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ABSTRACT: Cytochrome P450s (P450s) catalyze stereo- and regioselective monooxygenations in the biosynthesis of a wide range of 

valuable natural compounds. The turnover of P450s requires dedicated electron transfer, usually via a NADPH-dependent reductase. 

The need for an NADPH-dependent reductase can be circumvented if expressed in photosynthetic organisms by exploiting the 

photosynthetic reducing power. However, partitioning reducing equivalents towards the P450s needs further optimization. Using our 

model P450, SbCYP79A1, we have previously shown that by targeting this P450 to the thylakoid membrane, the P450 can obtain its 

reducing power directly from photosystem I via soluble ferredoxin. Furthermore, we demonstrated using transient expression that fusing 

a soluble electron carrier to this P450 improves electron partitioning towards the P450 in tobacco. In order to characterize these fusions 

in a stably transformed organism, we expressed three different redox partner fusions in the cyanobacterium Synechocystis sp. PCC. 

6803. We show that biochemical trends observed in the tobacco system are recapitulated in stably transformed Synechocystis sp. PCC. 

6803. Overall, the FMN binding domain fusion produces the most oxime per unit of enzyme with and without the presence of the 

endogenous competing electron sink FNR and NADP+. However, the overall yield of oxime is comparable to the other strains, due to poor 

steady state levels of the fusion protein. Synechocystis sp. PCC. strains expressing the P450-FMN fusion also display a chlorotic phenotype 

that can be rescued by switching the nitrogen source from nitrate to ammonia, implying impaired nitrate assimilation. Optimizing 

electron transport towards the P450 is indeed possible in vivo but also highlights interference with native metabolic processes. 

Keywords: Cytochrome P450; Electron transfer; Protein fusions; Photosynthesis; Nitrogen 
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1. Introduction 

Plant secondary metabolites represent large families of compounds that come from a diverse set of biosynthetic origins. 

Due to the sessile nature of plants, many of these compounds are involved in host defense mechanisms [1] and have been 

repurposed by humans for medicinal use [2]. Examples of these medicinal compounds include the anti-cancer terpenoid 

paclitaxel, and the alkaloid analgesic morphine [3]. Although the biosynthetic precursors for both compounds are different, 

many of the pathways share similar enzymes, such as the cytochrome P450s responsible for the mono-oxygenation of the 

carbon backbone precursors in a regio‐ and stereo‐selective manner [4]. Plant secondary metabolites are often produced 

and stored in specific tissues in relatively low amounts, making harvesting costly [5]. The structural complexity of many 
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of these compounds also complicates classical chemical synthesis. Due to prohibitory costs of harvesting and chemical 

synthesis, and the increasing need to meet green goals such as higher yields and the use of non-arable land, research has 

thus turned to discovering the biochemical pathways responsible for their synthesis in plants and heterologous expression 

of these biosynthetic pathways in alternative hosts. 

Recently, there has been increasing interest in photosynthetic hosts as chassis for secondary metabolite production and 

biocatalysis [6]. Of note are the photosynthetic microbes known as cyanobacteria. Their simple requirement for light, atmospheric 

CO2, and inorganic nutrients makes them an attractive alternative to heterotrophic hosts. Although there have been many reports 

of successful expression of heterologous pathways in cyanobacteria, overall yields have not approached levels seen in 

traditionally used microbial hosts such as Escherichia coli or Saccharomyces cerevisiae. However, recent use of cyanobacteria 

in whole cell biocatalysis has revealed promising results. In one example, light-driven hydroxylation of testosterone into 

15β-hydroxytestosterone was achieved using whole-cells of Synechocystis sp. PCC 6803 expressing the heterologous P450 

monooxygenase, CYP110D1 [7]. Under optimized reaction conditions a maximum specific activity of 1 U·g·CDW
−1. A value 

about 2-fold higher than the one achieved using E. coli. Some remaining challenges includes lack of knowledge about cellular 

metabolism and the shortage of tools for genetic engineering. However, in cyanobacteria, tools such as promoters, ribosome 

binding sites and repressors have been characterized previously in efforts to redirect carbon flux to varying degrees of success [8]. 

A tool less explored is the partitioning of reducing equivalents towards pathways of interest. This is particularly relevant 

when engineering P450-dependent metabolism, as these enzymes are electron sinks which require repartitioning of the cell’s 

reducing power towards the P450s themselves [6,9]. While bacterial P450s are soluble, eukaryotic P450s are membrane 

anchored, normally to the ER-membrane. Eukaryotic P450s also require a dedicated redox partner, usually a membrane bound 

NADPH P450-oxidoreductase (CPR) [9]. Membrane localization for heterologously expressed proteins in bacterial systems 

is notoriously difficult, which presents a challenge for the membrane bound P450s and P450 oxidoreductases. These issues 

can be circumvented by inserting the P450s into the thylakoid membrane of cyanobacteria or chloroplasts [10]. We and others 

have previously shown that heterologously expressed eukaryotic P450s spontaneously insert into the thylakoid membrane and 

are able to obtain electrons directly from the photosynthetic electron transfer chain via the soluble electron donor ferredoxin 

