant Fd 

increased light-dependent P450 activity in N. benthamiana chloroplasts (Mellor et al., 2016). This 

effect is likely due to an increased likelihood of productive interaction between the P450 and 

reduced Fd, which then channels reducing equivalents to the P450 instead of to native electron 

sinks such as FNR. While this work demonstrated the viability of this approach, it yielded a 

relatively modest 1.5-fold improvement, indicating that significant reducing power was still 

directed towards the native endogenous metabolism. To eliminate this bottleneck, engineering of 

biosynthetic pathways for desired natural products into chloroplasts and cyanobacteria needs to be 

accompanied by engineering of electron transfer chains that ensure specific delivery of reducing 

power to the P450-dependent pathway steps (Mellor et al., 2017).  

We have previously shown that CYP79A1 targeted to N. benthamiana chloroplasts via transient 

expression receives electrons from photosystem I via ferredoxin, and that CYP79A1 and 

ferredoxin-NADP+ reductase (FNR) show similar KM values towards this Fd (Mellor et al., 2016). 

Because plants harbor multiple ferredoxins that can receive electrons from PSI (Hanke et al., 

2004), we wanted to examine the ability of  the major well-characterized plant ferredoxin isoforms 

as electron donors to CYP79A1. The major ferredoxin isoform (Fd2 by Arabidopsis Fd 

numbering) found in the leaf constitutes 90% of the total ferredoxin in leaves and is structurally 

and functionally interchangeable between different plant species (Binda et al., 1998; Hanke et al., 

2004; Tagawa and Arnon, 1968; Terauchi et al., 2009). Two additional less abundant Fd isoforms 

are found in leaves and roots, respectively and known as Fd1 and Fd3 in Arabidopsis (Hanke et 

al., 2004). These three ferredoxin isoforms are conserved in higher plants and have 

characteristically low isoelectric points (pI = 3.9, 3.8 and 4.1, respectively for AtFd1-3) owing to 

an abundance of surface exposed Asp and Glu residues (Figure 1A, B) and very negative redox 

potentials (Table 1). We excluded unusual ferredoxin isoforms such as those with extended C-

termini, which suffer from poor in vitro stability (Schorsch et al., 2018; Voss et al., 2011), have 

poorly understood functional characteristics, and of which one isoform (AtFdC1) could not support 

light-driven CYP79A1 activity in our initial tests (results not shown).  

Flavodoxins are a class of small FMN-binding electron carrier proteins that possess similar 

properties to Fd (acidic pI and redox potentials below -400 mV) and can functionally substitutes 

Fd in photosynthetic bacteria, although with lower electron transfer efficiencies than Fds 

(Meimberg and Mühlenhoff, 1999; Pierella Karlusich and Carrillo, 2017). Expression of 

flavodoxin thus allows cyanobacteria to survive iron-limitation (Bottin and Lagoutte, 1992; 

Pierella Karlusich et al., 2015; Pierella Karlusich and Carrillo, 2017), whereas plants do not 

possess genes encoding free flavodoxin proteins. Cyanobacterial flavodoxin was found to inhibit 

light-driven CYP79A1 activity in vitro (Jensen et al., 2011a), possibly because of its poorer overall 

kinetics as electron acceptor from PSI (Goñi et al., 2009) or as donor to CYP79A1. We instead 

chose to focus on another class of flavodoxin-like proteins, which form part of the diflavin enzyme 

cytochrome P450 reductase (CPR). This enzyme probably arose through fusion of a flavodoxin 

with an ancestral FNR (Figure 1C) and since acquired a transmembrane anchor that allowed it to 

occupy the ER membrane close to its cognate P450 partners (Jenkins and Waterman, 1999; 

Murataliev et al., 2004; Wang et al., 1997). Flavodoxin-like domains of these reductases show 

sequence and structural similarity with cyanobacterial flavodoxins, with similar abundance and 

distribution of negative surface charges (Figure 1D, Supplementary Figure S1), but generally 
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possess less negative redox potentials than photosynthetic flavodoxins and therefore might favor 

electron transfer to the P450 over endogenous chloroplast electron sinks. Since the function of 

plant CPR flavodoxin-like domains as free electron transfer carriers instead of Fd in 

photosynthesis-driven P450 electron transport chains have not been investigated, we decided to 

include the flavodoxin-like domain from Sorghum CPR in our electron carrier comparisons. We 

use transient expression in N. benthamiana as a tool to explore different electron carriers’ ability 

to support photosynthesis-driven activity of CYP79A1 from Sorghum bicolor both in vitro and in 

vivo, and how these differences can be used to improve in vivo light-driven efficiency of P450 

systems. We show that the flavodoxin-like redox partner from Sorghum CPR fused with CYP79A1 

improves light-driven activity 25-fold over unfused CYP79A1 and 5-fold compared to the most 

active fusion with a ferredoxin. This work thus highlights the potential to use non-native electron 

donors as P450 redox partners and demonstrates the use of P450-redox partner fusion proteins as 

tools to elucidate engineering principles that facilitate channeling of electrons from PSI towards 

P450s. 

 
Figure 1. Overview of ferredoxin and flavodoxin-like electron carrier candidates tested in this study. A, multiple sequence 

alignment of mature ferredoxins 1-3 from Arabidopsis (At) and maize (Zm). Asp and Glu residues are highlighted in red. B, 

structure of maize Fd1 (PDB: 3B2F) oriented with the 2Fe-2S cluster facing the reader. Cartoon representation shown in the left, 

with corresponding electrostatic surface model shown on the right (red, net negative; blue, net positive; white, net uncharged). C, 

diagrammatic and structural overview of domains in the eukaryotic cytochrome P450 reductase. Domains are color coded in both 

representations, with the cofactor positions indicated. Electron flow is depicted with blue arrows. The reference structure of rat 

CPR lacking the TM domain (PDB: 1AMO) is shown on the right in cartoon representation, with cofactors as ball and stick models. 

D, homology model of the Fld-like domain of Sorghum bicolor CPR (Jensen et al., 2011b) compared with structure of 

Synechococcus PCC7942 flavodoxin (IsiB, PDB: 1CZL). The structures are aligned by secondary structure using PyMOL and 

oriented with the FMN towards the reader. Top, cartoon representation with ball and stick models of the FMN cofactor; bottom, 

electrostatic surface models (color coding as in B). The positively charged cavity visible in the center of the electrostatic surface 

models contains the binding site for the phosphate group on FMN. 
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2. Materials and Methods 

2.1 Chemicals 

Authentic standard of (E/Z)-p-β-D-glucopyranosyloxy-phenylacetaldoxime was synthesized as 

previously reported (Mellor et al., 2016). Cytochrome c from Bovine heart (C2037) and flavin 

mononucleotide (F2253) were purchased from Sigma-Aldrich. Gibson Assembly Master Mix and 

restriction enzymes were purchased from New England Biolabs. Complete protease inhibitors 

(without EDTA) were purchased from Roche. Vectors containing cDNA for full-length 

Arabidopsis thaliana ferredoxin 1-3 (At1g60960, At1g60950 and At2g27510, respectively) were 

obtained from the Arabidopsis Biological Resource Center (Columbus OH, USA). Spinach 

ferredoxin and FNR were prepared as described previously (Buchanan and Arnon, 1971; Serrano 

and Rivas, 1982; Zygadlo et al., 2005). 

