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Abstract 

[FeFe] Hydrogenases are metalloenzymes which catalyze the oxidation of H2 as well 

as the reduction of protons to form H2. Understanding their catalytic mechanism and 

biosynthesis pathway as well as their electronic and geometrical structure is of great interest 

for biotechnology where they serve as models for the development of hydrogen conversion 

catalysts in renewable energy systems. The algal [FeFe] hydrogenase from Clamydomonas 

reinhardtii (CrHydA1) is a particularly convenient system for studying hydrogenase function 

since it contains only the active site and no additional iron-sulfur clusters which occur as 

electron transport pathway components in bacterial hydrogenases. The active site is 

referred to as the “H-cluster” and consists of a “classical” [4Fe-4S] cluster connected via a 

protein cysteine side group to a unique [2Fe]H sub-cluster containing CO and CN- ligands as 

well as bridging dithiolate ligand.  

In this thesis, combined EPR, FTIR and electrochemical methods were used to study 

the active site of the [FeFe] hydrogenase from Clamydomonas reinhardtii. The following 

topics were addressed: 

• The super reduced state of the H-cluster (Hsred) which only seems to be stable as 

resting state in CrHydA1 was characterized by EPR spectroscopy in combination with 

FTIR. These studies identified Hsred as a [4Fe-4S]1+FeIFeI configuration which is two 

steps reduced relative to the active oxidized state Hox. Protein Film Electrochemistry 

(PFE) experiments indicated involvement of the super reduced state in the catalytic 

cycle. We proposed a new catalytic cycle in which the reduction of a substrate 

proton to a terminal hydride occurs in one step. 

• The biosynthesis of the H-cluster was studied by FTIR and EPR methods 

supplemented by DFT calculations. It was shown that three mimic complexes of the 

[2Fe]H sub-cluster can bind to the [4Fe-4S] cluster of HydF (one of the maturases 

involved in the biosynthesis of the H-cluster) and then can be transferred to apo 
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[FeFe] hydrogenase. The apo [FeFe] hydrogenase could be fully activated only with 

the mimic complex containing a bridging amine function in the dithiolate ligand 

confirming its postulated role in the catalytic mechanism.  

• Subsequent biochemical experiments combined with EPR and FTIR showed that the 

apo [FeFe] hydrogenase can be activated also directly by the mimic complex, i.e. 

without assistance of HydF, and that the H-cluster obtained in this way is 

spectroscopically undistinguishable from the native one. 

• FTIR spectroelectrochemistry was used to study the redox behavior of CrHydA1 in 

the presence and absence of extrinsic CO for the active semisynthetic H-cluster as 

well as for one of the non-active variants. Two new redox states were identified in 

which the [4Fe-4S]H sub-cluster was in the reduced state. This finding strongly 

supports a model in which the [4Fe-4S]H sub-cluster is actively participating in the 

redox transitions occurring during the catalytic cycle of the enzyme. 

• Multi-frequency HYSCORE and ENDOR studies were performed on a hybrid enzyme 

maturated with a non-natural H-cluster in which the bridging amine function was 

replaced by an inert CH2 group. The CN- ligands of this hybrid H-cluster were labeled 

with 13C and 15N. These studies provided detailed information on how the spin 

density is distributed over both CN- ligands. The detailed data on the relative 

orientation of the 13C and 15N magnetic interaction tensors allowed us to propose 

that the g-axis frame of the H-cluster in the Hox state adopts the local symmetry of 

the [2Fe]H sub-cluster. 
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Zusammenfassung 

[FeFe]-Hydrogenasen sind Metalloenzyme, die die Oxidation von Wasserstoff sowie 

die Reduktion von Protonen zu Wasserstoff katalysieren. Das Verständnis des katalytischen 

Mechanismus und der Biosynthese von Hydrogenasen sowie ihrer elektronischen und 

geometrischen Struktur ist von großem Interesse für biotechnologische Prozesse. 

Hydrogenasen dienen als Modelle für die Entwicklung von Wasserstoff-umsetzenden 

Katalysatoren basierend auf erneuerbaren Energiequellen.  

Die aus Algen stammende [FeFe]-Hydrogenase aus dem Organismus Clamydomonas 

reinhardtii (CrHydA1) ist für die Untersuchung von Hydrogenasen besonders gut geeignet, da 

sie ausschließlich das aktive Zentrum und keine weiteren Eisen-Schwefel-Cluster enthält, 

welche für den Elektronentransport in von Bakterien abstammenden Hydrogenasen 

verantwortlich sind. Das aktive Zentrum wird als „H-Cluster“ bezeichnet und besteht aus 

einem „klassischen“ [4Fe-4S]-Cluster, verbunden über den Schwefel einer Cystein-Gruppe 

mit der ungewöhnlichen [2Fe]H-Untereinheit, welche CO und CN- Liganden sowie einen 

verbrückenden Dithiolat-Liganden enthält.  

In der vorliegenden Arbeit wurde das aktive Zentrum der [FeFe]-Hydrogenase von 

Clamydomonas reinhardtii mit einer Kombination von EPR- und FTIR-spektroskopischen 

sowie elektrochemischen Methoden untersucht. Folgende Fragestellungen wurden dabei 

untersucht: 

• Der „super-reduzierte“ Zustand des H-Clusters (Hsred), der scheinbar nur in 

Algenenzymen als stabiler Verweilzustand existiert, wurde mittels EPR-

Spektroskopie in Kombination mit FTIR-Spektroskopie untersucht. Die 

durchgeführte Analyse identifiziert Hsred als [4Fe-4S]1+FeIFeI Zustand, welcher 

gegenüber dem aktiven oxidierten Zustand Hox um zwei Redoxstufen reduziert ist. 

Proteinfilmelektrochemie (PFE) Experimente deuten auf die Beteiligung des „super-

reduzierten“ Zustandes im katalytischen Zyklus hin. Ein neuer katalytischer Zyklus 
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wurde basierend auf diesen Ergebnissen vorgeschlagen, in dem die Reduktion des 

Substrats zum terminalen Hydrid in einem Schritt vollzogen wird.  

• Die Biosynthese des H-Clusters wurde mittels EPR- und FTIR-Spektroskopie 

untersucht und die Analyse durch DFT-Rechnungen unterstützt. Es wurde gezeigt, 

dass drei freie Modellkomplexe der [2Fe]H-Untereinheit an den [4Fe-4S]-Cluster 

von HydF, einer für die Biosynthese des H-Clusters relevanten Maturase, binden 

und anschließend an die apo-[FeFe]-Hydrogenase transferiert werden können. Die 

apo-[FeFe]-Hydrogenase konnte in vollem Umfang nur mit einem Modellkomplex 

aktiviert werden, der eine Amin-Gruppe in der Dithiolat-Brücke enthält. Dieses 

Ergebnis bestätigt die Rolle der Amin-Base im katalytischen Mechanismus.  

• Anschließende biochemische Experimente in Kombination mit EPR- und FTIR-

Spektroskopie zeigten, dass die apo-[FeFe]-Hydrogenase auch auf direktem Wege 

ohne die Beteiligung der HydF-Maturase mit einem Modellkomplex aktiviert 

werden konnte. Der so erhaltene H-Cluster ist von dem nativen System 

spektroskopisch nicht unterscheidbar.  

• FTIR Spektroelektrochemie wurde eingesetzt, um das Redoxverhalten von CrHydA1 

mit dem aktiven semi-synthetischen H-Cluster und den inaktiven Derivaten in 

Gegenwart und in Abwesenheit von zugeführtem CO zu untersuchen. Zwei neue 

Redoxzustände wurden identifiziert, in denen der [4Fe-4S]-Cluster reduziert 

vorliegt. Dieses Ergebnis unterstützt die These, dass der [4Fe-4S]-Cluster an den 

Redoxübergängen im katalytischen Zyklus des Enzyms aktiv beteiligt ist. 

• Multi-Frequenz HYSCORE und ENDOR Untersuchungen wurden am Hybridenzym 

durchgeführt, welches mit einem nicht-natürlichen H-Cluster maturiert wurde. 

Dieses enthält statt einer Amin-Funktion in der Dithiolat-Brücke eine CH2-Gruppe. 

Die CN- Liganden dieses Hybrid-Clusters wurden mit 13C- und 15N-Isotopen markiert. 

Diese Studien erlaubten einen detaillierten Einblick in die Verteilung der Spindichte 
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über beide CN- Liganden. Die Analyse der relativen Orientierung der 13C und 15N 

Hyperfeintensoren erlaubte die Annahme, dass das g-Achsensystem des H-Clusters 

im Hox Zustand die lokale Symmetrie der [2Fe]H-Untereinheit einnimmt. 
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I. Introduction 

Energy sources had, have and will have great influence on politics and the economy 

of the world. Together with the increase of population and economic development, energy 

demand is increasing.  Nowadays, most of the energy is produced from non-renewable 

sources like oil, coal and gas. Despite considerable pressure on the development of green 

energy sources, in 2012, only 9% of the total consumed energy was produced from 

renewable sources. On the other hand, energy rich hydrogen, which upon combustion, 

produce only water as a byproduct, is hardly utilized at all, though NASA, since the 1970s, 

has demonstrated the use of liquid hydrogen to propel space shuttles and rockets into 

space. Over the past 40-45 years, many methods of hydrogen production were developed. 

However none of them are efficient and cheap enough to change the market. That is why it 

is important to look at nature for inspiration and find out how some microorganisms use 

hydrogen in their metabolic processes, since this involves hydrogen splitting and also 

hydrogen formation/generation. 

Metalloenzymes called hydrogenases are found in the wide range of microorganisms 

from archaea, bacteria to some of the eukaryotes1-4. This is one of the oldest enzymes found 

in nature and it reversibly catalyzes the seemingly simple reaction of molecular hydrogen 

conversion into protons and electrons1, 2:  

𝐻2 ⇌ 2𝐻+ +  2𝑒−                                                     (1.1) 

 Microbes produce H2 to dispose the excess of reducing equivalents created during 

fermentative metabolism or as a byproduct of nitrogenase activity2. Other H2 production 

mechanisms are connected to anoxic photosynthetic dark reactions2, 5, 6.  In unicellular green 

algae like Chlamydomonas reinhardtii, dihydrogen (H2) is produced by a hydrogenase in the 

chloroplast from electrons delivered to it by photosystem I via a plant type ferredoxin (see 

figure 1.1)7-9.  
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Figure 1.1. Schematic representation of the light reaction and electron transfer to the [FeFe] 

hydrogenase in green algae. PQ is plastoquinone, PC plastocyanin, PetF [2Fe-2S]-ferredoxin, PSI 

photosystem I and PSII photosystem II. 