[10–16]. Flux of photosynthetic reducing equivalents towards P450s is limited due to the presence of competing endogenous 

electron sinks [17]. Two of the major sinks include, ferredoxin NADP+ reductase (FNR), which is responsible for the 

generation of NADPH, and nitrate assimilation, which accounts for around 80% and 16–21% of the total reducing power 

generated by photosynthetic apparatus, respectively [18,19]. Creation of artificial chimeric P450 has proven useful for the 

development of efficient biocatalysts. In several promising studies, the P450 catalytic modules fused with reductase modules 

and multi-domain chimeric P450 enzymes are constructed resulting in more efficient electron transfer, through enhanced 

catalytic and coupling properties [20–22]. We have previously shown that fusing a eukaryotic P450 to a native ferredoxin 

increases light driven P450 activity in Nicotiana benthamiana chloroplasts [23] and that fusing the FMN binding domain 

(CPR59–265) from the Sorghum bicolor Cytochrome P450-oxidoreductase to a eukaryotic P450 increases light driven activity 

in the presence of competition from FNR [24]. However, only transient expression in tobacco was used to characterize these 

fusion enzymes. In the current study we explore the stable expression of these fusion enzymes in Synechocystis sp. PCC 6803 

(hereafter Synechocystis). We show that the CPR59–265 fusion improves the light-driven P450 activity of CYP79A1 also in 

cyanobacteria, but endogenous proteolytic activity may challenge fusion enzyme stability, thus limiting overall yield. 

2. Materials and Methods 

2.1. Strains and Growth Conditions 

E. coli strain NEB 10-β carrying pUC57 or pDF-trc plasmids were grown in standard LB media supplemented with 

100 µg/mL carbenicillin or 50 µg/mL spectinomycin, respectively. E. coli strain HB101 carrying the helper plasmid 

pRL443 was grown in LB media with 100 µg/mL carbenicillin. 

Synechocystis sp. PCC. 6803 wildtype and derived strains were grown on BG5 [25] plates supplemented with 1.5 g/L 

HEPES (hereafter BGH5; Sigma-Aldrich, Søborg, Denmark). Plates were kept at 30 °C in continuous light of approximately 

40–50 µE without CO2 supplementation. Liquid cultures were grown in BG11 [25] media supplemented with 4.75 g/L 

HEPES (hereafter BGH11). The cultures were grown at 30 °C at approximately 50 µE with constant bubbling of air enriched 

with 3% CO2 (v/v). Strains carrying pDF-trc were supplemented with 50 µg/mL spectinomycin to their media.  
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2.2. Construct Design and Cloning 

Constructs were subcloned into pUC57 by restriction digest and ligation. Before ligation, backbones were 

dephosphorylated using Antarctic phosphatase (New England BioLabs; Ipswich, MA, USA). SbCYP79A1 and the FMN 

binding domain of the Sorghum cytochrome P450 reductase (denoted CPR59–265) were obtained in codon optimized form for 

Synechocystis from GenScript (Piscataway, NJ, USA). CPR59–265 was ordered with flanking AvrII and HindIII restriction sites. 

Synechocystis Ferredoxin 1 (ssl0020) was obtained by colony PCR. All amplifications were performed using Phusion High-

Fidelity DNA Polymerase (New England BioLabs) using primers described in Supplementary Table S1. The 

QLGGGSGGGGLG linker was purified by restriction digest from previously described constructs [24]. Assembled fusion 

constructs were then transferred from pUC57 to pDF-trc [26] via restriction digest with EcoRI and HindIII and ligation. 

CYP79A1 and CPR59–265 were both subcloned directly into pDF-trc to generate two plasmids. The resulting constructs and their 

abbreviations can be seen in Figure 1. An empty pDF-trc lasmid, i.e. without any insert was used as an empty vector control. 

2.3. Transformation 

Transformation of cyanobacteria with empty pDF-trc (empty vector control) and constructs shown in Figure 1 was 

performed using triparental mating as described [27]. Spectinomycin at a concentration of 50 µg/mL was used for selection. 

Plates were incubated at 30 °C and approximately 50 µE of constant light until colonies became visible. Positive clones 

were confirmed using colony PCR. One transformant for each construct was chosen for further analysis. 

2.4. Growth Curve Conditions 

Growth curves were carried out in a Multi Cultivator MC 1000-OD (Photon System Instruments; Drásov, Czech 

Republic). Initially, 20 mL cultures were inoculated from plates and grown in liquid cultures as described above. These 

were then used to inoculate fresh cultures to an OD730 of ∼0.2 in 80 mL culture vessels using BGH11 as the growth medium 

supplemented with 50 µg/mL spectinomycin. Expression of the fusion enzymes was induced on day two with 1 mM IPTG. 

Cultures were continuously bubbled with humidified air supplemented with 3% (v/v) CO2 and kept under 100 µE of constant 

illumination for 7 days at 30 °C. Samples for LC-MS, OD730, and immunoblot analyses were collected as described 

specifically below. 

2.5. Cell Disruption 

Cell pellets were harvested and resuspended in approximately 500 µL of 50 mM Tris-HCl at pH 7.5 containing 2X 

cOmplete EDTA-free protease inhibitor (Roche; Copenhagen, Denmark). 200 µL of 0.15 mm zirconium oxide beads were 

added to the cell suspension and disrupted in a NextAdvance Bullet Blender (Troy, NY, USA). Samples were processed 

twice at power 10 for 5 min each round.  

