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Conspectus  

Over the past two decades, the bioinorganic chemistry of hydrogenases has attracted much interest 

from basic and applied research. Hydrogenases are highly efficient metalloenzymes that catalyze 

the reversible reduction of protons to molecular hydrogen (H2) in all domains of life. Their iron- 

and nickel-based cofactors represent promising blueprints for the design of biomimetic, synthetic 

catalysts. In this review, we address the molecular proceedings of hydrogen turnover with [FeFe]-

hydrogenases. 

The active site cofactor of [FeFe]-hydrogenases (“H-cluster”) comprises a unique diiron complex 

linked to a [4Fe-4S] cluster via a single cysteine. Since it was discovered that a synthetic analogue 

of the diiron site can be incorporated into apo-protein in vitro to yield fully active enzyme, 

significant progress has been made towards a comprehensive understanding of hydrogenase 

catalysis. The diiron site carries three to four carbon monoxide (CO) and two cyanide (CN-) ligands 

that give rise to intense infrared absorption bands. These bands are sensitive reporters of the 

electron density across the H-cluster, which can be addressed by infrared (IR) spectroscopy to 

follow redox and protonation changes at the cofactor during hydrogen turnover. Synthetic variation 
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of the metal-bridging dithiolate ligand at the diiron site, as well as site-directed mutagenesis of 

amino acids, provides access to the proton pathways towards the cofactor. Quantum chemical 

calculations are employed to specifically assign IR bands to vibrational modes of the diatomic 

ligands and yield refined H-cluster structures.  

Here, we provide an overview of recent research on [FeFe]-hydrogenases with emphasis on 

experimental and computational infrared studies. We describe advances in attenuated total 

reflection Fourier-transform infrared spectroscopy (ATR FTIR) and protein film electrochemistry, 

as well as density functional theory (DFT) calculations. Key cofactor species are discussed in terms 

of molecular geometry, redox state, and protonation. 13CO isotope editing is introduced as a tool to 

evaluate the cofactor geometry beyond the limits of protein crystallography. In particular, the role 

of proton-coupled electron transfer (PCET) in the generation of catalytically relevant redox species 

is addressed.  

We propose that site-selective protonation of the H-cluster biases surplus electrons either to the 

[4Fe-4S] cluster or to the diiron site. Protonation of the [4Fe-4S] cluster prevents premature 

reduction at the diiron site and stabilizes a reactive, terminal hydride during rapid H2 conversion. 

The observed H-cluster species are assigned either to the catalytic cycle of hydrogen turnover or 

to reactions possibly involved in activity regulation and cellular H2 sensing. In the catalytic cycle 

of [FeFe]-hydrogenases, a specific H-cluster geometry is preserved that features a bridging CO 

ligand. PCET ensures redox potential balancing for two sequential cofactor reduction steps. 

Implementation of the concept of sequential PCET at a geometrically inert cofactor with tight 

control of electron and proton localization may lead to a novel generation of biomimetic catalysts 

for the production of H2 as a fuel. 
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1. Introduction 

Hydrogenases are ancient metalloenzymes that catalyze the reversible reduction of protons to 

molecular hydrogen (2 H+ + 2 e- ⇌ H2) in all domains of life.1 While [Fe]-only hydrogenases are 

found in archaea exclusively, [NiFe]-hydrogenases are common in both bacteria and archaea.2 

[FeFe]-hydrogenases have been isolated from bacteria and certain eukaryotes and represent the 

phylogenetically most recent class.3 With a reported H2 release activity of at least 1,000 H2 s
-1 and 

negligible electrochemical overpotential, the catalytic cofactor of [FeFe]-hydrogenases has 

inspired a wealth of synthetic complexes.4–7 This review covers recent developments in the 

understanding of hydrogen turnover in [FeFe]-hydrogenases with emphasis on in situ infrared 

spectroscopy. 
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Figure 1. Protein fold and cofactors of [FeFe]-hydrogenases. (A) CPI crystal structure 

4XDC including the iron-sulfur clusters of the accessory domain and the H-cluster (blue and 

orange spheres). The purple-colored overlay represents a homology model of HYDA1 apo-

protein. (B) H-cluster binding site in CPI. The diiron complex binds to the [4Fe-4S] cluster by 

a single cysteine. Cysteine 169, water cluster W1, E141, and S189 (HYDA1 numbering) are 

part of the W1/adt proton transfer pathway towards Fed.
8–10 Cysteine 417 at the [4Fe-4S] 

cluster is a potential protonation site as part of proton transfer pathway W2.  

