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A B S T R A C T

Utilization of electrons from the photosynthetic water splitting reaction for the generation of biofuels, com-
modities as well as application in biotransformations requires a partial rerouting of the photosynthetic electron
transport chain. Due to its rather negative redox potential and its bifurcational function, ferredoxin at the ac-
ceptor side of Photosystem 1 is one of the focal points for such an engineering. With hydrogen production as
model system, we show here the impact and potential of redox partner design involving ferredoxin (Fd), fer-
redoxin-oxido-reductase (FNR) and [FeFe]‑hydrogenase HydA1 on electron transport in a future cyanobacterial
design cell of Synechocystis PCC 6803. X-ray-structure-based rational design and the allocation of specific in-
teraction residues by NMR-analysis led to the construction of Fd- and FNR-mutants, which in appropriate
combination enabled an about 18-fold enhanced electron flow from Fd to HydA1 (in competition with equimolar
amounts of FNR) in in vitro assays. The negative impact of these mutations on the Fd-FNR electron transport
which indirectly facilitates H2 production (with a contribution of ≤42% by FNR variants and ≤23% by Fd-
variants) and the direct positive impact on the Fd-HydA1 electron transport (≤23% by Fd-mutants) provide an
excellent basis for the construction of a hydrogen-producing design cell and the study of photosynthetic effi-
ciency-optimization with cyanobacteria.

1. Introduction

Cyanobacteria harvest light energy with particular efficiency and
transform it into chemical energy - a process which goes along with
CO2-fixation and oxygen release. Due to the many steps involved in this
process, the final efficiency of photosynthesis - based on the output of
sugar or related compounds - is very low, routinely below 1% [1]. It is
therefore tempting to modify the natural cyanobacterial metabolism to
shorten the process of energy transformation as much as possible in
order to increase the efficiency and to capture compounds suitable for
long-term energy storage directly from photosynthesis. Hydrogen (H2)
fulfills these requirements and is one of the possible photosynthetic
products of both, cyanobacteria [2] and green algae [3,4]. Besides its
high energy content and unmatched environmental sustainability, H2 is

easily harvested due to its release from the cells into the medium. The S-
deprivation metabolism of green algae like Chlamydomonas reinhardtii
provides an impressive natural example for an enduring and productive
photohydrogen evolution activity based on the [FeFe]‑hydrogenase
HydA1; remarkably, this enzyme is directly coupled to the photo-
synthetic electron transport via the plant-type ferredoxin PetF [5,6].
Several trials to implement and optimize an [FeFe]‑hydrogenase-based
photohydrogen metabolism in cyanobacteria emulating the example of
C. reinhardtii have been made [7,8]. Among them, the heterologous
expression of a clostridial [FeFe]‑hydrogenase in Synechococcus elon-
gatus sp. 7942 and its coupling to Photosystem 1 (PS1) via Fd of the host
was most successful [9]. While photohydrogen evolution clearly ex-
ceeded the H2-production activity of the native [NiFe]‑hydrogenase, it
did not reach the level of anaerobic C. reinhardtii cultures. This is
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possibly due to insufficient enzyme maturation and the rather low
compatibility of the heterologous clostridial HYDA to the electron
mediator PetF (Fd) of the host cell. A major reason is the complex
structure of clostridial [FeFe]‑hydrogenase that requires the synthesis
of four additional [FeS]-clusters besides the active center cofactor (H-
cluster) and that also has not been evolved to interact with plant-type
ferredoxins. Both problems could be solved by using an algal-type
[FeFe]‑hydrogenase such as HydA1 of C. reinhardtii that requires only
H-cluster maturation and is directly connected to the photosynthetic
electron transfer (PET) through PetF [10]. Photohydrogen production is
also limited by redox enzymes competing with [FeFe]‑hydrogenase for
electrons from Fd – especially ferredoxin-NADP-oxidoreductase (FNR).
In C. reinhardtii a knock-down of FNR expression caused a 2.5-fold in-
crease of photohydrogen production under sulphur-deprivation [11]
which is explained by the KM of Fd for FNR being approximately by a
factor of 10 lower than for HydA1 [5,6].

For this reason, manipulation of the electron flow at the acceptor
side of PS1 that funnels about 90% of the reducing equivalents via Fd
and FNR into CO2 fixation is a decisive step for light driven hydrogen
production in a cyanobacterial “design cell” [12]. It requires a more
detailed understanding about the interactions between reduced ferre-
doxin and both competing redox partners, i.e. FNR and HydA1, on the
molecular level, followed by their modifications: Specific weakening of
the affinity between Fd and FNR will minimize the activity of the
Calvin-Benson cycle and redirect electrons to HydA1. As the extend, up
to which percentage electrons can be re-routed without serious effects
on the whole cell survival, is unknown, various FNR- and Fd-mutants
are necessary in order to be able to fine-tune this manipulation and
achieve maximal rates of hydrogen production from a stable photo-
trophic culture. Although a similar strategy has already been applied
for the respective homologs of C. reinhardtii [13], cyanobacterial sys-
tems are attractive as they are much easier to manipulate genetically
and have a much simpler metabolism.

