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A B S T R A C T

The NAD+-reducing soluble [NiFe] hydrogenase (SH) is the key enzyme for production and consumption of 
molecular hydrogen (H2) in Synechocystis sp. PCC6803. In this study, we focused on the reductase module of the 
SynSH and investigated the structural and functional aspects of its subunits, particularly the so far elusive role of 
HoxE. We demonstrated the importance of HoxE for enzyme functionality, suggesting a regulatory role in 
maintaining enzyme activity and electron supply. Spectroscopic analysis confirmed that HoxE and HoxF each 
contain one [2Fe2S] cluster with an almost identical electronic structure. Structure predictions, alongside 
experimental evidence for ferredoxin interactions, revealed a remarkable similarity between SynSH and bifur-
cating hydrogenases, suggesting a related functional mechanism. Our study unveiled the subunit arrangement 
and cofactor composition essential for biological electron transfer. These findings enhance our understanding of 
NAD+-reducing [NiFe] hydrogenases in terms of their physiological function and structural requirements for 
biotechnologically relevant modifications.

1. Introduction

H2 is an energy source with great potential, envisaged to replace 
fossil fuels in the future. However, the predominant reliance of indus-
trial H2 production on fossil raw materials underscores the urgent need 
for sustainable solutions. In this context, the coupling of H2 production 
from hydrogenases with photosynthetic biocatalysts allows a clean and 
emission-free alternative, as recently demonstrated for photosystem I 
hydrogenase fusion complexes under anaerobic conditions [1,2]. For 
achieving light-driven H2 production, NAD(P)H-dependent soluble hy-
drogenases (SH, group 3d) represent a promising choice. While the 
typical bacterial SHs only interact with NAD(H) and are applied also in 
oxidative and reductive cofactor regeneration [3–5], the cyanobacterial 
bidirectional SHs can reversibly transfer electrons to both NADP+ and 

ferredoxins (Fig. 1a, b) [6,7].
The core structure of these multimeric enzymes can be divided into 

the hydrogenase module (HoxHY) with the catalytic [NiFe] active site 
and the reductase module harboring the flavin-based NAD(P)(H) bind-
ing site. The two modules are linked by a chain of at least five iron‑sulfur 
clusters. The reductase module comprises at least the subunits HoxU and 
HoxF, which carries the flavin responsible for NAD(P)+-cycling. While 
some bacterial O2-tolerant hydrogenases, especially those with catalytic 
bias towards H2 oxidation, contain additional two HoxI subunits, cya-
nobacterial hydrogenases incorporate another additional subunit 
(HoxE) in the reductase module (Fig. 1a) [8,9].

The physiological function of HoxE remains elusive. HoxE has a 
unique localization, being the sole subunit found in both the soluble and 
membrane fractions of cyanobacterial cells [9,10]. Therefore it was 
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proposed, that HoxE acts as a membrane anchor for the hydrogenase 
complex. Furthermore, deletion of HoxE in vivo results in a two- to 
threefold increase in the level of the remaining hydrogenase subunits, 
suggesting a potential regulatory function on the transcription level 
[11]. HoxE was also considered to be relevant for physiological electron 
transfer, since previous studies have shown that the presence of HoxE is 
essential for effective electron transfer between the redox couples 2H+/ 
H2 and NAD+/NADH. Since HoxE carries a binding motif for a [2Fe2S] 
cluster, it was speculated that this subunit can also act as an electron 
acceptor for ferredoxins [12].

Compared to bacterial SHs, cyanobacterial hydrogenases have 
several binding motifs for additional iron‑sulfur clusters (Supplemen-
tary Figs. S2 and S3), showing homologies to other metalloenzymes 
(Fig. 1c–e) [13]. Notably, the [2Fe2S]E1 cluster in HoxE shares homol-
ogies with the N1a cluster in respiratory complex I (RC I) of Thermus 
thermophilus, as well as with the G7 cluster of formate dehydrogenase 
(FDH) from Rhodobacter capsulatus [14,15]. Furthermore, this binding 
motif is also found in the N-terminal region of HoxF, which is homolo-
gous to HoxE, presumably due to duplication [16]. The binding motif for 
an additional [4Fe4S]U4 cluster in HoxU is homologous to that of the A1 
cluster from RcFDH, as well as to the proximal FS4A cluster of the 
monomeric [FeFe] hydrogenase from Clostridium pasteurianum (CpI) 
[14,17]. Previous studies investigated the iron‑sulfur clusters of the 
cyanobacterial hydrogenase from Synechocystis by electron para-
magnetic resonance (EPR) spectroscopy, where they identified signals 
for two different [2Fe2S] cluster and one [4Fe4S] cluster, although an 
assignment to specific iron‑sulfur centers was not done [12,18]. Due to 
the high structural similarity of HoxU with the N-terminal part of 
FeFe‑hydrogenases, which are known as ferredoxin oxidizing enzymes, 
the iron‑sulfur clusters in HoxU were also suggested to be potential re-
cipients of the electrons of ferredoxin [12,19]. Homologies to the 
possible additional iron‑sulfur cluster [2Fe2S]F2 in HoxF are also found 
in some of the HydABC hydrogenases, which are also able to interact 
with ferredoxins (Fig. 1f/g). These electron bifurcating enzymes interact 
simultaneously with NAD(P)H and reduced ferredoxin in an energy- 
conserving process to produce molecular hydrogen. Moreover, they 
show the highest sequence similarly to the SynSH, apart from other 
cyanobacterial hydrogenases (Supplementary Table S2). Ferredoxin 

interaction in the HydABC hydrogenases is associated with the HydB 
subunit, which is homologous to HoxF [20–22].

Ferredoxin interaction is an important feature for coupling hydrog-
enases to photosystem I to achieve light-driven H2 production in cya-
nobacteria under aerobic conditions [23]. Given that the interaction 
with ferredoxin is anticipated to take place at the reductase module, a 
thorough comprehension of the electron transfer and the associated 
iron‑sulfur clusters is required. In this study, we aim to gain a compre-
hensive understanding of the functional role of HoxE, the interaction of 
the Synechocystis reductase module with ferredoxin, and the structure- 
function relationship of the iron‑sulfur clusters involved. To achieve 
this, we engineered specific Synechocystis hydrogenase variants by 
selectively deleting individual subunits or iron‑sulfur clusters. Using 
UV/Vis and EPR spectroscopy, we unambiguously identify the electronic 
structures of these clusters, providing valuable insights into the intricate 
workings of these versatile enzymes for the first time.

