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Abstract 

Plastidic ferredoxin-NADP+ oxidoreductases (FNRs; EC:1.18.1.2) together with bacterial type FNRs 

(FPRs) form the plant-type FNR family. Members of this group contain a two-domain scaffold that 

forms the basis of an extended superfamily of FAD dependent oxidoreductases. In the present study, 

we show that the Arabidopsis thaliana At1g15140 (FERREDOXIN-NADP+ OXIDOREDUCTASE -

LIKE, FNRL) is an FAD-containing NADPH dependent oxidoreductase present in the chloroplast 

stroma. Determination of the kinetic parameters using the DCPIP NADPH-dependent diaphorase assay 

revealed that the reaction catalysed by a recombinant FNRL protein followed a saturation Michaelis-

Menten profile on the NADPH concentration with kcat = 3.24 ± 0.17 s-1, Km
NADPH = 1.6 ± 0.3 µM and 

kcat / Km
NADPH = 2.0 ± 0.4 µM-1 s-1. Biochemical assays suggested that FNRL is not likely to interact with 

Arabidopsis ferredoxin 1 (AtFd1), which is supported by the sequence analysis implying that the known 

Fd-binding residues in plastidic FNRs differ from those of FNRL. Additionally, based on structural 

modelling FNRL has an FAD-binding N-terminal domain built from a six-stranded β-sheet and one α-

helix, and a C-terminal NADP+-binding α/β domain with a five-stranded β-sheet with a pair of α-helices 

on each side. The FAD-binding site is highly hydrophobic and predicted to bind FAD in a bent 

conformation typically seen in bacterial FPRs.  
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Introduction 

Flavoproteins and flavoenzymes contain a flavin adenine dinucleotide (FAD) or a flavin 

mononucleotide (FMN) cofactor that is usually a key to the proteins function. Flavoproteins are 

involved in a wide range of biological processes in all kingdoms of life. In plants, they play crucial roles 

in mediating light responses, such as phototropism and development, motility of cell organelles, stress 

responses, photosynthetic reactions and regulation of circadian rhythm (Conrad et al. 2014). Despite 

their important roles in plant metabolism, the function of a number of plant flavoenzymes has remained 

unexplored to date. 

Chloroplast ferredoxin-NADP+ oxidoreductases (FNRs) together with bacterial type FNRs (FPRs) form 

the plant-type FNR family (Aliverti et al. 2008, Ceccarelli et al. 2004). These proteins contain a two-

domain scaffold, which forms the basis of an extended superfamily of oxidoreductases (Karplus et al. 

1991, Serre et al. 1996). FNR is a widely studied chloroplast flavoenzyme that catalyses the last step of 

linear photosynthetic electron transfer by oxidizing ferredoxin (Fd) and reducing NADP+ to NADPH 

(2Fdrd + NADP+ à 2Fdox + NADPH) (Arnon 1991), reviewed in (Mulo and Medina 2017). NADPH, 

in turn, is mainly used in assimilation of carbon and other biosynthetic pathways. On the contrary, FPRs 

reduce Fds or flavodoxins, providing electrons to a number of reactions ranging from amino acid and 

nucleotide metabolism to assimilation of nitrogen and responses to oxidative stress (Ceccarelli et al. 

2004).  

All plant species studied thus far contain a small family of FNR genes. The isoforms can be classified 

into two groups. The first group is composed of photosynthetic or leaf-type (LFNR) FNRs, which 

function in photosynthesis and are located in chloroplasts. The second group is composed of 

heterotrophic or root-type FNRs, which apparently catalyze NADPH oxidation and Fd reduction in non-

photosynthetic plastids (e.g. in roots). Both classes contain (at least) two distinct forms. For instance, 

the chloroplasts of Arabidopsis thaliana possess two forms of LFNRs, LFNR1 and LFNR2, which show 

partially redundant functions (Hanke et al. 2005, Lintala et al. 2007, 2009).  

The N-terminal domain of plant-type FNRs, which contains six antiparallel β strands organized in two 

perpendicular β sheets, is responsible for FAD binding, while the C-terminal domain, consisting of five 

parallel β strands surrounded by seven α helices, binds NADP+ (Serre et al. 1996). FAD binds outside 

the antiparallel β barrel of FNR, and Fd in a cleft between the FAD- and NADP+-domains by interacting 

with the basic amino acid residues of FNR, through hydrogen bonds, van der Waals forces and 

hydrophobic interactions (Jelesarov et al. 1993, Mulo and Medina 2017). The binding site for FAD is 

the same in FNRs and FPRs, but they bind FAD in extended and bent conformations, respectively. The 

extended FAD conformation is bound by the β-hairpin structure after β5 in FNRs (Musumeci et al. 

2011, Serre et al. 1996), which is replaced by a short loop in bacterial FPRs. In FPRs, the bent 
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conformation of FAD also enables stacking of the adenosine ring with a C-terminal aromatic residue 

(Aliverti et al. 2008, Ceccarelli et al. 2004).  