Generally, redox interactions between separate proteins are realized
by transient, non-covalently bound complexes [14]. Batie and Kamin
[15,16] reported the first FNR mediated electron transfer from Fd to
NADP+/NADPH, with Fd interacting in a 1:1 complex with FNR [17].
In this complex electron tunneling is ensured by the close proximity of
their two prosthetic groups [18,19]. For the Fd/FNR complex of Z.
mays, a distance of 6 Å has been determined between the [2Fe-2S]
cluster of Fd and FAD of FNR [19]. Also, structural analysis reveals
predominantly basic areas on the FNR- and acidic areas on the Fd-
surface within their corresponding binding sites. This indicates that the
transient interaction between Fd and FNR is mainly driven and guided
by electrostatic forces [20]. The same principle applies for the complex
formation between ferredoxin and HydA1, resulting in a large overlap
of the Fd interaction surface areas for HydA1 and FNR [21]. This was
also determined in a nuclear magnetic resonance (NMR) titration ex-
periment with C. reinhardtii proteins comparing the effects of HydA1
and FNR titration on the 1H-15N-HSQC spectrum of 15N-labeled PetF
[13].

Synechocystis ferredoxin (Fed1, PetF) is an 11 kDa soluble, acidic
protein with strongly negative redox potential (Em: −412mV; [22])
and contains a [2Fe-2S] cluster switching between oxidized Fe3+-Fe3+

and reduced Fe3+-Fe2+ state [23,24]. It is involved in both, cyclic and
linear photosynthetic electron flow.

The current study evaluates the impact of single exchange variants
of Fd and FNR from Synechocystis on their protein-protein interaction
and on the partition of reduced Fd for FNR and HydA1, respectively.
Positions for FNR-mutants have been selected on basis of the Fd/FNR
complex structure from Z. mays [19] and analysis of their Fd-dependent
enzyme kinetics. Also, five Fd variants have been generated based on a
thorough NMR analysis of the Fd/FNR/HydA1 interaction profiles. All
mutants have been evaluated in an in vitro competition assay between
FNR and HydA1 which yields valuable information for design principles
of protein-protein interaction and for the construction of a future

hydrogen producing cyanobacterial design cell.

2. Material and methods

2.1. Design of expression constructs of ferredoxin

Plasmid constructs for the expression of Synechocystis ferredoxin-
(petF)-variants in Escherichia coli were generated based on the vector
pASK-IBA7 (IBA-GmbH in Göttingen, Germany). Primers AGTGTAGCT
AGCTATACCGTTAAATTGATCACCCCCGATGG and ATGGTAGGTCTCA
TATCAGTAAGGTCTTCTTCTTTGTGGG were used to amplify petF from
genomic DNA isolated from the Synechocystis sp. PCC 6803 culture. The
amplicon was cloned into pASK-IBA7 via restriction sites NheI and BsaI
thereby excising the DNA region which encodes the Strep-tag II peptide.
The resulting construct pASK-petF was used as template for site-di-
rected mutagenesis using Phusion High Fidelity DNA-Polymerase
(Thermo Fisher Scientific) yielding petF variants D22A, D61A, D67A
and E71A. Oligonucleotides used for each individual site directed mu-
tagenesis are listed in Table S2.

2.2. Protein expression and purification

Due to the fact that no substantial catalytic differences were ob-
served between the long and the short form of FNR – FNRL and FNRS,
respectively (see Fig. S4), all experiments have been performed with
FNRS, which will be designated FNR hereafter (in case of FNR wild type:
FNR-WT).

For the heterologous overexpression of FNR variants or FNRL in E.
coli strain BL21 (DE3) the His6-tagged petH gene of Synechocystis sp.
PCC 6803 (slr1643) was subcloned into the expression vector pASK-
IBA37+ (IBA-Lifesciences, Goettingen, Germany) yielding plasmid
IBA37-petH. The expression construct was also used as template for site
directed mutagenesis using Phusion High Fidelity DNA-Polymerase
(Thermo Fisher Scientific) yielding petH variants D71K, K75A/D and
K78A/D. Primers for petH gene amplification and mutagenesis primers
are listed in Table S2. The expression culture (8×500ml) was in-
oculated with 10ml of a 100ml LB pre-culture grown over night from a
single colony and cultivated under constant shaking (180 rpm) at 37 °C
up to an OD578 of 0.6. FNR expression was induced during the following
6 h of continuous cultivation by the addition of Anhydrotetracycline
(AHT) up to 0.2 μg/ml. Cells were harvested by centrifugation at 4 °C
(20min, 15,900 g), followed by snap freezing of the pellet with liquid
nitrogen and storage at −20 °C until further use. E. coli cell disruption
was achieved by passing the resuspended pellet at 4 °C 7-times through
a French press (1000 psi) (SLM Amico French Pressure Cell Press). For
protein purification an immobilized metal ion affinity chromatography
(IMAC) with 5ml HisTrap crude FF (GE Healthcare) using an ÄKTA
purifier 100 (GE Healthcare) exploiting the presence of an N-terminal
His6-tag was combined with a hydrophobic interaction chromatography
(HIC) (10ml Toyopearl Butyl-650M gravity flow column, Tosoh). FNR
was obtained in 50mM Tris/HCl pH 7.5, 100mM NaCl buffer (for the
activity assays) or in 50mM potassium phosphate pH 6.8, 50mM NaCl
buffer (for NMR titration experiments) and stored at −80 °C.

E. coli BL21 (DE3) ΔiscR was used as host strain for the heterologous
expression of both, [FeFe]‑hydrogenase HydA1 and Fd variants.

Due to the deletion of the gene encoding isc-repressor ISCR this
strain provides an elevated [FeS]-cluster biosynthesis backgound to
ensure the cofactor coverage of overexpressed [FeS]-proteins [25]. For
Fd-expression 2 liter-flasks containing 500ml VB-medium [26] sup-
plemented with 100 μg/ml ampicillin, 50 μg/ml kanamycin and 4%
glucose were inoculated with 20ml LB preculture (300ml LB with 0.1%
glucose including both antibiotics).

