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Photohydrogen generation in microalgae is catalysed by 

hydrogenases, which receive electrons from photosystem I via 

the ferredoxin PETF. The dominant acceptor of 

photosynthetic electrons is, however, the ferredoxin-NADP+-

oxidoreductase (FNR). By utilizing targeted ferredoxin and 

FNR variants in a light-dependent competition assay, 

electrons can be redirected to the hydrogenase yielding a five-

fold enhanced hydrogen evolution activity. 

INTRODUCTION 

Dihydrogen (H2) has the highest mass energy density of all known fuel types 
and as it can be generated from and converted back into water it is one of the 
most attractive energy carriers to appease both, the world’s climate and 
energy crisis.1, 2 The solar-driven bio-H2 production by microalgae like 
Chlamydomonas (C.) reinhardtii complements chemical technologies for 
solar fuel generation.3 Upon sulfur or nitrogen depletion C. reinhardtii 
switches to anaerobic growth conditions.4-6 As a consequence of 
anaerobiosis, the [FeFe]-hydrogenase HYDA1 is expressed.7 It receives 
electrons from photosystem I (PSI) via the plant-type photosynthetic electron 
transport ferredoxin (PETF) for catalysing the reversible reduction of protons 
to H2.

8, 9 Under normal growth conditions PETF provides photosynthetic 
electrons for a variety of different metabolic pathways such as the 
assimilation of nitrate, sulfate and ammonia, as well as the reductive 
regeneration of glutathione. 10 Most of its electrons are, however, used for 
CO2-fixation mediated by the PETF-dependent ferredoxin NADP+ 
oxidoreductase (FNR) (Fig. 1).11  
While [FeFe]-hydrogenases can achieve very high turnover rates of up to 104 
molecules H2 per second in vitro12, H2 evolution is strongly limited in vivo by 
the O2 sensitivity of the hydrogenase13 and the availability of reduced 
PETF.14 The latter issue has been addressed in several studies demonstrating 
that through down-regulation of competing processes the electron flow of 
photosynthetic electrons can be redirected towards the hydrogenase HYDA1 
inducing enhanced H2 photoproduction.15-18 Very recently it has been shown 
that a knock-down of FNR expression in C. reinhardtii leads to a 2.5-fold 
higher H2-production activity under sulfur deprivation.19 In another drastic 
approach Yacoby et al. were able to increase H2 photoproduction using a 

PETF/HYDA1 fusion protein thus enforcing the bias of PETF to switch from 
FNR to HYDA1.20 
However, for a stable photosynthetic growth a certain level of FNR activity 
has to be conserved and independent PETF is mandatory to dissipate at least 
a minor fraction of electrons to other essential redox pathways. In the long 
run a more subtle approach will be favored to develop a healthy growing 
algal strain with a strong but not self-destructive solitary focus on H2 
production. 
In the current study, we follow a new approach at the molecular level aiming 
to reduce the PETF affinity for FNR without affecting its interaction with 
HYDA1. Both interactions are driven by Coulomb forces between conserved 
acidic PETF residues near the [2Fe-2S]-cluster with 
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Fig. 1 Scheme showing competing electron transfer pathways in the 
chloroplast  of the microalga C. reinhardtii leading either to H2 or NADPH 
production. The surface presentation of PETF is shown with the residues 
closer than 7 Å to the [2Fe-2S]-cluster (black spheres) in dark grey. PETF 
residues affected by HYDA1-binding are coloured red (cf. Fig. 3). Residues 
D19 and D58 (see text) are in blue. H2 production by HYDA1 requires 
anaerobic conditions (grey box). PSI and PSII, photosystems I and II, 
respectively; PQ, plastoquinone pool; PC, plastocyanine; Cyt, cytochrome. 

corresponding basic residues on HYDA1 and FNR. Many of the contact sites 
for the PETF/FNR interaction have already been identified using 
mutagenesis21 and NMR-titration studies.22, 23 The PETF/HYDA1 interaction 
has also been investigated based on mutagenesis studies.9 These 
investigations were, however, not specifically aimed at a differentiation 
between the PETF/HYDA1 and PETF/FNR contacts.  
 