 

The enzyme CPI from Clostridium pasteurianum represents the prototypical bacterial [FeFe]-

hydrogenase.11–13 Its accessory domain carries up to four iron-sulfur clusters that wire electrons 

from the protein surface to the active-site cofactor in the catalytic domain (Fig. 1A). The [FeFe]-

hydrogenase from the green alga Chlamydomonas reinhardtii (HYDA1) lacks the accessory 

domain and exclusively binds the catalytic cofactor, commonly denoted as H-cluster.14 The H-

cluster consists of a [4Fe-4S] cluster covalently bound to the protein scaffold by four cysteine 

residues, one of which additionally binds the characteristic diiron site (Fig. 1B). The latter is 

equipped with one carbon monoxide (CO) and one cyanide ligand (CN-) at each iron ion. Potential 

hydrogen bonding partners to the CN- ligands motivated an orientation of the diatomic ligands in 

the oxidized resting state (Hox) of the cofactor as shown in Fig. 1B.15,16 The third carbonyl is found 

in bridging position (µCO) between proximal and distal iron ions (Fep, Fed) and stabilizes an 

unoccupied, apical coordination site at Fed. In contrast to the octahedral ligand arrangement at Fep, 

the eclipsed, square pyramidal ligation at Fed has inspired the term “rotated geometry”.7 A fourth 

CO ligand binds to Fed in CO-inhibited enzyme.17–19 Because exogenous CO protects the enzymes 

against O2-induced deactivation and reversibly inhibits hydrogen turnover, Fed is most likely the 
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site of catalysis.20,21 The head group of the native dithiolate at the diiron site was identified as a 

secondary amine (adt, (SCH2)2NH) which serves as proton relay between H-cluster and protein 

scaffold.22 The generation of cofactor variants with unnatural dithiolate moieties by artificial 

maturation of [FeFe]-hydrogenase has propelled site-specific studies on cofactor redox chemistry 

and protonation pathways (Fig. 2).23–25 

 

Figure 2. Crystallized H-cluster variants with different dithiolate moieties. The H-cluster 

binds to the protein fold via four cysteines and consists of a [4Fe-4S] cluster and the diiron 

site. The native dithiolate bridge (adt, (SCH2)2NH) can be exchanged by in vitro maturation of 

hydrogenase apo-protein with synthetic diiron complexes including a oxodithiolate (odt, 

(SCH2)2O), sulfurdithiolate (sdt, (SCH2)2S), or propanedithiolate moiety (pdt, (SCH2)2CH2), 
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as proven by crystal structures.13 Furthermore, ruthenium26 and selenide substitutions were 

reported.27,28 

 

2. Quantitative Infrared Spectroscopy and Isotope Editing 

2.1  ATR FTIR Spectroscopy 

Fourier-transform infrared (FTIR) spectroscopy is a key technique in the characterization of 

hydrogenases.17–19 [FeFe]-hydrogenases show characteristic IR bands that are unambiguously 

assigned to the CO and CN- ligands of the H-cluster. The spectral features are sensitive to redox 

and protonation changes as well as cofactor geometry and protein environment. We have developed 

an experimental set-up that facilitates manipulating the steady-state equilibria between cofactor 

species in real time. This approach relies on the formation of protein films measured in attenuated 

total reflection configuration (ATR, Fig. 3A). The ATR FTIR setup allows for defined hydration 

of the protein film with an aerosol composed of gas and aqueous solvent. We were able to 

demonstrate that IR spectral changes can be quantified as a function of light and gas composition,29 

proton and reactant concentration30–32, and electrochemical potential.33,34 Furthermore, this 

approach permits isotope exchange studies.29–35 
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Figure 3. Setup for in situ ATR FTIR spectroscopy and spectro-electrochemistry. (A) 

Delivery of humidified gas (i.e. aerosol) to the protein film facilitates quantitative pH and 

reactant titrations, isotope editing, and irradiation experiments. (B) Modification of the silicon 

ATR crystal with a gold mesh electrode allows triggering redox changes. To protect the water 

soluble hydrogenase from dilution, a dialysis membrane covers the protein film. Legend: WE, 

working electrode; RE, reference electrode; CE, counter electrode. 