2. Methods

2.1. Plasmid construction

For heterologous overproduction of Synechocystis sp. PCC6803 
HoxEFU derivatives in Cupriavidus necator HF903, all constructs were 
cloned into plasmid pCM66 [24]. All plasmids and primers used in this 
study are listed in Supplementary Table S1. Amplification of DNA 
fragments was performed using Phusion™ High Fidelity DNA Poly-
merase (New England Biolabs, Germany). Insertion of the C. necator SH 
promoter and a sequence encoding Strep-tag II was achieved by cloning 
of XbaI/BamHI-treated pCM66 and pGE771 to form plasmid pLL71.3 
[25]. Plasmid pLL9010.40 (Supplementary Fig. S1) was prepared by 
replacing bp 2458 to 4997 of pLL71.3 with a 3622 bp fragment of 
Synechocystis gDNA containing the hoxEFU genes using the assembly 
protocol described by Gibson [26] and primers 880fw/881rev and 
882rev/883fw. Plasmid pLL9079 (Supplementary Fig. S1) was prepared 
by deletion of bp 2458 to 3055 harboring hoxE using primers 911fw/ 
912rev. Insertion of a 576 bp fragment of Synechocystis sp. PCC6803 
gDNA containing the hoxE gene with primers GB011/GB012 and 
GB009/GB010 into pLL9079 resulted in plasmid pEL37 (Supplementary 

Fig. 1. Homologies of cyanobacterial NAD(P)+-reducing hydrogenases to structures and cofactors of other metalloenzymes. a) Schematic representation of SH from 
Synechocystis sp. PCC6803 and comparison to structure and cofactor composition of homologue enzymes: b) bacterial SH from Hydrogenophilus thermoluteolus (PDB 
ID: 5XF9). Compared to the bacterial SHs, the cyanobacterial SHs have binding motifs for three additional iron‑sulfur clusters (here: F2, E1 and U4) in the reductase 
module, homologies to these additional clusters can be found in c) monomeric [FeFe] hydrogenase from Clostridium pasteurianum (PDB ID: 1FEH), d) formate de-
hydrogenase from Rhodobacter capsulatus (PDB ID: 6TGA), e) cytoplasmatic domain of the respiratory complex I from Thermus thermophilus (PDB ID: 6Y11), f) trimeric 
HydABC [FeFe] hydrogenase from Thermotoga maritima (PDB ID: 7P5H) and g) HydABCSL [NiFe] hydrogenase from Acetomicrobium mobile (PDB ID: 7T30). The 
nomenclature of the iron-sulfur clusters is based on previous publications (if existent) and are numbered according to the subunit that harbors them. Non-electron 
bifurcating and electron bifurcating enzymes are grouped in blue (top) and red (bottom) boxes, respectively. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. S1). A ΔHoxU variant was generated by using primers Q5107F/ 
Q5109R on plasmid pLL9010.40, for deletion of a 1445 bp fragment 
harboring an ORF and the hoxU gene, resulting in plasmid pEL05 
(Supplementary Fig. S1). Plasmid pEL06 (Supplementary Fig. S1) was 
constructed using primers Q5107F/Q510R on plasmid pLL9010.40 for 
generation of the SynHoxE only derivative. The deletion of the addi-
tional protentional [4Fe4S] cluster in HoxU was performed with either 
primer pair Q5103F/Q510xUR or Q5104F/Q510xUR on pLL9010.40, 
resulting in the plasmids pEL102 and pEL103, respectively (Supple-
mentary Fig. S1). Plasmids were transferred by heat shock for selection 
in E. coli DH10β on Luria broth (LB) agar plates containing 50 μg mL− 1 

kanamycin. The correct cloning of the plasmids was verified by 
sequencing (Microsynth Seqlab, Göttingen, Germany) and then trans-
ferred by electroporation into the HoxFU-deficient C. necator strain 
HF903 (ΔhoxG, ΔhoxB, ΔhoxFU/MBH-, RH-, HoxFU-).

2.2. Production and purification of reductase derivatives

For heterologous production of reductase derivatives, plasmids were 
transferred into C. necator by electroporation and selected on LB agar 
plates containing 200 μg mL− 1 kanamycin. Minimal medium was used 
for protein production as described previously [27]. Precultures are 
grown in FN medium (fructose-ammonium) based on phosphate buffer 
(25 mM Na2HPO4 and 11 mM KH2PO4, pH 7.0) containing 0.4% (w/v) 
fructose, 0.2% (w/v) NH4Cl, 0.81 mM MgSO4, 0.068 mM CaCl2, 18 μM 
FeCl3, and 1 μM NiCl2. Main cultures are grown in FGN (fructose-glyc-
erol-ammonium) medium, which contains 0.05% (w/v) fructose and an 
additional 0.4% (w/v) glycerol, in contrast to FN medium. Precultures 
are grown at 37 ◦C overnight and main cultures are grown at 30 ◦C and 
160 rpm for 7 days. Cell pellets are obtained by centrifugation at 6000 
×g for 30 min at 4 ◦C. Proteins were purified as previously described 
[28]. Pellets were resuspended in duplicate volume in argon-saturated 
resuspension buffer (50 mM Tris-HCl pH 8.0, 150 mM KCl, 5 % glyc-
erol, 5 mM NAD+, and cOmplete EDTA-free Protease Inhibitor Cocktail 
(Roche, Germany)). Cell disruption was performed by passing three 
times through a cooled French pressure cell (G. Heinemann) at 18,000 
psi. The cell lysate was centrifuged at 36,000 rpm, 1 h, 4 ◦C (Beckman 
Coulter Optima XE-90 ultracentrifuge) and the supernatant transferred 
to a StrepTactin™ Superflow column (IBA, Göttingen, Germany) pre-
equilibrated with basic buffer (50 mM Tris-HCl pH 8.0, 150 mM KCl, 5 % 
glycerol). Unbound protein was removed by washing twice with wash 
buffer I (50 mM Tris-HCl pH 8.0, 150 mM KCl, 5% glycerol, 5 mM 
NAD+) and wash buffer II (50 mM Tris-HCl pH 8.0, 150 mM KCl, 5 % 
glycerol) sequentially. Purified enzyme was eluted in elution buffer (50 
mM Tris-HCl pH 8.0, 150 mM KCl, 5% glycerol, 5 mM desthiobiotin) and 
concentrated in Amicon™ Ultra15 centrifugal filters with an appro-
priate exclusion size at 4000 ×g and 4 ◦C. Protein concentration was 
determined using the standard BCA protein assay, using bovine serum 
albumin as a standard (Pierce, Waltham, MA, USA). Success of protein 
production and purity was analyzed by SDS-PAGE (BioRad, MINI 
PROTEAN™ TGX Stain-FreeTM Gels) in TPE buffer (90 mM Tris, 10 mM 
EDTA, 2% (w/v) H3PO4 pH 7.6). The molecular mass of purified Syn-
HoxEFU was determined by size exclusion chromatography (SEC) in 
filtrated potassium phosphate buffer (50 mM, pH 7.5) using a calibrated 
Superdex 200 column and defined size standards (thyroglobin 670 kDa, 
apoferritin 443 kDa, β-amylase 200 kDa, bovine serum albumin 66 kDa, 
carboanhydrase 29 kDa, hemoglobin 16 kDa, cytochrome C 12.3 kDa). 
The retention time was detected at 280 nm. Synechocystis PFOR 
(Sll0741) and Ferredoxin 1 (Ssl0020) were purified as described in 
Wang et al. and Artz et al., respectively [12,29].