Hydrogenases are found in various locations in microorganisms and have different 

functions and compositions. Hydrogenases can be classified into three groups, depending on 

the metal composition of their active site3:   

(1) [NiFe] hydrogenases containing a hetero-nuclear nickel-iron bimetallic site as 

well as the related subclass of [NiFeSe] hydrogenases where the one of the cysteine residues 

is substituted by a selenocysteine10;  

(2) [FeFe] hydrogenases with a unique 6 Fe cluster, which is described in more detail 

below and  

(3) [Fe] hydrogenase, also called iron-sulfur-cluster-free hydrogenases, containing 

only one iron atom surrounded by a distorted square or an octahedral ligation shell 

depending on the enzymatic state (see figure 1.2)11.  

 

Figure 1.2. Schematic representation of the active sites of the [NiFe] (left) and [Fe] (right) 

hydrogenases. In the [NiFeSe] subclass Se is located in one of the Cys of the Ni atom. The red arrows 

indicate the open coordination sites. 
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The present study is focused on the characterization of [FeFe] hydrogenases, which 

are the most active hydrogenases in hydrogen production.  

1.1.  Structure of [FeFe] hydrogenases and its active site 

Until this day crystal structures of only two holo [FeFe] hydrogenases and one apo 

[FeFe] hydrogenase were obtained (all of them are shown in the figure 1.3)12-17. The first 

structure was published in 1998 with a resolution of 1.8 Å, for the cytoplasmic [FeFe] 

hydrogenase from the bacteria Clostridium pasteurianum (referred to as CpI)12.  It was found 

that this 64 kDa monomeric enzyme contains 20 Fe atoms arranged into 5 distinct [Fe-S] 

clusters. One year later, the structure of heterodimeric [FeFe] hydrogenase from 

Desulfovibrio desulfuricans (referred to as DdH) was resolved with a resolution of 1.6 Å14.  

The bigger subunit (46 kDa) contains 12 Fe atoms creating 3 [Fe-S] clusters, while the smaller 

subunit (14kDa) does not contain any iron. The active site is rather unusual and contains 6 Fe 

atoms12, 14. The rest of the Fe atoms are arranged in [4Fe-4S] clusters and a [2Fe-2S] cluster, 

as is the case in CpI, that are within the distance of approximately 11 Å from each other and 

create an electron transfer pathway from the surface of the enzyme to the active site. More 

recently, in 2010, the crystal structure of unmaturated [FeFe] hydrogenase from 

Chlamydomonas reinhardtii (CrHydA1) was published17. In this relatively small monomeric 

enzyme, the active site is localized near the surface and no extra [FeS] clusters were 

identified. It is interesting that despite many groups attempting to crystalize the active form 

of CrHydA1, none of them have been successful until this day.  
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Figure 1.3. Three available structures of [FeFe] hydrogenases from Chlamydomonas reinhardtii (PDB 

3LX4)17 (unmaturated form), Desulfovibrio desulfuricans (PDB 1HFE)14 and Clostridium pasteurianum 

(PDB 3C8Y)16. Iron-sulfur clusters involved in electron transfer are indicated as spheres and amino 

acids involved in the H+ transfer in green. Above the structures molecular masses of each protein as 

well as number and type of the iron-sulfur clusters and amino acids involved in the H+ transfer are 

indicated. 
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The active site of [FeFe] hydrogenases is called the H-cluster (see figure 1.4) and it is 

almost identical in the two available X-ray structures12-16. This 6 Fe cluster is built up from a 

typical [4Fe-4S] cluster and attached via a cysteine sulfur to a diiron center [2Fe]. Combined 

crystallographic data and FTIR studies show that both Fe ions in the [2Fe]H sub-cluster are 

coordinated by two terminal CO and CN- ligands which are keeping these ions in low 

oxidation and spin states15. Additionally, there are two bridging motifs namely a bridging CO 

ligand and a dithiolate group. In the crystal structures (with resolution 1.6 and 1.8 Å), the 

central atom of this dithiolate group could not be uniquely identified and at first was 

assigned as a carbon12, 14. However, in following studies, it was also proposed to be an 

oxygen or nitrogen atom16, 18, 19. The first experimental evidence for a nitrogen atom was 

delivered by 14N HYSCORE spectroscopy20. This assignment was recently unambiguously 

confirmed by the results presented in this thesis21, 22. The iron, distal to the [4Fe-4S]H        

sub-cluster (Fed) has an open coordination site, which is most likely the substrate binding 

site.  

 

Figure 1.4. Structure of the active site of [FeFe] hydrogenases with marked hydrogen bonds of the 

ligands to the surrounding amino acids. The red arrow indicates the open coordination site. 
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It is noteworthy that the diiron part of the active site is bound to the protein only by 

one covalent bound (described above).  Furthermore, the CN- ligands as well as the amino 

group in the bridging dithiol bridgehead, create hydrogen bonds with the amino acids in the 

protein pocket conserved in the [FeFe] hydrogenases (see figure 1.4). It was shown in EPR 

studies that the hydrogen bonding is particularly strong between the distal CN- ligand and 

lysine20. The importance of conserved amino acids surrounding the H-cluster was also 

demonstrated. Upon single mutation of any amino acid creating a hydrogen bond with the 

diiron part of the active site, the integrity and activity is strongly influenced23. 

The crystal structures also reveal the presence of hydrophobic channels from the 

active site to the surface which allows for gas transfer14, 24. Molecular dynamic simulations 

performed on CpI and DdH show that there are three gas accessible channels serving as a 

pathway for hydrogen gas as well as oxygen and carbon monoxide25.  

The structures of CpI and DdH investigated with QM/MM methods and amino acid 

exchange studies of CrHydA1 show that the highly conserved cysteine located next to the 

nitrogen from the dithiol bridge is the first amino acid in the proton transfer pathway26, 27. 

Then the proton is transferred to the surface of the enzyme by two glutamic acid as well as 

by serine (see figure 1.3)28, 29. 

1.2. Maturation of [FeFe] hydrogenases 

The mechanism of H-cluster assembly in [FeFe] hydrogenases is still not completely 

understood1, 30-32. By looking at the structure of this cluster, two well distinguished            

sub-clusters can be identified, one being a typical [4Fe-4S] cluster and the second is an 

unusual diiron cluster. It was shown that during heterogenic overexpression of CrHydA1 in 

the Escherichia coli system, the obtained enzyme is not active33. It turned out that the 

cubane part is assembled while the [2Fe]H sub-cluster is missing17. This means that the    
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[4Fe-4S] cluster is synthesized by the standard iron/sulfur cluster machinery which is also 

present in E. coli34. 

Three accessory proteins namely HydE, HydF and HydG, responsible for synthesis 

and insertion of the diiron part have been identified already ten years ago, but information 

about their structures and functions is still rather limited35-37. In many co-expression studies 

it was shown that all of these proteins are needed to maturate CrHydA132, 38, 39. This is in 

contradiction to a cell-free system study suggesting that HydF may be optional in 

hydrogenase maturation40. On the other hand, it turned out that in all cell-free activation 

assays the addition of an E. coli protein cell lysate was essential40, 41. This suggests that all the 

proteins involved in the maturation are still not identified. 

 HydE and HydG are homologs containing a CX3CX2C motif characteristic for the 

radical S-adenosylmethionine (SAM) family of enzymes42, 43. These proteins contain an         

N-terminal [4Fe-4S] cluster with an open binding site for SAM. HydE and HydG also contain a 

binding motif for an accessory iron sulfur cluster, [2Fe-2S] in HydE and [4Fe-4S] in HydG44-46. 

A recent study indicated that while SAM binds to the N-terminal cluster of HydG, tyrosine 

could interact with the C-terminal [4Fe-4S] cluster47. It is now generally accepted that upon a 

SAM initiated radical reaction, the CO and CN- ligands of the H-cluster are generated along 

with deoxyadenosine and p-cresol39, 45. A recent rapid freeze quench and spectroscopic study 

demonstrated that the generated CO and CN- are transferred together with the Fe ion from 

the C-terminal [4Fe-4S] cluster to the unmaturated CrHydA1, being the precursors of the 

diiron part of the H-cluster48. There is no information about the synthesis of the dithiolate 

bridge available and since the function of HydE is not known, it is assumed that this enzyme 

might be responsible for this step. 
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Figure 1.5. Schematic mechanism of maturation of [FeFe] hydrogenase, where HydG and Hyd E 

synthetize precursor of the active site and HydF transfers and assembles it to unmaturated 

hydrogenase. 

The crystal structure of apo HydF from Thermotoga neapolitana has been obtained 

with 3.0 Å resolution49. It confirmed the presence of an N-terminal domain containing a GTP-

binding pocket as well as a C-terminal domain containing the [4Fe-4S] cluster binding site50. 

Three cysteines and one histidine are located at the surface of the enzyme indicating that 

the [4Fe-4S] cluster is exposed at the surface. It was shown with various methods that HydF 

prepared in the presence of HydE and HydG, carries the precursor of the diiron sub-cluster 

of the H-cluster and can activate unmaturated [FeFe] hydrogenase38, 51, 52. It was therefore 

postulated that HydF acts as a transferase for the precursor of the [2Fe]H sub-cluster and 

facilitates its insertion into the [FeFe] hydrogenase. Based on the available crystal structures 

of unmaturated CrHydA1 and fully assembled CpI, it was postulated that [FeFe] 

hydrogenases have a special channel for the insertion of the diiron part of the H-cluster 

which closes after maturation of the enzyme12, 13, 16, 17. This hypothesis is, however, still not 

confirmed and the exact mechanism of precursor insertion by HydF is still an open question. 

1.3. Redox states of the H-cluster 

During the catalytic process of hydrogen conversion, the iron centers in the active 

site of [FeFe] hydrogenases change their oxidation states. Based on several spectroscopic 
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methods, namely FTIR, FTIR spectroelectrochemistry, EPR (Electron Paramagnetic 

Resonance) and Mössbauer spectroscopy, various characteristic states of the H-cluster have 

been identified53. 

Two inactive oxidized states of the H-cluster called Hinact
air and Htrans were observed 

in aerobically purified DdH54, 55. However, those inactive states were not observed in any 

anaerobically purified hydrogenases such as CpI and CrHydA153. Both iron atoms in the 

“overoxidized” inactive [2Fe]H sub-cluster states are in the (FeII) configuration and therefore 

EPR silent54. In the Hinact
air state, the [4Fe-4S]H sub-cluster is oxidized and therefore also does 

not show an EPR signal54. Upon one electron reduction (Em=-92 mV at pH 8.0) Htrans is 

generated55. In this process the [4Fe-4S]H part is reduced (1+) and shows a characteristic  

[4Fe-4S]+  S=1/2 EPR signal with g=(2.06, 1.96, 1.89)54. 