 

2.2 Bioinformatics & Software 

Multiple sequence aligments were carried out using MUSCLE (Edgar, 2004a, 2004b) and 

visualized with JalView (Waterhouse et al., 2009). Protein structures were visualized using PyMol 

Open Source (Schrödinger LLC), and electrostatic surface models generated using the APBS 

plugin (Jurrus et al., 2018) at 0.15 M ionic strength. Figures were drawn using the freely available 

Inkscape software package (www.inkscape.org). 

 

2.3 Cloning, transformation and protein expression 

2.3.1 Construction of expression vectors 

Cloning of untagged E. coli expression constructs encoding Arabidopsis ferredoxins (AtFd) 1-3 

into the pTrc99A-1 vector was described previously (Hanke et al., 2004). An N-terminally his-

tagged E. coli expression construct encoding the flavodoxin-like domain (denoted CPR59-265) of 

Sorghum bicolor cytochrome P450 reductase (Genbank: XP_002444097) was cloned by ligating 

the sequence encoding residues 59-265 into the pET15b vector (Novagen) between NdeI and 

BamHI sites. Transient expression fusion constructs were cloned from a starting  CYP79A1-AtFd2 

fusion construct, which was synthesized (Genscript, Piscataway NJ, USA) to comprise from N- to 

C-terminal 1) the chloroplast transit peptide of AtFd2, 2) the full-length coding sequence of 

Sorghum bicolor CYP79A1 (Uniprot: Q43134.3) and 3) mature AtFd2 (Genbank: At1g60950) 

connected to CYP79A1 by a 12-residue linker with the sequence QLGGGSGGGGLG. The linker 

sequence contained flanking MfeI and AvrII sites, and the entire construct inserted in the pEAQ-

HT vector between AgeI and XhoI sites using Gibson Assembly  (Gibson et al., 2009) to preserve 

the flanking restriction sites. CYP79A1 variants fused to AtFd1, AtFd3 and CPR59-265 were 

generated by PCR amplifying the respective coding sequences (Primers listed in Supplementary 

Table S1). PCR products encoding AtFd1 or CPR59-265 were inserted in place of the mature AtFd2 

sequence in the CYP79A1-AtFd2 encoding construct by restriction-ligation between AvrII and 

XhoI sites. AtFd3 contained an internal XhoI site and was instead inserted into AvrII- and XhoI-

digested pEAQ vector in place of AtFd2 using Gibson Assembly.  
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2.3.2 Expression and purification of electron carrier proteins  

Arabidopsis ferredoxins were expressed in E. coli and purified essentially as described previously 

(Hanke et al., 2004). CPR59-265 was expressed in E. coli Rosetta 2 (DE3, Novagen), which were 

grown at 37 °C with 220 rpm shaking to an OD600 of 0.4-0.6 before induction with 1 mM isopropyl 

β-D-1-thiogalactopyranoside and supplementation with 4.4 µM FMN. Cells were harvested after 

overnight expression (~16 h, 20 °C, 220 rpm) by centrifugation (10.000 g, 20 min), resuspended 

in lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM Imidazole, 10 µM FMN, Complete 

EDTA-free protease inhibitors) and lysed using a CF benchtop cell disruptor (Constant Systems 

Limited, Northants, United Kingdom). Cell debris was removed by centrifugation (16.000 g, 4 °C, 

30 min) and the soluble fraction applied onto a HisTrap HP column (GE Healthcare) on an ÄKTA 

FPLC system (GE Healthcare). Unbound protein was washed from the column using lysis buffer 

without FMN and CPR59-265 eluted using a linear gradient of 0-100% elution buffer (50 mM Tris-

HCl pH 7.5, 500 mM NaCl, 250 mM Imidazole). The yellow fractions from the elution were 

combined, desalted into 50 mM Tris-HCl pH 7.5, and concentrated using an Amicon centrifugal 

filter (Merck) with a 10 kDa cutoff. The concentration of pure CPR59-265 was calculated from the 

absorbance at 457 nm using a molar extinction coefficient of 12,200 M-1 cm-1 (Aliverti et al., 

1999). The concentration of pure ferredoxins was calculated from the absorbance at 422 nm using 

a molar extinction coefficient of 9,680 M-1 cm-1 (Tagawa and Arnon, 1968). 

 

2.3.3 Transient expression in N. benthamiana 

Cells of Agrobacterium tumefaciens strain PGV 3850 were transformed by electroporation in 2mm 

cuvettes in the presence of 5-10 ng vector using a Gene Pulser (Bio-Rad) with settings of 400 Ω, 

2.5 kV and 25 µF and grown for 3 d on YEP-agar plates supplemented with 25 µg mL-1 rifampicin 

and 50 µg mL-1 kanamycin. Transformants were grown O/N in liquid culture at 28 °C with shaking 

in YEP media containing 25 µg mL-1 rifampicin and 50 µg mL-1 kanamycin. Before infiltration, 

cells were sedimented by centrifugation (4,500 g, 15 min) and resuspended in infiltration buffer 

(10 mM MES pH 5.4, 10 mM MgCl2, 200 µM acetosyringone) to an OD600 of 0.4. Wild type N. 

benthamiana plants for transient expression studies were grown in a greenhouse under a 16/8 h 

light/dark cycle with day/night temperatures of 24/17 °C. 4-6 weeks old plants were infiltrated by 

injecting the abaxial surface of 1-3 leaves with infiltration cocktail. Plants were grown post-

infiltration for 5 d in the greenhouse before further processing.  

 

2.4 Isolation of thylakoid membranes 

Thylakoid isolation was carried out on ice under dim green light. Leaves were homogenized 

thoroughly in ice cold homogenization buffer (400 mM sucrose, 20 mM tricine pH 7.5, 10 mM 

NaCl, 5 mM MgCl2, 100 mM ascorbate, 5 mg ml-1 BSA) and the homogenate filtered through 2 

layers of nylon cloth (5 µm mesh). Green membranes (mainly intact chloroplasts and thylakoid 

membranes) were sedimented by centrifugation (5,000 g, 10 min). For lysis of intact chloroplasts, 

the pellet was resuspended in 5 mM tricine (pH 7.9) and left on ice for 15 min, before thylakoid 

membranes were sedimented by centrifugation (11,200 g, 10 min). Finally, thylakoids were 

resuspended in thylakoid storage buffer (400 mM sucrose, 20 mM tricine pH 7.5), 10 mM NaCl, 

5 mM MgCl2, 20 % glycerol) to a concentration of 1-2 mg ml-1 chlorophyll, snap frozen in liquid 
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N2 and stored (-80 °C) until further use. Chlorophyll concentration was measured in 80% acetone 

(Lichtenthaler, 1987). 

 

2.5 In vitro assays 

2.5.1 NADPH photoreduction assays  

Photoreduction of NADP+ to NADPH by FNR was measured in clear quartz cuvettes with a 1 cm 

pathlength. Assay mixtures contained thylakoids (10 µg chlorophyll) from wild type N. 

benthamiana, 20 mM Tricine pH 7.5, 40 mM NaCl, 8 mM MgCl2, 0.1 % β-dodecyl maltoside, 60 

µM dichlorophenolindophenol (DCPIP), 2 mM sodium ascorbate, 0.5 mM NADP+, 71 nM 

ferredoxin:NADP+ reductase (FNR), 2 µM plastocyanin, and 3 or 10 µM spinach ferredoxin or 

CPR59-265. Assays were performed using a modified Shimadzu UV-2550 spectrophotometer fitted 

to accommodate a light fiber and 340 nm band pass filters at the light source and detector apertures. 