2.3. Determination of cofactor saturation

The concentration of flavin mononucleotide (FMN) cofactor in 
reductase derivatives was determined photometrically in a plate reader 
(Infinite M Nano, TECAN) as described previously [6]. Duplicates of 

each protein samples (5 mg mL− 1) were denatured with an equal volume 
of 20% trichloroacetic acid (TCA) for 10 min at room temperature. After 
precipitation, the supernatant was neutralized with 20 μL of 1 M 
K2HPO4. The resulting solution was made up to a volume of 200 μL with 
millipore H2O. FMN (Roth) was used to prepare standards. To determine 
the iron concentration of the reductase derivatives, metal analysis was 
performed using a PERKIN-ELMER Optima 2100DV inductively coupled 
plasma optical emission spectrometer (Perkin-Elmer, Fremont, CA, USA) 
according to the protocol described previously [28,30]. Briefly, protein 
samples were incubated with an equal volume of 65% nitric acid at 
100 ◦C overnight. Samples were made up with 5 mL of water before ICP- 
OES analysis. As a negative control, buffer samples without protein were 
incubated in the same manner. Multielement standard solution XVI 
(Merck) was used as a reference.

2.4. Activity measurements

The NAD(P)H oxidation activity of the purified proteins was 
measured photometrically with an UV/Vis spectrophotometer (Varian 
Cary50 or Varian Cary60) by following the NAD(P)H-dependent 
reduction of artificial electron acceptors. Measurements were per-
formed under anaerobic conditions in a 3-mL cuvette sealed with a 
rubber septum at 30 ◦C containing 1.9 mL of prewarmed and nitrogen- 
saturated assay buffer (50 mM potassium phosphate buffer pH 8.5). 
Immediately before the start of the measurement, 1 mM NAD(P)H and 
the respective redox dye were added to a final concentration of 5 mM 
benzyl viologen, 10 mM methyl viologen, 1 mM ferricyanide or 1 mM 
methylene blue. For measurements with benzyl viologen or methyl 
viologen, about 100 μM sodium dithionite was added to the reaction 
mixtures to remove any traces of oxygen. Reduction of benzyl viologen 
or methyl viologen was measured by following the absorbance increase 
at 578 nm (ε = 8.9 mM− 1 cm− 1 and 9.7 mM− 1 cm− 1, respectively). 
Reduction of ferricyanide or methylene blue was measured by following 
the decrease in absorbance at 420 nm (ε = 1.02 mM− 1 cm− 1) and 660 
nm (ε = 71.5 mM− 1 cm− 1), respectively. Reactions were started by 
adding 60.5 nM of the purified enzyme. For the determination of the 
reaction optima, the optimal temperature was first determined in the 
range of 5 to 70 ◦C and then the optimal pH was determined. A broad pH 
range CGT buffer (16 mM citric acid, 16 mM glycine, 16 mM 2-amino-2- 
(hydroxymethyl)propan-1,3-diol (Tris)) was used to determine the 
optimal pH. Different pH values between 5.5 and 10.0 were adjusted by 
titration with KOH. Each measurement was performed in triplicates. To 
measure ferredoxin-dependent NAD+ reduction activity, a pyruvate 
ferredoxin reductase (PFOR) was used as a recycling system for reduced 
ferredoxin. For this purpose, the assay developed by Wang and co- 
workers was slightly modified [29]. Briefly, for a final volume of 1 
mL, 4.5 mM ferredoxin was reduced for 30 min at room temperature 
(25 ◦C) in 100 mM Tris-HCl buffer pH 8.0 containing 270 μM PFOR, 0.5 
mM coenzyme A, 10 mM pyruvate, 5 mM thiamine pyruvate phosphate 
as well as 40 mM glucose, 40 U glucose oxidase and 50 U catalase to 
induce anaerobiosis. The assay was started by adding 1 mM NAD+ and 
65 μM of the respective enzyme and the increase in absorbance at 340 
nm (ε = 6.22 mM− 1 cm− 1) was monitored spectrophotometrically. All 
samples were measured in triplicates.

2.5. Spectroscopic measurements

UV/visible spectra were recorded at 18 ◦C using a Varian Cary300 
instrument. The final concentration of the protein samples was 1 mg 
ml− 1 in 200 mM Tris-HCl buffer at pH 8.0 with 150 mM KCl and 5 % (w/ 
v) glycerol. Reductase derivatives were reduced with a 50-fold excess of 
sodium dithionite under anaerobic conditions. Samples for electron 
paramagnetic resonance (EPR) spectroscopic experiments were pre-
pared in the same buffer used for the UV/vis experiments. Aliquots 
(0.15–0.2 mM, 100 μL) of the respective protein solution were reduced 
under anaerobic conditions (100 % N2) with a 50-fold excess of either 

E. Lettau et al.                                                                                                                                                                                                                                   BBA - Bioenergetics 1866 (2025) 149508 

3 



NADH or sodium dithionite. EPR spectra were recorded on a Brucker 
EMX plus X-Band spectrometer equipped with an ER 4122 super-high Q 
(SHQE) resonator and an Oxford ESR900 helium flow cryostat. An Ox-
ford ITC4 temperature controller was utilized to adjust the temperature. 
The baseline correction was performed by subtracting a reference 
spectrum obtained from buffer solution recorded with identical experi-
mental parameters. A polynomial or spline function was used to correct 
very broad baseline drifts. The experimental parameters used were: 1 
mW microwave power, microwave frequency 9.29 GHz, modulation 
amplitude 10 G and 100 kHz modulation frequency. The MATLAB 
toolbox EasySpin version 5.2.36 was used for numerical simulating the 
EPR spectra, utilizing the core function pepper for calculating field- 
swept solid state EPR spectra [31].