In the next step, under gentle reductive conditions e.g. through H2 exposure, Htrans 

from DdH is irreversibly converted (Em=-301 mV at pH 8.0) into the active oxidized state 

(Hox)55.  In some spectroelectrochemical experiments the Nernst curve was consistent with a 

two electron process, although it is not clear, if electrons are flowing during this process55. In 

any case, the Htrans and Hox state of the H-cluster are iso-electronic. Apart from DdH the Hox 

state is also present in isolated samples of CpI and CrHydA1 and, in fact, in all known [FeFe] 

hydrogenases. The Hox state, can also be induced from the more reduced states of the 

enzyme by oxidation with thionine or, simply, by flashing with argon54, 56. The FTIR spectra of 

Hox in the CO and CN- stretch region of the various [FeFe] hydrogenases are virtually 

identical1. There is a characteristic signal present for the bridging CO around 1800 cm-1. Also 

the EPR signals look very similar for all the [FeFe] hydrogenases. In this state, the diiron part 

of the H-cluster exists in a mixed valence (FeIFeII) paramagnetic (S=1/2) state with g=(2.10, 

2.04, 2.00) while the [4Fe-4S]H sub-cluster is oxidized (2+) and EPR silent1, 54, 57-60. 

Upon further one electron reduction (Em around -400 mV at pH 8.0), the active 

reduced state (Hred) is generated55, 61. It is believed that reduction takes place in the [2Fe]H 
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sub-cluser resulting in an antiferromagnetically coupled FeIFeI configuration which is EPR 

silent1, 53. In the FTIR spectra obtained for CrHydA1 all signals are shifted to lower 

wavenumbers confirming the reduction of Fe ions in the diiron part61. A different situation is 

observed in DdH where the signal from the bridging CO is lost (the bridging CO ligand 

becomes terminal and is bound to the distal iron of the [2Fe]H sub-cluster) and the whole 

spectrum is rearranged55. 

The Hred can, in principle, be further reduced to a so-called “super reduced” state 

(Hsred ). This process was first observed for DdH at very low potentials (Em=-540 mV at pH 8.0 

but this transition was “incomplete and irreversible” and was resulting in the destruction of 

the enzyme55. A stable Hsred was obtained for CrHydA1 at much higher potential (Em=-460 mV 

at pH 8.0) but has an FTIR spectrum very similar to the one obtained for Hred from DdH61, 62. It 

is postulated that [FeFe] hydrogenases containing additional [4Fe-4S] clusters, the super 

reduced state is not stabilized because electron redistribution to F-clusters is 

thermodynamically favorable and a superposition of the Hred and Hsred is observed. In small 

hydrogenases like CrHydA1 which contain only the H-cluster all the redox states can be 

observed and stabilized.  

The Hsred state is expected to be EPR active (S=1/2). Hence, there are two 

possibilities for the electronic structure of the H-cluster in the Hsred state: either the 

binuclear site is further reduced to Fe0FeI or the [4Fe-4S]2+ sub-cluster is reduced to         

[4Fe-4S]+. The results presented in this thesis solved this dilemma. It was shown that 

occurrence of the Hsred state, as identified by FTIR, is correlated with a paramagnetic species 

consistent with a reduced [4Fe-4S]H cluster (see results presented in this thesis)62. It was also 

postulated that this species is catalytically active and participates in the reaction mechanism 

of all [FeFe] hydrogenases62. 
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Figure 1.6. Oxidation states of the iron ions in the diiron and [4Fe-4S]H sub-clusters observed in two 

different [FeFe] hydrogenases in different redox states observed experimentally (without including 

knowledge presented in this thesis) as well as relationship between these states and the transition 

potentials measured at pH 8.0. Redox states observed in the EPR are marked in red and EPR silent 

states in black. Question marks represent uncertainty in the knowledge. 

The active site of the active enzyme can be inhibited by CO which generates the   

Hox-CO state1, 13, 63. Again, for this state, both EPR and FTIR signals are very similar for all the 

[FeFe] hydrogenases1. The electronic structure of Hox-CO is similar to that of Hox and is 

characterized by a mixed valence (FeIFeII) [2Fe]H sub-cluster in combination with an oxidized 

[4Fe-4S]H sub-cluster1. The EPR (S=1/2) signal is axial with g=(2.052, 2.007, 2.007)54, 58, 64. The 

signal from Hox-CO is often observed in samples exposed to light and/or oxygen. In this case, 

the CO ligands dissociated from the destroyed H-cluster are captured by H-clusters that are 

still intact. This process is referred to as “cannibalization”54, 55. 

It is shown in the work presented in this thesis that upon one electron reduction 

(Em=-470 mV at pH 8.0) of Hox-CO from CrHydA1, a reduced CO inhibited state is generated 

(H’red’-CO). The FTIR spectra of both these states are only slightly shifted with respect to each 
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other, but the electronic structure cannot be consistent to either Hox-CO or Hred. It was 

therefore postulated that reduction takes place on the [4Fe-4S]H sub-cluster and results in 

an EPR silent species.  

1.4. [FeFe] hydrogenases activity 

 [FeFe] hydrogenases are the most active group amongst all hydrogenases 

concerning in vivo hydrogen production65, 66. Of course, there are significant differences in 

the turnover rate obtained for [FeFe] hydrogenases from different organisms65. However, 

also differences in protein preparation methods and activity assays cause variability in the 

reported activity values between different groups. In the pioneering experiments performed 

on [FeFe] hydrogenase from Chlamydomonas eugametos reduced methylviologen was used 

as electron mediator67. This procedure in combination with gas chromatography is currently 

the most commonly used method for determination of hydrogen production65. Usually, the 

activity of the enzymes is given in μmol H2 per minute per mg of enzyme, which can be 

converted into turnovers per second. Different [FeFe] hydrogenases can produce hundreds 

to thousands of H2 molecules per second. 

Another good method to study enzyme activity as well as inactivation and 

reactivation events is protein film electrochemistry (PFE) where the enzyme is attached to 

an electrode and the enzyme activity is observed as an electrical current68, 69. However, with 

this method it is very difficult to determine the turnover rate of the enzyme due to low 

coverage of the enzyme what prevents its determination. Also one does not observe specific 

redox states but rather activity of the enzyme at certain potentials.   

In the simplest and most common PFE experiment, called cyclic voltammetry (CV), 

three regions of potential for nearly all [FeFe] hydrogenases are observed (see figure     

1.7)68, 69. At low potentials hydrogen production is dominating. When the current crosses the 

zero line, at the thermodynamic potential for H+ reduction, hydrogen production and 
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oxidation activity are equal. Then the H2 oxidation process becomes dominant until at very 

high potentials under 1 bar H2 the enzyme starts to inactivate and the current drops.  

 

Figure 1.7. Typical cyclic voltammogram obtained for CrHydA1 adsorbed at the pyrolytic graphite 

electrode. 

The PFE is a very useful method for the observation of inhibition and/or destruction 

of the enzyme70. For example, CO inhibition was studied in immaculate detail using PFE1, 71-73. 

It was observed that when the active enzyme is exposed to CO gas the catalytic current 

drops almost immediately. After removing the CO from the electrochemical cell the current 

slowly recovers. It was concluded from the detailed potential dependence on CO inhibition 

that at high potentials CO inhibition is complete and fully reversible while at low potentials it 

exhibits some irreversibility.  

Since the emergence of hydrogenases is estimated at 2-4 billion years ago and at 

that time oxygen was not present in the atmosphere, it is not surprising that [FeFe] 

hydrogenases are extremely oxygen sensitive1. It was nicely demonstrated that in the 

presence of even very small amounts of oxygen, the activity of the enzyme immediately 

drops and does not recover74, 75.  The mechanism of O2 inactivation is not fully understood. 

However, important insight was obtained from extended X-ray absorption fine structure 

(EXAFS) spectroscopy76. It was proposed that oxygen was damaging the [4Fe-4S]H cluster of 

the H-cluster rather than the diiron center and in the proposed mechanism O2 would first 

bind to the distal iron atom in the H-cluster, where it would be partially reduced to form a 



28 
 

reactive oxygen species (ROS) that could migrate the short distance to damage the [4Fe-4S]H 

cluster76. 

1.5. Proposed catalytic mechanisms 

Based on available knowledge about the structure of the H-cluster as well as the 

active redox states different mechanisms of the hydrogen evolution and oxidation were 

considered19, 53, 77-82.  

 As mentioned previously, the central atom in the ditholate bridge could not be 

uniquely identified in the crystal structure of CpI and DdH. Depending on the type of atom 

two main hypotheses based on DFT calculations were discussed. If the dithiolate group 

contains carbon, which cannot act as a base, it is most probable that heterolitic splitting 

occurs via formation of a bridging hydride and protonation of one of the bridging sulfurs of 

the dithiol moiety79, 82. On the other hand, if in the dithiolate bridge an oxygen atom would 

be present, heterolitic splitting would proceed via the ether group16. The experimental 

evidences presented in this thesis unambiguously demonstrate that a nitrogen atom is 

present in the dithiolate bridge. Therefore, these mechanisms are no longer under 

consideration. 

Based on the two known redox states (Hox and Hred) several mechanisms involving 

proton coupled electron transfer (PCET) steps were proposed53. These would lead to 

additional transient states; for example, FeIIFeII[H-] and FeIIFeI[H2].  In these mechanisms only 

the diiron part of the H-cluster was involved in the hydrogen conversion and the [4Fe-4S]H 

sub-cluster remained in its oxidized form through the catalytic cycle. 

In this thesis it is proposed that also a third active state (Hsred) is involved in the 

catalytic cycle which infers that the [4Fe-4S]H cluster is an integral part of the H-cluster 

donating or accepting electrons. In the proposed mechanism (in this thesis) the amine group 

in the dithiolate bridge bends over to the open coordination site and accepts or donates a 

proton from a transient hydride bound to this site62. In the literature, there is still discussion 
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on the involvement of the Hsred in the catalytic cycle83. Also the presence of alternative 

double reduced intermediates was proposed84. However, clear experimental evidence for 

these intermediates has not been shown up to date. 
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II. Theory and experimental methods 

This chapter introduces the theoretical principles of EPR and FTIR spectroscopies as 

well as electrochemistry and the application of these methods in the structural and 

mechanistic studies of [FeFe] hydrogenases.  

2.1. EPR spectroscopy 

In electron paramagnetic resonance (EPR) spectroscopy, the magnetic spin 

transitions of systems with one or more unpaired electrons are observed. Information about 

the electronic structure of a paramagnetic molecule is obtained through magnetic 

parameters which describe electron spin and nuclear spin interactions with the applied 

magnetic field and with each other85. The EPR spectra can be interpreted using the effective 

spin Hamiltonian approach where the full Hamiltonian is replaced by effective Hamiltonian 

containing only spin operators. 