 

RESULTS AND DISCUSSION 

To distinguish between contacts of PETF to HYDA1 and FNR, we conducted 
parallel NMR titrations of 15N-labeled PETF with increasing amounts of 
HYDA1 or FNR and monitored the magnitude of the chemical shift changes 
(∆δHN) of the backbone amide resonances of PETF using 1H-15N-TROSY-
HSQC experiments (Fig. 2, see further details in ESI†).24 

In our study, the largest NMR chemical shift perturbations upon complex 
formation with HYDA1 and FNR were observed for the backbone amides of 
residues 23-28, 58-67 and 89-94 and, indeed, most identified PETF residues 
are involved in complex formations with both proteins (Fig. 3).  

 

Fig. 3 NMR chemical shift perturbation of PETF upon complex formation 
with HYDA1 and FNR. Average backbone amide chemical shift changes 
(∆δHN) for free and bound PETF at a 15-fold excess of HYDA1 (bars) and 
FNR (black line) were calculated according to the equation ∆δHN = [(∆δH

2 + 
0.2∆δN

2)/2]1/2 and plotted versus the residue number. Red bars indicate PETF 
residues with ∆δHN ≥ 0.01 ppm upon HYDA1-binding. A grey background 
highlights the PETF regions known to bind to FNR (Table S1 in ESI†) which 
exhibit also the largest chemical shift changes upon complex formation with 
HYDA1 and FNR. 

In addition, these residues are similar to the FNR-binding interfaces of highly 
homologous PETF molecules from other species (Table S1 in ESI†)21, 22 and 
protrude to three directions from the [2Fe-2S]-cluster which is located close 
to one side of the molecular surface of PETF.25 Overall, the observed 
chemical shift perturbations are small suggesting multiple orientations of the 
proteins in the complex, which have also been described for other electron 
transfer complexes like myoglobin/cytochrome b5

26, cytochrome 
c/cytochrome b5

27 and superoxide reductase/rubredoxin.28 Importantly, when 
comparing the chemical shift changes for PETF/HYDA1 and PETF/FNR the 
two aspartate residues D19 and D58 can be identified as only affected upon 
FNR-binding (Figs. 2 and 3). The other residues, that are only significantly 
affected when FNR, but not when HYDA1 binds to PETF, are either not 
solvent accessible (Val54, Gln56, Thr87) or marginally affected in reduced 

PETF (Tyr1, Tyr21, Asp55) (for further details see ESI†, Figs. S1-S3). The 
chemical shift changes indicate D58 as a part of the PETF-binding interface 
for FNR and as an immediate neighbor of the PETF-binding interface for 
HYDA1 (Fig. 3). Remarkably, D19 does not belong to the residues 

Fig. 2 NMR-titration analysis of the interaction of PETF with HYDA1 and FNR. Overlay of 1H-15N TROSY-HSQC spectra of PETF with HYDA1 (a) and 
FNR (b) at ratios of 1:0 (red), 1:1 (orange), 1:5 (cyan), 1:10 (blue) and 1:15 (violet). Backbone amide signals for residues 35-45 and 73-76 were not observed 
in the NMR-spectra due to a distance < 7 Å to the paramagnetic [2Fe-2S]-cluster. 
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surrounding the [2Fe-2S]-cluster (Fig. 1). A possible explanation for its 
importance is provided by the X-ray structure of the homologous PETF/FNR 
complex from maize leaf.22 In this structure, D19 is about 12 Å away from 
the apparent N-terminal FNR residue, however, this structure is 18 and 13 
amino acids shorter at the N-terminus compared to the native FNR of maize 