2.6. In silico methods

The protein sequences used in this study were obtained from the 
UniProt data base. Multiple sequence alignments (MSAs) were per-
formed using the Clustal Omega service of the EMBL's European Bioin-
formatics Institute (EMBL-EBI) [32]. Protein structures were obtained 
from the Protein Data Bank (PDB). In cases where experimentally 
determined structures were not available, protein structure models were 
calculated using the AlphaFold/AlphaFold 2.0 algorithm and evaluated 
using the pLDDT score [33–35]. The SWISS-MODEL service of the Swiss 
Institute of Bioinformatics (SIB) was used for prediction of quaternary 
protein structure assembly [36]. The model quality was assessed using 
the QMEANDisCo global score [36–38]. The AlphaFill algorithm facili-
tated the incorporation of ligands, cofactors and metals into the calcu-
lated structure models to generate holo-enzyme models [39]. The 
HDOCK server was used for protein-protein interaction modelling, with 
the credibility of the docking models assessed using the Confidence 
Score [40,41]. For the visualization of protein structures, the PyMOL 
software was used [42].

3. Results and discussion

3.1. Heterologous production of Synechocystis reductase derivatives for 
cofactor analysis

Different plasmids were constructed, harboring the respective genes 
for either the full Synechocystis reductase moiety HoxEFU or the subunit 
deletion mutants HoxFU, HoxEF, and HoxE. In addition, we constructed 
two different plasmids to delete the predicted additional [4Fe4S]U4 

cluster in SynHoxU (HoxEFUΔU4a and HoxEFUΔU4b) (Supplementary 
Fig. S2). All constructs were under the control of the SH promoter from 
C. necator. For purification, a StrepTagII was fused to the N-terminal of 
either HoxE or HoxF. The plasmids were transformed into the reductase- 
deficient strain C. necator HF903 (ΔhoxG, ΔhoxB, ΔhoxFU/MBH-, RH-, 
HoxFU-) for heterologous production.

The reductase derivatives were purified to homogeneity by one-step 
gravity flow affinity chromatography. No indications for co-purification 
of the CnHoxHY were observed (Fig. 2a). From 10 g cell pellet (wet 
weight), an average of 4700 µg HoxEFU, 3960 µg HoxFU, and 410 µg 
HoxE was purified, sufficient for a comprehensive spectroscopic anal-
ysis. Size exclusion chromatography (SEC) on the isolated SynHoxEFU 
derivative shows tetramerization of the complex (Supplementary 
Fig. S4). In contrast to similar proteins, the ΔHoxU derivative HoxEF and 
both Δ[4Fe4S]U4 variants HoxEFUΔU4a and HoxEFUΔU4b could only be 
purified in very low amounts and purity; these were, therefore, not 
further investigated (Supplementary Fig. S5) [43,44]. In addition, 
quantitative incorporation of the flavin mononucleotide cofactor (FMN) 
and the predicted iron‑sulfur clusters was investigated by photometry 
and ICP-OES spectrometry, respectively. Based on sequence alignments, 
conserved binding motifs were predicted for four [4Fe4S] clusters and 
two [2Fe2S] clusters for the HoxFU derivative and an additional [2Fe2S] 
cluster for the HoxEFU derivative associated with the HoxE subunit 

(Supplementary Figs. S2 and S3). Considering a respective maximum 
occupancy of 22, 20, or 2 iron atoms, an overall iron saturation of 13.5 
iron atoms was determined for HoxEFU, 6 iron atoms for HoxFU, and 0.8 
iron atoms for HoxE. The FMN content was calculated to be between 
0.63 per HoxEFU and 0.7 per HoxFU molecule (Supplementary 
Table S3). With a variation range of up to 20 %, it is noticeable that the 
respective cofactor saturation is dependent on the respective batch. In 
contrast to previous work, where almost theoretical iron‑sulfur content 
has been detected by EPR quantification [12]. The substoichiometric 
cofactor loading determined here may originate from protein over- 
determination, due to use of colorimetric assay [45], incomplete 
cofactor incorporation during biosynthesis, or loss of flavin during pu-
rification [6,46]. Activity assays of purified reductase derivatives 
revealed varying activities with different redox dyes as artificial electron 
acceptors. Methyl viologen yielded the highest NADH reduction activity, 
while ferricyanide and benzyl viologen showed lower and non- 
reproducible activities (see supplemental information for details, Sup-
plementary Fig. S6). In vitro reconstitution with FMN did not affect ac-
tivity (Supplementary Fig. S6). Highest activity was identified at 45 ◦C 
and pH 8.5, but resulted in shortened life-time and higher heterogeneity 
(Supplementary Fig. S7). Therefore, the most suitable assay conditions 
were standardized at 35 ◦C and pH 8.0 for the subsequent kinetic 
studies.

3.2. Role of HoxE for oxidoreductase activity

The HoxEFU-mediated turnover rate for the NADH-dependent 
oxidoreductase activity was 52.6 s− 1. An affinity constant (K′) for 
NADH of 54.4 μM was determined, which is comparable to the previ-
ously reported KM values for the isolated Synechocystis and C. necator 
reductase moieties [12,28]. The NADH saturation curve of HoxEFU did 
not follow classical Michaelis-Menten kinetics, but shows slightly hy-
perbolic behavior (Supplementary Fig. S8); and was therefore fitted as 
Hill kinetic. The Hill coefficient was calculated as n = 1.45, thus indi-
cating a positive cooperativity for substrate binding, possibly across 
individual reductase modules. This agrees with previous studies [12] 

Fig. 2. Purification of functional reductase derivatives from Synechocystis sp. 
PCC6803 hydrogenase, which were heterologously produced in a reductase- 
deficient C. necator strain HF903. a) SDS PAGE of purified reductase de-
rivatives HoxEFU (1), HoxFU (2), and HoxE (3); M-protein standard. Purified 
reductase derivatives show activity in b) NADH dependent reduction of methyl 
viologen and c) ferredoxin-dependent reduction of NAD+. Error bars represent 
standard deviation of at least three individual replicates (dots), asterisk in-
dicates a significant difference between HoxFU and HoxFU reconstituted with 
HoxE (p-value < 0.05). Dashed line indicates background activity, determined 
by negative controls without ferredoxin or with BSA instead of HoxEFU.
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and a homotetramer formation, as suggested by size exclusion chro-
matography (Supplementary Fig. S4). Under the same conditions, the 
HoxFU derivative only shows turnover rates of 1.73 s− 1 and the calcu-
lated K′ of 92.2 μM for NADH is only slightly higher than that of HoxEFU. 
In addition, the HoxFU derivative exhibited a lag phase of around 20 
min, which was not observed for the HoxEFU derivative. Since HoxE 
lacks an NADH binding site, no NADH-dependent oxidoreductase ac-
tivity could be measured in this derivative (Fig. 2b). Remarkably, when 
the HoxFU derivative was reconstituted in vitro with the isolated HoxE 
derivative in an equimolar ratio, activity could be detected immediately 
after addition of HoxE. A turnover rate of 30.9 s− 1 and a K′ value of 74.1 
μM was calculated for the reconstituted HoxFU+E derivative (Fig. 2b, 
Supplementary Table S4). A slight, but not significant, increase in ac-
tivity was achieved when HoxE was in excess (HoxFU:HoxE ratios 1:1.4 
and 1:2.8) in comparison to the whole reductase derivative HoxEFU 
(Supplementary Fig. S9).