For the expression of 15N-labeled Fd, Na(NH4)HPO4 of the VB-
medium was substituted for Na2HPO4 and 15NH4Cl (1.787 g/l VB
medium) was added after autoclaving. Also, the preculture was washed
with 15N-VB Medium (10min, 3838 g, 12 °C) and further cultivated for
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30min. Thereafter, 10ml preculture was used to inoculate 500ml 15N-
VB-Medium (including glucose and antibiotics).

Fd expression was induced (at OD578=0.5) by adding 0.2 μg/ml
AHT and cultivation was extended to 6 h at 37 °C (160 rpm). Cells were
harvested (centrifugation 20min, 15,900 g, 4 °C) followed by mechan-
ical lysis via French press (SLM Amico French Pressure Cell Press). After
centrifugation of the lysate (20min at 39190 g, 4 °C), the supernatant
was precipitated twice by ammonium sulphate (45% and 60%) on ice
followed by centrifugation (30min. at 34950 g, 4 °C) and dialysis of the
supernatant (Membra-Cel® dialysis tubing, MWCO 7 kDa; SERVA
Electrophoresis) overnight in buffer A (20mM Tricin/NaOH, pH 7.8).
The lysat was filtered (0.2 μm), diluted with buffer A and loaded onto a
DEAE-Toyopearl-column (30ml Toyopearl DEAE-650M, Tosoh) using
an ÄKTA purifier 100 (GE Healthcare). Fd-samples, eluted by a linear
NaCl-gradient (0% to 70% buffer B, i.e. buffer A with 1M NaCl) were
pooled and further purified on a gravity flow Q-Sepharose column
(5ml, Amersham Pharmacia Biotech) with a NaCl-gradient from 0 to
0.8 M. Samples with an absorption ratio (A422/A280)> 0.3 were pooled,
concentrated (Amicon®Ultra Centrifugal Filters Ultracel®-10 kDa,
Millipore), resolubilized in buffer C (50mM Tris/HCl, 100mM NaCl,
pH 7.5) and stored at −80 °C.

HydA1 of C. reinhardtii was heterologously overexpressed in the
unmaturated preform in E. coli strain BL21 ΔiscR containing only the
[4Fe4S]-cluster, followed by protein purification and reconstitution of
the 2FeH subcluster according to the previously published in vitro ma-
turation protocol [27,28].

2.3. Sequence alignments and protein structure modelling

Mapping of conserved amino acids in plant-type ferredoxins of
Synechocystis (ssl0020/petF, sll1382, slr1828 and slr0150) was done with
the web-based tool CLUSTAL OMEGA [29]. The conservancy level was
rated as slightly conserved (.), conserved (..) and strongly conserved
(*). A model of Synechocystis FNR was generated using the online tool
SWISS.MODEL [30], based on structural data from Synechococcus PCC
7002 FNR (PDB ID: 2B5O).

2.4. NMR titration

NMR samples contained 100–200 μM 15N-labeled Fd in 50mM po-
tassium phosphate pH 6.8, 50mM NaCl and 10% D2O (v/v). All NMR
experiments have been performed at 298 K on a Bruker AVANCE 600
spectrometer equipped with a cryogenic probehead. Spectra analysis
was done with NMRPipe/NMRDraw [31] and Sparky (T. D. Goddard
and D. G. Kneller, University of California, San Francisco).

The assignment of the amide backbone resonances in the 2D 1H-15N-
TROSY-HSQC experiment is adapted from BMRB entry 16,024 [32]
(Table S1). Potentially participating residues on the Fd side during
complex formation with the different FNR-variants and HydA1 (con-
taining the [4Fe-4S] cluster) were identified by recording a series of 2D
1H-15N-TROSY-HSQC spectra [33] of 15N-labeled Fd with binding
partner at increasing molar ratios. Weighted averages of the 1H and 15N
backbone chemical shift changes Δδ of a particular residue were cal-
culated according to the equation Δδ=[(ΔδH2+ 0.2ΔδN2) / 2]1/2 with
the chemical shift changes for the proton and nitrogen frequency in-
dicated as ΔδH and ΔδN, respectively [34].

2.5. NADP+ photoreduction assay

Effects of mutagenesis in FNR and Fd on the FNR/Fd complex for-
mation have been evaluated by determining the kinetics of NADP+

photoreduction with 5mM sodium ascorbate as sacrificial electron
donor, combined with 600 μM 2,6-Dichlorophenolindophenol (DCPIP)
and 4 μM Cytochrome c6 (from T. elongatus) as electron mediators, PS1
(also from T. elongatus) as photosensitizer (10 μg Chl ml−1), Fd as al-
ternative electron mediator and FNR (WT or mutants, 500 nM) as

electron acceptor (in 40 μl Tricine/NaOH buffer, 20 mM, supplemented
by 10mMMgCl2 and 0.03%w/v n-Dodecyl β-D-maltoside) (see also Fig.
S2). The reaction volume was light exposed (4300 μmol m−2 s−2) and
vigorously mixed for 5min (200 rpm) at 25 °C while the reaction ki-
netics was monitored spectroscopically at 340 nm, following NADPH
generation after adding 1mM NADP+ as substrate. In order to plot the
Fd-dependency of FNR activity, the assay was performed under in-
creasing Fd-concentration (0.25, 0.5, 1, 2, 3.5 and 5 μM).