 

To vary the electrochemical potential across the protein film, the ATR FTIR setup was modified 

based on a concept developed by Mäntele and coworkers.36 Instead of depositing the sample 

directly onto the ATR crystal, protein solution was injected into a mesoporous gold mesh in close 

contact to the crystal. The gold mesh serves as the working electrode in spectro-electrochemistry 

(Fig. 3B) and facilitates direct electron transfer so that external redox mediators are not 

required.33,34 Access to the electrolyte buffer allows adjusting pH, reactant concentration, and gas 

composition. Figure 4 shows ATR FTIR spectro-electrochemical difference spectra for prominent 
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H-cluster species that were obtained with our setup. The annotated cofactor species are introduced 

and discussed in the following sections. Their vibrational, electronic, and structural properties are 

summarized in ref. 25.  

 

Figure 4. ATR FTIR difference spectra for native [FeFe]-hydrogenase. (A) Redox 

transitions Hox → Hred´ (-350 to -450 mV, pH 9) and Hred → Hsred (-650 mV to -750 mV, 

pH 6). The shift to lower frequencies in both traces is assigned to a reduction of the [4Fe-4S] 

cluster. (B) Transition Hox → HoxH upon acidification in presence of sodium dithionite (DT). 

Inset: correlation between pH and HoxH formation rate with 500 mM DT. The shift to higher 
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frequencies was attributed to a protonation of the [4Fe-4S] cluster. (C) In presence of H2, the 

H-cluster adopts different redox states. Enrichment of Hred (green) and Hsred (magenta) over 

Hox is observed at pH 6 whereas HoxH is converted to Hhyd at pH 4. Note the frequency 

down-shift of the µCO band when Hhyd accumulates under D2.  

 

2.2 Cofactor Geometry from Isotope Editing and DFT Calculations 

In the Hox state, [FeFe]-hydrogenases are very sensitive to CO inhibition.17–21 The fourth CO 

ligand at the cofactor causes significant vibrational coupling, which was employed for an 

evaluation of H-cluster geometries in the CO-inhibited state (Hox-CO) by ATR FTIR spectroscopy 

and density functional theory (DFT) calculations on whole-cofactor models. We developed a 

protocol for site-selective isotope editing and characterized all possible 13CO labeling patterns of 

the H-cluster in Hox and Hox-CO.29 DFT yielded geometry-optimized cofactor structures and 

normal mode analysis provided the CO/CN- IR frequencies of the 13CO isotopomers for any 

conceivable ligand arrangement at the diiron site (about 200 structures considered). For Hox, DFT 

analysis confirmed the CO/CN- ligand arrangement as previously suggested.11–13 In case of Hox-

CO, originally exogenous CO was modelled binding trans to µCO12, however our correlation 

analysis uniquely favored an apical CN- ligand.29 The DFT model further suggests a stabilization 

of the apical ligand by weak hydrogen-bonding to the adt-NH, which may be the reason why 

HYDA1pdt has not been shown to bind exogenous CO.37 These results highlight the structural 

flexibility of the H-cluster, in particular with respect to the diatomic ligand arrangement at the 

distal iron ion. The thermal motion of adjacent amino acids may be coupled to a rearrangement of 

equatorial CN- in Hox into an apical position in Hox-CO.38–40  
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3 Proton-Coupled Electron Transfer at the H-cluster 

3.1 Protonation of the [4Fe-4S] Cluster in the Oxidized State 

The IR bands of the oxidized H-cluster (Hox) are shifted to higher frequencies upon acidification 

in presence of a reductant (Fig. 4B).31 This observation tempted us to assume a protonated H-cluster 

species (HoxH). The transition is conserved in cofactor variant HYDA1pdt (Fig. 2), which excludes 

the bridgehead nitrogen of the native adt group as protonation site. DFT calculations were 

employed to explore all conceivable protonation sites at the H-cluster. Protonation at the sulfur 

atom of cysteine 417, a terminal ligand of the [4Fe-4S] cluster, yielded superior agreement between 

the experimental and calculated IR frequencies of HoxH. These results suggested that protonation 

reactions at the [4Fe-4S] cluster may be involved in [FeFe]-hydrogenase catalysis.31 A chain of 

water molecules in the cleft between accessory and catalytic domain possibly mediates proton 

transfer to the [4Fe-4S] cluster (W2 pathway, Fig. 5A).11–13 

 