In the present study, we have explored the structure of Arabidopsis thaliana At1g15140 (hereafter 

FERREDOXIN-NADP+ OXIDOREDUCTASE-LIKE, FNRL), annotated as an FAD/NAD(P)-binding 

oxidoreductase in TAIR (https://www.arabidopsis.org/), to compare its properties with those of other 

FNR proteins. Characterization of the recombinant protein revealed that FNRL is an active FAD-

containing NADPH dependent oxidoreductase, and structural modelling indicated that it resembles 

bacterial FPRs more than plastid FNRs.  

 

Materials and methods 

Sequence analysis and structural modelling 

The sequence for FNRL from UniProtKB (accession code Q9XI55) was used for domain analysis with 

Simple Modular Architecture Research Tool (SMART) (Letunic et al. 2015, Schultz et al. 1998), 

InterPro (Finn et al. 2017, Jones et al. 2014) and PROSITE (de Castro et al. 2006), as well as for 

secondary structure predictions with PsiPred (Jones 1999, McGuffin et al. 2000) and to search the 

Protein Data Bank for crystal structures to be used as templates with PSI-BLAST at NCBI. Hits with 

significant E-value (< 0.001) and query coverage > 60 % (PDB accession codes 4WQM[A] [Acheson 

et al., 2015], 1QFJ[A] [Ingelman et al., 1999], 2R6H[C] [Kim et al., to be published], 3FPK[A] [Kim 

et al., to be published] and 2XNJ[A] [Musumeci et al., 2011]) were superimposed with VERTAA 

(Johnson and Lehtonen, 2000) in the BODIL modelling environment (Lehtonen et al. 2004) to generate 

a structure-based alignment, to which the FNRL sequence was aligned. The structure of pea (Pisum 

sativum) (PDB accession code 1QG0[A]) (Deng et al., 1999) was also superimposed on the bacterial 

crystal structures to aid the correct alignment of the full-length sequences for pea leaf FNR and root 

and leaf FNR from maize (Zea mays) and A. thaliana using pre-aligned sequences in MALIGN 

(Johnson and Overington 1993). The coordinates for the NADP+ ligand were copied from 2XNJ[A] 

(Musumeci et al. 2011) to 3FPK[A] [Kim et al. to be published], which was then used as template for 

modelling FNRL in complex with FAD and NADP+. All sequences except FNRL and 3FPK[A] were 

deleted from the alignment prior to modelling. The structural model for FNRL (Ser56 – Phe295) was 

generated with MODELLER (Sali and Blundell, 1993) and the model with the lowest DOPE-score was 

chosen for further analysis. The model quality was assessed with PROCHECK (Laskowski et al. 1993), 

ProSA-web (Sippl 1993, Wiederstein and Sippl 2007), ProQ (Wallner and Elofsson 2003), and 

MODFOLD (Maghrabi et al. 2017, McGuffin et al. 2013), as well as by superimposition with the 

template. PyMOL (Schrödinger LLC) and ESPript 3.0 (Gouet et al. 1999) were used to generate pictures 

of the model and the alignments, respectively. 
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Overexpression and purification of proteins 

The coding sequence of At1g15140 without the predicted transit peptide (first 47 amino acids) was PCR 

amplified from A. thaliana cDNA with the following primers: fw: 5’-

TATACATATGGCCGCCGCCGTTC and rev: 5’-TATAAAGCTTTCAAAAGTTTTTGAG. The 

PCR product was cloned into the vector pET-28a(+) (Novagen) using NdeI and HindIII restriction sites, 

which yielded a construct expressing N-terminally His6-tagged FNRL protein (268 aa, MW: 28.8. kDa). 

The recombinant protein was expressed in E. coli BL21(DE3). Cells were lysed (50 mM Na-phosphate 

– 300 mM NaCl pH 7.5 with freshly added 100 µM FAD and EDTA-free Pierce Protease Inhibitor 

Tablet (Thermo Scientific)) in French Press (Constant Systems Ltd) using 20 kpsi pressure. The cell 

lysate was cleared by centrifugation (18000 rpm in Sorvall SS-34, 30 min at +4°C) and the supernatant 

mixed with an equal volume of equilibration buffer (50 mM Na-phosphate – 300 mM NaCl – 10 mM 

Imidazole pH 7.5). Proteins were loaded onto a 1.5 ml HisPur™ Cobalt Resin (Thermo Scientific) 

gravity flow column packed into 5 ml Pierce™ Disposable Column (Thermo Scientific). The column 

was washed with equilibration buffer and the protein eluted with 50 mM Na-phosphate – 300 mM NaCl 

– 150 mM Imidazole pH 7.5. The protein was filtered through a 0.2 µm filter and further purified using 

an ÄKTApurifier UPC (GE Healthcare Life Sciences) equipped with a HiLoad 16/600 Superdex 200 

PG column. Gel filtration was performed in 20 mM HEPES – 300 mM NaCl pH 7.5 with 0.15 ml min-

1 flow rate. AtFd1, ZmFNR2 and AtFdC1 were expressed and purified as described (Hanke et al. 2004, 

Okutani et al. 2005, Voss et al. 2011), respectively. 