2.6. Light-triggered competition assay

Effects of targeted amino acid exchanges in the binding interfaces of
FNR and Fd on the interaction partner preference of Fd were tested in
vitro by applying the competition assay for H2 photoproduction acc. to
Rumpel et al. [13]. In this study, HydA1 from C. reinhardtii was assayed
together with wild type and mutagenesis variants of Fd and FNR ori-
ginating from Synechocystis sp. PCC 6803. Instead of PS1, the artificial
dye molecule acridine-3,6-diamine (proflavine) was used as photo-
sensitizer which enabled a significantly increased H2 production vo-
lume, as higher effective photosensitizer concentrations can be used.
Light-dependent H2 production was first determined in the absence of a
competitor using 100mM KPO4, 40mM EDTA, 3mM NaNO3, 200 μM
proflavin, 10 μM Fd and 50 nM HydA1 in a 200 μl reaction mix (see Fig.
S5). The 2ml reaction tubes were sealed with suba seal stoppers and
purged for 5min with argon before being light exposed (photon ra-
diance: 200 μmolm−2 s−2) in a shaking water bath for 30min at 30 °C.
The H2 production yield was determined in a 400 μl head space via gas
chromatography (GC-2010, Shimadzu). For the competition assay the
control assay reaction mix was supplemented by 2mM NADP+, 0.36 U
NAR and 50 nM of FNR-WT or selected variants. The obtained values
have been compared with the respective control sample values without
FNR.

3. Results

Despite their wide distribution, Fd and FNR show a high level of
evolutionary conservation throughout all oxygenic phototrophs.
Especially in case of Fd this largely includes those parts of the surface
area which are responsible for the redox partner interaction: In higher
plants, Fd and FNR are each present as distinct isoproteins in leaf and
root for photosynthesis and heterotrophic metabolism. According to the
crystal structures of both types of Fd/FNR complex from Z. mays and
mutational studies of various charged residues widely distributed on
the interface of both complexes, the area around leaf FNR-K88 and -K91
(homologous to cyanobacterial FNR-K75 and -K78, respectively) was
shown to be a critical region governing the electrostatic interaction
with acidic Fd-residues [35]. We therefore chose K75 and K78 in ad-
dition to D71 as targets for site directed mutagenesis in FNR of Sy-
nechocystis sp. PCC 6803. Notably, K88 and K91 in leaf FNR are sub-
stituted to non-charged residues in root FNR, i.e. they at least partly
contribute to the isotype specific interaction of Fd/FNR and may con-
stitute a fine tuning site for the Fd/FNR interaction. We therefore as-
sumed that similar interaction patterns govern Fd/FNR complex for-
mation in cyanobacteria, green algae and higher plants and used these
sites as blue print for the design of our own FNR-mutants.

Also on the basis of evolutionary conservation, D22 and D61 of Fd
have been chosen as first targets for mutagenesis in Fd of Synechocystis
sp. PCC 6803. These positions correspond to D19 and D58 of Fd from C.
reinhardtii and have been shown to be effective targets for redirecting
light induced electron flow from FNR to HydA1 in the homogeneous
system of algal proteins [13].

3.1. Characterization of structural Fd-FNR/-HydA1 interaction: interfaces

In order to identify additional target sites on the surface of Fd for
the optimization of the electron supply to HydA1 within the
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cyanobacterial design cell, we titrated FNR of Synechocystis or HydA1 of
C. reinhardtii into 15N-labeled Fd and followed binding using 1H-15N
TROSY-HSQC spectra. The combined chemical shift changes (Δδ) of the
15N-Fd amide backbone upon binding to FNR were monitored by NMR
experiments (Fig. 1A), with the interface of Fd interacting with FNR
being classified into four major regions: Region I residues 25–28, region
II residues 33–36, region III residues 61–71 and region IV residues
91–97 (see Fig. 1B). These four regions correspond to the hydrophilic
and acidic patches surrounding the cluster-binding loops and match
very well with the interaction interfaces identified for ferredoxin and
nitrite reductase [36], ferredoxin-thioredoxin reductase [37], hydro-
genase [38] and FNR from different organisms [14,19]. The cluster
binding loops are invisible due to the paramagnetic effect of the [2Fe-
2S] cluster.

Overall, the Fd residues affected by HydA1 binding are very similar
to the residues affected by FNR-binding (see Fig. 1). However, there are
several differences: While I25 and G33, the first residues of region I and
II, do not shift significantly upon HydA1 binding, chemical shift
changes of E30 and E31 between regions I and II exceed the threshold
value of 0.025 ppm. For region III, significant effects already start with
S60 (instead of D61) and end with D68 for HydA1 (instead of E71).
Remarkably, significant chemical shift perturbations of Fd-region IV
upon addition of HydA1 start at T89 and are about twice as large as for
FNR. This indicates that the C-terminus of Fd is especially crucial for
the interaction with HydA1.

Interestingly, Fd-D61 is one of the few polypeptide positions for
which Δδ reaches a value of 0.09 ppm upon titration with FNR, i.e.more
than twice the value achieved in the titration with HydA1. Similar re-
sults were reported for the homologous position in PetF of C. reinhardtii
- D58 – when titrated with FNR [13]. The exchange Fd-D58A resulted in
a 2-fold higher H2-production rate with HydA1 in presence of FNR. In
case of Fd-D22, the effect of the corresponding mutant of the green
algal system - Fd-D19A - could not be observed, with both Δδ values
being< 0.03 ppm. Instead, the presented HSQC spectra suggest a de-
creasing binding affinity of Fd to FNR when targeting positions Fd-D35
and Fd-E71. Their chemical shifts are significantly affected by FNR-, but
not by HydA1-addition and non-conservative exchanges such as Fd-
D35A and Fd-E71A would diminish the negative surface charge for
electrostatic attraction and intermolecular salt bridge contacts. In ad-
dition, larger chemical shift perturbations have been determined for
several other residues of Fd upon FNR-binding when compared to
HydA1-binding. Based on the conservancy level of these amino acids as
criterion, three additional targets have been selected for site directed
mutagenesis: Fd-D67, -Q69 and -E71. Sequence conservancy was de-
termined by aligning the polypeptide sequences of the four Fd isoforms
from Synechocystis sp. PCC 6803, with the three selected positions re-
presenting non-conserved residues to achieve enzyme specificity
without causing unwanted cross effects (see Fig. S6).