 

Figure 5. Enrichment of HoxH under turnover conditions. (A) Putative proton transfer 

paths W1/adt towards the diiron site (left branch, green) and W2 towards C417 of the [4Fe-

4S] cluster (right branch, blue) as found in CPI (4XDC). Both trajectories are conserved in all 

crystal structures. (B) PCET to the [4Fe-4S] cluster facilitates formation of Hred´ from Hox 
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and involves a near-by base B, e.g. a water molecule of W2. Hydrogen gas is released in a 

second PCET step (see Fig. 8 for details). Intervening re-protonation of B at low pH impairs 

deprotonation of the re-oxidized [4Fe-4S] cluster so that HoxH accumulates. 

 

The role of reductant in the enrichment of the protonated, oxidized state is explained by placing 

HoxH at the end of the catalytic cycle (Fig. 5B). Starting with Hox, proton-coupled electron 

transfer (PCET) to the [4Fe-4S] cluster leads to formation of a one-electron reduced state (Hred´, 

see Section 3.3). Subsequent loss of reducing equivalents via H2 release leaves the oxidized 

cofactor with a protonated [4Fe-4S] cluster. HoxH accumulates when the putative nearby base (B, 

possibly an adjacent water molecule of the W2 pathway) becomes re-protonated prior to H2 release 

(BH+), i.e. at acidic pH, so that the final deprotonation of the re-oxidized [4Fe-4S] cluster is 

impaired.31 Our assignment of HoxH provided the conceptual framework for an improved 

description of other redox species and represents a rare biological example of [4Fe-4S] cluster 

protonation.41  

 

3.2 Reduction of the Diiron Site and Formation of a Bridging Hydride  

One-electron reduction of the Hox state yields two different cofactor species (Hred and Hred´) 

with clearly deviating IR signatures (Fig. 4A). FTIR spectro-electrochemistry has demonstrated 

that the formation of Hred involves both an electron transfer and a protonation event.42 The altered 

IR signature indicates that the H-cluster undergoes significant structural rearrangements in Hred, 

but the underlying cofactor geometry is much debated. In comparison to Hox, an early crystal 

structure of H2-reduced [FeFe]-hydrogenase DDH showed subtle differences in electron density 

between the iron centers of the diiron site.43 This was interpreted as a H-cluster geometry with a 
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“semi-bridging” CO ligand and tentatively assigned to Hred (Fig. 6A, model 2). It is now known 

that [FeFe]-hydrogenases can adopt a number of different reduced states in presence of H2 (see 

Sections 3.3 and 3.4), some of which show a µCO ligand easily compatible with the proposed DDH 

cofactor geometry.30,31 Therefore, the redox state of the crystallized enzyme remains ambiguous 

and further crystallographic studies on reduced species are urgently required.  

In analogy to [NiFe]-hydrogenases44 and synthetic diiron complexes5–7, the H-cluster structure has 

inspired discussions on the possibility of a Fe-Fe bridging hydride (µH) as reactive species in 

hydrogen turnover (Fig. 6A, model 3). Experimental and theoretical considerations suggested that 

such a cofactor geometry could be fairly stable; however, it would likely be less reactive than a 

structure with a terminal hydride.45–47 Evidence for a µH in a reduced H-cluster species came from 

X-ray absorption and emission spectroscopy in combination with DFT.48,49  
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Figure 6. Evaluation of different H-cluster geometries for the reduced states Hred and 

Hsred. (A) Considered models 1 – 3 differ with respect to hydrogen species binding (arrows) 

and Fe-Fe bridging motifs. (B) Calculated IR frequencies from DFT of the CO/CN- ligands 

plotted versus the experimental values. Hred (open symbols) and Hsred (solid symbols) 

structures with a µH (model 3) show IR frequencies in best agreement with ideal correlation 