2.1.1. Spin Hamiltonian 

The concept of the spin Hamiltonian was developed and described by Abragam and 

Bleaney and represents an empirical rather than a full physical model85. The spin 

Hamiltonian has to accurately parameterize and describe the interactions observed in the 

EPR spectra. To fully understand the properties of the studied system, the obtained 

parameters have to be interpreted using theoretical calculations. 

Due to the electron spin interaction with the external magnetic field as well as the 

internal couplings with neighboring electrons or nuclear magnetic moments, the spin 

Hamiltonian can be split into different terms describing different types of interactions85-88. 

Below only those interactions will be discussed that are directly related to the presented 

studies. In this case the spin Hamiltonian 𝐻0 includes the following terms: 

𝐻0 = 𝐻𝐸𝑍 + 𝐻𝑁𝑍 + 𝐻𝐻𝐹 + 𝐻𝑁𝑄                                              (2.1) 
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where 𝐻𝐸𝑍 is the electron Zeeman interaction, 𝐻𝑁𝑍 the nuclear Zeeman interaction, 𝐻𝐻𝐹 the 

hyperfine interaction between electron spins and nuclear spins, and 𝐻𝑁𝑄 the nuclear  

quadrupole interaction for spins with nuclear spin quantum number larger than ½. 

2.1.2. Zeeman interactions 

The interaction between electron spin and external magnetic field is described by 

the electron Zeeman interaction. The spin Hamiltonian for a free electron in an external 

magnetic field 𝐵0 is expressed as: 

𝐻𝐸𝑍 = 𝑔𝑒𝛽𝑒𝐵0𝑺�                                                              (2.2) 

where β𝑒 is the Bohr magneton, 𝑺� is the electron spin operator of the unpaired electron(s) 

and 𝑔𝑒 is g value for unpaired electron. For a simple case of 𝑆 = 1/2, the application of 

the 𝐵0 results in a splitting to two energy levels because spin S can be oriented either 

parallel or antiparallel to 𝐵0 (see figure 2.1). These two states are characterized by magnetic 

quantum numbers 𝑚𝑠 = ±1/2. Then, assuming that 𝐵0 is directed along the z-axis, the 

energy is: 

𝐸𝑚𝑠 = 𝑔𝑒β𝑒𝐵0𝑚𝑠                                                             (2.3) 

and the energy required for this transition is: 

∆𝐸 = 𝑔𝑒β𝑒𝐵0                                                                  (2.4) 

 

Figure 2.1. Energy level scheme for S=1/2 system. An EPR transition is observed when the resonance 

condition is fulfilled. 

However, in most of the systems the Zeeman interaction does not only depend on 

the angle between the effective spin vector 𝑺��⃗  and 𝑩��⃗ 𝟎 but also on the angle between 𝑩��⃗ 𝟎 and 
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the axes defined by the local symmetry of the magnetic complex. Then this part of the spin 

Hamiltonian will change its form to: 

𝐻𝐸𝑍 = β𝑒𝑩��⃗ 𝟎 ∙ 𝒈 ∙ 𝑺�                                                       (2.5) 

The 𝒈 (pseudo) tensor is represented by a 3x3 matrix which can be transformed to a 

diagonal form via rotation to the principal axes frame. These diagonal elements are called 

the principal 𝑔 values.  With the help of the Euler angles, the orientation of the principal 

axes with respect to the laboratory frame can be described. 

The nuclear Zeeman term describes the interaction between the nuclear spin  �⃗� and 

𝑩��⃗ 𝟎: 

𝐻𝑁𝑍 = −𝑔𝑛β𝑛𝑩��⃗ 𝟎 ∙ 𝑰�                                                     (2.6) 

where 𝑔𝑛 is the nuclear g factor, a constant depending on the type of the nuclei and β𝑛 is 

the nuclear magneton. 

2.1.3. Hyperfine interactions 

The hyperfine interaction between the electron spin and a nuclear spin is described 

by the following spin Hamiltonian: 

𝐻𝐻𝐹 = 𝑺� ∙ 𝑨 ∙ 𝑰�                                                                  (2.7) 

where 𝑨 is the hyperfine tensor, which can be split into isotropic and anisotropic terms. The 

isotropic term is described by the Fermi contact interaction: 

𝐻𝐹𝐶 = 𝐴𝑖𝑠𝑜𝑺� ∙ 𝑰� = �2
3
µ0
ℎ
𝑔𝑒β𝑒𝑔𝑛β𝑛|Ψ0(0)|2� ∙ 𝑺� ∙ 𝑰�                             (2.8) 

where 𝐴𝑖𝑠𝑜  is the isotropic coupling constant and |Ψ0(0)|2 is the spin density at the nucleus. 

The electron-nuclear dipole-dipole coupling is an important contribution to the anisotropic 

part represents and is given by: 

𝐻𝐷𝐷 = 𝑺� ∙ 𝑨𝒅𝒅 ∙ 𝑰� = µ0
4𝜋ℎ

𝑔𝑒β𝑒𝑔𝑛β𝑛 �
�3𝑺�∙𝒓�⃗ ��𝒓�⃗ ∙𝑰��

𝑟5
− 𝑺�∙𝑰�

𝑟3
�                         (2.9) 

where 𝒓�⃗  is the vector connecting the electron and nuclear spin and 𝑨𝒅𝒅 is the dipolar 

coupling tensor, which is typically traceless and symmetric. 
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The Fermi contact interactions in general describe the interaction of the nuclear spin 

with the electron spin from atomic s-orbitals. When the unpaired electron is located in a p-, 

d- or f-orbital, the isotropic hyperfine coupling can also be significant due to configuration 

interactions or spin polarization86, 89. 

2.1.4. Nuclear quadrupole interactions 

Nuclei with spin I≥1 are characterized by a non-spherical charge distribution of the 

nucleus giving rise to a nuclear electronic quadrupole moment 𝑄. The interaction of this 

charge distribution with the electric field gradient around the nucleus caused by the 

surrounding has to be considered and is given by the following spin Hamiltonian: 

𝐻𝑁𝑄 = 𝑰� ∙ 𝑷 ∙ 𝑰�                                                          (2.10) 

where 𝑷 is the traceless nuclear quadrupole tensor. In its principal axes system, the spin 

Hamiltonian can be expanded: 

𝐻𝑁𝑄 = 𝑃𝑥𝑰�𝑥2 + 𝑃𝑦𝑰�𝑦2 + 𝑃𝑧𝐼𝑧2 = 3
2

𝑒2𝑞𝑄
ℎ∙2𝐼(2𝐼−1) ��𝑰�𝑧

2 − 1
3
𝐼(𝐼 + 1) + 1

3
η�𝑰�𝑥2 − 𝑰�𝑦2���     (2.11) 

where 𝑒𝑞 is the electric field gradient and 

η = 𝑃𝑥−𝑃𝑦
𝑃𝑧

                                                                  (2.12) 

η is the asymmetry parameter with |𝑃𝑧| ≥ �𝑃𝑦� ≥ |𝑃𝑥| and 0 ≤ η ≤ 1. The largest value of 

the quadrupole tensor is given by: 

𝑃𝑧 = 𝑒2𝑞𝑄
ℎ∙2𝐼(2𝐼−1)

                                                              (2.13) 

The quadrupole tensor is usually expressed in terms of two parameters 𝐾 = 𝑒2𝑞𝑄
4ℎ

 

and η. 
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Figure 2.2. Energy level scheme for S=1/2 and I=1/2 (top) and S=1/2 and I=1 (bottom) systems, where 

α = 1/2 and β = -1/2. 

2.1.5. Measurement of EPR spectra 

To detect an EPR transition, the resonance condition as described in equation 2.4 

has to be fulfilled. To find EPR transitions, the external magnetic field is scanned while the 

microwave frequency is kept fixed. Often, to better understand a system measurements at 

more than one microwave frequency have to be performed. The most common frequency 
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bands are referred to as X-, Q- and W-band with center frequencies 9.5, 34 and 95 GHz, 

respectively.  

EPR methods can be divided into two groups, namely continuous wave (CW) and 

pulse EPR methods. The CW EPR experiment as well as two basic pulse methods (free-

induction decay (FID) and two pulse electron spin echo (2-pulse ESE)) give similar spectral 

information. In the CW experiment, the first harmonic of the signal (first derivative) is 

obtained when the modulated magnetic field is being continuously linearly swept. In the 

above mentioned pulse methods the absorption spectrum is detected which is a response of 

the spin system to one or more microwave (MW) pulses.  

 

Figure 2.3. FID detected and 2-pulse ESE detected EPR pulse sequence and the vector model of Hahn 

echo formation90. In the 2-pulse ESE detected experiment the first π/2 MW pulse turns the 

magnetization vector by 90ᵒ and immediately the spins start to precess. After time τ a second π MW 

pulse is applied which reverses precession and after time τ the spins refocus and an electron spin 

echo is observed. 

In the FID detected EPR experiment one soft (long) π/2 MW pulse is applied 

generating an FID signal approximately of the same length as the excitation pulse (see figure 

2.3). The signal can be detected only after the instrumental dead time and can be very weak. 

This signal is integrated and recorded as a function of the swept magnetic field generating 

an absorption type EPR signal very similar to the integrated CW EPR spectrum.  

In the 2-pulse ESE detected EPR experiment, a primary spin echo is generated using 

“hard” non-selective MW pulses (see figure 2.3). The echo signal is integrated and recorded 
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as a function of the swept magnetic field, again generating a signal similar to a CW EPR 

spectrum. However, the EPR spectra obtained by this method can be distorted due to field 

dependent modulations originating from interactions with the nuclear spins (see description 

of the ESEEM experiment).  

In all these experiments the MW power has to be optimized and relaxation effects 

have to be taken into account. In the continuous wave experiments, a higher MW power can 

be used to obtain a higher sensitivity but it can also lead to saturation of the signal.  This 

happens if the MW power, which is proportional to the rate of absorption, is higher than the 

relaxation rate of the electron spins. In the pulse methods the MW power has to be matched 

with the length of the pulses to obtain a true 90ᵒ and 180ᵒ nutation angle. Also the total 

length of the pulse sequence and its repetition time has to be adjusted to the relaxation 

properties of the studied system. Fast relaxation prevents long pulse experiments but on the 

other hand fast relaxation allows fast repetition of the sequence. Metallo-protein samples 

are measured usually at low temperatures (10 K – 30 K) to slow down relaxation and 

increase the population difference between the spin levels. 

A frozen solution is considered as a powder sample with all possible orientations of 

the studied system along B0. Since, in case of g-anisotropy, the resonance condition and, 

therefore, the line position in the EPR spectrum depends on the orientation of the spin 

system along B0, the obtained spectrum under this condition will be assembled from all 

possible EPR spectra in all possible orientations. Three typical line shapes of EPR spectra of 

frozen solutions dependent on the anisotropy of the g-tensor are shown in figure 2.4. 
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Figure 2.4. Absorption and first derivative spectra observed in case of isotropic (g1=g2=g3), axial 

(g1≠g2=g3 or g1=g2≠g3) and rhombic (g1≠g2≠g3) g-tensor. 