3.2. Characterization of functional Fd-FNR/-HydA1 interaction: effects of
targeted exchanges on activity and HydA1/FNR competition

Site directed mutagenesis variants of both proteins have been
characterized concerning their Fd-dependent FNR activity by a PS1-
based NADP+ photoreduction assay [39]. Fig. 2 shows the reduction
rates for various FNR- and Fd-variants in dependence of the Fd-con-
centration: While Vmax of FNR-variants D71K, K75A, K75D and K78A
decreases slightly to 78–89% of FNR-WT activity (Fig. 2A), a strong

decrease (down to 33% of WT) is observed for FNR-K78D. In case of the
Fd-variants, Vmax decreases for Fd-D61A, while being similar to WT for
Fd-D22A; both results are in agreement with the HSQC-experiment.

The effect of the targeted amino acid exchanges was also evaluated
by an in vitro H2-photoproduction assay in competition with hydro-
genase from C. reinhardtii [13] (see Fig. 3). Depending on the affinity of
Fd for HydA1 and FNR, respectively, Fd is either oxidized by HydA1
resulting in H2 production or by FNR resulting in NADP+ reduction.
Additionally, NADP+ is recycled in the assay by addition of nitrate
reductase and its substrate NaNO3, enabling an unlimited potential for
NADP+ photoreduction. In the presence of equimolar amounts of
competitive FNR-WT, the H2 photoproduction rate of HydA1 is reduced
to 2–4%. This rate increases to about 30% in presence of FNR-mutant
K78D. As other FNR variants resulted in lower H2 production rates (i.e.
≤5% of the standard rate), they have not been considered for the
second optimization stage which focused on Fd-variants D22A, D61A,
D67A, Q69A and E71A as pre-selected by NMR spectroscopy [13].

The impact of these Fd variants on H2-photoproduction activity was
tested in competitive equilibrium assays with HydA1 and either FNR-
WT or FNR variant K78D, respectively. In the absence of FNR, the H2-
photoproduction detected for the different Fd variants was between 82
and 123% of the WT control demonstrating that the chosen Fd-muta-
tions, as expected according to the NMR titration with HydA1, had no
severe influence on the Fd-HydA1 interaction (Fig. 4A). Addition of
FNR-WT reduced the H2-photoproduction rate to< 4%, i.e. about half
of the activity achieved with the corresponding C. reinhardtii proteins
[13], while variations of Fd's interaction surface area had only a low
impact on the interaction with FNR-WT (Fig. 4B). However, these dif-
ferences were more pronounced when FNR-variant K78D was used as
HydA1 competitor (Fig. 4B).

While NMR titration experiments of Fd-WT with FNR-WT show for
position Q69 distinctly larger chemical shift difference compared to the
titration with HYDA1 (Fig. 1B), there is no significant increase in the
H2-photoproduction activity with Fd-Q69A in the competition assay
with either FNR-WT or FNR-K78D. In contrast, other Fd-mutants re-
sulted in increased activity: D22A (+6%), E71A (+15%), D67A
(+17%) and D61A (+27%) when assayed with FNR-K78D (Fig. 4B).
While the slight positive effect of D22A was unexpected, the impact of
the other mutations on H2 production activity is reflected by the extent
of the chemical shift difference in the NMR titrations with FNR (com-
pare bars in Fig. 1B to activity levels in Fig. 4). This confirms the po-
tential of comparative NMR titration experiments for a reliable pre-
diction of selective recognition profiles. In case of Fd-D22A there is only
a slight impact on the competition between HydA1 and FNR (Fig. 4B);
in contrast, Fd-D61A shows the most prominent effect of all examined
Fd variants with FNR-K78D, achieving 73% of the activity measured for
the control sample without FNR.

Finally we investigated the competition effects of different FNR
variants in combination with the most effective Fd variant, Fd-D61A.
However, only double mutants of FNR-K75D/A and FNR-K78D resulted
in further enhancements in photohydrogen evolution in comparison
with FNR-K78D and Fd-WT (see Fig. S8). Especially variations at po-
sition FNR-K75 (see Fig. 3) increased the H2-production (add. 5–12%).

4. Discussion

The ferredoxin-FNR interaction fulfills an essential role in photo-
synthetic electron transport, as the affinity of both proteins is decisive