(dashed line) and reproduce the large CN- frequency gap (blue box). Calculated IR data was 

corrected for theory-inherent deviations. Inset: apparent probability for models 2 and 3 derived 

from statistical analyses. 
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We have reported a systematic evaluation of IR frequencies of Hred and Hsred by DFT in 

combination with 13CO isotope editing and ATR FTIR spectro-electrochemistry.34 The two-

electron reduced Hsred state differs from Hred in an additional reduction of the [4Fe-4S] cluster 

but the similar IR signatures suggest an overall similar cofactor geometry (Section 3.4).50 

Correlation of experimental and computational IR signatures for three different Hred and Hsred 

geometries as suggested earlier (Fig. 6B) clearly favors a model of the H-cluster with a reduced 

diiron site, an apical CO ligand at Fed, a singly protonated adt group, and a µH in Fe-Fe bridging 

position.34  

A recent study on the [FeFe]-hydrogenase from C. acetobutylicum (CAI) has identified a Hred-like 

state with a µCO band that converts into Hred upon transition from 15 K to 260 K.51 Apparently, 

changes in cofactor geometry are impaired under cryogenic conditions and allow trapping the 

Hred-like intermediate. Elevated temperatures (“biological conditions”) facilitate ligand 

reorientation and proton transfer, which according to our data results in µH formation in Hred.34 

Interestingly, the regulatory [FeFe]-hydrogenase from T. maritima shows a Hred-like state similar 

to CAI even under biological conditions (290 K).52 However, this enzyme differs from “standard” 

[FeFe]-hydrogenases by several amino acid exchanges around the cofactor, precluding a direct 

comparison to CAI. 

 

3.3 Site-selective Reduction and Protonation at the H-cluster 

Originally, the one-electron reduced state Hred´ has been characterized in cofactor variant 

HYDA1pdt and was observed in native [FeFe]-hydrogenases later on as well.37,42 Under reducing 

conditions, Hred´ is formed at alkaline pH preferentially whereas Hred dominates at more acidic 

pH values.31 The Hox → Hred´ conversion is characterized by a reduction of the [4Fe-4S] cluster, 
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which causes a small shift to lower frequencies of the CO/CN- bands (Fig. 4A). Furthermore, the 

IR signature clearly indicates that the H-cluster in Hred´ carries a µCO ligand.34 Spectro-

electrochemical studies have revealed that the midpoint potentials of the  Hox → Hred and Hox 

→ Hred´ transitions decrease with a slope of about 60 mV per pH unit (Fig. 7A), which indicates 

that both processes involve PCET.33,42 Similar to HoxH, correlation analysis of experimental and 

computational IR data of Hred´ favored a protonation at cysteine 417 of the [4Fe-4S] cluster.31 

 

Figure 7. Proton-coupled electron transfer at the H-cluster. (A) Pourbaix diagram showing 

the pH-dependence of the midpoint potential of the Hox → Hred´ reduction. Linear regression 

(black line) with a slope of ~60 mV/pH indicates a PCET reaction at similar potentials as the 

H+/H2 redox couple (red dashes). (B) pH-dependence of H2 release activity for HYDA1 in a 

solution assay. The activity decrease for pH < 7 suggests accumulation of catalytically less 

reactive H-cluster species. 
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Our experimental and theoretical explorations consistently suggest that a bridging hydride is bound 

at the reduced diiron site in Hred34 whereas the [4Fe-4S] cluster is reduced and protonated in 

Hred´.31,33 Furthermore, the observation that alkaline conditions favor Hred´ and acidic pH values 

promote Hred suggests that the velocities of [4Fe-4S] cluster and diiron site protonation are 

intrinsically different and vary with pH.31,42 Selective proton transfer apparently biases the surplus 

electron to either the diiron site or the [4Fe-4S] cluster, controlling cofactor geometry as well as 

enzymatic activity. This model can explain the bell-shaped pH-dependence of H2 release activity 

of [FeFe]-hydrogenases (Fig. 7B), which has remained inconclusive for a long time.53 The activity 

increase from alkaline to neutral pH can be explained by an increase of reactant concentration (i.e., 

protons) while the activity decrease towards more acidic pH may be due to accumulation of 

catalytically less reactive species. These findings suggest that catalytic hydrogen turnover 

coincides with a Hox-like H-cluster geometry (µCO) that is preserved in Hred´.31 The declined H2 

release activity at acidic pH then would reflect H-cluster species with an altered cofactor geometry 

(i.e. µH in Hred and Hsred).  