2.6. Isolation of Thylakoid Membranes 

All work was carried out either on ice or at 4 °C in the dark to prevent degradation. Cells were disrupted as described 

above but, in a buffer containing 400 mM sucrose, 20 mM tricine pH 7.5, 10 mM NaCl, 5 mM MgCl2 (thylakoid storage 

buffer) and 2X cOmplete EDTA-free protease inhibitor (Roche). Unbroken cells were removed by centrifugation at 3000× 

g for 3 min. The supernatant was collected and spun at 20,000× g for 20 min. The supernatant was removed, and the 

resulting pellet was resuspended in 1 mL of thylakoid storage buffer containing an additional 200 mM of NaCl. The sample 

was spun again at 20,000× g for 20 min and washed once more with thylakoid storage buffer to remove residual NaCl. 

Finally, the pellet was resuspended in 30 µL of storage buffer and used subsequently for light driven assays. Chlorophyll a 

content was quantified by extracting 5 µL of the thylakoid membranes in 96% ethanol, heated for 5 min at 90 °C, and spun 

down at 20,000× g for 5 min to pellet the cell debris. Absorbance was measured at 664 nm and chlorophyll a concentration 

was derived from the following equation [28]: 

𝑐 =  
𝑂𝐷664

84.6
 mM (1) 

  



Synthetic Biology and Engineering 2024, 2, 10008 4 of 16 

2.7. In Vitro Light Driven Assays 

Light driven assays of the CYP79A1 fusion enzymes were performed in a total volume of 40 µL containing thylakoids 

(10 µg chlorophyll equiv.), 20 mM tricine pH 7.5, 100 mM NaCl, 193 µM L-tyrosine, 0.2 µCi·U-14C-tyrosine (PerkinElmer; 

Skovlunde, Denmark, 486 mCi·mmol−1), and 10 mM DTT. If specified, FNR and NADP+ were added to a concentration of 

0.6 µM and 1.63 mM, respectively. FNR were purified as previously described [29–31]. Assays were performed at 30 °C 

in a thermomixer at 200 µE white light from a custom-built LED light source. Total assay time was 10 min. The reaction 

was immediately stopped by extracting twice with 80 µL ethyl acetate. The extracts were concentrated and applied on silica 

gel 60 F254 (Merck; Søborg, Denmark) TLC plates. Plates were developed with a toluene:ethyl acetate:methanol (30:8:1 

v/v/v) mobile phase, dried and stored with storage phosphor screens (Molecular Dynamics; Vallensbæk Strand, Denmark). 

Visualization was performed using a Typhoon Trio scanner (GE Healthcare; Brøndby, Denmark). U-14C- labeled p-

hydroxyphenylacetaldoxime was used as a standard. p-hydroxyphenylacetaldoxime was quantified using GelQuant.NET 

software (BiochemLab Solutions; http://biochemlabsolutions.com/). Quantification of protein specifically for the light 

driven assays was performed using immunoblot by loading equal amounts of chl a onto 12% TGX stain-free gels (Bio-rad; 

Copenhagen, Denmark). Immunoblot was performed as described below. 

2.8. Immunoblotting 

10 µg of total protein from whole cell lysate were loaded onto 12% TGX stain-free gels (Bio-Rad) and run at 250V 

for 30–35 min in Tris-glycine-SDS buffer (Bio-Rad). Proteins were transferred onto a Trans-Blot Turbo PVDF membrane 

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 in 5% skimmed milk in PBS-t (PBS containing 0.05% Tween-20) and subsequently washed in PBS-t. Primary 

antibodies were applied for 1 h at room temperature in 2% skimmed milk in PBS-t with either a 1:3000 dilution for anti-

SbCYP79A1 or 1:10,000 dilution for anti-SbCPR2b. Membranes were washed in PBS-t and a 1:5000 dilution of swine 

anti-rabbit HRP conjugated immunoglobulins (Dako; Glostrup, Denmark) was applied for 1 h at room temperature in 2% 

skim milk in PBS-t. Chemiluminescence was detected using Super Signal West Dura substrate (Thermo Scientific; Roskilde, 

Denmark) with a ChemiDoc MP imaging system equipped with a cooled CCD camera (Bio-Rad). Quantification was 

performed using ImageLab 5.2 (Bio-Rad). 

2.9. Quantification of p-Hydroxyphenylacetaldoxime 

Samples were prepared by harvesting 1 mL of culture supernatant and extracting twice in 500 µL ethyl acetate. The 

ethyl acetate extract was dried under vacuum using a Scanvac. Residue was resuspended in 100% MeOH and then diluted 

to 10% MeOH. Samples were filtered through 0.2 µm cellulose acetate filter plates. Dilutions were prepared as needed to 

fit the standard curve. p-hydroxyphenylacetaldoxime was quantified on an Advance UHPLC/EVOQTM Elite TripleQuad 

mass spectrometer essentially as in [23] (Bruker; Bremen, Germany). Chromatography was performed on a Kinetex 

Biphenyl column (Phenomenex; Copenhagen, 1.7 µm, 100 Å, 2.1 × 100 mm) at a flow rate of 400 µL/min at an oven 

temperature of 40 °C. The injection volume was 5 µL. A gradient between A: 2 mM ammonium acetate pH 6.6 and B: 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 using negative ESI mode with the following source settings: 

spray voltage −4500 V; cone temperature 300 °C; cone gas flow 20 psi; heated probe temperature 300 °C; probe gas flow 

50 and nebuliser gas flow 60. Nitrogen was used as cone and probe gas and argon as collision gas. p-

Hydroxyphenylacetaldoxime was detected using selected ion monitoring at an m/z of (−) 150 with E and Z isomers eluting 

at 3.95 min and 4.45 min, respectively. Standards for (E/Z)-p-hydroxyphenylacetaldoxime were synthesized as previously 

described [23]. Standard curves of p-hydroxyphenylacetaldoxime were constructed from 10 to 10,000 ppb.  