leaf and C. reinhardtii, respectively. These missing N-terminal residues 
might form an embracing loop with PETF and interact with D19 (Fig. S4 in 
ESI†). The identification of D19 and D58 of PETF as being solely important 
for the PETF/FNR and not for the PETF/HYDA1 complex suggests the 
differentiation between individual binding partners as a so far unknown 
function of the negatively charged residues of plant-type ferredoxins. 
To investigate the potential use of D19 and D58 of PETF for improving bio-
H2 production their importance for differentiating between FNR and HYDA1 
was confirmed by mutagenesis to alanine. The resulting three PETF variants 
(PETF-D19A, -D58A and -D19A/D58A) were examined in a light-driven H2 
production assay in absence and presence of FNR for their efficiency to 
donate electrons to HYDA1. This assay is a simplification of an earlier 
described reconstitution system9 on the basis of proflavine (PF) as a 
photosensitizer substituting PSI. The original upstream electron transfer 
compounds 2,6-dichlorphenolindophenol and plastocyanine were omitted and 
instead of ascorbate a low concentration of EDTA was used as a sacrificial 
electron donor. To assess H2 production by HYDA1 in direct competition 
with NADPH-production by FNR, equimolar concentrations of HYDA1 and 
FNR were used. The FNR co-substrate NADP+ was further included 
alongside with the enzyme nitrate reductase from Aspergillus niger29 to 
ensure a constant co-substrate recycling (Fig. 4, see further details in ESI†).  

 

Fig. 4 Schematic illustration of the electron transfer pathway of the light-
dependent H2 production assay to investigate the competition between 
HYDA1 and FNR for reduced PETF. PF = proflavin; NAR = nitrate 
reductase; red = reduced; ox = oxidized. 

In absence of FNR, the measured light-dependent HYDA1-activity remains 
almost unchanged for mutant-PETF when compared to wildtype (wt)-PETF 
(Fig. 5). However, in presence of FNR the H2 production level of HYDA1 
with wt-PETF is diminished to only 7% (Fig. 5) due to the significantly lower 
affinity of PETF for HYDA1 (21-35 µM)9, 30 than for FNR (2.6-6.6 µM).31 

This HYDA1-activity is the control level of the competition assay, in which 
PETF-D19A exhibits an about 1.5-fold and PETF-D58A a 2.5-fold increased 
H2 production (Fig. 5b). Importantly, H2 production with PETF-D19A/D58A 
is even 4-fold increased indicating a synergistic enhancement of the single 
effects (Fig. 5b). These results confirm the role of the acidic PETF residues 
D19 and D58 for distinguishing HYDA1 and FNR. The high homology 
between plant-type [2Fe-2S]-ferredoxins from different origins (Fig. S5 in 
ESI†) further suggests a general importance of residues D19 and D58 to 
direct electrons towards FNR. Apart from that, PETF-D19A/D58A promises 
to be valuable for the bioengineering of an efficient H2 production pathway.  

 

Fig. 5 Rates of light-dependent H2 production determined for HYDA1 with 
wt- or mutant-PETF in absence (-FNR) and in presence of wt- or mutant-
FNR (+FNR). The indicated 7% HYDA1-activity in presence of FNR refers 
to 100% HYDA1-activity in absence of FNR. Error bars depict the standard 
deviation of 4 independent measurements. 

The profound shift of electron transfer away from FNR towards HYDA1 is 
even more pronounced when FNR variants are used that exhibit a decreased 
PETF-dependent catalytic efficiency.31 The two FNR variants which have 
been earlier described to be affected either in the PETF affinity (FNR-K83L) 
or in the PETF-dependent maximum reaction rate (FNR-K89L) were assayed 
in comparison to wt-PETF (Fig. 5). FNR-K83L and -K89L allow for H2 
production rates about 1.5- and more than 2.5-fold higher than the control 
level, resembling the effects of PETF mutagenesis. Importantly, H2 
production is increased about 5-fold compared to the control level when 
performing the assay with FNR-K89L and PETF-D19A/D58A (Fig. 5b). This 
almost additive effect demonstrates that the electron transfer hierarchy can be 
most effectively shifted by addressing both, FNR and PETF.  
We also examined PETF-D19A/D58A in the light-dependent H2 production 
assay with PSI, which is the native electron donor for PETF and hence 
mimics more closely the in vivo situation in C. reinhardtii. In this PSI-
dependent assay, light-driven H2 production is slightly decreased for PETF-
D19A/D58A in absence of FNR (Fig. 6) indicating that at least one exchange 
slightly affects the interaction with PSI. Nevertheless, the H2 production 
activity in presence of FNR is increased about 3-fold for PETF-D19A/D58A 
compared to wt-PETF (Fig. 6) reproducing the result of the proflavin-
dependent assay. 