  

3.4 Reduction of the H-cluster by Two Electrons 

In the so-called super-reduced state (Hsred), the H-cluster is characterized by a reduction of both 

diiron site and [4Fe-4S] cluster.50 The IR signature is similar to Hred and the band shifts mirror 

the frequency difference between Hox and Hred´ (Fig. 4A). Accordingly, our analyses favor 

similar cofactor geometries in Hred and Hsred.34 An additional two-electron reduced H-cluster 

species was identified in amino acid variants of proton transfer path W1.54,55 In comparison to Hox, 

this state shows a pronounced frequency up-shift of all cofactor bands, indicative of a decrease of 

electron density at the diiron site (Fig. 4C). The small yet significant frequency down-shift of the 
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µCO band in deuterated enzyme supports that this state carries a terminal hydride and has therefore 

been termed Hhyd.30,55 Mössbauer spectroscopy revealed a midpoint potential of -430 mV (pH 8) 

for the Hox → Hhyd transition, in good agreement with the H+/H2 reference potential.55 This is 

convincing evidence that a species similar to Hhyd is involved in hydrogen turnover.  

We have studied Hhyd by ATR FTIR and DFT in order to assign cofactor geometry and 

protonation state. The enrichment of Hhyd in catalytically competent, native HYDA1 was 

monitored in response to isotope editing, gas exchange, and pH titration.30 At acidic pH, HoxH can 

be converted to Hhyd in presence of H2 or D2 (Fig. 4C). The direct conversion suggests a 

protonated [4Fe-4S] cluster in Hhyd, which is favored by X-ray spectroscopy and DFT as well.32 

The accumulation of Hhyd under turnover conditions may be based on a similar re-protonation of 

the adjacent base at low pH as suggested for HoxH (Fig. 5B). In summary, the available data for 

Hhyd favor a Hox-like H-cluster geometry (µCO) with an apical hydride at Fed and suggest a 

protonated [4Fe-4S] cluster. 

  

4 The Molecular Proceedings of Hydrogen Turnover 

Various proposals for the catalytic mechanism of [FeFe]-hydrogenases have been put forward in 

recent years.30,33,38,42,55,56 A prominent mechanistic scheme was devised and continuously refined 

by Lubitz and coworkers.26,42,57 In their present model, starting from Hox, a Hred-like 

intermediate42 is formed upon electron transfer to the diiron site and concerted proton transfer to 

the adt group. Electron transfer to the [4Fe-4S] cluster leads to an Hsred-like species50 before 

proton transfer from the adt group to Fed initiates the formation of Hhyd.57 Upon delivery of a 

second proton, the hydride species spontaneously reacts to form H2, which leaves the active site 

and restores the oxidized H-cluster. This model and related proposals45,54–56 critically involve a 
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protonated adt group for Hred/Hsred and (in most cases) hypothetical intermediates.57 Our data 

clearly disfavor adt protonation in any H-cluster intermediate31–34, including Hhyd as supported by 

recent nuclear inelastic scattering data.58 Furthermore, the proposed geometry of the reduced H-

cluster is barely compatible with the experimental IR signature of Hred and Hsred.34 Including 

only experimentally and computationally verified intermediates, we arrive at an alternative reaction 

scheme that and emphasizes the role of PCET in biological hydrogen turnover (Fig. 8). In the 

future, spectroscopy with sub-turnover time resolution will help to distinguish whether a particular 

intermediate is involved in the catalytic cycle.25 Application of such approaches to [FeFe]-

hydrogenases is challenging due to the lack of intrinsic means to trigger and synchronize catalytic 

activity, but recent progress in the field is promising.59–62  

We briefly outline the key features of our model in the following. The diiron site of the oxidized 

H-cluster (Hox) features an open coordination site trans to µCO at Fed as opposed to the 

symmetrical geometry of many synthetic diiron compounds that lack a bridging carbonyl.5–7 The 

Hox-like geometry is considered prerequisite for rapid hydrogen turnover that proceeds via a 

terminal hydride whereas ligand rearrangement at the diiron site and µH binding has been 

considered to be incompatible with the experimentally observed rate of catalysis.45–47 We propose 

that the initial site of protonation determines whether a Hox-like geometry is maintained or an 

altered geometry is acquired (Fig. 8).  
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Figure 8. Catalysis and regulation at the H-cluster of [FeFe]-hydrogenases. In the 

schematic representation of the H-cluster the dithiolate group was omitted. Red color denotes 

the location of surplus charge. Model structures were derived from DFT based on Hox crystal 

structure 4XDC. Formal redox state assignments of the H-cluster sub-complexes are indicated.  