2.10. Nitrogen Source Feeding Experiment 

Strains were grown as described in the growth curve section unless otherwise noted. Triplicates of each strain were 

grown in BGH11 with either 10 mM NaNO3 or 10 mM NH4Cl. Cell numbers were analyzed with a Muse Cell Analyzer 

(Merck-Millipore; Søborg, Denmark). 
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2.11. Purification of Soluble CPR59–265 Containing Product 

A soluble CPR59–265 containing product derived from the strain carrying the 79-FMNd construct was purified. Two 

liters of the 79-FMNd strain were grown in BGH11 with appropriate antibiotics and induced with 1 mM IPTG. Cultures 

were grown to saturation and harvested. The harvested cells were resuspended in approximately 80 mL of 50 mM Tris-HCl 

at pH 7.5 with 2X cOmplete EDTA-free protease inhibitor (Roche). The suspension was passed through a Cell Disruptor 

CF (Constant Systems Ltd.; Daventry, UK). The resulting lysate was spun at 27,500× g for 1 h. The supernatant was loaded 

onto 1 mL Q Sepharose FF resin packed into a HR 5/5 column (GE Life Sciences) connected to an ÄKTA start system (GE 

Life Sciences; Brøndby, Denmark). A linear gradient starting from 50 mM NaCl to 500 mM NaCl in 50 mM Tris-HCl at 

pH 7.5 was developed over 30 column volumes. The resulting fractions were analyzed by immunoblot. Fractions containing 

the soluble CPR59–265 product were combined and concentrated to 2 mL using an Amicon centrifugal filter (Merck) with a 

3 kDa cutoff. The sample was further purified by size exclusion chromatography on a HiLoad 26/600 Superdex 200 pg 

column equilibrated to 50 mM NaCl and 50 mM Tris-HCl at pH 7.5. Fractions were analyzed by immunoblot for soluble 

CPR59–265 product and concentrated as before. Protein quantification was roughly estimated using absorbance at 272 nm 

with the molar extinction coefficient of 38,600 M−1·cm−1 [32]. 

2.12. Proteomics of Soluble CPR59–265 Product 

Lys-C and trypsin partial digests were performed to provide comprehensive protein coverage. Proteomics grade trypsin 

from porcine pancreas was obtained from Sigma and UHPLC grade solvents were obtained from Merck. Approximately 

300 ng of purified soluble CPR59–265 product was used and reduced using 10 mM DTT and alkylated with 55 mM 

iodoacetamide. Sequential Lys-C and trypsin digests were performed according to the manufacturer’s protocol. Desalting was 

performed using Oasis HLB 1cc 10 mg Extraction Cartridges. Coupling of a Dionex Ultimate 3000 series with a timsTOF Pro 

powered by PASEF mass spectrometer (Bruker) allowed for the identification of the protein. The peptides were separated 

prior to MS on an Acclaim PepMap column 100, 75 µm × 50 cm nanoViper C18 3 µm 100 A column with the following 

gradient and solvents: Solvent A: 0.1% formic acid, solvent B: 80% acetonitrile with 0.08% formic acid. The gradient started 

with isocratic flow for 5 min at 5% B. The concentration of B was increased to 40% B over the next 70 min. A further increase 

to 80% B was carried out in the following 5 min. This concentration was held isocratically for an additional 5 min before re-

equilibration to 5% B for 15 min. The UHPLC was coupled via Captive Spray source to the timsTOF Pro mass spectrometer, 

and the capillary heated to 180 °C. The timsTOF Pro was acting on a mass range of 100–17,000 m/z in positive ion mode. 

Ions were taken with a target intensity threshold and a target intensity of 20,000. The PASEF was run with 10 MS/MS scans 

and ions with a charge range of 0-5 were allowed. Total cycle time of 1.19 seconds was set and an active exclusion release 

after 0.4 min. The spectra were searched against the Synechocystis Uniprot database with 3507 protein entries and the 

Mascot provided contaminant database using Mascot Daemon 2.6. The full length 79-FMNd protein was also added as a 

search query as described in Supplementary Table S2. The search was performed with a 15 ppm error for peptide masses, 

whereas 0.5 Da were allowed for the fragmented products. Carbamidomethylation was set as a fixed modification and 

oxidation as variable. Cleavage was required on one side of the tryptic peptide. Two missed cleavages were allowed in total. 

For the peptide IDs, the report from MASCOT has been uploaded as Supplementary data (mascot-reprot.xlsx). 

2.13. Molecular Modeling of the FMN Binding Domain 

The FMN domain of Sorghum bicolor CPR2b residues 59-265 was truncated based on a model presented previously 

[33] of the full-length protein and visualized and aligned against the secondary structure of Synechococcus elongatus PCC 

7942 flavodoxin (PDB entry 1CZN) using Pymol Open Source (Schrödinger LLC; New York, NY, USA). 