 

                              

Fig. 6 PSI-dependent H2 photoproduction rates of HYDA1 with wt-PETF 
and PETF-D19A/D58A in absence (-FNR) and presence of FNR (+FNR). 
Error bars depict the standard deviation of 3-4 independent measurements. 

Our knowledge-based variant PETF-D19A/D58A may be used in addition to 
or as part of a PETF/HYDA1 fusion protein as published by Yacoby et al. 20 
to achieve the best H2 production capacities. Furthermore, an implementation 
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of these modifications within a C. reinhardtii strain like Stm6 with an about 
5-fold higher H2 evolution yield16 

is a promising strategy to increase the 
efficiency of microalgal H2 production beyond the 5% light energy-to-H2 
conversion efficiency which is expected to be required for a commercial 
use.32  

CONCLUSIONS 

Conserved PETF aspartic acid residues D19 and D58 are crucial for the 
differential recognition of FNR and HYDA1 as electron transfer binding 
partner. Mutation of these residues to alanine suppresses FNR binding and 
redirects PETF electron flow towards HydA1 thus enhancing in vivo 
hydrogen production. It can be anticipated that also in other metabolic 
pathways highly conserved acidic ferredoxin residues are relevant for 
molecular recognition of its binding partners. The effects of PETF and FNR 
genetic modifications are additive,, i.e. the interaction efficiency of PETF for 
FNR can be further reduced by employing targeted FNR-K89L variants in 
combination with PETF-D19A/D58A variants. This combined metabolic 
engineering approach opens new avenues for the design of H2-producing 
organisms with an increased photofermentative H2 production. 

MATERIALS AND METHODS 
 
Protein preparation 

All FeS-cluster containing proteins were heterologously expressed in 
Escherichia coli BL21(DE3)∆iscR33. Recombinant HYDA1 
holoprotein and PETF from C. reinhardtii were expressed and prepared 
as described earlier.9, 34  Site directed exchanges were introduced 
following the QuikChange procedure described for the site-directed 
mutagenesis kit from Stratagene (Agilent Technologies). Introduced 
mutations were confirmed by DNA sequencing (3130x Genetic 
Analyzer, Applied Biosystems). The fnr cDNA of C. reinhardtii was 
amplified excluding the N-terminal sequence part that covers the 
chloroplast transit peptide35 and cloned behind the Strep-tag II sequence 
of expression vector pASK-IBA7 (IBA GmbH, Goettingen). FNR was 
expressed in E. coli BL21(DE3)pLysS using lysogeny broth (LB) 
medium and purified analogously to PETF. Protein purity was verified 
via SDS-PAGE and Coomassie staining (Fig. S6).   
Samples for NMR spectroscopy were expressed using E. coli codon 
optimized genes of C. reinhardtii PETF and HYDA1 inserted into 
pET21b. The expression plasmid for PETF contained a C- terminal 
TEV cleavage site preceded by a Strep-tag II and the expression 
plasmid for HYDA1 contained a N-terminal TEV cleavage site 
followed by a Strep-tag II. To prepare 15N- and 13C/15N-labeled 
samples, E. coli cells were grown in M9-based minimal medium 
containing 15NH4Cl and/or 13C6-glucose. For purification, following 
affinity chromatography, the protein was incubated with TEV protease 
at a ratio of 1:1 (w/w) overnight at room temperature to remove the 
Strep-tag. The plasmid for expressing TEV protease was a gift of the 
Arrowsmith lab. The His6-tagged TEV protease was removed with 
Talon beads (Clontech) and PETF was further purified by gel filtration 
using a Superdex 75 16/60 (GE Healthcare). Recombinant apo-HYDA1 
was activated by adding of [Fe2(CO)4(CN)2[(SCH2)2NH]]2-.  
 
NMR spectroscopy 

NMR samples contained 0.1-1 mM PETF in 50 mM potassium 
phosphate pH 6.8, 50 mM NaCl and 10% D2O (v/v). All NMR 
experiments were acquired at 298 K on a Bruker AVANCE 600 
spectrometer equipped with a cryogenic probehead. The 3D spectra 
employed a non-uniform sampling scheme in the indirect dimension 
und were reconstructed by the multi-dimensional decomposition 
software MDDNMR36 interfaced with the MDDGUI37 and 
NMRPipe/NMRDraw38. Backbone assignments were obtained using 
standard triple resonance experiments39. All spectra were analyzed 
using Sparky (T. D. Goddard and D. G. Kneller, University of 
California, San Francisco).  
 