Cuvettes were maintained at 25 °C during assays by a cuvette thermostat connected to a water 

bath. Reactions were monitored for 2 min at 340 nm, and the assay was initiated and stopped by 

switching on or off illumination (1000 µE) from a Schott KL1500 light source fitted with a red 

filter. 

 

2.5.2 Cytochrome c reduction assays 

Reduction of cytochrome c by ferredoxin or CPR59-265 was measured in clear quartz cuvettes with 

a 2 mm pathlength. Assay mixtures contained thylakoids (10 µg chlorophyll) from wild type N. 

benthamiana, 50 mM Tricine pH 7.5, 100 mM NaCl, 200 µM cytochrome c and 0.05-5 µM spinach 

ferredoxin or 0.05-8 µM CPR59-265. Assays were performed at 25 °C in a modified Shimadzu UV-

2550 spectrophotometer as described above, but with 550 nm band pass filters fitted to the 

spectrophotometer light source and detector apertures. Reactions were initiated by illuminating the 

sample using 400 µE red light and activity monitored as increase in absorption at 550 nm for 120 

s. Initial rates were corrected for the rate of direct cytochrome c reduction by PSI measured in 

assays without ferredoxin or CPR59-265 and fitted to the Michaelis-Menten equation using 

SigmaPlot (Systat Software) to obtain steady state kinetic parameters. 
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2.5.3 Electrochemistry 

All electrochemical experiments were carried out using an EmStat 3+ potentiostat (Palmsens) with 

PS-Trace software. For experiments with CPR59-265, protein film electrochemical experiments  

were carried out with the standard three-electrode configuration (Armstrong et al., 2018), 

consisting of the Inverse-Opal mesoporous Indium tin oxide (IO-mesoITO) electrode as working 

electrode, saturated Calomel as reference electrode (SCE, University of Southampton 

glassblowing) and coiled platinum wire as counter electrode. IO-mesoITO working electrodes 

were prepared as previously described (Mersch et al., 2015). All protein-film electrochemical 

experiments were performed anaerobically in a custom-made glass electrochemical cell 

(Southampton glassblowing) containing buffer (20 mM Tris-HCl and 150 mM NaCl, pH 7.0 and 

8.0) at room temperature (22-24 °C). A new working electrode was used for each experiment. The 

surface of the IO-mesoITO electrode was functionalized by drop-casting Poly-L-lysine (5 % v/v, 

5 l, Sigma Aldrich). Once dried, 2.5 L of 0.79 mM CPR59-265
 was drop-cast and left to dry prior 

to voltammetry measurements. An experiment with free FMN (Supplementary Figure S3A) was 

carried out using a similar experimental set-up, except that a homemade glassy-carbon electrode 

was used as the working electrode with FMN (Sigma Aldrich, used without further purification) 

dissolved to 5 mM in buffer solution (20 mM Tris-HCl, 150 mM NaCl, pH 7.0) rather than 

adsorbed on the electrode surface. All redox potentials are given against the standard hydrogen 

electrode (SHE), where ESHE = ESCE + 0.244 V.  

 

2.5.4 Light-driven CYP79A1 assays 

Light-driven activity of CYP79A1 and fusion enzyme variants was assayed in a total volume of 

40 µL containing thylakoids (25 µg chlorophyll) from infiltrated N. benthamiana plants, 20 mM 

tricine (pH 7.5), 100 mM NaCl, 193 µM L-tyrosine, 0.2 µCi of [U-14C]-tyrosine (Perkin-Elmer, 

486 mCi mmol-1), 10 mM DTT, and 8.3 µM (unless otherwise indicated) Fd isoforms or CPR59-

265. We used Fd2 from spinach, or if noted Arabidopsis. These proteins possess high sequence 

identity and have physicochemical features similar enough to function interchangeably (Hanke et 

al., 2004; Tagawa and Arnon, 1968). Fd1 and 3 isoforms were from Arabidopsis. Assays were 

performed at 25 °C in a thermomixer and initiated by illuminating the samples with 200 µE white 

light from a Schott KL2500 light source fitted with an NG4 gray filter. Total assay time was 5 min 

after which the reactions were stopped with 5 µL of 10 % SDS, 3 mM methyl viologen. Samples 

(10 µL) were then applied onto silica gel 60 F254 (Merck) TLC plates, which were developed in 

toluene:ethyl acetate:methanol (30:8:1, v/v/v), dried and incubated for 3-5 d with storage phosphor 

screens (Molecular Dynamics) before visualizing on a Typhoon Trio scanner (GE Healthcare). An 

authentic [U-14C]-labeled p-hydroxyphenylacetaldoxime standard was also applied to the TLC 

plates as a retention time standard. Bands of enzymatically produced p-

hydroxyphenylacetaldoxime were visualized and quantified using GelQuant.NET software 

(BiochemLabSolutions). Steady state kinetics experiments were fitted to the Michaelis-Menten 

equation using SigmaPlot (Systat Software) to derive steady state kinetic parameters. 

 



9 
 

2.6 Total protein isolation 

Leaf discs were homogenized using a mixer mill (Retsch) for 1 min at 20 s-1. Protein was extracted 

from the homogenized material with 1 mL 4 % SDS, 100 mM Tris HCl (pH 8.2), 500 mM NaCl, 

100 mM DTT with 2x concentrated Complete Protease Inhibitors (Roche) and shaking (4 °C, 20 

min). The extract was then clarified by centrifugation (21,000 g, 20 min), the supernatant collected 

into 4 volumes ice cold acetone:MeOH (9:1, v/v), and incubated (-20 °C, 2 h) to precipitate 

proteins. Precipitated proteins were sedimented by centrifugation (4,500 g, 10 min) and washed 3 

times in 1 mL ice cold acetone:MeOH (9:1, v/v) followed by air drying. The pellet was then 

resuspended in 50 µL 50 mM Tris HCl (pH 6.8), 2 % SDS, 12.5 mM EDTA, 10 % glycerol and 

protein concentration quantified using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).  

 

2.7 Immunoblotting 

Thylakoid or total protein samples were separated by SDS-PAGE on either 12 % or 4-15 % TGX 

stain-free gels (Bio-Rad) at 250 V for 30-35 min in Tris-glycine-SDS buffer (Bio-Rad). Proteins 

were transferred onto Trans-Blot Turbo PVDF or low-fluorescence PVDF membranes (Bio-Rad) 

for 7 min at 2.5 A using a Trans-Blot Turbo blotting system (Bio-Rad). Membranes were blocked 

for 1 h at room temperature using 5 % skimmed milk in PBS with 0.05 % tween-20 (PBS-t), 

washed, and incubated in PBS-t for 1 h at room temperature with 1:3000 diluted SbCYP79A1 or 

1:10000 diluted SbCPR primary antibodies. Blots were then washed and incubated for 1 h at room 

temperature with swine anti-rabbit-HRP conjugated immunoglobulins (Dako) at a dilution of 

1:5000 in PBS-t with 2 % skimmed milk. Chemiluminescence was detected with Super Signal 

West Dura substrate (Thermo Scientific) using a ChemiDoc MP imaging system with a cooled 

CCD camera (Bio-Rad), set to automatic exposure. Total protein was visualized on the membranes 

using the stain-free blot setting. Protein quantification was done using ImageLab 5.2 (Bio-Rad) 

(Taylor et al., 2013).  