Spectroscopic assays   

UV/Vis spectra were recorded on Lambda 25 UV/Vis spectrometer (PerkinElmer). The molar 

absorption coefficient for FNRL was determined in 10 mM HEPES, 150 mM NaCl, pH 7.5 (Macheroux 

1999). Fluorescence spectra were carried out at 15°C on a Cary Eclipse (Varian) spectrofluorimeter: 

emission spectra in aromatic (300-500 nm) and FAD (500–800 nm) regions were obtained upon 

excitation at 280 nm and 460 nm, respectively. Circular dichroism (CD) spectra were obtained on a 

Chirascan spectropolarimeter (Applied Photophysics), at 15 °C, using 0.1 cm or 1 cm pathlength 

cuvettes, for far-UV and near UV-visible, respectively. Mean residue molar ellipticity (ΘMRW, 

degrees·cm2·dmol−1) was calculated on the basis of 268 residues. Interaction with NADP+ was 

visualized by difference absorption spectroscopy upon titrating FNRLox (20 µM) with NADP+ (0-64 

µM) in 50 mM HEPES, 300 mM NaCl, pH 7.0, 5% glycerol, at 15°C (Medina et al. 2001).   

Steady-state kinetics measurements  

Rates for cytochrome c reduction by FNRL were determined at 550 nm in 10 mM HEPES – 150 mM 

NaCl pH 7.5 using 20 µM Cyt c from equine heart (Sigma, BioUltra, >99% pur.), 100 µM NADPH or 

NADH and 1.33 µg FNRL. The diaphorase activity was measured at 600 nm using 50 mM HEPES at 

pH values of 6.8-8.2 and 50 mM TRIS at pH 7.1-8.6.  In all cases ionic strength was set to 300 mM 

with NaCl. Reaction mixtures consisted of 100 nM FNRL, 40 µM 2,6-dichlorophenolindophenol 
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(DCPIP) and 200 µM NADPH. Optimal salt concentration for maximal activity was determined by 

measuring DCPIP reduction in 50 mM HEPES pH 7.0 with variable salt concentrations (0-500 mM 

NaCl). Kinetic parameters for the FNRL diaphorase activity were determined using DCPIP (Δe620nm 21 

mM-1.cm-1) in 50 mM HEPES, 300 mM NaCl, pH 7.0, at 25°C (Medina et al., 2001). Reaction mixtures 

contained 50 nM FNRL, 100 µM DCPIP and 0-50 µM NADPH. Km and kcat values were obtained by 

fitting the dependence of the observed initial rates on the NADPH concentration to the Michaelis-

Menten equation. Errors in Km and kcat were ± 20% and ± 10%, respectively. 

Stopped-flow pre-steady-state kinetic measurements 

Reduction of FNRLox by NADPH was followed by evolution of the absorption spectra (400-800 nm) 

using a SX17.MV stopped-flow with a photodiode detector (App. Photo. Ltd.) (Peregrina et al. 2010, 

Tejero et al. 2007). After mixing, reaction samples contained 12 μM FNRLox and 12-200 μM NADPH. 

Reactions were carried out in 20 mM HEPES, 300 mM NaCl, pH 7.0, 5% glycerol, 10 mM glucose and 

10 U ml-1 glucose oxidase (EC:1.1.3.4), at 10 °C and under anaerobic conditions. Multiple wavelength 

data were processed using the X-Scan software (App. Photo. Ltd.). Time spectral deconvolution was 

performed using Pro-Kineticist v1.0.13 (App. Photo. Ltd.). Data were fitted to either two or three-step 

models, A→B→C or A→B→C→D, estimatING observed conversion rate constants (kA"B, kB"C, kC"D) 

(Peregrina et al. 2010, Tejero et al. 2007). Errors in the determination of kinetic constants were ±15%. 

Thermal Shift Assays 

Thermal shift assays (Forneris et al. 2009) were carried out on a Mx3005P real-time qPCR (Agilent 

Technologies) by following FAD release upon protein unfolding using 5 µM FNRLox in 50 mM HEPES, 

300 mM NaCl, pH 7.0, 5% glycerol.  The increase in FAD fluorescence was monitored using a FAM 

filter set (λexc = 492 nm; λem = 516 nm). Melting curves were registered from 25 to 100 °C at 1 °C min-

1. The midpoint denaturation temperature (Tm) was obtained by curve fitting to a sigmoidal equation. 

Thermal denaturation was also followed with increasing NADP+ concentrations (0-168 µM). The 

NADP+ dissociation constant, Kd, and the unfolding enthalpy of the protein in the absence of ligand, 

ΔH0, were determined by fitting the data to the equation (Cooper and McAuley-Hecht 1993)    
Δ!!
!!

= "#!!"

$H"
𝑙𝑛 $1 + [L]

'#
'  Eq. 1 

where DTm estimates the extent of the ligand-induced protein stabilization (DTm=Tm-Tm
0); with Tm

0 and 

Tm being the midpoint denaturation temperatures in the absence and the presence of ligand, respectively, 

and n the number of ligand binding sites considered here as unity.  