3. Results 

3.1. Engineered Strains  

To investigate the effects of P450-redox partner fusions stably transformed into a cyanobacterial host, we initially 

designed 3 constructs: a construct comprising just SbCYP79A1 (denoted 79), a construct where CYP79A1 was fused with the 

major Synechocystis ferredoxin, Fd1 construct (denoted 79-Fd1), and a construct where CYP79A1 was fused with the CPR59–
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265 from the P450 oxidoreductase found in S. bicolor (denoted 79-FMNd) (Figure 1). The fusions were facilitated by a flexible 

12 amino acid glycine-serine linker. Fd1 is the major ferredoxin involved in photosynthesis [34] in Synechocystis and CPR59–

265 is responsible for native electron transfer by CPR to CYP79A1 in S. bicolor. All coding sequences were codon optimized 

to ensure proper expression in Synechocystis and placed under the strong and inducible trc promoter on the broad host range 

vector pDF-trc. The constructed vectors were transformed into Synechocystis cells and the resulting colonies were genotyped 

and screened for expression and activity using immunoblot analysis and LC-MS quantification of produced compounds. 

 

Figure 1. Constructs used in this study. Constructs depicted are located on a pDF-trc backbone under the IPTG inducible trc promoter. 

Construct abbreviations are given to the right of each construct. A pDF-trc backbone without any DNA insert is used as empty vector control. 

3.2. Growth Phenotypes of Strains Carrying CYP79A1 Variants 

Growth curve experiments were carried out to investigate for any growth defects in 79, 79-Fd1 and 79-FMNd strains 

after induction on day 2 with 1 mM IPTG. All strains overexpressing a CYP79A1 variant reached a maximum OD730 after 7 

days that was significantly lower than the empty control (Figure 2A), demonstrating that expression of CYP79A1 alone was 

detrimental to growth. Both fusion strains reached a maximum OD730 lower than the unfused 79 strain, with the 79-FMNd 

strain performing marginally worse than the 79-Fd strain (Figure 2A). Although these trends were consistent between repeat 

experiments, the differences between the strains carrying the different CYP79A1 constructs are not statistically significant.  

 

Figure 2. Growth characteristics of analysed strains. (A) Strains were grown photoautotrophically for seven days in triplicate and optical 

density was measured at 730 nm daily (OD730). (B) Photo of the empty vector control to the left and 79-FMNd to the right. The empty 

control displays a color indicative of normal growth and the 79-FMNd strain displays a color indicative of chlorosis. (C) The resulting 

density on the last day was calculated for pairwise significance on the last day (Holms-Sidak). p-values are given in the table below the 

graph with significant pairs (p < 0.05) highlighted in green. 
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When compared to the empty vector control strain the 79-FMNd strain showed a chlorotic-like phenotype which 

manifests as a visible color difference that is characteristic of nitrogen deficiency due to the degradation of 

phycobilliproteins [35] (Figure 2B). This yellow phenotype was consistent among several independent transformants 

obtained from transformation with the 79-FMNd construct (data not shown), indicating that the phenotype is a direct 

consequence of the vector and not a spurious mutation. 

3.3. The 79-FMNd Strain Produces a Soluble CPR59–265 Containing Product 

We analyzed the full cell lysate of the 79-FMNd strain by immunoblot using antibodies against cytochrome P450 

reductase (CPR) from S. bicolor (Figure 3A). The full-length fusion protein was found at the expected size but surprisingly, 

the lysate also contained an additional band around 25 kDa, approximately the same size as CPR59–265. We suspected that 

the additional band was the result of proteolytic degradation near or around the linker region of the fusion enzyme. A molecular 

model of CPR59–265 was built and aligned to a flavodoxin from Synechococcus elongatus (PDB: 1CZN) (Figure 3B). The 

flavodoxin, shown in teal, and the FMN binding domain, shown in brown, align with an RMSD of 3.46 Å and display 

similar overall folds. The model, however, revealed two additional alpha helices that apparently do not constitute the core 

flavodoxin fold. We hypothesized that this region would be primarily required to provide physical connection to the 

transmembrane domain in the full-length CPR enzyme, a function dispensable for electron donor activity, and that this 

region could be the target of proteolytic cleavage in vivo. We therefore generated a new vector and strain dubbed 79-tFMNd, 

wherein the 42 amino acid N-terminal stretch of the CPR59–265 corresponding to the two extra alpha helices was truncated 

(Figure 1). An additional strain expressing just the FMN binding domain (FMNd, Figure 1) was generated to investigate 

the effects of the overexpression of the soluble electron donor by itself. Growth characterization of the 79-tFMNd strain 

showed that it reached a maximal OD730 that was significantly below the empty vector control strain but also significantly 

higher than the 79-FMNd strain (Figure 2A). The strain overexpressing just CPR59–265 (FMNd) did not reach a maximal 

OD730 that was statistically significant from the empty vector control. Immunoblot analysis of the resulting strain 79-tFMNd 

revealed the disappearance of the soluble CPR59–265 containing product (Figure 3C). 