 

2.8 Metabolite analysis 

2.8.1 Sample preparation 

N. benthamiana leaf discs were excised from infiltrated leaves using a 7 mm cork borer. For each 

sample, 5 leaf discs were weighed, placed in a 1.2 mL microtube together with two chrome 

bearings, frozen in liquid nitrogen and homogenized in a mixer mill (Retsch) (1 min, 20 s-1). 

Samples were centrifuged (4,300 g, 3 min), 0.5 mL 80 % MeOH was added, the material 

resuspended by vortexing (1 min) and incubate 30 min at RT with agitation. The samples were 

centrifuged (10 min, 4300 g), the supernatant diluted to 10 % MeOH, filtered through 0.2 µm 

PTFE syringe filters (Advantec), and then further diluted 3-fold into 10 % MeOH in amber screw-

top HPLC vials before LC-MS/MS analysis.  

 

2.8.2 LC-MS/MS 

(E/Z)-p-β-D-glucosyloxyphenylacetaldoxime was quantified using a Bruker EVOQ Elite UPLC-

coupled triple quadrupole MS/MS system. Chromatography was performed using a Kinetex 

Biphenyl column (Phenomenex, 1.7 µm, 100 Å, 2.1x100 mm) at a flow rate of 400 µl min-1 with 

an oven temperature of 40 °C. A gradient between A: 2 mM ammonium acetate (pH 6.6) and B: 
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100 % MeOH was used as follows: 0-0.3 min isocratic 10 % B; 0.3-5 min 10-25 % B; 5-5.1 min 

25-98 % B, 6.1-6.2 min 98-10 % B; 6.2-8.5 min isocratic 10 % B. Ionization was carried out by 

positive mode ESI with a +3000 V spray potential and a probe temperature of 300 °C. (E/Z)-p-β-

D-glucosyloxy-phenylacetaldoxime was quantified by multiple reaction monitoring of the m/z 

(+)314>152 transition (10 eV collision energy), with E and Z isomers eluting at 2.8 and 3.0 min.  

(E/Z)-p-β-D-glucosyloxyphenylacetaldoxime in samples was quantified against standard curves 

of 50 to 10000 µg L-1 authentic (E/Z)-p-β-D-glucosyloxyphenylacetaldoxime standard diluted into 

methanolic extracts from non-infiltrated N. benthamiana leaves supplemented with 50 µg L-1 p-

hydroxybenzaldehyde (MRM (-)121>92, 21 eV collision energy) as internal standard. Quantified 

metabolite amounts were normalized to the fresh weight of the leaf material from which they were 

extracted. Standard curves were interspersed with samples in the run order to provide further 

quality control for instrumental drift. 

 

3. Results  

3.1 The flavodoxin-like domain of Sorghum CPR accepts electrons from PSI but cannot 

support photoreduction of NADP+ 

Flavodoxin-like domains of eukaryotic CPR enzymes are known to be functional when expressed 

alone without N-terminal transmembrane anchors and C-terminal hinge- and FNR-like domains 

(Munro et al., 2001; Zhao et al., 1999). To investigate whether such a flavodoxin-like domain 

could replicate the function of Fd, we expressed and purified the corresponding Fld-like domain 

truncated from Sorghum bicolor CPR (residues 59-265, referred to as CPR59-265 in the following). 

The purified protein bound FMN as evident from its UV-Vis spectrum (Supplementary Figure 

S2). To examine whether this electron carrier protein could support native chloroplast metabolism, 

we assayed in vitro NADP+ photoreduction of spinach FNR using CPR59-265 or purified Fd2. In 

this assay, light drives electron transport via solubilized PSI from isolated N. benthamiana 

thylakoid membranes, which reduces the electron carrier (CPR59-265 or Fd2). The carrier in turn 

passes electrons to FNR to drive reduction of NADP+ to NADPH. While Fd2 showed the expected 

NADP+ photoreduction activity, we could only detect limited NADPH production when using 

CPR59-265 as an electron carrier, even at 3 times the concentration used for Fd2 (Figure 2A). To 

investigate if this lack of detectable NADP+ reduction was due to a deficiency of electron transfer 

from PSI to CPR59-265, we measured steady-state kinetics of electron carrier reduction by PSI via 

the subsequent reduction of cytochrome c (cyt c) using varying concentrations of either CPR59-265 

(0.2 to 8 µM) or Fd2 (0.05 to 5 µM). Steady state kinetics analysis showed that both CPR59-265 and 

Fd2 proteins were reduced by PSI to similar Vmax values (38.9±2.4 and 37.1±0.6 nmol cyt c mg 

chl-1 s-1, respectively for CPR59-265 and Fd2), but CPR59-265 showed a 22-fold higher KM for PSI 

suggesting a lower affinity than that of Fd2 (Figure 2B, Table 1). To understand the discrepancy 

between reduction of CPR59-265 by PSI and its failure to reduce NADP+ in turn, we measured the 

redox potential of the FMN cofactor of CPR59-265 using cyclic voltammetry (CV, Figure 2C, Table 

1). The protein showed voltammetric behavior that was distinct from free FMN (Supplementary 

Figure S3A), with a single moderately pH dependent redox transition visible in the 

voltammograms (Figure 2C, Supplementary Figure S3B). This is consistent with previously 

described CV features for flavodoxins (Heering and Hagen, 1996). We found a midpoint potential 

of -267 mV, consistent with hydroquinone/semiquinone couples of other CPR enzymes (Aigrain 

et al., 2011; Das and Sligar, 2009; Munro et al., 2001), and considerably less negative than the 
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midpoint potentials of of Fd2 and NADPH (-433 and -320 mV, respectively). This makes the 

reduction of FNR and consequently NADP+ thermodynamically unfavorable, which explains why 

CPR59-265 does not support NADP+ photoreduction.  

 

 
Figure 2. Characterization of CPR59-265. A, NADP+ photoreduction by spinach FNR using solubilized N. benthamiana thylakoid 

membranes from uninfiltrated plants in the presence of either Fd2 or CPR59-265 upon irradiation in the presence of a PSI electron 

donor system (ascorbate, DCPIP and plastocyanin). B, steady state kinetics of electron transfer from PSI to either Fd2 or CPR59-

265, measured by the reduction of excess bovine heart cytochrome c, which has a redox potential of +0.27 mV (Gopal et al., 1988),  
upon illumination of the reaction mixtures as in A, but omitting FNR and NADP+. Curves show the average Michaelis-Menten fits, 

with error bars indicating ±SD of three technical replicates. KM values calculated for the electron transfer from PSI to either either 

Fd2 or CPR59-265 from the fit are shown. C, cyclic voltammograms of CPR59-265 adsorbed on an IO-mesoITO electrode (at pH 7.0) 

against a control containing only buffer.  