The exact binding site for ferredoxin and the site for electron transfer 
from ferredoxin to SynSH are still unknown. Based on cross-linking data, 
Artz and co-workers proposed that ferredoxin binds mainly to HoxF and 
partly to HoxE, with electron transfer to the [2Fe2S] cluster in HoxE 
[12]. To test this theory, the ferredoxin-mediated NAD+-reducing ca-
pacity of the reductase derivatives described here was monitored 
photometrically. A pyruvate ferredoxin reductase (PFOR) was used as a 
recycling system for reduced ferredoxin. An activity of 25.1 mU mg− 1 

was determined for the complete reductase module (Fig. 2c, Supple-
mentary Table S5). Similar to NADH dependent activity, a drastic 
decrease in activity was observed for the ΔHoxE derivative HoxFU, even 
lower than the negative controls (no ferredoxin added or BSA instead of 
the reductase derivatives). This confirms the relevance of HoxE to 
ferredoxin-dependent NAD+-reducing activity. In addition, in vitro 
reconstitution of the HoxFU derivative with the isolated HoxE subunit 
led to a significant resurgence in activity, reaching 12.0 mU mg− 1 

(Fig. 2c, Supplementary Table S5). This provides further support for the 
previous theory that HoxE is responsible for the interaction with 

ferredoxin [12].
A correlation between the presence of HoxE and the activity of SynSH 

has already been shown in previous studies, particularly with regard to 
electron transfer between 2H+/H2 and NAD+/NADH [9,47]. In addition, 
we have shown that this subunit is also indispensable for the isolated 
NADH/ferredoxin-dependent oxidoreductase activity, since the ΔHoxE 
reductase derivative only showed basal activity. However, activity of the 
ΔHoxE reductase derivative could be instantly restored by in vitro 
reconstitution with isolated HoxE, despite the fact that HoxE and the 
associated [2Fe2S] cluster are of pathway from the FMN to the [NiFe] 
active site (see next sections). These findings are in line with previous 
observations, which have shown that HoxE dissociates easily from the 
apo-enzyme, not only during purification of SynSH but also in vivo, and 
therefore does not appear to be permanently associated with SynSH 
[11,18].

3.3. Spectroscopic investigations

The cofactors in the reductase derivatives were further characterized 
by UV/Vis and EPR spectroscopy. The UV/Vis spectra of as-isolated 
SynHoxEFU and SynHoxFU (Fig. 3) showed a broad shoulder at 
around 456 nm, which can be attributed to oxidized FMN. Additional 
shoulders at 327 nm and 417/456 nm are consistent with the presence of 
oxidized [2Fe2S] and [4Fe4S] clusters. The absorbance spectra are very 
similar to those of isolated C. necator HoxFU and other homologous 
reductase modules, suggesting a predictable similar cofactor composi-
tion, although SynHoxEFU has additional [2Fe2S] and [4Fe4S] clusters 
[28,48]. The UV/Vis spectra of as-isolated HoxE (Fig. 3) displayed 
distinct signals at 339 nm, 425 nm and 464 nm, which are typical for a 
ferredoxin-like [2Fe2S] cluster and strongly support the predicted 
iron‑sulfur cluster in HoxE [49].

The findings from UV/Vis spectroscopy were further complemented 
with EPR spectroscopy. We used numerical simulations of the over-
lapping EPR signals to identify the individual species (Fig. S10). The EPR 

Fig. 3. UV/Vis spectra of the reductase derivatives SynHoxEFU (brown line), SynHoxFU (green line) and SynHoxE (red line), each at a sample concentration of 1 mg 
mL− 1. The spectra are first normalized to the intense absorption band at 280 nm, which is related to the electronic transition of tyrosine and tryptophan and plotted in 
a molecular ratio of 1:1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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spectrum of dithionite (DT)-reduced SynHoxE recorded at 35 K (Fig. 4a, 
top) exhibits an intense rhombic signal (gx = 2.002, gy = 1.945, gz =

1.915). Power saturation data of this species (Fig. 4c, Supplementary 
Table S6) indicates the characteristic behavior of a [2Fe2S] cluster 
without magnetic interactions to other paramagnetic centers in the vi-
cinity [50]. The observed spectroscopic signature is almost identical to 
those of the homologous [2Fe2S] clusters (Supplementary Table S7) in 
Escherichia coli, Paracoccus denitrificans, and mammalian complex I, 
suggesting a highly conserved electronic structure of these metal sites 
[43,51,52]. The ΔHoxE derivative, SynHoxFU, reduced by sodium 
dithionite (DT), showed two distinct EPR signals (Fig. 4a, middle) at 35 
K. Based on the similarity to the characteristic spectral signatures of 
homologous [2Fe2S] clusters in RC I and other soluble [NiFe] hydrog-
enases (Supplementary Table 7), the axial species (gx = 2.017, gy =

1.939, gz = 1.929) can be assigned to the [2Fe2S] cluster in HoxU, while 
the rhombic signal (gx = 2.001, gy = 1.945, gz = 1.915) is likely related 
to the [2Fe2S] cluster in SynHoxF. Notably, the latter signal is identical 
to the one of the [2Fe2S] cluster in HoxE in Synechocystis. This clearly 
elucidates why the EPR signals from those clusters could not be distin-
guished in the previous studies on the complete [NiFe] hydrogenase and 
HoxEFU reductase module from Synechocystis [12,18]. The power 
saturation of [2Fe2S]F2 is clearly different compared to [2Fe2S]E1 in 
isolated SynHoxE (Fig. 4c, Supplementary Table S6). A weak dipolar 
interaction of [2Fe2S]F2 with another paramagnetic center is suggested 
by a b-value below the limit for homogenous broadening (b < 1) [53]. As 
observed previously, additional broad signals attributed to the [4Fe4S] 
clusters appear at g = 2.05 and g = 1.88, when lowering the temperature 
to 10 K (Fig. 4d, e) [12,18]. Interestingly, the reduction by an excess of 

NADH only induced a minor enrichment of EPR active species (Fig. 4b, 
top), namely [2Fe2S]U3 and a semiquinone radical (g = 2.003) from 
FMN. The signal from [2Fe2S]U3 has a significantly different power 
saturation (Supplementary Fig. S11, Supplementary Table S6), exhibit-
ing a much larger half-saturation power (5.93 mW vs. 0.01 mW), when 
reduced with DT instead of NADH. This indicates an accelerated spin 
relaxation rate, likely due to magnetic interactions with a paramagnetic 
site in proximity. Based on the structural proposal from Artz and co- 
workers [12] and our model (see below) this site is likely a [4Fe4S] 
cluster, suggesting that at least one of the two close-by [4Fe4S] clusters 
(F1 or U2) is reduced. Furthermore, the absence of a clear signal for 
[2Fe2S]F2 at g = 1.915 (Fig. 4b, top) suggests, that this cluster cannot be 
reduced by NADH alone, possibly due to an impaired electron transfer 
from the FMN towards [2Fe2S]F2 and/or a comparatively low reduction 
potential of this cluster (see below).