Besides the g-tensor, also information about the hyperfine interaction can be 

obtained from the simple spectra (see figure 2.5). However, if hyperfine splitting’s are 

smaller than the inhomogeneous EPR linewidth these interactions cannot be resolved in the 

field swept spectra and more advanced pulse techniques like electron nuclear double 

resonance (ENDOR), electron spin echo envelope modulation (ESEEM) or hyperfine sublevel 

correlation spectroscopy (HYSCORE) have to be applied to access these small interactions. 

With these techniques the nuclear transition frequencies are indirectly detected through 

EPR transitions (see below). 

 

Figure 2.5. Absorption and first derivative spectra observed for the S=1/2 and I=1/2 system in case of 

rhombic g-tensor and A-tensor. 



38 
 

2.1.6. ENDOR 

The two most popular pulse ENDOR techniques are due to Davies and Mims88, 91, 92. 

The corresponding pulse sequences and energy diagrams are shown in figure 2.6. In both 

techniques MW and radiofrequency (RF) pulses are used and they rely on transfer of 

electron spin to nuclear spin polarization.  

In the Davies ENDOR sequence during the preparation period one selective MW π 

pulse inverts the spin population of a single EPR transition and creates a hole in the EPR 

spectrum. Then, the following RF π pulse applied during the mixing period induces an NMR 

transition and the nuclear spin polarization is changed. This effect is usually detected by 

measuring the changes in intensity of the ESE after a sequence of two MW pulses. This 

technique is especially suited to detect large hyperfine interactions because of the 

dependence on the first MW 𝜋 pulse selectivity. In this experiment weak couplings can be 

suppressed due to excitations of both electronic transitions by the first inversion pulse. 

 

Figure 2.6. A: Pulse sequences for Mims ENDOR and Davies ENDOR experiments. B: Energy level 

scheme for the S=1/2 and I=1/2 system and its changes during the Davies ENDOR experiment. 

Transitions exited by MW pulses are marked in red and by RF pulses in green. 
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The Mims ENDOR sequence is based on the 3 pulse stimulated echo sequence with  

3 non selective MW π/2 pulses. In the preparation part two pulses separated by τ create a 

periodic polarization pattern depending on τ. Then, similar to Davies ENDOR, in the mixing 

period an RF π pulse is applied to change the nuclear spin polarization which is then 

detected after the third MW π/2 pulse. This method is more sensitive because short MW 

pulses can be used and thereby excite more spins. However, in the Mims ENDOR spectrum, 

blind spots could appear at frequencies determined by the first pulse interval given by 

τ=2πn/A, where n=1,2,…etc. This is why this method is mostly used for small couplings 

where the blind spots are not distorting the measured couplings. 

 

Figure 2.7. Energy level schemes for S=1/2 and I=1/2 and the ENDOR spectra in case of weak 

hyperfine coupling (left) and strong hyperfine coupling (right), where α = 1/2 and β = -1/2. 𝜈α and 𝜈β 

are nuclear spin transitions indicated by green arrows, and electron spin transitions are indicated by 

red arrows. 

In all ENDOR experiments, the radio frequency is usually scanned, while the field 

position and other parameters are kept constant. The echo intensity is measured and a 

characteristic signal shown in figure 2.7 is recorded where the frequencies fulfill in the 

simplest case of the isotropic hyperfine constant 𝑎 the following equation: 
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𝜈𝐸𝑁𝐷𝑂𝑅 = �𝜈𝑛 ± 𝐴
2
�                                                        (2.14) 

In case of weak hyperfine couplings, when half of the hyperfine coupling is smaller 

than the nuclear Larmor frequency, the resonance lines are split by the hyperfine coupling 

constant and centered around the nuclear Larmor frequency. The opposite situation 

happens in case of strong hyperfine coupling, when 𝐴/2>𝜈𝑛, in which case the lines are 

separated by 2νn around a frequency equal to 𝐴/2. For nuclei I>1/2 quadrupole couplings 

can cause an additional splitting. 

2.1.7. ESEEM and HYSCORE 

Another technique used for studying small hyperfine and quadrupole interactions 

does not require RF pulses and is referred to as Electron Spin Echo Envelop Modulation or 

“ESEEM”88, 93, 94. It takes advantage from the fact that the observed spin echo which decays 

with time due to relaxation effects is also influenced by coupling of the electrons spins to 

nearby nucleus causing its modulation with transition frequencies of interacting nuclear 

spins.  

In the most popular 3 pulse ESEEM technique during the preparation period, similar 

to Mims ENDOR, two MW π/2 pulses separated by τ invert the electron spin population (see 

figure 2.8) creating polarization along the z-axis as well as nuclear coherence. Then after 

evolution time T, a third MW π/2 pulse is applied, which converts the electron polarization 

and nuclear coherence, and the stimulated echo is observed after time τ. In this experiment, 

the intensity of the echo is measured as a function of T (T is increased during experiment).   

A one dimensional frequency spectrum is obtained by subtraction of the decay of the spin 

echo and Fourier Transformation of the obtained time domain spectrum. It is possible to 

record the 3-pulse ESEEM spectrum as a function of the magnetic field thus obtaining a 2D 

spectrum providing information about the A-tensor principal values and, in favorable cases, 

the Euler angles. 
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Figure 2.8. Pulse sequences for 3-pulse ESEEM and HYSCORE experiments. 

HYSCORE is a 2D method based on 3-pulse ESEEM with an additional mixing π pulse 

during the long waiting time T which interchanges the nuclear spin coherence between the 

two electron spin manifolds (see figure 2.8). The 2D spectrum is obtained by varying t1 and t2 

independently.  In case of weak hyperfine coupling (𝐴/2 < 𝜈𝑛) cross peaks are observed in 

the first (++) quadrant of the spectra and in case of strong hyperfine coupling (𝐴/2>𝜈𝑛) 

peaks appear in the second (+-) quadrant (see figure 2.9). The expansion into the second 

dimension simplifies the interpretation of the complicated spectra because cross peaks are 

observed between frequencies of the same nucleus. Although, additional autocorrelation 

peaks can appear along diagonal as a result of non-ideal π inversion pulse. 

 

Figure 2.9. Schematic representation of HYSCORE spectra for S=1/2 and I=1/2 in case of weak 

hyperfine coupling (left) and strong hyperfine coupling (right).  

Spectra obtained by both these methods depend on the τ separation time and 

similarly to Mims ENDOR exhibit blind spots behavior. For ωαβ=2πn/τ where n=0,1,2,... the 

blind spots suppress the signal . This is why usually spectra for a few different τ values are 

recorded in order to identify and detect all modulation signals. 
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2.2. FTIR spectroscopy 

Infrared (IR) spectroscopy is a very common tool used by chemists to identify and 

describe chemical compounds. It takes advantage of the fact that the electromagnetic 

radiation in the IR range has a frequency close to the frequency of molecular vibrations 

which are characteristic for the structure of the molecule. It is a useful method in the 

analyses of the structure as well as the interaction of molecules with their surroundings.  

2.2.1. Vibrations of a diatomic molecule 

The simplest physical model illustrating vibrations of a diatomic molecule would be 

two masses (𝑚1 and 𝑚2) representing two nuclei attached to two ends of a spring with force 

constant 𝑘 representing the strength of the bond between the two atoms95. The vibration of 

the two nuclei occurs only along the spring.  Under assumption that one nucleus does not 

change position the movement of the second one can be described as harmonic oscillations 

by Hooke’s law95: 

ν𝑣𝑖𝑏 = 1
2𝜋�

𝑘
µ
                                                            (2.15) 

where ν𝑣𝑖𝑏 is a frequency of the vibration and µ is the reduced mass which can be calculated 

from the following equation: 

µ = 𝑚1𝑚2
𝑚1+𝑚2

                                                              (2.16) 

The potential curve for this diatomic molecule is presented in the figure 2.10 where 

the energy of vibration 𝐸v is given by eigenvalues: 

𝐸v = ℎν𝑣𝑖𝑏 �v + 1
2
�                                                     (2.17) 

where v is vibrational quantum number that can have the values 0, 1, 2 …   
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Figure 2.10. Schematic representation of a diatomic molecule as inharmonic oscillator vibrating at 

energy level E4 and the representation of potential energy levels. D0 is the dissociation energy and r0 is 

the bond length. 

2.2.2. Vibrations of a polyatomic molecule 

In a polyatomic molecule the situation is much more complicated. Here, all nuclei 

perform their own harmonic oscillations. However, any of these complicated vibrations of 

the molecule may be represented as a superposition of a few “normal” vibrations (normal 

modes). For a nonlinear molecule (like the diiron sub-cluster of the H-cluster) with N atoms 

3N-6 normal vibrations can be distinguished. These normal vibrations are independent from 

each other but involve simultaneous vibrations of different part of the molecule. 

Two groups of normal vibrations can be distinguished: stretching and bending (see 

figure 2.11). The stretching vibration is associated with a motion of atoms causing a change 

in the length of a bond which can be further classified as symmetric or anti-symmetric.  The 

bending vibrations occur when the bond angle between two atoms or a group of atoms 

change in relation to the rest of the molecule.  



44 
 

 

Figure 2.11. Schematic representation of different types of vibrations in polyatomic molecule. Arrows 

shows the direction of the vibration and + and – represent movement of the atom outside the plane. 

2.2.3. Interaction of molecule with light – Absorption in the infrared 

When light passes through a molecule, an oscillating electric dipole is created. Only a 

net change in the dipole moment of a molecule, which is caused by vibration or rotation 

within a molecule, can cause the absorption of IR radiation. If the frequency of the radiation 

matches the vibrational frequency of the molecule then radiation will be absorbed, causing a 

change in the amplitude of molecular vibration. As a consequence of the absorption of 

electromagnetic radiation which matches the normal vibrations of the poly atomic molecule, 

the IR spectrum can be obtained. 