 

3.2 Comparing in vitro light-driven P450 activity by electron carrier proteins 

We next measured steady state kinetics of CYP79A1 using varying amounts of the four different 

purified redox carriers mentioned above (Fd1-3 and CPR59-265) in a light-driven assay on intact 

thylakoid membranes isolated from N. benthamiana plants transiently expressing chloroplast 

targeted CYP79A1 (Figure 3A, Table 1). This comparison revealed very similar Vmax values for 

Fd2-3 and CPR59-265 (42.6, 56.2 and 45.6 pmol oxime min-1, respectively), whereas the Vmax of 

CYP79A1 when using Fd1 was approximately double that value (79.1 pmol oxime min-1). Also, 

while KM for Fd1-2 and CPR59-265 were similar (9.2, 11.4 and 11.8 µM, respectively), that for Fd3 

was nearly 4 times larger (37.6 µM). These parameters yield Vmax/KM values for CYP79A1 with 

Fd1-3 and CPR59-265 of 8.6, 3.7, 1.5 and 3.9, respectively.  

 

 
Figure 3. Light-driven activity of CYP79A1 with different redox carriers in vitro. A, steady state kinetics of light-driven CYP79A1 

activity in the presence of Fd1-3 or CPR59-265, measured on thylakoids isolated from N. benthamiana plants transiently expressing 

CYP79A1. Curves show average fits to the Michaelis-Menten equation, with errors bars indicating ±SD of four technical replicates. 

B, Light-driven activity of CYP79A1 in the presence of 50 µM of each electron carrier (Arabidopsis Fd1-3 or CPR59-265) with or 
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without 0.6 µM spinach FNR with 1.63 mM NADP+ acting as a competing electron sink. Results are an average of three technical 

replicates, with error bars showing ±SD. 

Analysis of steady state kinetics showed higher specific activity of CYP79A1 when using Fd1 as 

electron transfer partner compared to CPR59-265. We wanted to investigate whether this also would 

translate into higher in vivo activities. Activities measured under simple in vitro conditions reflect 

in vivo activities poorly due to the presence of competing electron sinks in the chloroplast (Mellor 

et al., 2016). We modified the assay conditions in two ways to more accurately assess activities 

under such conditions. First, we increased the concentration of electron carrier to 50 µM, closer to 

physiological concentrations of chloroplast electron carriers (Antal et al., 2013). Second, we 

measured activity both with and without a competing electron sink, using spinach FNR and excess 

NADP+ as a proxy for endogenous chloroplast enzyme activity (Figure 3B). Whereas CYP79A1 

activities with all carriers followed similar trends to those observed for steady state kinetics 

without FNR, its activity was drastically decreased (>90 %) when FNR was present in assays using 

Fd1-3. Conversely, CYP79A1 activity was relatively unaffected by the presence of FNR in assays 

using CPR59-265 (approx. 15 % decrease), consistent with this carrier being unable to donate 

electrons to FNR (Figures 2A, 3B). This experiment suggests that CPR59-265 would outperform 

ferredoxins as an in vivo light-driven P450 reductase. However, any non-native electron carrier 

protein would also experience competition for PSI binding by highly abundant endogenous Fds. 

To illustrate this effect, we carried out a CYP79A1 assay using equimolar amounts of electron 

carriers (Fd2+CPR59-265) in the presence of FNR (with NADP+). When Fd is present and competes 

with CPR59-265 for PSI binding, CYP79A1 activity is reduced by approx. 50 % compared to assays 

in which only CPR59-265 was present (Supplementary Figure S4).  

 

Table 1. Key parameters of electron carrier proteins used in this study.  

Electron 

carrier 

Em 

(mV vs SHE) 

KM
PSI 

(µM) 

KM
CYP79A1 

(µM) 

Vmax
CYP79A1

 

(pmol oxime 

min-1) 

Fd1 -425† 0.16±0.07† 9.2±1.5‡ 79.1±6.6‡ 

Fd2 -420*/-433† 0.18±0.09†/ 11.4±2.0‡ 42.6±3.9‡ 

  0.10±0.01‡   

Fd3 -337† 3.6±0.8† 37.6±6.9‡ 56.2±6.0‡ 

CPR59-265 -267‡ 2.2±0.36‡ 11.8±1.6‡ 45.6±2.1‡ 

† (Hanke et al., 2004),  

* (Tagawa and Arnon, 1968) 

  

‡ This work     

     

 

3.3 In vivo light-driven activity of CYP79A1-carrier fusions 

Following our investigation of in vitro light-driven CYP79A1 activity using purified electron 

carrier proteins, we sought to test the efficacy of these carriers in vivo. To limit confounding effects 

due to endogenous Fd and ensure that both P450 and electron carrier are expressed in the same 

cell and translocated equally to the plastid when carrying out transient transfection experiments, 

we constructed fusions between CYP79A1 and each electron carrier. In these fusions, CYP79A1 

and carrier was joined by a flexible Gly-rich 12-residue linker (Figure 4A). The fusion constructs 

were found to express to dramatically different levels in N. benthamiana, with Fd1-3 fusions 

reaching an average 3-7-fold lower abundance than seen for unfused CYP79A1 fusions and the 
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CPR59-265 fusion accumulating to approx. 47-fold lower levels (Supplementary Figure 5). 

Although we could not detect cleavage products of any of the fusion proteins with CYP79A1 or 

CPR specific antibodies (data not shown), the differences in expression could reflect decreased 

stability of the fusion proteins in chloroplasts when expressed transiently in tobacco. To overcome 

these expression differences for in vitro comparisons we looked at the relative activity of each 

fusion enzyme separately under different conditions, and for in vivo comparisons we normalized 

absolute productivity to relative protein abundance by immunoblotting as previously described 

(Mellor et al., 2016). All fusion constructs except CYP79A1-Fd3 retained activity in vitro without 

added soluble Fd, and the relative in vitro activities of the different fusion constructs followed a 

pattern comparable to that observed using soluble electron carriers (Figure 4B). While all fusions 

retained more activity in the presence of spinach FNR than CYP79A1 with soluble carriers, only 

the CYP79A1-CPR59-265 fusion enzyme retained near maximal activity under these conditions 

(Figure 4B). CYP79A1- CPR59-265 was also relatively unaffected by competition for reducing 

equivalents from PSI, introduced by adding Fd alongside FNR and NADP+. These results 

demonstrate that FNR also competes for electrons from Fds fused to CYP79A1 and that the 

CYP79A1-CPR59-265 fusion can compete for electrons from PSI in the presence of soluble Fd.  

 

  
Figure 4. Construction and characterization of CYP79A1-redox partner fusion proteins. A, Schematic overview of CYP79A1 fusion 

proteins. TPFd2, transit peptide from Arabidopsis Fd2; TM, native transmembrane domain of CYP79A1. B, in vitro light-driven 

activity of CYP79A1 fusion proteins measured on isolated thylakoids from N. benthamiana plants transiently expressing each fusion 

construct. Activities were assayed in the presence (+Fd) or absence (-Fd) of 8.3 µM Fd2, and 0.6 µM spinach FNR, 1.63 mM 
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NADP+ (+FNR). Activity shown normalized independently for each fusion enzyme to the activity of that fusion enzyme in the 

presence of Fd (+Fd). Results from three technical replicates are shown, with error bars indicating ±SD.  C, in vivo production of 

(E/Z)-p-hydroxyphenylacetaldoxime after 5 d of transient fusion construct expression in N. benthamiana. Productivity measured 

by LC-MS as amount of glycosylated p-hydroxyphenylacetaldoxime in 17-21 independently transformed tobacco plants (1 leaf per 

plant) and normalized to the average protein abundance of each fusion construct determined from western blots on total protein 

extracts from three separately transformed tobacco plants. Error bars show ±RSD.  