The EPR spectrum of the complete reductase complex (HoxEFU) 
reduced by DT (Fig. 4a, bottom) shows the same two EPR signals as in 
SynHoxFU (Fig. 4a, middle). Merely the intensity of the rhombic [2Fe2S] 
cluster signal (gx = 2.001, gy = 1.945, gz = 1.915) is much higher. Based 
on our previous interpretations, this species originates from the reduced 
[2Fe2S]E1 and [2Fe2S]F2 clusters. Notably, the calculated power satu-
ration (Fig. 4c — pink trace, Supplementary Table S6) is very similar to 
[2Fe2S]E1 in isolated SynHoxE (Fig. 4c — red trace, Supplementary 
Table S6). This could indicate that there are no strong interactions be-
tween the two metal clusters inducing a clear relaxation enhancement or 
that the contribution from [2Fe2S]F2 to this signal is rather minor. In 
contrast to SynHoxFU, the signal from the reduced [2Fe2S]U3 cluster is 
much more intense, while the semiquinone radical signal is diminished 

Fig. 4. Composition of HoxEFU derivatives analyzed by EPR spectroscopy (a) EPR spectra of SynHoxE (top), SynHoxFU (middle) and SynHoxEFU (bottom) reduced 
with DT. (b) EPR spectra of SynHoxFU (top) and SynHoxEFU (bottom) reduced with NADH. The concentrations of the respective samples were 178 μM (HoxE), 211.5 
μM (HoxFU) and 201.5 μM (HoxEFU), each in a volume of 100 μL. All spectra were recorded at 35 K. Signals assigned to the [2Fe2S] clusters are respectively labelled 
in red (E1), blue (U3), orange (F2), while those from flavin mononucleotide radicals are labelled in dark cyan. Simulated spectra of specific [2Fe2S] cluster signals are 
displayed as dotted lines. The corresponding simulations of all components and full spectra are presented in Supplementary Fig. S10. (c) Power saturation at 20 K of 
the [2Fe2S] cluster signal in DT-reduced E1 from SynHoxE (red), E1 in SynHoxEFU (pink) and F2 in SynHoxFU (orange). Details of the power saturation are listed in 
Supplementary Table S6. (d) EPR spectra of NADH- and (b) DT-reduced SynHoxFU and SynHoxEFU both recorded at 10 K. Signals from [4Fe4S] cluster(s) (broad 
signals at g = 2.05 and g = 1.88) are labelled in purple. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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and even an additional rhombic [2Fe2S] cluster signal was observed in 
SynHoxEFU when reduced by NADH (Fig. 4b). The larger number of 
reduced species in SynHoxEFU coincides with the aforementioned 
enhanced NADH-dependent reductase activity, when the HoxE subunit 
is present. This underlines the vital role of HoxE for the NADH/NAD+- 
dependent enzymatic reactivity as discussed also by Aubert-Jousset 
et al. [47] The additional EPR species is presumably related to 
[2Fe2S]E1, since no signal from [2Fe2S]F2 was observed in the NADH- 
reduced SynHoxFU. Furthermore, [2Fe2S]E1 is likely in electron trans-
fer distance to the FMN (see next section) and could therefore directly 
accept electrons from NADH. However, the homologous N1a cluster of 
respiratory complexes I (RC I) usually cannot be reduced by NADH. An 
exception is the RC I of E. coli, for which spectral properties similar to 
those of SynHoxEFU were reported along with an unusually high redox 
potential [51,53,54]. An important consideration in interpreting the 
EPR data is the difference in Fe content between SynHoxEFU and Syn-
HoxFU (13.5 of 22 vs. 6 of 20). The reduced Fe content in SynHoxFU 
could lead to a disruption of the electron transfer pathway from FMN, 
particularly if an FeS cluster critical for this transfer is compromised. 
This disruption could result in the accumulation of the FMN semi-
quinone signal, as observed in the EPR spectra when NADH is used as the 
electron donor. Conversely, the presence of HoxE in SynHoxEFU, with its 
higher Fe content, may maintain a more complete electron transfer 
chain, thereby reducing the intensity of the FMN semiquinone signal. 
Differences in the intensity of the EPR signals in the DT and NADH 
reduced samples may be due to different reduction potentials of NAD+/ 
NADH (E0′ = − 320 mV) and DT (E0′ = − 660 mV), but may also reflect 
the fact that reduction by NADH is dependent on activation at FMN and 
electron flow into the FeS chain, while DT can reduce the FeS clusters 
independently of reactivity with FMN. Thus, these differences may also 
affect the relative populations of reduced FeS clusters signals in the EPR 
experiments. The signals from [4Fe4S] cluster(s) were more pronounced 
in the EPR spectra at 10 K (Fig. 4d, e) from SynHoxEFU compared to 
SynHoxFU. This observation can be explained by the significantly lower 
iron content of the latter protein (see first section). Additionally, all EPR 
signals from electron-accepting groups are overall much less intense 
when reduced by NADH compared to DT (Fig. 4). This is in contrast to 
prior investigations, where NADH and DT both induced a similar level of 
reduction of the cofactors, but might again originate from an impaired 
electron distribution due to an incomplete cofactor occupancy. In 
particular, while DT can reduce the different cofactors directly, NADH is 
limited to FMN as access point to provide electrons and would therefore 
be more affected by an incomplete electron transport chain [12,18].