Fig. 1. Identification of potential mutagenesis positions in Fd via NMR titration with FNR and HydA1. A: 15N,1H TROSY-HSQC spectra of 15N-Fd recorded at 298 K and 600MHz. Overlay
of the spectra in the absence of FNR (red), and for Fd:FNR-ratios of 1:0.02 (orange), 1:0.05 (cyan), 1:1 (violet) and 1:2 (blue). B: Comparison of chemical shift perturbations and
interaction surface mappings for Fd upon complex formation with FNR and HydA1. Backbone amide chemical shift changes of 15N-labeled Fd upon adding a 2-fold excess of FNR (bars)
and a 6-fold excess of HydA1 (blue circles). Interacting regions indicated by grey squares correspond to the following residues: region I (I25-A28), region II (G33-L36), region III (D61-
E71) and region IV (H91-Y97). The broken grey line indicates the resolution limit of 0.025 ppm. C–D: Chemical shift changes mapped onto the 3D surface of Fdsyn for FNR- (C) and HydA1-
binding (D). Amino acid positions were colored corresponding to the chemical shift changes acc. to the following code: Yellow 0.025–0.05 ppm, orange 0.05–0.1 ppm and red>0.1 ppm.
*Residues marked by asterisk have been chosen for site directed mutagenesis.
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for the quantity of reducing equivalents provided for C-fixation in
competition with other metabolic pathways such as N- and S-fixation,
hydrogen production and others. In order to harness photosynthetic
electrons for biotechnological products – for instance hydrogen pro-
duction – the electron flow from Fd to its target proteins has to be
engineered by manipulation of Fd-FNR affinities. In vitro studies of
isolated Fd and FNR from higher plants have shown that both, hydro-
phobic and electrostatic interprotein forces affect FNR activity and that
binding thermodynamics between Fd and FNR are controlled by en-
thalpy and entropy. These investigations suggested that subtle adjust-
ments in both, hydrophobic and electrostatic forces, are critical for Fd
dependent enzymatic activity [40,41]. Focusing on Coulomb forces,
studies with Fd, FNR and hydrogenase from green algae have further
shown, that hydrogen production in presence of FNR can be effectively
shifted by site directed mutagenesis of FNR and Fd [13]. Here we ex-
tended these studies towards cyanobacterial Fd and FNR to investigate
the potential of protein surface design in combination with hydro-
genase HydA1 for the manipulation of electron pathways in a future
cyanobacterial design cell. The impact of modified Fd and FNR for the
re-routing of electrons can be summarized as shown in Fig. 5.

Details will be discussed separately for Fd and FNR in the following
sections.

4.1. Potential impact of Fd for re-routing electrons to H2ase

Chemical shift perturbations in the HSQC spectrum of 15N labeled
Fd upon titration with either HydA1 or FNR could differentiate between
polypeptide positions involved in either of the two or both competitive
complex formations. A combination of these data with the available
crystal structure of the Fd/FNR complex from Zea mays and Anabaena
variabilis [19,42] enabled us to design mutagenesis variants of Fd which
result in an enhanced in vitro H2-photoproduction in competition with
FNR.

As the risk of affecting the overall protein structure and non-tar-
geted functions is higher when manipulating highly conserved poly-
peptide positions [43], the online tool CLUSTAL.OMEGA [27] was used
to search for non-conserved amino acids among the ferredoxins of Sy-
nechocystis. From this sub-group, Fd-positions with predicted FNR in-
teraction and low relevance for complex formation with HydA1 (acc. to
HSQC-data) have been selected (Fig. 1B, area III), resulting in Q69, D67
and E71, which subsequently were replaced by alanine: Notably, the
short aliphatic Ala-side chain cannot be a salt bridge partner nor can it
contribute to complex formation via H-bond interactions. Deduced from
a chemical shift perturbation< 0.045 ppm, the contribution of each
selected Fd-position to the Fd/HydA1 interaction is rather small. A
comparison of the crystal structure of the Fd/FNR complex from Z. mays
and the current docking model of apo-HydA1 and PetF from C. re-
inhardtii illustrates the decisive role of Fd surface area III for dis-
criminating between redox partners HydA1 and FNR: While region III
effectively contributes to FNR binding it does not seem to be as im-
portant for the complex formation with HydA1 (compare region III in
both complexes, Fig. 6). In contrast, region IV appears to be much more
relevant for interaction with HydA1 than for the Fd/FNR complex
formation as suggested by the HSQC results (Fig. 1B).

Remarkably, H2-photoproduction of HydA1 with cyanobacterial Fd-
WT was even more efficient (by 21%) than with the native Fd of C.
reinhardtii, most probably due to an improved Fd/HydA1 interaction.
The additional H2-photoproduction activity gained by using
Synechocystis mutants Fd-D22A (+15%) and especially Fd-D61A
(+23%) is either similar or significantly higher than the corresponding
C. reinhardtii variants Fd-D19A (+15%) and Fd-D58A (+3%). For the
other tested Fd variants, the Fd/HydA1 interaction is either negatively
affected (Fd-D67A; Fd-Q69A) or insignificantly increased (E71A).

Although all tested Fd-variants show only minor effects in compe-
tition with equimolar concentrations of FNR-WT, there are distinct
differences when FNR-mutant K78D is used as competitor: In this case
all Fd-mutants - including Fd-D67A and Fd-Q69A, achieve higher H2-
production rates than Fd-WT. Especially the role of Fd-D61 for inter-
action partner discrimination is outstanding. This is also reflected by
the pronounced differences of the chemical shift perturbations de-
termined upon titration with FNR (0.09 ppm) and HydA1
(< 0.045 ppm) (Fig. 1B).

Fig. 2. Analysis of Fd- and FNR-variants by the NADP+ photoreduction assay. A: NADP+-reduction rates of FNR-variants with Fd-WT. B: NADP+-reduction rates of Fd-variants with FNR-
WT. Error bars indicate the standard deviation of three independent measurements. Error bars represent standard deviations based on two replicates with 3–5 technical repeats.