Isothermal Titration Calorimetry (ITC) 

ITC experiments were conducted using a high precision Auto-iTC200 system (MicroCal).  Titrations 

were performed at 25 °C in 50 mM HEPES, 300 mM NaCl, pH 7.0, 5% glycerol by injecting 2 μL 

aliquots of 200 μM NADP+ into the ITC cell containing 200 μL of 80 μM FNRLox. The binding enthalpy 
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(ΔH), the association constant (Ka), and the stoichiometry of the binding were obtained through least-

squares non-linear regression of the experimental data to a model for one binding site implemented in 

Origin 7.0 (OriginLab). The free energy change (ΔG) and the entropy change (ΔS) were obtained from 

basic thermodynamic relationships. The estimated error in the measured parameters is ± 15% in Ka and 

Kd, ± 5% in ΔG, and ±10% in ΔH and –TΔS. 

Plant material, chloroplast isolation and protein extraction 

A. thaliana (ecotype Col-0) was grown in 8 h light (100 µmol m-2 s-1) /16 h darkness, +23 °C. For 

localization studies chloroplasts were isolated and fractionated as in (Lehtimäki et al. 2014). Soluble 

leaf proteins were extracted by grinding frozen rosettes in 5 mM sucrose, 10 mM HEPES-KOH pH 7.6, 

5 mM MgCl2, Pierce™ protease inhibitor (Thermo Scientific), filtered through Miracloth (Millipore) 

and centrifuged 10 min, 21 000 g at +4°C. Supernatant was collected as soluble protein fraction. 

Gel electrophoresis and immunoblotting  

Soluble A. thaliana proteins and protein samples from overexpression in E. coli were separated using 

12% acrylamide gels with or without 6 M urea, as indicated. Gels were used for immunoblotting or they 

were stained with 0.1% Coomassie brilliant blue R-250 in 30% methanol, 5% acetic acid. Gels were 

blotted to Immobilon®-P PVDF (Merck Millipore) membrane, and immunolabeled with a custom made 

FNRL peptide antibody (against  peptide CDGVSNDKLLKNF) (1:10 000) (Agrisera, Vännas, Sweden) 

or the D1 protein antibody (1:8000; Kettunen et al. 1996) followed by labelling  with goat anti-rabbit-

HRP antibody (1:50 000, Agrisera) and spraying with Advansta WesternBright ECL spray. Detection 

was performed with LI-COR C-Digit scanner using high sensitivity setting. Ferredoxin experiments 

were performed essentially as described previously (Okutani et al. 2005), but using Arabidopsis Fd1 

and AtFdC1. 

Quantitative RT-PCR 

Total leaf RNA was isolated using Plant RNA Isolation Kit (Agilent Technologies, Santa Clara, CA, 

USA), cDNA synthesis and quantitative RT-PCR were performed as described (Rantala et al. 2016) 

using 5´-ACACGCCATCTCCGTTTATC-3´ and 5´-GGAGCGTTTGAAATGTCGAT-3´ as primers. 

At2g28390 and At4g34270 were used as reference genes (Hong et al. 2010). Data was analysed with 

QBASE PLUS software (Biogazelle NV, http://www.biogazelle.com). 

 

Results 

Bioinformatic analysis and structural modelling 

Domain analysis of the FNRL primary sequence predicted an N-terminal Fd reductase-type FAD-

binding domain (amino acids 56-162) and a C-terminal oxidoreductase FAD/NAD(P)-binding domain 

(amino acids 177-277), consistent with the tertiary structures used for the structure based sequence 

alignment. Furthermore, the typical sequence motifs for these domains (Dym & Eisenberg, 2001) are 
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mostly conserved in FNRL (Fig. S1), except for the RxY(S/T) motif. Typically, this motif binds to the 

pyrophosphate of FAD, which indicates that the interactions between FAD and FNRL might be slightly 

different. FNRL resembles bacterial FPRs more than plastidic FNR since it lacks the amino acids 

directly after β5 which normally form the plastidic FNR β-hairpin structure. This supports the choice 

of Salmonella typhimurium FPR (PDB accession code 3FPK; Kim et al., to be published) as a template 

for the structural modelling of FNRL and the modelled 3D fold, although the sequence identity between 

Salmonella typhimurium FPR and FNRL is low (Table S1). Moreover, quality control checks with 

multiple programs show that it is a good and reliable model (Table S2). It was experimentally 

determined that FAD is the FNRL cofactor (see below). Hence, FNRL likely folds into an FAD-binding 

N-terminal domain comprising a six-stranded β-sheet and one α-helix, as well as a C-terminal NADP+-

binding α/β domain with a five-stranded β-sheet with a pair of α-helices on each side (Fig. 1A). The 

FAD-binding site in the predicted 3D model for FNRL is highly hydrophobic, with FAD bound in a 

bent conformation typically seen in bacterial FPRs (Fig. 1B). Hydrogen bonds from Ser and Thr 

residues contribute to the specificity and affinity, with Ser114 being especially important and conserved 

throughout the Fd-reductase superfamily. On the contrary, NADP+ is bound through electrostatic 

interactions from positively charged Arg and Lys residues to the negatively charged phosphate groups, 

while several polar residues contribute with hydrogen bonds throughout the length of the molecule.  