Putting all previous observations together and considering that 
SynSH catalytically favours H2 production [55], along its constitutive 
expression in Synechocystis, it is reasonable to infer that HoxE likely 
serves a regulatory function to avoid wasteful dissipation of redox 
equivalents [55–58]. This appears to be particularly important during 
dark fermentation, when SynSH is neither inhibited by the oxygen 
produced by photosystem II nor in competition with ferredoxin-NADP+

reductase (FNR) for reduced ferredoxin 1 (PetF) [59,60], especially 
since SynSH has a much higher affinity for NADH than for NADPH, 
which are produced under dark fermentative and photosynthetically 
active conditions, respectively [7,12,47,61]. Taken together, this in-
dicates a strong influence of HoxE on the activity and/or regulation of 
cyanobacterial hydrogenases, stemming from potential structural 
changes within the protein, stabilization of NAD+/H binding, or a 
combination of both factors. Despite its close association with the HoxF 
subunit, which harbors the FMN and the NAD(P)+/H binding sites, the 
[2Fe2S]E1 does not appear to be part of the main iron‑sulfur cluster 
chain. It is worth noting that, unlike homologous [2Fe2S] clusters, the 
[2Fe2S]E1 can be reduced by NADH (Fig. 4a). This characteristic has 
only been uniquely identified in the N1a cluster of RC I from E. coli, 
whereas the same cluster in RC I from other species cannot be reduced 
by NADH due to its low redox potential [51,53]. The function of the N1a 
cluster has also remained a subject of debate. It was suggested to 

minimize production of reactive oxygen species (ROS), increasing the 
overall protein stability or inducing structural re-arrangements, that 
stabilize the NAD(H) binding [62–64]. Since, modulation of the redox 
potential of the respective cluster did not affect the (stoichiometry of) 
ROS production, it is unlikely that regulation occurs in this way [63]. 
Stabilization of the overall protein structure mediated by HoxE is rather 
unlikely, as stable, albeit inactive, subspecies of ΔHoxE-SynSH can be 
observed in Synechocystis in vivo [65]. Moreover, we were able to isolate 
a stable ΔHoxE derivative of the Synechocystis reductase module. This 
leaves the induction of structural rearrangements and the stabilization 
of the NAD(H) binding as the most likely options. It remains unclear 
whether the [2Fe2S]E1 cluster is needed for this purpose or if structural 
features of HoxE are decisive, since, related bacterial SHs lack this 
iron‑sulfur cluster. Instead, the N-terminus of HoxF of these hydroge-
nases is extended and structurally homologous to HoxE.

3.4. Structural investigations reveal several potential ferredoxin 
interaction sites and similarity of SynSH with bifurcating hydrogenases

One of the most striking features of cyanobacterial SHs is their ability 
to use electrons from reduced ferredoxin to produce molecular 
hydrogen, though it is unclear where exactly ferredoxin binding takes 
place. To gain a better understanding of the structure of the Synecho-
cystis reductase module, the positional relationship of the cofactors and 
potential interaction sites for ferredoxin, we calculated structural 
models of SynHoxEFU/SynSH using AlphaFold [33,34]. With a pLDDT 
value of over 87, the credibility of the calculated structure can be 
considered high. Subsequently, we fed this model of the apo-protein into 
the AlphaFill algorithm, which implements the ligands, cofactors, and 
metals from experimentally determined protein structures in order to 
generate a model of the holo-protein (Fig. 5, Supplementary Fig. S12) 
[39]. In addition to the high sequence identity of >47 %, a comparison 
of the calculated structure of SynHoxEFU with experimentally solved 
structures of electron-bifurcating (BF) HydABC hydrogenases revealed a 
high structural identity. A comparison of the distances between the in-
dividual cofactors also showed that they differ by <1 Å (Supplementary 
Table S8). Since size exclusion chromatography revealed 

Fig. 5. AlphaFold structure of SynSH, cofactors were inserted with the Alpha-
Fill algorithm. Docking models calculated by HDOCK (Supplementary Fig. S13) 
reveal two potential binding sites for SynPetF (cyan): one at HoxF and one at 
HoxU. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

E. Lettau et al.                                                                                                                                                                                                                                   BBA - Bioenergetics 1866 (2025) 149508 

7 



tetramerization of the isolated reductase module, we built a homology 
model for SynHox(EFU)4 based on TmHydABC (PDB ID: 7P5H) using 
SWISSModel (Supplementary Fig. S12), QMEANDisCO global value was 
0.7–0.05. According to this model, the [4Fe4S]U1 sites of two SynHox-
EFU units are in close proximity to each other (8.5 Å). This facilitates the 
exchange of electrons, which in turn explains the positive cooperation 
observed during kinetic characterization. It is notable that these two 
clusters are unlikely to be capable of electron exchange within the entire 
SynSH enzyme, given that they are covered by HoxYH. Nevertheless, 
Eckert and co-workers put forth the hypothesis that SynHoxEFU sub- 
populations also exist in vivo in Synechocystis [11].

Our structural model shows that the [2Fe2S]E1 cluster, as in RC I and 
RcFDH, is located off-pathway to the [NiFe] center. However, unlike 
these two enzymes, it opens an additional electron pathway branch to 
the [2Fe2S]F2 cluster. Within the SynHoxEFU molecule, the only elec-
tron transfer partner for [2Fe2S]F2 is the [2Fe2S]E1 cluster in HoxE, 
since a distance of 19.5 Å to the FMN is too large for efficient electron 
transfer. Furthermore, our calculated SynHoxEFU structure reveals that 
the [2Fe2S]E1 cluster in HoxE is deeply buried in the protein scaffold. 
Only the [2Fe2S]F2 cluster in HoxF and the [4Fe4S]U4 cluster in HoxU 
are close enough to the surface (<5 Å) to receive electrons transferred by 
ferredoxins.

Docking predictions between our structure model of SynHoxEFU and 
the Synechocystis ferredoxin (PetF) confirm these two potential binding 
sites at HoxF and HoxU, while no potential binding site was found at 
HoxE (Fig. 5, Supplementary Fig. S13; see supplemental material for 
details) [40,41,66]. The structural arrangement of the here presented 
PetF binding model is different from that proposed by Artz and co- 
workers [12], which was based on a homology model of HtSH instead 
of the AlphaFold algorithm. Nevertheless, it underlines their findings 
based on cross-linking, showing evidence for PetF interacting mainly 
with HoxF. Since two electrons are necessary for production of molec-
ular hydrogen, but PetF is only able to transfer one electron at a time, 
interaction with two PetFred one by one is mandatory. However, 
simultaneous interactions of two PetF at two different sites are also 
reasonable. The two predicted ferredoxin binding sites are accessible in 
the tetrameric structure model of SynHox(EFU)4 (Supplementary 
Fig. S14). However, considering that native SynSH can dimerize [9], the 
binding site on HoxU would be occupied (Supplementary Fig. S14), fa-
voring the predicted binding site on HoxF. Nevertheless, the dimeric 
structure model is based on homology to SH from Hydrogenophilus 
thermoluteolus (HtSH, PDB ID:5XF9), and there is no evidence to suggest 
whether SynSH forms dimers in the same way as HtSH or through other 
subunits, as proposed by Eckert et al. [11]