2.2.4. FTIR spectroscopy-Interferometer and interferogram 

The principle of the fourier transform infrared experimental techniques is based on 

the Michelson interferometer96. As shown in the figure 2.12, light from a polychromatic 

infrared source (“glow bar”) is split on the beam splitter and 50% of the light is reflected 

towards the fixed mirror and 50% towards the moving mirror. Then, light is reflected back 

from both mirrors to the beam splitter and subsequently goes through the sample to the 

detector. During the measurement the moving mirror moves continuously forward and 

backward changing its distance to the beam splitter. This difference in the distance of both 

mirrors is known as optical retardation (δ). The detector records the signal for each mirror 

position (as a function of retardation) and a digital plot of light intensity versus the mirror 
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position called interferogram is produced. Then, using a mathematical method called Fourier 

transformation, the interferogram can be represented by the integral: 

𝐼(δ) = ∫ 𝐵(ν�)𝑐𝑜𝑠(2𝜋ν�δ)𝑑ν�+∞
−∞                                          (2.18) 

which is one-half of a cosine Fourier transform pair, the other being: 

𝐵(ν�) = ∫ 𝐼(δ)𝑐𝑜𝑠(2𝜋ν�δ)𝑑+∞
−∞ δ                                          (2.19) 

𝐼(δ) information in the interferogram is converted to a 𝐵(ν�) plot of intensity versus 

wavenumber (ν�)  (frequency). The band positions in the FTIR spectrum obtained in this way 

are presented as wavenumbers (ν�) in units of cm-1. This signal corresponds to the frequency 

at which the sample absorbed the IR radiation and the unit is proportional to the energy of 

the vibration. 

 

Figure 2.12. Schematic representation of the Michelson interferometer as an integral part of FTIR 

spectrometer. 

2.2.5. Methods of sampling 

The basic procedures for infrared measurements can be divided in transmission and 

reflectance modes. In contrast to transmission infrared in the reflectance mode the infrared 

energy does not pass through the sample but is reflected from its surface. In transmission 



46 
 

infrared spectroscopy, only the fraction of the IR radiation which is not absorbed by the 

sample can be detected. This is why it is crucial (especially for water samples) to measure a 

proper background. Even then, the signals in certain regions of the spectra cannot be 

detected because water absorbs all the infrared radiation in these ranges.  From the Beer-

Lambert law the amount of light transmitted by a sample can be related to its thickness and 

concentration96, 97: 

𝐴 = ε ∙ 𝑐 ∙ 𝑙                                                                  (2.20) 

where 𝐴 is absorbance, ε is the molar absorptivity, 𝑐 is concentration of the sample and 𝑙 is 

the path length (thickness of the sample). 

2.2.6. FTIR spectroscopy in the studies of [FeFe] hydrogenases 

The low oxidation states of the iron atoms in the active site of the [FeFe] 

hydrogenases are stabilized by carbonyl and cyanide groups. The IR stretching vibrations of 

those diatomic molecules occur in a region free from other vibrations. The free νCO stretch 

(2155 cm-1) in these complexes is shifted to lower frequencies and can be commonly 

observed in the range 2100-1800 cm-1, whereas free νCN (2080 cm-1) is shifted to higher 

frequencies (2200-2000 cm-1). In general, CN- is a better σ-donor and poorer π-acceptor than 

CO. Thus, the νCN of the complexes are generally higher than the value for free CN-, whereas 

the opposite prevails for the CO complexes95. 

In the active site of the [FeFe] hydrogenases the CO and CN- ligands are very 

sensitive to the change in the oxidation state of the iron atoms as well as changes in their 

interactions with the surrounding. This is why unique spectra for each redox state of the 

active site can be observed. Also changes in the hydrogen bonds or in the degree of freedom 

of ligands strongly influence the recorded spectra. Figure 2.13 presents FTIR band positions 

observed for different states of the active site of [FeFe] hydrogenases of three different 

organisms and the influence of single mutation next to the active site on these spectra. 
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Figure 2.13. Overview of FTIR bands positions observed for different states of the H-cluster of [FeFe] 

hydrogenases from different native and genetically modified organisms: a) Clostridium pasterianum98, 

b) Desulfovibrio desulfuricans55, c) Chlamydomonas reinhardtii61 and d) genetically modified 

Chlamydomonas reinhardtii99. 
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2.3. Protein electrochemistry 

Electrochemistry is a common method used for studying chemical reactions which 

take place at the interface of an electrode. These reactions involve electric charges moving 

between the electrodes and the electrolyte or ionic species in a solution. Direct electron 

transfer to proteins was first shown in the 1970’s and opened the way for detailed studies of 

biological reactions100-102. Electrochemistry is commonly used to understand the kinetics and 

energetics of biological electron transfer processes as well as reactions coupled to the redox 

transitions. 

2.3.1. Redox thermodynamics: the Nernst equation 

A situation where the redox mixture contains oxidized and reduced forms of two 

species can be represented by the equations below: 

𝑜𝑥1 + 𝑟𝑒𝑑2 ⇌ 𝑟𝑒𝑑1 + 𝑜𝑥2                                               (2.21) 

where 𝑜𝑥1 and 𝑟𝑒𝑑1 represents the first species in oxidized and reduced states. Analogously 

𝑜𝑥2 and 𝑟𝑒𝑑2 represents the second species in oxidized and reduced states. The free energy 

of the reaction (∆𝑟𝐺) is given by: 

∆𝑟𝐺 = ∆𝑟𝐺0 + 𝑅𝑇𝑙𝑛 [𝑟𝑒𝑑1][𝑜𝑥2]
[𝑜𝑥1][𝑟𝑒𝑑2]                                            (2.22) 

where 𝑅 is equal to 8.314 𝐽
𝐾∗𝑚𝑜𝑙

 and is the universal gas constant, 𝑇 is the temperature and 

∆𝑟𝐺0 is the standard free energy of the reaction. Equilibrium is reached when ∆𝑟𝐺=0 and 

the equilibrium constant (𝐾𝑒𝑞) is represented as: 

𝐾𝑒𝑞 = [𝑟𝑒𝑑1][𝑜𝑥2]
[𝑜𝑥1][𝑟𝑒𝑑2] = 𝑒𝑥𝑝 �− ∆𝑟𝐺0

𝑅𝑇
�                                           (2.23) 

During the reaction, 𝑜𝑥2 is reduced and takes electrons from  𝑟𝑒𝑑1. Hence the 

reaction can be represented as the sum of two half-reactions: 

𝑜𝑥1 + 𝑛𝑒− = 𝑟𝑒𝑑1                                                       (2.24) 

and 

𝑟𝑒𝑑2 = 𝑜𝑥2 + 𝑛𝑒−                                                        (2.25) 
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 The redox potential (𝐸) of the redox couple of each of the half-reactions is given by 

the Nernst equation: 

𝐸 = 𝐸0 + 𝑅𝑇
𝑛𝐹
𝑙𝑛 [𝑜𝑥]

[𝑟𝑒𝑑] = 𝐸0 + 2.303 𝑅𝑇
𝑛𝐹
𝑙𝑜𝑔 [𝑜𝑥]

[𝑟𝑒𝑑]                             (2.26) 

where 𝐸0 is the standard redox potential of the redox couple 𝑜𝑥/𝑟𝑒𝑑 also known as the 

midpoint potential,  𝐹  is Faraday’s constant (96485  𝐶
𝑚𝑜𝑙

) and 𝑛 is a number of transferred 

electrons. In an electrochemical cell only the difference between two electrodes can be 

measured and electrons are going to flow in the direction of the electrode with lower 

potential until equilibrium will be achieved: 

𝐾𝑒𝑞 = [𝑟𝑒𝑑1][𝑜𝑥2]
[𝑜𝑥1][𝑟𝑒𝑑2] = 𝑒𝑥𝑝 �− 𝑛𝐹

𝑅𝑇
(𝐸20 − 𝐸10)�                             (2.27) 

and since reduction potentials and free energies are linked and ∆𝑟𝐺0 = −𝑅𝑇𝑙𝑛𝐾𝑒𝑞, the 

standard free energy of the reaction can be given as: 

∆𝑟𝐺0 = −𝑛𝐹(∆𝐸0)                                                  (2.28) 

The Nernst equation can be used to determine the direction in which a redox 

reaction will proceed spontaneously. Also from the Nernst curve, as shown in figure 2.14, 

the number of transferred electrons and 𝐸0 can be determined. The Nernst curve is 

obtained after allowing the system to equilibrate with the electrode at the different 

potentials. The ratio [𝑜𝑥]/[𝑟𝑒𝑑] is determined usually by spectroscopic methods. Often the 

concentrations of 𝑜𝑥 and 𝑟𝑒𝑑 are measured as function of electrode potential and the data 

are fitted with: 

[𝑟𝑒𝑑] = 1

1+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇(𝐸−𝐸0)�
                                                  (2.29) 

[𝑜𝑥] =
𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�𝐸−𝐸

0��

1+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇(𝐸−𝐸0)�
                                                  (2.30) 
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Figure 2.14. The experimental points created the Nernst curve (○). Simulations are shown for one 

(blue) and two (red) electron transitions. 

2.3.2. Protein Film Electrochemistry 

Protein film electrochemistry (PFE) is used for dynamic studies of redox enzymes 

immobilized on an the electrode which plays the role of its redox partner as electron donor 

or acceptor103. In this technique, electron transfer processes are no longer limited by protein 

diffusion to the electrode. Therefore quantitative thermodynamic and kinetic information 

can be obtained in real time from very small samples. 

The native properties of the protein must be preserved upon immobilization and a 

fast electron exchange between protein and electrode has to occur to establish direct 

electron transfer (DET). To fulfill the second requirement, the redox center or one of the 

redox cofactors in the enzyme has to be exposed to the surface and oriented in the direction 

of the electrode so that the distance between this center and the electrode allows electron 

tunneling 20 A according to Marcus theory104.  

There are many methods of protein attachment to the electrode and a number of 

different electrode materials can be used103, 105. In the work presented in this dissertation 

different [FeFe] hydrogenases were adsorbed or covalently attached to a highly oriented 

pyrolytic graphite edge (PGE) electrode106. Proteins easily adsorb on such electrodes (see 

figure 2.15 A). However, random orientation of the protein on the electrode does not 

guarantee DET on all the immobilized proteins. Alternatively, the surface of the PGE 
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electrodes can be modified by creating a monolayer to which the protein can be covalently 

attached107, 108. Depending on the surface charge of the protein around the most exposed 

redox cofactor, the electrode can be modified with different diazonium functional groups to 

obtain a positively or negatively charged surface on the electrode (see figure 2.15 B and C). 

 

Figure 2.15. Schematic representation of proteins attached to the electrodes in PFE: A) protein 

adsorbed to PGE electrode, B) protein covalently bound to PGE electrode modified with                       

4-benzoicacidiazonium salt C) protein covalently bound to PGE electrode modified with      
4-nitrobenzenediazonium salt. The local charges of the aminoacid residues in the proximity of the 

most surface exposed electron relay redox moiety in the protein are also indicated. 

Figure 2.16 shows a standard three electrode cell used for PFE studies in this 

dissertation. The working electrode with the immobilized enzyme is commonly rotated to 

avoid substrate diffusion limitation. The reference electrode is usually placed in a side arm 

linked to the main compartment by a capillary to keep it at room temperature. A third 

electrode called counter electrode is used to compensate the potential applied on the 

working electrode and avoid passing current through the reference electrode. Temperature, 

pH and gases are strictly controlled in the electrochemical cell. 
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Figure 2.16. Schematic representation of the set-up used for PFE experiments.  