Spectroscopic properties of recombinant His6-FNRL 

To study the biochemical properties of FNRL, we first expressed the His6-tagged protein in E. coli and 

purified it with average yield of 3.0 mg l-1. In agreement with the molecular weight (28.8 kDa), SDS-

PAGE indicated the MW of purified FNRL was ca. 28 kDa (Fig. S2). Purified FNRLox exhibited a 

yellow colour (Fig. S2) and showed the typical absorption spectrum of a flavoprotein, with 

characteristic maxima at 269 nm, 380 nm (flavin band-II) and 460 nm (flavin band-I) (Fig. 2A). The 

purified protein showed Abs269nm/Abs461nm = 6.71.  Thermal release of the cofactor identified it as FAD, 

and allowed determination of the extinction coefficient of FNRLox at 460 nm, giving the value of 11.4 

mM-1 min-1. Fluorescence spectra of FNRLox (Fig. 2B and 2C) showed maxima at 332 nm and 525 nm, 

consistent with fluorescence of Trp residues in a folded protein and of the FAD cofactor. The relatively 

low intensity of the band at 525 nm suggests that the isoalloxazine ring is embedded within the protein. 

The far-UV CD spectrum of the protein showed a negative band at 208 nm typical of a secondary α-

helix structure (Fig. 2D). The negative band around 222 nm, also typical of α-helix, appeared like a 

shoulder, probably because of the content of β-sheet. The near-UV-Vis CD spectrum showed a 

maximum at 260 nm and a sharp minimum at 296 nm, as well as two local minima at 390 and 490 nm 

related with the FAD cofactor signal (Fig. 2E). 

FNRL is reduced by NADPH and shows very weak interaction with AtFd1 

We first evaluated the ability of FNRL to transfer electrons from either NADPH or NADH to Cyt c. 

NADPH yielded a reduction rate of 48.7 µmol min-1µmol-1 enzyme while no activity was observed with 
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NADH (Fig. S3). Therefore, FNRL accepts two electrons from NADPH and is able to provide then one 

at a time to Cyt c. Since Cyt c reduction is an artificial assay with significant background activity, we 

then confirmed that FNRL had diaphorase activity and could also efficiently catalyse NADPH 

dependent DCPIP reduction. The diaphorase assay was used to determine optimal reaction conditions. 

Buffers with a range of pH values were chosen to represent the physiological pH range of the stroma, 

and HEPES and TRIS buffers were tested. FNRL had higher activity in a neutral to slightly acidic pH 

(Fig. 3A), but the overall effect was only 20 to 30% more compared to more basic pH. In contrast, 

buffer salinity had a dramatic impact; maximal activity was obtained in a buffer containing 300 mM 

NaCl (Fig. 3B); activity in these conditions was four times higher than without added NaCl. We then 

evaluated the enzyme kinetic parameters using the DCPIP diaphorase assay. The rate followed a 

saturation Michaelis-Menten profile over NADPH concentrations (Fig. 3C), which allowed 

determination of; kcat = 3.24 ± 0.17 s-1, Km
NADPH = 1.6 ± 0.3 µM and kcat / Km

NADPH = 2.0 ± 0.4 µM-1 s-1.  

We next used differential spectroscopy to evaluate whether NADP+ binding perturbs the FAD 

environment of FNRLox, observing the appearance of small differential absorption peaks at 387, 461 

and 495 nm (Fig. 3D). This suggests that coenzyme binding somehow alters the FAD environment. In 

plant FNRs peaks around 500 nm have been reported as indicative of flavin and nicotinamide ring 

stacking (Medina et al. 2001). The magnitude of these peaks was relatively small, suggesting a low 

percentage of occupation. We also used ITC to estimate binding parameters of NADP+ to FNRLox. 

Thermograms for the titration of FNRLox with NADP+ confirmed binding (Fig. 3E), but the sample 

became turbid during the assay. Indeed, data fitting indicated a very small fraction (~8%) of protein had 

bound coenzyme over the full course of the measurement, with apparent values for Kd, DH and –T. DS 

of 5.5 ± 0.9 µM, -15.7 ± 0.5 kcal mol-1 and 8.53 ± 0.5 kcal mol-1, respectively. These results suggest 

that during difference spectroscopy and ITC titrations a significant fraction of the protein is destabilized, 

in agreement with sample turbidity observed at the end of experiments. Thermal denaturation of 

FNRLox produced the concomitant fluorescence increase of its isoalloxazine ring, as a consequence of 

its greater exposure to the solvent. These data allow determination of a Tm
0 of 38.6 °C for the unfolding 

process (Fig. 3F). In the presence of NADP+, a coenzyme concentration dependent shift (Tm) was 

observed (Figs. 3F and inset). Fitting of Tm to Eq. 1 (Fig. 3F inset) allowed us to determine a Kd value 

of 1.6 ± 0.1 µM for the binding of one NADP+ molecule to FNRLox, as well the FNRL thermal 

denaturation enthalpy, which was 116 ± 2 kcal/mol (considering a 1:1 stoichiometry for NADP+ 

binding). This value is in the range expected for a protein of this size, indicating that this method 

provides us with a robust Kd value based on 100% occupancy. Altogether, these data indicate that the 

affinity of FNRLox for NADP+ is in the low micromolar range.  