 

Figure 3. Soluble CPR59–265 containing product. (A) Immunoblot of the 79-FMNd strain (right) vs. purified CPR59–265 (left). The fusion 

enzyme can be seen at the top. (B) Structural alignment of CPR59–265 (brown) to Synechococcus elongatus flavodoxin (teal, PDB 1CZN). 

(C) Immunoblot of the 79-FMNd and 79-tFMNd strains. Red arrows denote the soluble CPR59–265 containing product and black arrows 

denote the full-length fusion protein. 
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3.4. Electron Transfer with Fused Redox Partners Are Active in the Thylakoid Membrane 

To investigate the electron transfer activity of the redox partner fusion enzymes in the context of cyanobacterial 

thylakoids, we performed in vitro light-driven assays (Figure 4). For this we isolated thylakoid membranes from cultures 

of the following fusion constructs: 79-Fd1, 79-FMNd and 79-tFMNd. The membranes were assayed in the dark to control 

for background activity, in the light to characterize productivity of the enzymes without a competing electron sink, and with 

added FNR and NADP+ to characterize the productivity of the enzymes in the presence of the main competing electron sink 

in vivo [18]. Absolute enzyme activity was normalized to protein abundance of CYP79A1 determined by immunoblot 

analysis carried out on a portion of the isolated thylakoid membranes. Whereas the difference in activity in the presence or 

absence of FNR for the 79-Fd strain was around 2-fold, the difference in activity in the presence or absence of FNR was 

negligible in thylakoids isolated from the 79-FMNd and the 79-tFMNd strain (Figure 4). However, there was a large 

decrease in activity in the 79-tFMNd thylakoids, suggesting an important role in the truncated portion for activity. Although 

the differences between the light and FNR in the 79-Fd strain were not statistically significant, they recapitulate a trend 

seen in transiently expressed fusion enzymes in N. benthamiana [24]. Altogether, the 79-FMNd fusion enzyme had the 

highest relative enzyme activity. 

 

Figure 4. In vitro light driven assays. Thylakoids extracted from strains expressing fusion constructs were assayed p-

hydroxyphenylacetaldoxime formation in the dark, light, and in the presence of the competing electron sink FNR and NADP+. p-

hydroxyphenylacetaldoxime was normalized to relative protein abundance in the thylakoid membranes. 

3.5. p-Hydroxyphenylacetaldoxime Production in Fusion Strains 

The yield of p-hydroxyphenylacetaldoxime, i.e., the in vivo yield, was also quantified from cultures of each 

cyanobacterial strain by LC-MS. The 79 strain produced the most p-hydroxyphenylacetaldoxime at approximately 118 

mg/L, with the 79-Fd, 79-FMNd, and 79-tFMNd producing between 36.5 to 49 mg/L (Figure 5A). Protein expression was 

induced on day 2 and relative protein abundance quantified on day 3 and day 7 (Figure 5B). Fusion enzymes had lower 

abundance when compared to the unfused 79 enzyme. The 79-Fd, 79-tFMNd and 79-FMNd strains had approximately 3.5-

fold, 23-fold, and 142-fold lower enzyme levels when compared to unfused 79 enzyme. Despite differences in enzyme 
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activity shown in in vitro experiments, yields recovered from growth experiments did not correlate with these differences 

in activity. The steady state enzyme levels likely explain the disconnect between enzyme activity and absolute yield, with 

the 79 strain producing the most p-hydroxyphenylacetaldoxime and the remaining enzyme fusions producing similar 

amounts. Day 7 abundance of enzyme by immunoblot analysis, using an antibody against CYP79A1, shows a drop in 

enzyme levels across all strains. When absolute yield is normalized to relative protein abundance to either day, the 

productivity trends seen in the in vitro light driven assay are reproduced in vivo (Table 1). 

 

Figure 5. In vivo oxime yield and enzyme abundance. (A) Absolute p-hydroxyphenylacetaldoxime levels were measured by LC-MS at 

the end of a 7-day fermentation. (B) Relative protein abundance levels were measured on day 3 and day 7 of the fermentation. 

Table 1. In vivo oxime levels normalized to relative protein abundance. Yields were quantified from growth curve experiments and 

normalized to protein abundance. The resulting activities were then normalized to the 79 activity of the same day (same column). 

Construct Oxime per Unit Enzyme Day 3 Oxime per Unit Enzyme Day 7 

79 1.00 1.00 

79-Fd 2.85 3.61 

79-tFMNd 13.3 6.34 

79-FMNd 92.3 71.4 

3.6. Nitrogen Source Feeding Reveals Growth Penalty in Strains Carrying Soluble CPR59–265 

Because the 79-FMNd strain had large amounts of soluble CPR59–265 containing product and it showed a chlorotic 

phenotype, we hypothesized nitrate assimilation may have been compromised. To investigate this possibility, we fed the 

empty vector control, 79-Fd, 79-FMNd, 79-tFMNd, and FMNd strain with either 10 mM NaNO3 or 10 mM NH4Cl. Due to 

differences in optical scattering properties at 730 nm when strains were grown with different nitrogen sources, we opted to 

use cell count as a measure of growth difference. The empty vector control strain showed no difference in growth between 

nitrogen sources (Figure 6A), while the 79-FMNd strain showed increased growth with NH4Cl as the nitrogen source up to 

day 4 (Figure 6B). After day 4, the difference in cell count diminishes, presumably due to a different factor limiting growth, 

e.g. light. All strains were analyzed for cell count differences on day 4, where only the 79-FMNd and FMNd strain showed 

significant differences in growth with the two different nitrogen sources (Table 2).  
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Figure 6. Nitrogen source feeding experiment. Strains were characterized in both 10 mM NaNO3 and 10 mM NH4Cl were compared using 

cell counting over the course of six days. The left (A) depicts the empty vector control strain, and the right (B) depicts growth of 79-FMNd. 