In the experiments, a potentiostat controls the potential of the working electrode 

and measures the current flowing between working electrode and counter. Two main 

experiments called cyclic voltammetry (CV) and chronoamperometry are used to study the 

electrocatalytic behavior of the enzyme109, 110. 

In a CV experiment, the potential is swept at a constant given rate (scan rate given  

in 𝑉
𝑠
) between two potential limiting values (see figure 2.17 left panel). For a protein 

adsorbed on an electrode with one redox active center where a reversible electron transfer 

reaction takes place, the CV would contain a pair of current peaks (see figure 2.17 A left 

panel). The positive current peak would be registered while sweeping the potential to higher 

values while redox center is being oxidized and the negative peak is observed during a 

potential sweep to lower values during reduction of the redox center. The average of the 

peak positions gives the midpoint potential of the reaction (𝐸0) and the area under the 

peaks (𝑆) is directly related to the number of active sites: 

𝑆 = 𝑛𝐹𝐴Γν                                                             (2.31) 
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where 𝑛 is the number of transferred electrons, 𝐹 is Faraday’s constant ( 𝐶
𝑚𝑜𝑙

), 𝐴 is the 

electrode surface area (𝑐𝑚2), Γ coverage of the electrode (𝑚𝑜𝑙
𝑐𝑚2) and ν is the scan rate (𝑉

𝑠
).  

The catalytic properties of the enzyme are observed after adding substrate to the 

solution. The shape of the CV ideally changes to a sigmoidal shown in the figure 2.17 B left 

panel (or for [FeFe] hydrogenases figure 1.7) due to the constantly occurring catalytic 

process. The observed current (𝑖) at a certain potential where catalytic activity is measured 

can be directly related to the turnover frequency (𝑘𝑐𝑎𝑡) of the enzyme: 

𝑖 = 𝑛𝐹𝐴Γ𝑘𝑐𝑎𝑡.                                                            (2.32) 

 

Figure 2.17. Plots explaining the two main experimental techniques used in PFE. In the left part of 

each panel changes in the potential applied during each experiment are shown over time. Diagram A) 

in the cyclic voltammetry panel shows the non-turnover signal while in the B) signal obtained after 

introduction of substrate. Diagrams A) and B) in the chronoamperometry panel show the situation 

when at specific potential protein is inhibited or activated. 

In a chronoamperometry experiment, current is monitored as a function of time 

when the potential is kept constant or changed in consecutive steps (see figure 2.17 right 

panel). In this experiment the time and potential dependencies are separated. During 

measurements at constant potential the activity can be monitored and the enzyme can be 

exposed to external inhibitors, for example CO in case of [FeFe] hydrogenases, or 

inactivation and reactivation processes can be triggered by the electrode potential.     
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2.4. Spectroelectrochemistry 

In the FTIR electrochemical experiment, FTIR spectra are measured for a series of 

the potentials adjusted and stabilized in an electrochemical three electrode cell based on 

design shown in figure 2.18111. The sample is loaded on a semitransparent (70 % 

transparency) gold mesh which together with a platinum foil counter and Ag/AgCl reference 

electrode completes a three electrode system (see figure 2.18). The outer cavity of the cell is 

filled with buffer/salt solution and closed between two CaF2 windows. The IR radiation 

passes through the cell (like in the typical transmission mode) and IR spectra are recorded.  

 

Figure 2.18. Schematic representation of cell used in FTIR electrochemistry. 

It is very common to use mediators in such solution electrochemistry set-up. 

Unfortunately, not all enzymes are stable in their presence and in many cases they cannot 

be used which significantly increases the stabilization time to reach equilibrium with the 

electrode. However, using a very thin spectroelectrochemical cell and a high surface working 

electrode leads to relatively fast equilibration of the system.  

From the obtained FTIR spectra the ratio [𝑜𝑥]/[𝑟𝑒𝑑] is determined and data are 

processed by fitting to the Nernst equation as described in the section 2.3.1. In case of three 

species in the redox mixture (number of the redox states usually observed for CrHydA1) 

equations 2.29 and 2.30 are replaced (under the assumption that 𝑛 is the same for each 

electron transition) by:  
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[𝑠𝑟𝑒𝑑] = 1

1+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�𝐸−𝐸2
0��+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�2𝐸−𝐸1

0−𝐸2
0��

                                    (2.33) 

, 

[𝑟𝑒𝑑] =
𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�𝐸−𝐸2

0��

1+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�𝐸−𝐸1
0��+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�2𝐸−𝐸1

0−𝐸2
0��

                                  (2.34) 

and 

[𝑜𝑥] =
𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�2𝐸−𝐸1

0−𝐸20��

1+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�𝐸−𝐸1
0��+𝑒𝑥𝑝�𝑛𝐹𝑅𝑇�2𝐸−𝐸1

0−𝐸2
0��

                                   (2.35) 
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III. Summary 

This chapter contains an overview of the academic work done during my doctoral 

studies. It includes five journal articles which are already published. My contribution to each 

study is listed below together with the short description of each article: 

 

3.1. Identification and Characterization of the "Super-Reduced" State of the 

H-Cluster in [FeFe] Hydrogenase: A New Building Block for the Catalytic 

Cycle? 

Published in Angewandte Chemie International Edition, 2012 Vol. 51 (46), pp 

11458-11462. 

 

• I prepared samples in different redox states 

• I performed all the FTIR experiments and the data analysis 

• I performed all the EPR experiments and the data simulation 

• I performed  all the PFE experiments 

• I was largely involved in the production of the manuscript 

C. Lambertz provided all the biological samples.  

 

 

The catalytic mechanism of the reversible conversion of protons and electrons to 

molecular hydrogen by [FeFe] hydrogenases is not yet fully understood. The proposed 

models are based on the two redox states of the H-cluster: Hox (active oxidized) and Hred 

(active reduced) which were identified in many known [FeFe] hydrogenases using FTIR, EPR 

and Mössbauer spectroscopy. The FTIR spectroelectrochemical studies of bacterial [FeFe] 
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hydrogenase from Desulfovibrio desulfuricans (DdH) provided the first indication of the 

existence of an additional redox state, i.e. the super reduced state Hsred.  However, the 

transition from Hred to Hsred appears to be incomplete and irreversible in DdH.  In algal [FeFe] 

hydrogenase from Clamydomonas reinhardtii (CrHydA1), however, Hsred can be stabilized 

and the transition from Hred to Hsred is fully reversible. The study of the electronic structure of 

the Hsred state and its relevance to the catalytic cycle are presented in this work. 

The FTIR spectra corresponding to the different redox states were well known but 

the EPR of the Hsred state had not been identified yet. This EPR spectrum could differentiate 

between the [4Fe-4S]2+FeIFe0 and the [4Fe-4S]1+FeIFeI configuration. FTIR and EPR samples 

were prepared simultaneously and studied at low temperatures. It was shown that with the 

increase of the FTIR signal characteristic for Hsred a broad EPR signal also appeared. The 

obtained spectral parameters of this signal allowed assigning it to the reduced [4Fe-4S] 

cluster and favor the [4Fe-4S]1+FeIFeI configuration. This result also shows that the [4Fe-4S]H 

cluster is an essential part of the H-cluster involved in the electron transfer. 

The presence of the super reduced state in the catalytically active samples as well as 

its full reversibility into the Hred state and further into the Hox state, allowed the conclusion 

that Hsred is active and involved in the catalytic cycle. The PFE experiments performed on 

bacterial and algal [FeFe] hydrogenases did not show inactivation of the enzymes at the low 

potentials where Hsred is accumulated thus confirming its involvement in the catalytic cycle.  

Based on these results, the catalytic cycle shown below was formulated and it was 

proposed that Hsred is involved in the reaction cycle of all [FeFe] hydrogenases but only in 

algal enzymes it is stabilized as resting state due to the lack of F-clusters, which in bacterial 

enzymes immediately reoxidize Hsred to Hred. 
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3.2. Biomimetic assembly and activation of [FeFe]-hydrogenases 

Published in Nature, 2013 Vol. 499 (7456), pp 66-69. 

 

• I performed all the FTIR experiments and the data analysis 

• I was involved in the production of the manuscript 

G. Berggren and T. R. Simmons provided synthetic complexes; G. Berggren, C. 

Lambertz and J. Esselborn contributed to maturation experiments; G. Berggren and 

S. Gambarelli performed EPR experiments; J.-M. Mouesca did DFT calculations. 

 

 

The biosynthesis of the H-cluster is not well understood. It is postulated that 

proteins known as HydE and HydG synthesize the binuclear part of the H-cluster and an 

additional protein HydF transfers it to the apo [FeFe] hydrogenase which contains only the 

[4Fe-4S]H cluster. In this work this hypothesis is tested by attempting to bind different 

mimics of the bi-nuclear sub-cluster to HydF which contains a surface exposed [4Fe-4S] 

cluster. Since the nature of the bridgehead atom in the dithiol ligand was still not uniquely 

identified (either carbon, oxygen, or nitrogen), all three options were explored. 

The combined FTIR and EPR experiments proved that all three mimic complexes 

(“pdt”, “adt”, and “odt”) can bind to the HydF from Thermatoga maritima.  Moreover, the 

obtained FTIR spectra showed close resemblance to the one obtained previously for HydF 

prepared in the presence of HydE and HydG suggesting that the mimic complexes are indeed 

very similar to the proposed precursor of the diiron sub-cluster. Further detailed EPR 

analysis combined with DFT calculations showed that isomerization of one of the CN- ligands 

takes place and the mimic complexes bind to the [4Fe-4S] cluster in the HydF through the 

carbon atom. The HydF proteins, however, did not show any hydrogenase activity. 
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In the next step the three mimic complexes were transferred from HydF to the apo 

[FeFe] hydrogenase from Clamydomonas reinhardtii by simple mixing these two proteins. 

The FTIR signals showed that all of the mimic complexes maturated the apo enzyme but only 

the one carrying the adt bridge showed all the active states of the H-cluster. This was 

confirmed by activity tests performed for all the hybrid enzymes and it was concluded that 

fully active [FeFe] hydrogenase can be obtained only by maturation with the mimic complex 

containing the azadithiolate (adt) bridge. 

It is clearly shown in this work that to obtain full enzymatic activity not only both 

parts of the H-cluster have to be present (the HydF with bound mimic complexes is not 

active) but also the proper protein environment is necessary. In addition this procedure 

provides a simple biotechnological tool for producing active [FeFe] hydrogenases since the 

apo protein can be easily expressed in E. coli. 
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3.3. Spontaneous activation of [FeFe]-hydrogenases by an inorganic [2Fe] 

active site mimic 

Published in Nature Chemical Biology, 2013 Vol. 9 (10), pp 607-609. 
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In this work the biosynthesis of active [FeFe] hydrogenases described above (see 

3.2.) was taken one step further. It was shown that without the presence of any additional 

proteins the mimic complex can spontaneously maturate apo [FeFe] hydrogenases 

containing only the [4Fe-4S]H sub-cluster of the active site. Using the mimic complex 

containing the azadithiolate bridge full activity was obtained for algal (Clamydomonas 

reinhardtii) and bacterial (Clostridium pasteurianum and Megasphaera elsdenii) enzymes. 