Fig. 3. H2-photoproduction rate of HydA1 with Fd-WT in competition with different FNR-
variants. EDTA was used as sacrificial electron donor, proflavin (PF) as photosensitizer
and Fd-WT as electron mediator. (−FNR): Standard in vitro assay for light-dependent H2

production (details see M&M part). (+FNR): Competition assay (details see M&M part)
for FNR-WT or selected mutants (i.e. D71K, K75A, K75D, K78A, K78D). H2 photo-
production determined relative to WT control sample (−FNR). Error bars indicate the
standard deviation of at least three independent measurements. Error bars represent
standard deviations based on two replicates with 3–5 technical repeats.
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The HSQC-titration experiments also predicted correctly individual
effects of the other amino acid exchanges on the Fd-FNR-complex for-
mation: With the exception of Fd-D22A, distinct negative exchange
effects could be expected for all chosen positions. As a matter of fact,
the shift difference<0.02 ppm in titration with FNR correctly sug-
gested for variant Fd-D22A a very low impact on FNR/HydA1 compe-
tition. This is in line with the crystal structure of the Fd/FNR complex
from Z. mays [19] which suggests a localisation of Fd-D22 outside of the
complex interface (see Fig. 6). Corresponding exchanges at the homo-
logous amino acids of the C. reinhardtii system, i.e. Fd-D19A (homo-
logous to Fd-D22A in Synechocystis) and Fd-D58A (homologous to D61A
in Synechocystis) had shown similar tendencies before with D19A ex-
hibiting only a mildly positive effect on H2 photoproduction in presence
of FNR, while D58A had a significantly stronger impact [13]. However,

the NMR chemical shift perturbation at Fd-D19 upon Fd/FNR complex
formation was clearly higher (0.055 ppm) compared to Synechocystis.

The impact of the other exchanges seems to be governed by the type
of the targeted amino acid: For instance, the chemical shift perturbation
of Fd-Q69 upon titration with FNR is 6–7 times higher than with
HydA1, and also considerably higher (> 0.045 ppm) than for all other
targeted positions. However, the effect of Fd-Q69A on redox partner
selectivity is much lower than for Fd-D61A, Fd-D67A or Fd-E71A. This
strong impact of glutamic or aspartic acid may be due to the higher
efficiency of salt bridges in complex-formation and -stabilization in
comparison to single H-bond partners like glutamine.

In order to confirm that Fd-variants have conserved their native
binding compatibility to PS1 we assayed PS1-dependent H2-photo-
production activity of HydA1 with the most effective variants Fd-D61A
and Fd-D67A, reaching 60% and 90% of the control activity determined
for Fd-WT (see Fig. S10). The decrease in photo‑hydrogen production in
case of Fd-D67A corresponds to the behavior of Fd-D19A/D58A from C.
reinhardtii with the corresponding amino acid exchange (D58A), as it
restricted the relative PS1-dependent H2-evolution yield to about 70%
of the activity achieved with Fd-WT [13]. This suggests that the con-
served position D61(Synechocystis)/D58(C. reinhardtii) participates in
the complex formation of Fd with the Fd-binding site of PS1, created by
the subunits PsaC/-D and -E. However, in case of C. reinhardtii the
double exchange D19A/D58A still enabled a significantly enhanced H2-
photoproduction in presence of FNR which can also be assumed for Fd-
D61A. In case of Fd-D67A, interaction with PS1 is only slightly affected,
and as it supports H2 photoproduction similar to Fd-D61A, Fd-D67A
may be even more suitable for PS1-based in vivo applications.

In summary, directed mutants of Fd or using Fd from other species
can efficiently support the re-routing of electrons towards hydrogen
production – in our experiments by up to 27%. We were also able to
confirm the high potential of NMR-titration experiments for the eva-
luation of interaction profiles between ferredoxin and its redox partners
[13].

4.2. Potential impact of FNR for re-routing electrons to hydrogenase

Substitutions leading to charge inversion tend to have a stronger
effect than a simple charge neutralization as they weaken the general
surface charge distribution pattern in addition to the loss of a single salt

Fig. 4. Impact of Fd-mutants on the H2 photoproduction rates of HydA1 in presence and absence of FNR-WT or FNR-K78D. A: H2-photoproduction of HydA1 with six different Fd-species
(Fd-WT, D22A, D61A, D67A, Q69A, E71A); standard in vitro assay in 100mM KPO4 buffer (40mM EDTA, 3mM NaNO3, 200 μM proflavin, 10 μM Fd and 50 nM HydA1). B: Competition
assay: Standard assay supplemented by 2mM NADP+, 0.36 U NAR and 50 nM FNR-WT or FNR-K78D. H2-photoproduction rates relative to WT activity (in A) shown in % above the error
bars. Blue bars indicate Fd variants which significantly enhance H2-photoproduction in presence of FNR. All activities have been normalized to values achieved with Fd-WT and FNR-WT.
Error bars represent standard deviations based on two replicates with 3–5 technical repeats.

Fig. 5. Impact of cyanobacterial FNR- and Fd-mutants on in vitro hydrogen production
with HydA1 hydrogenase (Chlamydomonas reinhardtii). Competitive conditions with
equimolar amounts of FNR and H2ase.
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bridge partner. In case of FNR-K75 and FNR-K78 (Fig. 3), this is obvious
as the exchange to Asp has a significantly stronger impact on the
competition between FNR and HydA1. A similar tendency - although
less pronounced – is observed for the double exchange variants of FNR
(Fig. S8). While the tested Fd variants showed only minor effects on
hydrogen production in presence of equimolar amounts of FNR-WT,
significant effects, both generally and individually, were observed with
mutant FNR-K78D, resulting in a 10-fold increased H2 production ac-
tivity relative to Fd-WT and FNR-WT. This is due to a decreased Fd/FNR
interaction efficiency as confirmed by the diminished Vmax of NADP+-
photoreduction (by 66%). Experiments with Fd-WT indicated that this
FNR variant is by far the most effective in redirecting electrons to
HydA1 (Fig. 3). According to the model of the Fd/FNR complex from Z.
mays, FNR-K78 (homologous to FNR-K91 in Z. mays) interacts with
acidic residues of region III on the Fd surface, which has already been
shown to be crucial for the Fd/FNR complex formation (Fig. 6). Car-
boxyl group elimination of either Fd-D67 or Fd-D71 results in an ad-
ditional weakening of this interaction, which explains the significant
increase in H2 photoproduction under competitive conditions by
14–17%.