The reduction of FNRLox by NADPH was also evaluated under pre-steady-state anaerobic conditions. 

Spectral evolution showed a slight decrease in absorption of the flavin band-I (462 nm) concomitant 
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with the appearance of a long-wavelength absorbance band centred around 577 nm (Fig. 3G). This type 

of band is attributed to charge-transfer interactions between the oxidized flavin isoalloxazine ring and 

the nicotinamide ring of NADPH, FADox-NADPH charge-transfer complexes (CTC) (Batie and Kamin, 

1986, Lans et al. 2010, Sánchez-Azqueta et al. 2014, Tejero et al. 2007). Evolution of absorption in 

both flavin band-I and CTC bands in the following spectra indicates flavin reduction by HT without the 

appearance of other CTC bands. Spectral evolution best fits to a two-step model at coenzyme:enzyme 

ratios below 5, while at higher coenzyme concentrations an additional slow process that completes 

flavin reduction is also observed (Figs. 3G and 3H). Transformation of species A into B relates to CTC 

formation (kA→B = kobsCTC) (Fig. 3H). Transformation of species B into species C can be related to HT 

(kB→C = kobsHT), but without producing full reduction of the protein. kobsCTC and kobsHT hardly increase 

with coenzyme concentrations, giving maximum values of 2.1 ± 0.2 s-1 and 1 ± 0.1 s-1 at the ratio of 5. 

These values are in the same range as kcat, indicating that both processes are relevant for catalysis. 

Transformation of C into D is only observed at high NADPH concentrations and with considerably 

slower kC→D values. Therefore, this process does not appear relevant to catalysis, and might rather be 

an artefact related to the absence of an electron acceptor or to the binding of excess NADPH to the 

reduced protein. Unfortunately, we were not able to similarly evaluate the ability of FNRLrd to reduce 

NADP+. Spectral changes of FNRLox on photoreduction indicate flavin reduction, although the process 

resulted accompanied by a drift of the spectral baseline suggestive of turbidity (not shown). 

Intriguingly, in contrast to FNR proteins, interaction of FNRL with ferredoxin appears weak. Firstly, 

direct reduction of Cyt c by FNRL in the presence of NADPH occurs efficiently even in the absence of 

Fd (Fig. S3). Secondly, when Fd was immobilised on sepharose resin and challenged by loading the 

column with FNRL, FNRL showed very weak interaction, and eluted at extremely low ionic strength, 

while the control ZmFNR2 (from Zea mays) bound strongly in a salt dependent manner (Fig. 3I), as 

expected from its high affinity for Fd (Okutani et al. 2005). As the Arabidopsis genome encodes several 

Fd-like proteins as well as Fds, we investigated whether one of these, FdC1, could be the electron 

transfer partner, rather than classical photosynthetic Fd. We therefore repeated the resin binding 

experiment using the Fd-like protein FdC1 (Voss et al. 2011). In this case, neither FNRL nor FNR 

showed a strong interaction with the electron carrier protein (Figure S4), indicating that this is not the 

case.  

Phylogenetic analysis and location of FNRL in planta 

Orthologs of the AtFNRL gene were found in all monocot (Oryza sativa, Zea mays) and dicot 

(Arabidopsis lyrata, Lycopersicon esculentum, Populus tremula, Brassica rapa, Capsella rubella) plant 

species studied, as well as in moss (Physcomitrella patens) and green alga (Chlamydomonas 

reinhardtii), while no FNRL ortholog was identified in the cyanobacterium Synechocystis sp. PCC 6803 

(Fig. S5). According to GreenCut2 classification, FNRL belongs into the PlastidCut group, and 

orthologs are also found in a number of cyanobacterial species (Karpowicz et al. 2011), indicating an 
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important role in plastid metabolism. Moreover, immunoblotting of fractionated chloroplasts using the 

FNRL-specific antibody (Fig. S6) showed that FNRL exists as a soluble protein in chloroplast stroma 

(Fig. 4A). When the expression of FNRL gene during the day-night cycle was studied with quantitative 

RT-PCR, it was evident that expression of the FNRL gene showed a clear diurnal fluctuation, with 

highest expression in the middle of the light period and lowest expression in the middle of the dark 

period (Fig. 4B). However, the amount of protein showed no fluctuation and remained stable throughout 

the day (Fig. 4B). 