To test whether these constructs showed in vivo behavior corresponding to the in vitro trends 

observed, we determined the amount of CYP79A1 product formed 5 days after infiltration with 

either unfused CYP79A1 or each of the fusion constructs targeted to chloroplasts. We quantified 

the formation of the oxime glucoside (E/Z)-p-β-D-glucopyranosyloxyphenylacetaldoxime, which 

accumulates to 100-fold higher levels than free (E/Z)-p-hydroxyphenylacetaldoxime in tobacco 

(Mellor et al., 2016). Overall, we saw only approximately 2-fold variation in absolute product 

accumulation between CYP79A1 and the corresponding Fd1, Fd2 and CPR59-265 fusions, and 4-

fold variation between CYP79A1 and CYP79A1-Fd3 (Supplementary Figure S6A). When we 

corrected these productivities for differences in protein abundance between the expression 

constructs (Supplementary Figure S6B), trends were similar to those observed in vitro (Figure 

4C). Fusion with Fd1 and 2 yielded approximately 6.6- and 2.5-fold higher light-driven activity 

over unfused CYP79A1 respectively, while fusion with CPR59-265 produced 24.4 times more p-

hydroxyphenylacetaldoxime on a per protein basis. Only Fd3 performed worse than unfused 

CYP79A1. Together, these results show that light-driven P450 activity in plants can be improved 

by selecting electron carriers with suitable characteristics and provides a template for improved 

exploitation of light-driven P450 activity in stably engineered hosts.   

  

 

4. Discussion 

4.1 Non-native electron transfer proteins can interface enzymes with photosynthetic electron 

transport 

Previous studies have demonstrated that many soluble electron carriers can reduce non-native 

P450 partners (Berepiki et al., 2016; Jensen et al., 2012, 2011a; Lacour and Ohkawa, 1999; Mellor 

et al., 2017, 2016; Nielsen et al., 2013; Wlodarczyk et al., 2016): We therefore speculated that 

similar potential for cross-compatibility with non-native carriers might be present the interaction 

of PSI with electron carriers. This was borne out by the finding that CPR59-265, a non-chloroplast 

structural homolog of cyanobacterial flavodoxin, accepts electrons from plant PSI (Figure 2B). 

Though the catalytic efficiency with which PSI reduces CPR59-265 is 20-fold lower that for the 

cognate Fd2, this is mainly reflected in a higher KM for CPR59-265 than for Fd2. Although Vmax 

values are broadly similar for the two carriers, the differences in KM become relevant when 

considered in an in vivo context. Here, the much lower KM values observed for both Fd2 (Figure 

2B, Table 1) and also Fd1 (Hanke et al., 2004) means that these carriers would obtain the largest 

share of reducing power from PSI. Still, CPR59-265 appears to be a surprisingly efficient PSI 

electron acceptor. Here it is worth noting that small electron carrier proteins such as Fd and 

flavodoxins tend to occupy the high range of dissociation constants compared with protein-protein 

interactions in general (Mellor et al., 2017). This is partly because these electron carrier proteins 

are so small, which means that they rely on limited surface area to stabilize interactions, and may 

in part explain why non-native interaction partners such as Fd1 and 2 achieve electron transfer 

rates to CYP79A1 as comparable with native electron carriers (Figure 3A, Table 1).  
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The effectiveness of CPR59-265 as acceptor from PSI is also evident from the finding that CYP79A1 

retains over 50 % activity in competition assays using FNR when Fd2 is present in equimolar 

amounts as CPR59-265 and thus competes with CPR59-265 for electrons from PSI (Supplementary 

Figure S4). Do note however, that our P450 assays require high concentrations of thylakoid 

membranes, and the PSI concentration in these assays can be estimated to ~1.2 µM based on a 

molar PSI:chlorophyll ratio of 1.76*10-3 in tobacco thylakoids (Chow and Hope, 1998). If we 

estimate kcat values for FNR-driven NADP+ photoreduction of ~1000 s-1 from steady state kinetic 

data (Hanke et al., 2004), and compare this with a kcat for CYP79A1 of 6.8 s-1 (Jensen et al., 2011a), 

we see that while the experiment suggests that CYP79A1 receives equal amounts of reducing 

power to FNR when CPR59-265 is present, the assay underestimates the proportion of reducing 

power going to NADP+ photoreduction, which would be considerably higher under natural 

conditions. Instead NADP+ photoreduction by FNR is so fast that a combination of substrate 

depletion and product inhibition probably limits its activity for a large part of the 5 min duration 

assayed. We have unfortunately not yet achieved a single assay format that allows us to monitor 

both NADP+ photoreduction and CYP79A1 activity simultaneously, to obtain accurate in vitro 

estimates of partitioning of photosynthetic reducing power. Considering partitioning in vivo, it is 

also important to keep in mind the physiological concentrations of Fd and FNR. Though difficult 

to determine exactly, estimates for Fd range from 37 µM in maize chloroplasts (Yonekura-

Sakakibara et al., 2000) up to hundreds of µM for cyanobacteria (Antal et al., 2013), while 

approximately 30 µM FNR was estimated in maize chloroplasts (Okutani et al., 2005). Such a high 

abundance of endogenous sink enzymes would present any heterologous P450 with much more 

severe competition for photosynthetic reducing power in vivo. Therefore, we consider engineering 

variants of CPR59-265 with improved affinity for PSI a viable approach to further improve PSI-

driven P450 activity to a level that effectively competes with in vivo metabolism.  

 

4.2 Factors controlling electron partitioning between native and non-native enzymes 

Several factors can be envisaged to control electron flux from PSI via soluble electron carriers to 

non-native enzymes such as P450s. These include carrier-P450 electron transfer rates between 

electron, PSI-carrier electron transfer efficiency, carrier redox potentials, and the abundance and 

specificity towards the carrier of competing sink enzymes. A recent study in cyanobacteria 

demonstrated increased partitioning of photosynthetic reducing power towards activity of the 

human P450 CYP1A1 by knocking out a gene encoding thylakoid NADH dehydrogenase, a sink 

for reduced Fd (Berepiki et al., 2018). Recent work studying hydrogenase activity in 

Chlamydomonas also showed carbon fixation to consume reducing equivalents and limit maximal 

H2 productivity (Milrad et al., 2018). Unfortunately, most major chloroplast electron sinks such as 

FNR are strictly required for growth (Lintala et al., 2012), which makes knock-outs lethal. This 

generates an impetus to engineer more efficient alternative electron transfer pathways to reduce 

heterologous P450s via PSI. Based on a recent analysis of kcat values obtained and filtered from 

BRENDA (Bar-Even et al., 2015), 77 % of P450 enzymes show rates below 50 s-1 and are thus 

easily outcompeted by FNR at physiological levels, given a kcat of FNR estimated at 1000 s-1. It is 

clear that selecting electron carrier(s) that support maximal photosynthesis-driven P450 activity 

alone is not enough to maximize productivity - both P450s and reductases must be engineered for 

maximal activity, and reductases must be engineered to specifically supply reducing power to 

P450s and avoid loss to the competition.  
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Fd1 shows much faster electron transfer kinetics than the other carriers when used as a soluble 

carrier in vitro but is outperformed by CPR59-265 when fused with CYP79A1 and tested in vivo 