NMR titration experiments 

PETF complex formation with HYDA1 and FNR was monitored by 
recording a series of 2D 1H-15N-TROSY-HSQC experiments of a 100 
µM 15N-labeled PETF solution with binding partner at a molar ratio of 

1:0, 1:1, 1:2, 1:5, 1:10 and 1:15. Weighted averages of the 1H and 15N 
backbone chemical shift changes of a particular residue were calculated 
according to the equation ∆δHN = [(∆δH

2 + 0.2∆δN
2)/2]1/2 

 

Measurement of light-driven hydrogen production and competition 

assay  

To determine the light-driven H2 production, 50 nM HYDA1 was 
combined with wild type (wt) or mutant forms of 20 µM PETF. The 
total volume of 200 µl contained 40 mM  EDTA (ethylene-
diaminetetraacetic acid) as sacrificial electron donor and 200 µM 
proflavine (acridine-3,6-diamine) as a photosensitizer in 100 mM 
potassium phosphate pH 6.8, supplemented with 1 mM sodium 
dithionite and 3 mM NaNO3.  
To determine the H2-production efficiency of HYDA1 under 
competitive conditions, 50 nM FNR and 2 mM NADP+ were added. For 
stabilizing the level of NADP+ and thus the competitive efficiency of 
the FNR during the H2-production period, 0.36 U of nitrate reductase 
(NAR) from Aspergillus niger (Sigma-Aldrich) was further included. 
Compound concentrations were adjusted for optimal H2-production 
efficiency (Fig. S7). 
PSI-dependent H2-photoproduction was measured as described earlier30. 
The assay comprised 5 mM sodium ascorbate, 0.6 mM DCPIP (2,6-
Dichlorphenol-indophenol), 30 µM plastocyanin, 20 µM PETF, 50 nM 
HYDA1 in 20 mM Tris pH 7.4, 20 mM MgCl2, 0.03% ß-DM, 1 mM 
sodium dithionite and 3 mM NaNO3. PSI was added corresponding to 
the amount of 5 µg chlorophyll (Chl). For determining the PSI-
dependent HYDA1-activity under competitive conditions 50 nM FNR, 
2 mM NADP+ and 0.036 U NAR were added. 
All reaction samples were prepared under anoxic conditions in 2 ml 
Eppendorf tubes and sealed with Suba-Seal stoppers (size 13, Sigma-
Aldrich). After sparging the reaction mixture with argon for 5 min, the 
reaction tubes were light-exposed (1200 µmol photons m-2 s-1) under 
constant shaking at 37 °C. H2-production was determined after 30 min 
by analyzing 400 µl of the head-space via gas chromatography (GC-
2010, Shimadzu). 
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Broader context 

 

The most urgent challenge of our time is to replace the dwindling resources 

of fossil fuels by sustainable non-polluting alternatives. Hydrogen is a 

promising energy vector and can be utilized as a regenerative carrier of 

emission-free energy especially when produced photo-biologically. 

Unicellular green algae like Chlamydomonas reinhardtii are known to 

produce hydrogen light-dependently. Their highly efficient [FeFe]-

hydrogenase (HYDA1) catalyzes the reversible reduction of protons and 

electrons to dihydrogen. However, evolutionary and physiological constraints 

severely restrict the hydrogen yield of algae. An important key to achieve an 

economically viable biohydrogen production is the understanding and 

modulation of the photosynthetic electron flow via the ferredoxin PETF to 

HYDA1 which is limited by its competition with enzymes of other metabolic 

pathways. The most important alternative electron transfer pathway results in 

NADPH production by the ferredoxin/NADP+-oxidoreductase (FNR). Here, 

we were able to identify targets for manipulating the common redox-partner 

binding site of PETF to selectively shift the bias of PETF from FNR towards 

HYDA1. Indeed, genetic modifications of the identified residues result in an 

enhanced light-driven hydrogen production and might lead to the design of 

an economically competitive hydrogen producing organism. 
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