Discussion 

Chloroplasts contain a number of flavoproteins and flavoenzymes, the leaf-type FNR being the best 

characterized member of this group. As the primary structure of FNRL shares marked similarities with 

bacterial FPRs, structural and functional similarities might also be expected. Indeed, our experimental 

results show that FNRL binds FAD (Fig. 2). In addition, sequence analysis and structural modeling 

suggests that that FNRL folds into a similar structure as FPRs with both FAD and NADP+ binding to 

their predicted domains. The C-terminal Phe in FNRL is modeled to stack with the flavin ring of FAD, 

since this position has a conserved aromatic residue in the studied FPRs and FNR structures. However, 

we cannot rule out the possibility that the C-terminal Phe might instead stack with the adenosine ring 

of FAD in a similar way to the final C-terminal residue (Trp) in the template. Although FNRL catalyses 

oxidation of NADPH, FNRLox is considerably less efficient than plastid FNRs (both leaf-type and root-

type enzymes), mainly as consequence of its relatively low turnover rate. Indeed, maize leaf-type FNR, 

maize root-type FNR and cyanobacterial FNR from Anabaena show turnovers of 44 s-1, 28 s-1 and 81.5 

s-1, respectively, in the same assay (Medina et al. 2001, Onda et al. 2000). Km
NADPH values are in the 

same range for the cyanobacterial and leaf type FNRs, while higher affinities are found for the root 

enzymes. Regarding bacterial FPRs, enzymes from Xanthomonas anoxopodis citri and Rhodobacter 

capsulatus also show larger kcat values (122 s-1 and 20 s-1 respectively) than FNRLox, as well as Km
NADPH 

values (11 and 85 µM respectively) (Bortolotti et al. 2014, Tondo et al. 2011).  This latter fact results 

in the R. capsulatus enzyme being even less efficient than FNRL.  

Although FNRL resembles leaf-type FNR in favouring NADPH over NADH (Fig. S3), FNRL does not 

interact with the AtFd1 and AtFdC1 (Fig. 3I and Fig. S4). This result is supported by the sequence 

analysis, which implies that the known Fd-binding residues in plastidic FNRs (Kurisu et al., 2001, Mulo 

and Medina, 2017) are markedly different from FNRL (Fig. S1). These results are in line with the 

previous finding showing that inactivation of the two A. thaliana leaf-type FNR isoforms is lethal 

(Lintala et al. 2012), further supporting the view that FNRL does not have redundant function(s) with 

leaf-type FNRs. It remains to be seen whether principle function of FNRL is as a diaphorase, oxidising 

NADPH and reducing a specific metabolite, or whether it has protein electron transfer partners. The A. 

thaliana genome encodes genes for 6 [2Fe-2S] cluster Fd type proteins. Three of these (AtFd1, AtFd2 

and AtFd3) are standard leaf and root isoforms, capable of supporting classical Fd-dependant reactions 
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such as NADP+ photoreduction, nitrite and sulfur assimilation (Hanke et al., 2004). If FNRL interacted 

with any of these, some degree of interaction with the Fd1 column (Figure 3I) would expected. It is 

possible that either Fd4 or one of the novel [2Fe-2S] Fds with extended C-termini (FdC1 and FdC2) 

could act as electron transfer partners. Unlike FNRL (Fig. S5), Fd4 has no known homologues in other 

plant species (Hanke et al., 2004), and therefore seems an unrealistic candidate. FdC1 can accept 

electrons from PSI (Voss et al., 2011), and we therefore checked whether this might be an electron 

transfer partner with FNRL, but also found that interaction did not occur. FdC2 is highly unstable 

(unpublished data), and therefore not amenable to the Fd-resin interaction assay. We therefore cannot 

discount it as a possible interaction partner.  

FNRL is considerably slower in the HT process from NADPH than the leaf-type, root-type or bacterial 

FNRs (Fig. 3; Bortolotti et al. 2014, Sánchez-Azqueta et al. 2012, 2014, Tejero et al. 2007). Moreover, 

the reduction of FNRL by NADPH differs with respect to the stabilization of FNRL CTCs (Bortolotti 

et al. 2014, Peregrina et al. 2010, Sánchez-Azqueta et al. 2012, 2014, Tejero et al. 2007). Notably, 

differences in CTCs stabilization have also been reported between bacterial-type FPRs relative to 

plastidic FNRs, as well as upon mutation of key residues in plastid FNRs (Bortolotti et al. 2014, Lans 

et al. 2010, Peregrina et al. 2010, Sánchez-Azqueta et al. 2014). Such differences are related to 

dissimilarities in the geometric disposition of the reacting rings in the catalytically competent 

complexes, in the nature of residues at the re-face of the isoalloxazine where the coenzyme nicotinamide 

moiety is expected to stack for catalysis, or to the bipartite binding of the coenzyme (Sánchez-Azqueta 

et al. 2014). These findings and the structural model of FNRL (Fig. 1) suggest that the coenzyme 

approach and final geometry of the reacting complex of FNRL will be more similar to that expected in 

bacterial FPRs than to plastidic-FNRs. Finally, the capacity of FNRLox to be fully reduced by NADPH, 

combined with the fact that only a small percentage of FNRL molecules are in a conformation able to 

interact with the oxidized form of the coenzyme, suggests that the in vivo equilibrium of the FNRL 

reaction favours NADPH oxidation over the reverse process.  
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Figure legends 