(Figure 2B, 4C). Note that the low expression observed for CYP79A1-CPR59-265 would mean that, 

assuming similar absolute PSI amounts, this fusion enzyme be more easily saturated with reducing 

power than CYP79A1-Fd1, which is present at higher concentrations. But the more than 10-fold 

lower KM of PSI for Fd1, and the susceptibility of CYP79A1-Fd1 to FNR in competition assays 

together suggest that reduction of electron carriers by PSI does not limit overall activity of the 

CYP79A1 fusion enzymes. Instead, we consider the influence of competing native electron sinks 

to play a dominant role in controlling light-driven P450 activity. This is consistent with previous 

reports showing that increasing selectivity of electron transfer chains towards P450s and other 

redox enzymes, such as hydrogenase and nitrogenase rather than endogenous enzymes improves 

productivity (Eilenberg et al., 2016; Mellor et al., 2017; Yang et al., 2017). Fd1 and Fd2 support 

in vitro activity of CYP79A1 to a level superior or at least equal to that of its native reductase, 

CPR59-265, but are reduced by PSI more effectively than CPR59-265. Based on this, we consider the 

improved activity observed for CPR59-265 in vivo and in vitro in presence of FNR to be attributable 

to its redox potential (-267 mV), which is too positive to support NADP+ photoreduction, though 

the available data does not rule out contribution from unfavorable kinetics of FNR with CPR59-265 

(e.g. low Vmax or high KM). Redox potentials required for NADP+ photoreduction and P450 activity 

differ greatly (50-100 mV). Thus tuning redox potentials to make competing reactions 

thermodynamically unfavorable could elegantly circumvent the issue of competition by 

endogenous electron transfer reactions in essential primary metabolism, present at quantitatively 

overwhelming levels. That said, correct tuning of redox potentials is not trivial in practice and 

alone may not be sufficient to ensure effective partitioning of reducing power. For example, we 

included the root localized Fd3 in our comparison because it is a poor NADP+ photoreduction 

carrier, which stems partly from a less negative redox potential than leaf Fds (Hanke et al., 2004). 

However, the poor performance of Fd3 as a CYP79A1 reductase, despite being less susceptible to 

FNR competition shows that kinetics of electron transfer to CYP79A1 (Figure 2) cannot be 

discounted as contributing to the overall efficiency of the system.  

It is worth noting that earlier in vitro investigations suggested that PSI-reduced Fd supports higher 

CYP79A1 activity than CPR (Jensen et al., 2011a), though a direct comparison of these two 

reductase systems remains to be carried out under in vivo conditions. Intuitively, tapping into 

photosynthetic reducing power through electron acceptors directly at PSI, instead of accessing the 

abundant chloroplast NADPH pool (e.g. by co-expressing CPRs in plastids), which is heavily use 

by core metabolism like the Calvin cycle, would seem to allow greater partitioning of reducing 

power towards P450s. That said, our data clearly shows that this approach is also fraught with 

difficulties, as hundreds of enzymes are known to interact with Fd, potentially posing competition 

for reducing power (Hanke and Mulo, 2013; Hanke et al., 2011; Peden et al., 2013). Still, using 

small and relatively simple electron carrier proteins such as Fd and flavodoxins avoids challenges 

related to expressing the large membrane bound CPR enzymes, which undergo conformational 

changes modulated by membrane environment and ionic strength during catalysis (Bavishi et al., 

2018; Laursen et al., 2016, 2014), in plastids.  

 

4.3 Engineering the next-generation of PSI-P450 electron carriers 



17 
 

A detailed understanding of how the structure of CPR59-265 governs its interactions with PSI and 

CYP79A1 would allow engineering aimed to improve competitiveness versus Fd for electrons. 

Our understanding of interactions between Fd and both PSI and FNR is very comprehensive, 

owing to decades of detailed kinetic and structural studies (Hurley et al., 2006; Kubota-Kawai et 

al., 2018; Kurisu et al., 2001; Mignée et al., 2017; Sétif, 2006), but such molecular details are more 

scarce for the corresponding flavodoxin interactions (Medina, 2009). Mutagenesis of 

cyanobacterial flavodoxin shows that interactions with PSI and FNR seem to be modulated by 

different sets of residues (Goñi et al., 2009). In line with this, our results show Fd3 and CPR59-265 

to reduce CYP79A1 with different efficiency (Figure 3A), even though the reduction of these two 

carriers by PSI occurs with similar kinetic parameters (Hanke et al., 2004, Table 1). Thus, it might 

be feasible to engineer the kinetics of their reduction by PSI and the kinetics by which they reduce 

P450s separately. This possibility encourages further experimentation towards designing electron 

transfer chains that support a wide variety of P450s or other important biosynthetic enzymes. 

While it may be possible to improve electron transfer from PSI to CPR59-265 by protein engineering, 

other flavodoxin types could also serve as useful starting points to engineer bespoke electron 

transfer chains from. Cyanobacterial flavodoxins are possible candidates for this. Given their role, 

they come essentially pre-optimized to accept electrons from PSI (as do Fds), despite being 

inherently worse electron carriers relative to Fds (Meimberg and Mühlenhoff, 1999; Pierella 

Karlusich and Carrillo, 2017). One might also use flavodoxins or ferredoxins native to the host 

from which a given P450 is derived, as demonstrated here. Since any non-natural electron transfer 

between PSI and a P450 (or other enzyme) will inevitably include one set of non-optimal protein-

protein interactions, chances of finding an electron carrier that innately maximizes electron transfer 

rates for both the PSI-carrier and carrier-P450 reactions are probably slim. Protein engineering, 

either rational or by directed evolution methods, will thus likely be required to obtain effective 

non-native electron transfer chains. An avenue towards engineering flavodoxin-like domains of 

CPR proteins for this purpose could be to introduce a ~20-residue domain found in cyanobacterial 

flavodoxins but absent in CPR. This domain is proposed to contribute residues that interact with 

native partners of cyanobacterial flavodoxins (Lopez-Llano et al., 2004), and such flavodoxin-like 

domain hybrids could have improved ability to act as PSI electron acceptors. 

 

4.4 Transient expression as a tool for electron transfer engineering 

Fusion of P450s with non-natural redox partners, as presented in this work, adds to the toolbox of 

metabolic engineering strategies that may improve productivity of biosynthetic pathways situated 

in chloroplasts or cyanobacteria. However, important shortcomings of the transient expression 

system used here should be noted. As observed in this study and elsewhere (Mellor et al., 2016), 

expression levels can be unpredictable, even for similar constructs, making it difficult to compare 

productivity in absolute terms. This is particularly true for light-driven metabolic pathways in 

plants grown under greenhouse conditions, because the amount of light that a given plant receives 

can vary greatly both on a seasonal but also on shorter time scales. Still, while N. benthamiana 

transient expression may be difficult to optimize for consistent high-scale absolute productivity, 

we stress the merits of this plant system for testing engineered enzyme variants on a more confined 

time scale than typical stable plant transformation strategies. Transient expression therefore serves 

as a useful tool for metabolic engineering, especially when screening multiple enzymes (or 

electron carriers), for which generation of stable plant lines quickly becomes impractical. We 
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should also point out that the fusion strategy used in this study to ensure co-localization of P450 

and electron carrier may not be practical for pathways involving multiple P450s. Here expressing 

soluble carriers targeted to chloroplasts probably presents a better option. Expressing soluble 

CPR59-265 alongside pathways already stably engineered into plants, algae or cyanobacteria, such 

as the artemisinic acid, forskolin or dhurrin pathways (Fuentes et al., 2016; Lauersen et al., 2018; 

Wlodarczyk et al., 2016), thus could provide further experimental validation of the concept shown 

in this study.  