In case of Chlamydomonas, FNRCr-K89L was the most effective var-
iant which increased the competitive HydA1-based H2-production from
7 to 18% with Fd-WT [13,44]. However, such a Lys-residue does not
exist at the corresponding location in the FNR of Synechocystis (see
Fig. 6). Probably, a structural loop close to FNRSyn-K78 fulfills this role
for the interaction with the cluster of acidic residues on the Fd surface
(region III).

In comparison to the Chlamydomonas FNR variants, the cyano-
bacterial FNR-K78D shows a much stronger effect by increasing the
competitive H2-production from 4% with FNR-WT to 46%, i.e. by a
factor> 10. In combination with the most effective Fd-variant D61A,
this activity level can be further increased up to 73%, i.e. both mutant
proteins show synergistic effects as the 27% increase clearly exceeds the
tiny 2% increase achieved with FNR-WT. This is different from the
additive effects observed with FNR- and Fd-variants from C. reinhardtii
[13]. Fig. 6 summarizes our results on the interaction activities of all
three partner proteins, i.e. Fd, FNR and HydA1 including their variants:
It shows specific areas critical for the Fd-FNR interaction (region II: Fd-

E31-D35, region III: Fd-D61-A72) and others which are characteristic
for Fd-HydA1 interaction (region IV: Fd-T90-L96), combined with the
efficiencies of the generated Fd- and FNR-variants. Generally, the im-
pact of contact areas in cyanobacterial systems is similar to the corre-
sponding areas in Chlamydomonas, but stronger. Especially re-direction
of the electron flow by the cyanobacterial FNR variant (K78D) is sig-
nificantly stronger (+28%) than in case of Chlamydomonas, in which
both Fd-mutants and FNR-variants had a similar impact [13].

5. Outlook on future design cell

Experiments reported here show the potential of NMR shift assays in
combination with activity assays to predict specific sites of interaction
between proteins and how to harness this for re-designing electron
pathways. Especially it was shown that rational mutant design is able to
overcome an equilibrium between two partner reactions, i.e. Fd with
FNR (Km=2.6–6.6 μM) [44] on the one side and Fd with HydA1
(Km=21–35 μM) [5,6] on the other. Using equimolar concentrations of
FNR and HydA1, hydrogen production can be increased about 18-fold,
directing up to 73% of all photosynthetic electrons towards hydrogen
production. Based on these in vitro experiments, corresponding Fd and
FNR variants are now generated in living cyanobacterial cells (in pro-
gress). The outcome of these experiments will tell whether electrons
originating from water-splitting can be re-routed at the acceptor side of
PS1 under physiological conditions in the designed cell (Fig. 7) to a
similar extent as in the in vitro assay or whether in vivo metabolic
constraints suggest the use of less drastic mutants – especially as Fd is
electron donor for a large variety of pathways. Also, the oxygen-sen-
sitivity of HydA1 has to be overcome by rational design or directed
evolution approaches. Alternatively, oxygen-tolerant hydrogenases
have to be engineered for direct interaction with Fd [45]. An alternative
strategy would be to develop fusion constructs of PS1 with hydro-
genases to minimize the competitive influence of FNR which originates
from diffusible Fd, as outlined in [46–48].

Finally, the test of the various mutant species under in vivo condi-
tions should indicate the minimal energetic requirement of the photo-
synthetic cell for survival or – from a biotechnological point of view –
the maximal possible harness of photosynthetic electrons for alternative

Fig. 6. Surface regions of Fd relevant for the discrimination of the competing redox partners FNR and hydrogenase. A: Maize Fd/FNR complex from leaf (PDB ID: 1GAQ [19]) indicating
polypeptide regions II, III and IV of Fd which are critical for discrimination between FNR and HydA1. B: FNR model from C. reinhardtii, generated from the FNR crystal structure from Z.
mays using swiss model (PDB ID: 3LO8) (for details see Fig. S9). C: Model of the Fd/HydA1 complex derived from in silico docking, NMR-titration [38] and site directed mutagenesis [5].
Fd in A and C presented as yellow cartoon structure, FNR of Z. mays and C. reinhardtii (model) in orange and HydA1 of C. reinhardtii (PDB ID: 3LX4) in light blue. Major acidic Fd residues
chosen for mutagenesis acc. to NMR titrations with both redox partners (Fig. 1) presented as red stick structure. Other potentially involved acidic positions are shown in light red. Basic
amino acid residues of FNR and HydA1 are shown as blue (relevant for this study) or grey (less relevant) stick structures. They are participating in complex formation with Fd acc. to
previous mutagenesis studies [5], NMR titration (this study and [13]), location within the complex interface in the crystal structure or in silico docking complex [38]. FNR-K83 and FNR-
K89 from C. reinhardtii, which - similar to FNR-K78 (homologous position labeled accordingly in FNR from Z. mays) appear to interact with discriminatory Fd-region III, are displayed as
black sticks.
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products such as biofuels.
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