Left Branch: PCET first to the diiron site via the W1/adt proton transfer pathway (green, i.e. 

at acidic pH) facilitates formation of H-cluster species with an altered cofactor geometry (µH), 

possibly involved in the regulation of enzyme activity and hydrogen metabolism. Protonation 

of the [4Fe-4S] cluster in Hsred is not uniquely implied but compatible with our data. Right 

branch: The catalytic cycle of rapid hydrogen conversion exclusively involves intermediates 

with a Hox-like cofactor geometry. PCET first to the [4Fe-4S] cluster via the W2 pathway 
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(blue, i.e. at alkaline pH) preserves the µCO ligand and facilitates charge compensation in the 

first redox step. HoxH is potentially involved as a transient intermediate (*) between Hhyd 

and Hox as shown in Fig. 5B.  

 

Upon injection of the first electron, proton transfer via the W1/adt pathway dominates at low pH 

(left branch in Fig. 8).31 This leads to ligand rearrangement at the reduced diiron site and µH 

binding (Hred). Injection of a second electron reduces the [4Fe-4S] cluster and preserves the 

altered cofactor geometry (Hsred).34 As detailed above, it might be possible to release H2 at this 

stage42,57,63, however the accumulation of Hred and Hsred under acidic conditions rather coincides 

with a decrease in catalytic activity. A pH-dependent activity regulation of [FeFe]-hydrogenases 

may represent an evolutionary adaption to varying metabolic conditions in the cell.64 Interestingly, 

regulatory [FeFe]-hydrogenases have been shown to accumulate Hred and Hsred even at alkaline 

pH.52 In analogy to regulatory [NiFe]-hydrogenases, it is tempting to speculate that only the long-

lived µH geometry can initiate protein structural changes, i.e. for signal transduction via the PAS 

domain of sensory [FeFe]-hydrogenases.65,66 These considerations imply that the µH cofactor states 

may play viable roles in enzyme activity regulation and H2 sensing. In the future, it needs to be 

clarified whether catalysis and regulation are general features of [FeFe]-hydrogenases or mutually 

exclusive. 

For protonation of the H-cluster via the W2 pathway (right branch in Fig. 8), the first electron is 

biased to the [4Fe-4S] cluster (Hred´).33 This prevents premature reduction of the diiron site and 

stabilizes the Hox-like H-cluster geometry by impeding CO ligand rearrangement and µH 

binding.31 Subsequently, PCET to the diiron site via the W1/adt pathway forms Hhyd with a 

terminal hydride. Catalytic protons are supplied only in the second reduction step and lead to an 
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activated cofactor that readily reacts with a second proton to release H2.
30,54 Hox is then regained 

via HoxH deprotonation and proton release to the W2 pathway (compare Fig. 5A). In line with 

earlier suggestions38, this catalytic cycle involves only intermediates with a Hox-like cofactor 

geometry as a prerequisite for rapid H2 conversion.  

In conclusion, [FeFe]-hydrogenases seem to exploit sophisticated mechanisms to discriminate 

hydrogen conversion from regulatory functions. Site-selective PCET stabilizes the Hox-like H-

cluster geometry that facilitates rapid hydrogen turnover. The redox partners of [FeFe]-

hydrogenases are single-electron donors so that the two successive reduction steps have to proceed 

at a similar redox potential.2 This problem has been elegantly solved by initial PCET to the [4Fe-

4S] cluster, which is expected to level the redox potential for subsequent PCET to the diiron site. 

A similar mechanism is realized in the water oxidation catalyst of photosynthesis.67 The site-

selective proton/electron management at the catalytic cofactor is key to rapid and reversible H2 

conversion by [FeFe]-hydrogenases. Adopting this principle by incorporating protonable redox 

species in the vicinity of the catalytic metal site may lead to improved synthetic hydrogen 

conversion catalysts.68 
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