Stable engineering of cyanobacteria and plant chloroplast genomes to express P450-dependent 

pathways presents a promising avenue for sustainable bio-production through metabolic 

engineering. Although plants are less developed platforms than cyanobacteria for this purpose, 

they possess certain advantages. Chloroplast transformation helps ensure high transgene 

expression levels because plant cells harbor tens of chloroplasts, which contain tens of genome 

copies each and because plastids lack the gene silencing pathways that operate on the nuclear 

genomes (Jensen and Scharff, 2019). Besides access to photosynthetic reducing power, metabolic 

pathways situated in plastids also gain access to abundant pools of precursor metabolites such as 

amino acids and terpenoids (Nielsen et al., 2016). In the future, sophisticated engineering could 

enable directed redifferentiation of chloroplasts into specialized storage organelles analogous to 

natural storage plastids such as starch filled amyloplasts or carotenoid-rich chromoplasts (Jensen 

and Scharff, 2019; Mellor et al., 2018). More detail on the characteristics and choice of 

photosynthetic chassis is provided in recent reviews (Fuentes et al., 2018; Nielsen et al., 2016).  

By engineering specialized electron transfer pathways originating at PSI to serve heterologous 

pathways the high abundance of photosynthetic electron transport machinery - an estimated 90,000 

individual electron transport chains per cell (Antal et al., 2013) - can help ensure high productivity 

of engineered biosynthetic pathways. Engineering plants and cyanobacteria for production of 

valuable natural products ensures enables production chains that use atmospheric CO2 as their sole 

carbon source. These developments therefore facilitate the transition towards environmentally 

sustainable bio-based chemical manufacturing. 

 

5. Conclusions 

This study demonstrates a new approach to optimize photosynthesis-driven P450 activity. We 

investigate electron carriers to identify candidates that limit loss of photosynthetic reducing power 

obtained from PSI to endogenous enzymes and therefore achieve improved partitioning of those 

reducing equivalents to P450 enzymes. We demonstrate that the redox potential of the electron 

carrier is key for control over redox partitioning, and that carriers with optimal redox potentials be 

selected to give higher specificity of P450 reduction. This highlights a powerful and potentially 

broadly applicable approach to maximize output from metabolic engineering of light-driven 

biosynthetic pathways that depend on P450 enzymes in photosynthetic organisms.  
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Supplementary Information 

Supplementary Table S1. Primers used to generate CYP79A1-redox partner fusion constructs 

Fragment F/R Sequence 

AtFd1 F GGCCCTAGGCGCTACCTA 

 R GGCCTCGAGTTACATAATGGC T 

AtFd3 F GGCCCTAGGCGCGGTATA 

 R ACCAGAGTTAAAGGCCTCGAGTTAGAAGAGTTCAGTTTCCTTGT

G 

CPR59-265 F GGCCCTAGGCATGGGGAAGAAGC 

 R GGCCTCGAGTTAAGTGCCTGTAGAG 
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Supplementary Figure S1. Multiple sequence alignment of fld-like domains from plant CPR enzymes and Flds from 

cyanobacteria. Enzyme type is indicated in the name as “CPR” or “Fld”. CPR sequences include only the FMN-binding Fld-like 

domains, and were selected based on sequence homology with the CPR59-265 module used in this study (top sequence). 

Cyanobacterial Fld sequences were downloaded from cyanobase (http://genome.microbedb.jp/cyanobase/) and used without 

truncation. 

http://genome.microbedb.jp/cyanobase/
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Supplementary Figure S2. Expression and purification of CPR59-265. A, SDS-PAGE gel showing fractions from a typical CPR59-265 

(Mr = 25.4 kDa) extraction and His-tag purification batch from E. coli. B, UV-Visible absorption spectrum of purified CPR59-265 

protein showing characteristic FMN peaks at ~360 and ~450 nm. Inset shows microcentrifuge tube containing purified protein at 

298 µM. 
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Supplementary Figure S3. Cyclic voltammetry of free FMN and CPR59-265. A, cyclic voltammogram of free FMN at in 20 mM tris-

HCl (pH 7.0), 150 mM NaCl on a glassy carbon electrode. Redox potentials from current peaks are calculated as -220 and -54 mV 

vs SHE for hydroquinone-semiquinone and semiquinone-quinone couples respectively. An additional peak corresponding to a 

redox potential of -346 mV vs SHE is attributed to the presence of FAD impurities in the FMN preparation used in the experiment. 

B, pH dependence of the FMN redox potential in purified CPR59-265 immobilized on an IO-mesoITO electrode. Buffers for pH 5, 7 

and 8 were sodium phosphate (pH 5) and Tris-HCl (pH 7 & 8), respectively, each with 150 mM NaCl. Black trace shows buffer 

control. Hydroquinone-semiquinone redox potentials were calculated as -255, -268 and -267 mV vs SHE at pH 5, 7 and 8, 

respectively.   
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Supplementary Figure S4. Relative in vitro light-driven CYP79A1 activity in the presence of a competing electron 

sink (0.6 µM FNR, 1.6 mM NADP+). Assays were carried out on isolated thylakoid membranes from tobacco 

plants transiently expressing CYP79A1 and supplemented with either 8.3 µM CPR59-265 alone or 8.3 µM of both 

CPR59-265 and Fd2. Results are average of two technical replicates. 
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Supplementary Figure S5. Representative relative abundances of CYP79A1-redox partner fusion proteins in total 

protein extracts prepared from tobacco plants at 5 days post infiltration with each construct. Lanes were loaded with 

equal thylakoid amounts (5 µg chlorophyll) to illustrate differences in CYP79A1 protein abundances. Top panel shows 

western blot signal detected by chemiluminescence, bottom panel shows total protein signal visualized by stain-free 

fluorescence on PVDF membranes. 
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Supplementary Figure S6. Productivities and relative CYP79A1 fusion protein abundances and. A, production of the major glucosyl 

derivative of (E/Z)-p-hydroxyphenylacetaldoxime, (E/Z)-p-β-D-glucosyloxy-phenylacetaldoxime, in tobacco plants transiently 

expressing each of the CYP79A1 fusion variants as indicated. Results are averages from 17-21 leaf samples taken from individually 

infiltrated plants. Error bars show ±SD. B, abundances of CYP79A1-carrier fusion proteins relative to that of unfused CYP79A1. 

Relative protein amounts determined by western blot on thylakoid membranes isolated from tobacco plants transiently expressing 

the indicated protein variants. Proteins were quantified by comparing each protein band against a standard curve on the same 

membrane of CYP79A1-containing thylakoid membranes. Different amounts of sample were loaded for each thylakoid preparation 

(0.25 µg chlorophyll for CYP79A1, 1 µg chlorophyll for CYP79A1-Fd1/2/3 and 5 µg chlorophyll for CYP79A1-CPR59-265) to ensure 

band intensities for all protein variants could be detected within the range of the standard curve used, and band intensity 

subsequently corrected for difference in load. Results show average abundances in thylakoid preparations from three separately 

infiltrated tobacco plants with error bars indicating ±RSD. 