The fact that SynSH is able to interact with both NAD(P)H and 
ferredoxin, and also shows high structural and sequential identity with 
electron bifurcating (BF) hydrogenases, raised the idea of a related 
functional mechanism. BF hydrogenases are specialized to couple 
exergonic and endergonic reactions, allowing the simultaneous H2- 
driven reduction of NAD+ and ferredoxin or vice versa (electron con-
furcation) [67]. Ferredoxin interaction of BF hydrogenases is proposed 
to take place at the HoxF homologue HydB subunit, particularly at the C- 
terminal domain that harbors two additional [4Fe4S] cluster, which are 
not present in HoxF (Fig. 1) [20–22,68,69]. Since these clusters are 
present in all described electron bifurcating hydrogenases, but not in the 
multimeric non-BF HydAB(C)‑hydrogenases, they are believed to be 
essential for the bifurcation mechanism, by movement of the respective 
domain [20–22]. Furthermore, in the absence of structural data from 
SynSH, there is no information available regarding the movement of 
domains within the reductase module. This contradicts the argument 
that SynSH is an electron bifurcating hydrogenase. On the other hand, 
the non-BF HydAB(C) hydrogenases, unlike SynSH, do not have the 
ability to interact with ferredoxin at all and all non-BF hydrogenases 
identified so far, also lack the binding motif for the additional [2Fe2S] 
cluster in the beta subunit (HoxF/HydB) [69].

Moreover, alignment of SynHoxF with sequences of homologous 

subunits from known BF and non-BF enzymes revealed another struc-
tural feature that SynSH shares with BF hydrogenases a signature motif 
in the shared FMN/NADH binding pocket, which is formed by a five- 
loop Rossmann-like fold. In 2020, Losey and co-workers discovered 
that in BF hydrogenases, three of these five loops contain typical motifs 
that are not conserved in non-BF hydrogenases: an alanine- 
phenylalanine-methionine (AFM) motif in the second loop, a phenylal-
anine (F) motif in the third loop, and a glycine-glycine-proline-serine- 
glycine (GGPSG) motif in the fourth loop [69]. All these signature mo-
tifs are completely conserved in SynHoxF (Supplementary Fig. S15). The 
exact function of these conserved residues with respect to electron 
bifurcation can currently only be speculated, as few experimental 
structures and no mutagenesis studies on the corresponding amino acids 
are available. However, two observations can be made using structural 
models (Supplementary Fig. S15). First, the methionine in loop 2 is well 
positioned to affect the redox properties of [2Fe2S]E1/FMN [70,71]. In 
addition, it may play a role in fine-tuning the redox potential of the 
[2Fe2S]. Second, phenylalanine in loop 3 may play a special role in 
coordination of the nucleotide cofactor, since tyrosine at this position in 
Nqo1 from T. thermophilus has been proposed to facilitate NADH binding 
through hydrogen bonding [62,65]. A comparison of the structures of 
known BF hydrogenases and non-BF enzymes also reveals that all non- 
BF enzymes lack the [2Fe2S] cluster, which is homologous to 
[2Fe2S]F2 of SynHoxF (Supplementary Fig. S15). In conclusion, our 
structural predictions and comparisons shows a remarkable similarity 
between SynHoxEFU and bifurcating hydrogenases. This supports the 
notion of a related functional mechanism, either in the form of a ferre-
doxin/NADH coupled reaction or even in a bifurcated mechanism. A 
bifurcating mechanism is characterized by a strict H2:NADH:ferredoxin 
stoichiometry of 2:1:2 and would exclude the occurrence of half- 
reactions, as we could demonstrate by ferredoxin-dependent NAD+

reduction with isolated SynHoxEFU. However, it has also been shown in 
other bifurcating hydrogenases that thermodynamically favorable re-
actions are partially attainable in the absence of the third reaction 
partner, albeit with reduced conversion rates [72,73]. Nevertheless, 
activity measurements with the isolated SynSH are necessary to clarify 
this. The low yields and the unequal ratios of individual subunits, in 
particular HoxE, after purification make it difficult to draw a conclusive 
interpretation [7,18]. Therefore, most activity assays with SynSH have 
been performed in soluble cell extracts, which may still contain the 
complete components. While inactivity of purified SynSH could also be 
due to sub-stoichiometric amounts of HoxE, it should be noted, that no 
activity of purified SynSH has ever been demonstrated with ferredoxin 
alone, and in many cases, neither with NADH alone [7,18].

In a physiological context, SynSH acts as an electron valve during the 
dark-light transition and produces H2 [55,56]. The fact that H2 pro-
duction is short-lived has been explained by the oxygen sensitivity of 
SynSH and competition for reduced ferredoxin with the FNR. However, 
it should also be considered that this is the only time when large 
amounts of cytosolic NADH and photosystem I-reduced PetF are 
simultaneously present in the cell, and efficient hydrogen production in 
this short phase could be accomplished by an electron bifurcation 
mechanism of SynSH. Although SynSH also produces small amounts of 
H2 during dark fermentation, it is able to interact with other ferredoxins 
besides PetF that are reduced by other pathways [7,23]. Moreover, 
recent findings by Appel and co-workers showed electron transfer from 
SynSH to photosynthetic complex I (NDH-1) [74]. Since H2-dependent 
ferredoxin reduction is unfavorable, SynSH is either reducing another 
electron mediator or it is directly interacting with the NDH-1 [56,74]. 
Another plausible explanation is electron bifurcation by the SynSH, 
since this would allow H2-dependent NAD+/ferredoxin reduction, and 
the reduced ferredoxin could transfer electrons to NDH-1. Together, 
these findings improve our understanding of the Synechocystis bidirec-
tional hydrogenase.
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4. Conclusion

Our study provides significant insights into the structure of the 
reductase module of SynSH and highlights the crucial role of the cya-
nobacterial SH-specific subunit HoxE for enzyme functionality. By 
demonstrating the presence of a [2Fe2S] cluster in the HoxE and HoxF 
subunits and identifying their spectroscopic fingerprints, we obtained a 
better impression of their roles in electron transfer. Furthermore, our 
predicted structural model of SynHoxEFU elucidates the structural 
relationship of the subunits and cofactors with regard to their individual 
positions in the enzyme, emphasizing the structural identity shared with 
bifurcating hydrogenases. We propose that HoxE may have a regulatory 
function and optimizes electron supply. Our structure homology 
modelling and the observed interactions between SynSH and ferredoxin 
facilitate the identification of possible ferredoxin binding sites at HoxF 
and perhaps at HoxU. The existence of signature motifs in SynHoxF 
implies its involvement in electron bifurcation mechanisms. Collec-
tively, our findings contribute to understanding the physiological role 
and relationships of SynSH with other homologous enzymes. Future 
studies involving isolated SynSH and improved purification techniques 
will be crucial for further investigating its activity and confirming its 
potential as a bifurcating hydrogenase.
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