Table 2. Day 4 nitrogen source feeding experiments. Difference in cell count, p-value, and effect size. Cell count differences between 

cultures grown with nitrate or ammonia were calculated and normalized to the cell count difference of the empty control strain. Strains 

displaying a significant difference in cell count (p < 0.05) are highlighted in green. 

Construct Count Difference p-Value Hedge’s g 

Control 1 0.3261  

79-Fd 0 1  

79-FMNd 5.14 0.0047 −4.54807 

79-tFMNd 1.46 0.4693  

FMNd 1.11 0.0289 −2.66975 

3.7. Determination of the Putative N-Terminal Processing Site of the CPR59–265 Containing Product in 79-FMNd  

To investigate the possibility of in vivo protease activity responsible for the generation of the CPR59–265 containing 

product, we purified the CPR59–265 containing product from 79-FMNd using ion exchange and size exclusion 

chromatography. Purified protein samples were digested partially using Lys-C and trypsin and subjected to timsTOF Pro-

MS. Peptides from CPR59–265 were identified to 93% coverage, while only one peptide was found from CYP79A1. Two 

non-tryptic peptides were identified at the N-terminus of CPR59–265, one of which comprised the C-terminus of CYP79A1, 

while the second comprised the linker domain minus 2 residues at its N-terminus (Figure 7). The predicted fragment in 

between the first two identified fragments was not identified, although some precursor masses were found manually which 

could fit the missing fragment. Protease cleavage site prediction using PROSPER [36], did not identify any known cleavage 

sites at these two fragments sites. 
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Figure 7. N-terminal proteomics of the soluble CPR59–265 product in 79-FMNd. Small black arrows denote the two putative cleavage sites. 

4. Discussion 

4.1. P450-CPR59–265 Fusion Activity Is Limited by Abundance 

Although the activity of the P450-CPR59–265 fusion is greater than all the other fusions tested both in vivo and in vitro, 

this characteristic does not manifest into greater yields in vivo. Fusion proteins had low abundance in comparison to unfused 

CYP79A1, with the 79-FMNd having the lowest abundance. Here, in vitro data showed less reduction in CYP79A1 activity 

in the presence of FNR (2-fold) compared to data shown in N. benthamiana, where CYP79A1 fused to various A. thaliana 

ferredoxins experienced greater than 10-fold reduction in activity in the presence of FNR [23]. This could be due to the use 

of plant FNR in our in vitro assays, whose affinity to cyanobacterial ferredoxin may be lower than the affinity to plant 

ferredoxin. Stable expression of the fusion enzymes resulted in strains with comparable yields, largely explained by the 

differences in steady state enzyme levels. In general, however, trends seen previously in N. benthamiana using transient 

expression [24], have largely been recapitulated in an in vivo setting by expressing the fusion constructs in Synechocystis.  

4.2. Soluble CPR59–265 Interferes with Nitrate Assimilation 

Nitrate assimilation in cyanobacteria is an energy intensive process, which uses 8 reducing equivalents to reduce nitrate 

to ammonia [37]. In cyanobacteria, both nitrate reductase and nitrite reductase are ferredoxin dependent. Isolated thylakoids 

have shown light driven reduction of nitrate to nitrite and ammonium in the presence of ferredoxin [38]. We find that using 

a more reduced nitrogen source improves growth of the strains 79-FMNd and FMNd. This suggests that expression of 

soluble CPR59–265 (i.e.,  FMNd) interferes with nitrate assimilation, since both these strains contain the soluble CPR59–265. 

CPR59–265 has a midpoint reduction potential of −267 mV [24], drastically higher than the native ferredoxin which has a 

midpoint reduction potential of −412 mV [34]. It is thus conceivable that transfer of electrons to nitrate and nitrite reductase 

from CPR59–265 is impaired by the more positive redox potential of CPR59–265 (see also Figure 8). It was previously shown 

that specific residues, and not just electrostatic steering, are important for the interaction between cyanobacterial nitrate 

reductase and ferredoxin [39]. Therefore, the affinity of CPR59–265 to nitrate reductase is likely lower than that of the native 

ferredoxin and thus explains at least in part the drop in nitrate assimilation. The size of the effect of soluble CPR59–265 in 

79-FMNd compared to the FMNd strain is potentially explained by the presence of the P450. Electrons normally used in 

the formation of biomass can instead be redirected to formation of p-hydroxyphenylacetaldoxime or participate in a P450 

mediated ROS generation [40]. The destination of electrons in the FMNd strain, however, is unknown. A potential sink 

could be the flavodiiron proteins that reduce oxygen into water using reducing power from ferredoxin [41]. 
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Figure 8. Schematic illustration of light driven P450 activity. Shown is the photosynthetic membrane with photosystem I and II (PSI 

and PSII). Electrons are derived from water oxidation at PSII and transferred to ferredoxin (Fd) or FMN at PSI in a light-dependent 

manner. Fd or FMN, in this case the CPR59–265 domain, can then reduce the P450 or the natural Fd-requiring reductases like Rubisco, 

NR and NIR. The CPR59–265 domain has a midpoint reduction potential of −267 mV, less negative than the −412 mV for native 

cyanobacterial Fd. This means that photo-reduced CPR59–265 is less likely to donate electrons to the endogenous enzymes and more 

dedicated to donate electrons towards the P450 enzyme. Indicated are also putative electron sinks photo-reduced CPR59–265 like 

flavodiiron proteins and unknown enzymes (Created with Biorender.com). 