Figure 1. Overall fold of the predicted 3D structure for FNRL and ligand binding site. (A) FNRL is 

likely to fold into a structure that resembles bacterial FPRs with an N-terminal ferredoxin reductase-

type FAD-binding domain with six β-strands (green) and an α-helix (violet), as well as a C-terminal 

oxidoreductase FAD/NAD(P)-binding domain built from a central five-stranded β-sheet (green) and 

flanked by two α-helices on each side (pink). FAD and NADP+ are shown as sticks in grey. FNRL is 

more like bacterial FPRs than plastidic FNRs because of the lack of a β-hairpin structure typical for 

plastidic FNRs after β5. For comparison, the magnification shows this area in FNRL (green) when 

superimposed on pea FNR (grey, β-hairpin in pink). (B) FAD likely binds to FNRL in a bent 

conformation typical for bacterial FPRs. The FAD-binding site is highly hydrophobic, while hydrogen 

bonds from Ser and Thr residues contribute to the specificity and affinity. Instead, NADP+ is bound 

through electrostatic interactions from positively charged Arg and Lys residues to the negatively 

charged phosphate groups, while several hydrogen bonds are formed from polar residues to the rest of 

the molecule. 

Figure 2. Spectral properties of FNRL. (A) Visible absorption spectrum of FNRL (solid line) and of its 

released FAD cofactor (dotted line). (B) Fluorescence spectrum of FNRL (4.75 µM) in the aromatics 

emission region recorded in 5 mM HEPES, 30 mM NaCl, pH 7.0. (C) Fluorescence spectrum of FNRL 

(47.5 µM) in the flavin cofactor emission region recorded in 50 mM HEPES, 300 mM NaCl, pH 7.0. 

(D) Far-UV CD spectrum of FNRL (4.75 µM) recorded in 5 mM HEPES, 30 mM NaCl, pH 7.0.  € 

Near-UV-Vis CD spectrum of FNRL (4.75 µM) recorded in 50 mM HEPES, 300 mM NaCl, pH 7.0. 

Fluorescence and CD spectra were recorded at 15 °C. 

Figure 3. FNRL activity with NADPH and interaction with NADP+. (A) The pH optimum was 

determined by measuring DCPIP reduction activity in buffers with different pH and constant ionic 

strength of 300 mM. (B) The salt optimum was determined by measuring DCPIP reduction activity in 

buffers with variable NaCl concentration, but a constant pH of 7. (C) Michaelis-Menten Profile for the 

NADPH diaphorase activity of FNRL in 50 mM HEPES, 300 mM NaCl, pH 7.0, at 25°C. (n=3, ± SD). 

(D) Difference absorption spectra elicited by the titration of FNRLox (20 μM) with NADP+ (0-70 μM) 

in 50 mM HEPES, 300 mM NaCl, pH 7.0, 5% glycerol at 25 °C. (E) Experimental calorimetric titration 

of 28 µM FNRL with NADP+ (200 µM in the ITC syringe). The upper and lower panels show 

respectively the thermogram and the corresponding binding isotherms with integrated heats. 

Experiments were carried out in 50 mM HEPES, 300 mM NaCl, 5% glycerol, pH 7.0 at 25 °C. (F) Tm 

shifts observed by differential scanning fluorescence upon increasing the NADP+ concentration (from 

0 µM (black circles and thick black line) to 175 µM (light grey circles and thin light grey line) of a 

sample containing 5 µM FNRL. Experiments were carried out in 50 mM HEPES, 300 mM NaCl, pH 
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7.0, 5% glycerol. Thermal stability curves are plotted against the normalized fluorescence signal.  The 

inset shows the dependence of DTm/Tm on the NADP+ concentration and data fit to Eq. 1. (G) Spectra 

recorded at 0.0002 s (thick black line), 0.15 s, 0.5 s, 1 s, 2 s, 4 s, 8 s, and 20 s (light grey line) after 

mixing in the stopped-flow instrument of 24 μM FNRLox with 300 µM NADPH under anaerobic 

conditions. The insert shows time evolution of the absorption at 460 nm (line, left y-axe) and 577 nm 

(dotted line, right y-axe). Residuals for fittings are shown at the bottom. Experiments carried out in 20 

mM HEPES, 300 mM NaCl, pH 7.0, 5% glycerol, 10 mM glucose, 10 U ml-1 glucose oxidase, at 10 °C 

and under anaerobic conditions. (H) Absorbance spectra for the A (black), B (dark grey), C (grey) and 

D (light grey) spectroscopic intermediate species obtained by global analysis. The insert shows time 

evolution of spectroscopic species. (I) Affinity of AtFd1 to FNRL and ZmFNR2. Fd1 was immobilized 

on sepharose and challenged by the addition of FNRL (bold line) or ZmFNR2 (line) in 50 mM Tris-

HCl, pH 7.5 and 0 mM NaCl. Thereafter, a salt gradient in the same buffer to 300 mM NaCl was applied 

to disrupt salt-bridging (gradients denoted by dashed-dotted and dotted lines respectively) and elution 

of the protein followed at AU280.  

Figure 4. Expression and location of FNRL. (A) A representative Western blot showing the localization 

of FNRL. The proteins were separated using 12% SDS-PAGE with 6 M urea. D1 protein was used as a 

thylakoid marker.  (B) FNRL gene and FNRL protein expression during day-night cycle. FNRL 

expression was studied with qRT-PCR (light grey) and protein amount with immunoblotting (dark 

grey). Black bar on the x-axis depicts the dark period of the day and white bar the light period. 