4.3. Cellular Maintenance Machinery May Affect Stability of Fusion Proteins  

The expression level of the fusion enzymes suggests that the presence of the linker and the redox partner affects the 

stability of the proteins or the secondary structure of their mRNAs. We have shown that the truncation of the 79-FMNd 

fusion to create the 79-tFMNd fusion abrogates the accumulation of soluble CPR59–265 product. Data from proteomics points 

to two putative N-terminal sites, both non-tryptic and one which potentially suggests internal translation. Although the 

absence of detected peptides is not conclusive evidence of the identity of the N-terminus, both peptides place the resulting 

protein near the expected size according to western blot. In the case of internal translation in cyanobacteria, ribosome 

binding can proceed by either a Shine-Dalgarno dependent pathway or a Shine-Dalgarno independent pathway [42]. The 

Shine-Dalgarno independent mechanism is correlated with a decrease in secondary mRNA structure. There are no apparent 

Shine-Dalgarno sequences preceding the putative N-terminal sites. Because the truncation occurs after the putative N-

terminal sites, abrogation of CPR59–265 must occur by the formation of strong secondary structure which occludes the internal 

ribosome binding site, assuming the product is formed by internal translation. However, it is known that active protein 

translation disfavors secondary structure, as the ribosome unwinds the secondary structure of the mRNA [43]. Instead, we 

hypothesize that the CPR59–265 containing protein is the result of proteolysis. Because the truncation of the CPR domain is 

not located at the putative cleavage sites, it seems unlikely the accumulation of CPR59–265 containing protein is the result of 

a specific interaction with an endoprotease. Instead, the portion truncated could potentially make the enzyme more 

accessible to a non-specific cellular protease. For example, it is known that FtsH in E. coli can degrade substrates by access 

to an internal loop [44]. Similarly, the portion truncated could extend the flexible linker such that an orthologous FtsH, 

which sits on the thylakoid membrane in Synechocystis, has access to initiate proteolysis. Previously, we have shown that 

the C-terminal fusions of two different P450s and a glycosyltransferase to integral membrane proteins from the Twin-

arginine translocation pathway resulted in only soluble P450 and glycosyltransferase being detected in Synechocystis [45]. 

This data supports the non-specific protease hypothesis. 
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4.4. Soluble CPR59–265 as a Tool to Partition Electrons to Complex P450 Containing Pathways 

The CPR59–265 has a midpoint reduction potential of −267 mV [24], less negative than the −412 mV for native 

cyanobacterial ferredoxin [34]. This means that CPR59–265 reduced by photosystem I is less likely to donate electrons to 

endogenous enzymes involved in processes like CO2 fixation and nitrate assimilation in the cyanobacterial cell and in 

principle more dedicated to directing electrons towards the CYP79 (Figure 8). This is supported by the observation that 

redox partner fusion enzymes show superior productivities by relative abundance. However, the ability to express these 

enzymes at high levels remains an issue. Another potential limitation is the scalability of this strategy. In biosynthetic 

pathways with multiple P450s, such as forskolin or taxol [46,47], fusing a redox partner onto all P450s involved could 

potentially incur issues of steric crowding. The thylakoid membrane in its native state is densely packed to the extent that 

protein diffusion is significantly affected [48]. Because membrane or near-membrane dynamics are important for various 

processes such as non-photochemical quenching [49] or the transition between different supercomplexes of PSI, PSII, and 

phycobilisomes [48], the presence of multiple integral membrane proteins with tethered domains could potentially interfere 

in these processes. An attractive strategy would be to use the soluble CPR59–265 as an electron flux valve. For example, when 

a culture is grown to a certain density or a precursor pool reaches a desired level, the soluble CPR59–265 could be expressed 

to redirect flux towards product formation. This could potentially be used to implement growth decoupled production or 

prevent futile cycling of the P450s by ensuring substrate availability for the P450s. However, it must be borne in mind that 

recent studies suggest that the redox partners not only function as auxiliary electron transfer proteins but are also important 

P450 function modulators affecting reactivity and selectivity [9]. 

5. Conclusions 

We have shown that stable transformation of redox fusion partners in Synechocystis reproduce trends seen in transiently 

expressed N. benthiana. Fusion with CPR59–265 results in an enzyme with the highest productivity. Fusion enzyme stability 

remains a limiting factor for the production of p-hydroxyphenylacetaldoxime and other potential products. Surprisingly, we 

discovered either a degradation product or cryptic translation of soluble CPR59–265 protein. Characterization of strains 

containing soluble CPR59–265 showed impaired growth due to interference with nitrate assimilation. 

Supplementary Materials 

The supporting information can be found at: https://www.sciepublish.com/article/pii/184. 
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