This is not trivial, since the active site in these bacterial [FeFe] hydrogenases is buried deep 

inside the protein and they contain more than one [4Fe-4S] cluster. This would suggest that 

the protein recognizes the mimic complex and triggered by specific interactions directs it 

inside. 

During this spontaneous maturation process one of the CO ligands in the mimic 

complex is released and the H-cluster is formed. The FTIR and EPR spectra indicate that all 

active states can be observed in “as is” samples. Furthermore, the enzyme can be inhibited 

by external CO. The FTIR signals originating from the bridging CO ligand indicate that a 



61 
 

change of the ligand geometry has to occur. The rhombic EPR signal and the FTIR signal 

originating from the Hsred state also clearly indicate that a covalent bond between mimic 

complex and the [4Fe-4S]H cluster has to be created resulting in a native-like H-cluster. 

These results, significantly simplify active [FeFe] hydrogenase preparations in larger 

amounts. The “semisynthetic” protocol also provides a new route for the synthetic chemist 

by demonstrating that a poor catalyst inserted in the right protein environment can lead to a 

great performance. Moreover, isotope labeling of the H-cluster precursor outside the 

protein allows spectroscopic experiments which could not be done before. Also, many 

changes (for example ligand substitutions) can be introduced to mimic complexes and their 

interactions with the protein environment can be observed. For spectroscopic experiments 

facilitated specific isotope labeling will become feasible. 
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3.4. New redox states observed in [FeFe] hydrogenases reveal redox 

coupling within the H-cluster. 

Published in Journal of American Chemical Society, 2014 Vol. 136 (32), pp 

11339-11346. 

 

• I performed all the FTIR electrochemistry experiments and the data analysis 

• I performed all the FTIR experiments and the data analysis 

• I performed all the EPR experiments and data simulations 

• I was largely involved in the production of the manuscript 

D. Krawietz and J. Siebel provided biological samples; K. Weber provided synthetic 

compounds. 

 

 

Knowledge of the possible redox states of the enzyme as well as its electronic 

structure is very important in the study of its catalytic cycle. The potential range in which 

different redox states appear is also crucial for the enzyme’s performance and its 

interactions with electron donors/acceptors. The semisynthetic active [FeFe] hydrogenase 

showed full activity and all active states were observed. However, more detailed 

experiments had to be performed to confirm that the semisynthetic enzyme is 

indistinguishable from the wild type. In addition, studies of inactive but intact modified       

H-clusters (like the one containing a CH2 group in the bridging motive instead of NH) can 

provide information on redox states that cannot be stabilized in the active enzyme. 

FTIR spectroelectrochemistry is the perfect technique to study the redox behavior of 

[FeFe] hydrogenases since the CO and CN- ligands are sensitive to the change in the 

oxidation state of the iron ions. The experiments showed that for an active semisynthetic 
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enzyme, the active states Hox, Hred and Hsred are present in the same potential range as in the 

native system and are separated by two reversible one electron transitions. It is interesting 

that at high potentials, in contrast to PFE experiments, the active site is disrupted and an 

inactive oxidized CO inhibited (Hox-CO) state appears.  The sample in this state is stable and 

upon reductive titration revealed a new reduced CO inhibited state (H’red’-CO) which can be 

further reduced to the active Hsred state.  Based on small changes in the FTIR spectra, the 

potential range and detailed studies involving light induced 13CO scrambling it is concluded 

that reduction between two CO inhibited states takes place on the [4Fe-4S]H sub-cluster and 

the H’red’-CO state is in the [4Fe-4S]+FeIFeII configuration. These results also show that a CO 

inhibited sample can be activated through the Hsred state. 

FTIR spectroelectrochemistry experiments on the inactive semisynthetic enzyme 

containing a CH2 group in the dithiolate bridge revealed two stable redox states (oxidized 

and reduced) separated by a reversible one electron transition. FTIR spectra obtained for 

both the states strongly resemble that of the Hox state of the native enzyme. For the oxidized 

sample EPR spectra were obtained that were identical of those of the Hox state of the native 

hydrogenase. This suggests that this form can be described as a [4Fe-4S]2+FeIFeII 

configuration. Similar as in the case of CO inhibited states of the active hydrogenase, the IR 

signals show only a slight shift between both redox states which would suggest that the 

reduction occurs on the [4Fe-4S]H sub-cluster. 

For both newly identified redox states in [FeFe] hydrogenases the redox potential of 

the binuclear part is lowered by changes of the active site (such as blocking the open 

coordination site by a CO ligand or preventing the proton flow by modification of the 

bridging motif) and causes reduction of the [4Fe-4S]H sub-cluster while the binuclear part 

remains in the mixed valence state. This study demonstrates the strong redox coupling 

between the two parts of the H-cluster and confirms that the [4Fe-4S]H sub-cluster is also 

redox active and as such an integral part of the H-cluster participating in the catalytic cycle.  
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3.5. Artificially maturated [FeFe] hydrogenase from Chlamydomonas 

reinhardtii: HYSCORE and ENDOR study of a non-natural H-cluster 

Published in Physical Chemistry Chemical Physics, 2015 Vol.17 (7), pp 5421-
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An analysis of the electronic structure of the oxidized [FeFe] hydrogenase from 

Clamydomonas reinhardtii maturated with the non-natural biomimetic complex 

[Fe2(CO)4(CN)2(pdt)]2- in which the bridging amine is replaced by a CH2 group is reported in 

this work. This inactive semisynthetic hydrogenase in its oxidized state strongly resembles 

the native Hox state where the EPR signal originates from the mixed valence FeIFeII state of 

the binuclear sub-cluster. Taking advantage of the readily available isotope labeled 

biomimetic complex as well as the possibility to obtain a single specific redox state, multi-

frequency HYSCORE and ENDOR studies of 13C and 15N labeled CN- ligands in the non-natural 

H-cluster were performed. 

The hyperfine couplings of the 13C nuclei were detected using X-band and Q-band 

ENDOR spectroscopy. This study revealed that the spin density is distributed over both CN- 

ligands but is predominantly localized on the 13C nuclei bound to the distal Fe. 

Determination of the relative orientation of the hyperfine tensor with respect to the g 
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tensor made it possible to relate the orientation of the strongly coupled CN- ligand to the 

crystal structure. 

HYSCORE spectra obtained for the sample labeled with 15N at the CN- ligands at X-

band and Q-band could be simultaneously simulated with one set of parameters showing 

that significant spin density is distributed over one and not both nitrogen atoms. The 

obtained hyperfine tensor and its orientation was further used to simulate the 14N HYSCORE 

spectra with 14N in the CN- ligands confirming the previously obtained nuclear quadrupole 

couplings. 

The obtained results show that the oxidized [FeFe] hydrogenase maturated with the 

non-natural biomimetic complex in which the bridging amine is replaced by a CH2 group is a 

very good model system to study the native Hox state. Furthermore, a detailed analysis of 

the obtained data and available crystal structures of [FeFe] hydrogenases allowed a first 

estimation of the g tensor orientation relative to the molecular axes in the active site of this 

enzyme. 
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I. Abstract  
Hydrogenases are enzymes which catalyze the oxidation of H2 as well as the 

reduction of protons to form H2. The active site of [FeFe] hydrogenase is referred to as the 

“H-cluster” and consists of a “classical” [4Fe-4S] cluster connected via a bridging cysteine 

thiol group to a unique [2Fe]H sub-cluster, containing CN- and CO ligands as well as a 

bidentate azadithiolate ligand. It has been recently shown that the biomimetic 

[Fe2(adt)(CO)4(CN)2]2- (adt2- = azadithiolate) complex resembling the diiron sub-cluster can 

be inserted in vitro into the apo-protein of [FeFe] hydrogenase, which contains only the 

[4Fe-4S] part of the H-cluster, resulting in a fully active enzyme. This synthetic tool allows 

convenient incorporation of a variety of diiron mimics thus generating hydrogenases with 

artificial active sites. [FeFe] hydrogenase from Chlamydomonas reinhardtii maturated with 

the biomimetic complex [Fe2(pdt)(CO)4(CN)2]2- (pdt2- = propanedithiolate), in which the 

bridging adt2- ligand is replaced by pdt2- can be stabilized in a state strongly resembling the 

active oxidized (Hox) state of the native protein. This state is EPR active and the signal 

originates from the mixed valence FeIFeII state of the diiron sub-cluster. Taking advantage of 
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the variant with 15N and 13C isotope labeled CN- ligands we performed HYSCORE and ENDOR 

studies on this hybrid protein. The 13C hyperfine couplings originating from both CN- ligands 

were determined and assigned. Only the 15N coupling from the CN- ligand bound to the 

terminal iron was observed. Detailed orientation selective ENDOR and HYSCORE 

experiments at multiple field positions enabled the extraction of accurate data for the 

relative orientations of the nitrogen and carbon hyperfine tensors. These data are 

consistent with the crystal structure assuming a g-tensor orientation following the local 

symmetry of the binuclear sub-cluster.  

 

II. Introduction 

Over the last few decades, the growing interest in renewable energy technologies 

has stimulated research on biotechnological hydrogen production using microorganisms1-9.  

A wide range of microorganisms from archaea, bacteria to some eukaryotes use 

metalloenzymes called hydrogenases as a part of their energy metabolism1,10. 

Hydrogenases catalyze the reversible conversion of molecular hydrogen into two protons 

and two electrons. The hydrogenases can be classified into three groups, according to the 

metal composition of their active site: [NiFe] hydrogenases with the subgroup of [NiFeSe] 

hydrogenases, [FeFe] hydrogenases and [Fe] hydrogenases9,10.  The [FeFe] hydrogenases 

were found to be the most active for hydrogen production in vivo11,12. The quite unique 

active site of these enzymes is highly conserved, and referred to as the “H-cluster”9,13-16. It 

contains a typical [4Fe-4S]H cluster which is coupled by one of its coordinating cysteine side 

groups to a unique binuclear sub-cluster [2Fe]H shown in figure 19,13-16. The low oxidation 

state of the iron atoms in the binuclear sub-cluster are stabilized by CN- and CO ligands13,17. 

In addition, a bidentate dithiol ligand bridges the two iron centers. For many years the 

nature of the central atom of this ligand was strongly debated, since it could not be 

uniquely identified in the crystal structure13,14,16,18. Soon, however, based on structural and 

mechanistic arguments an amine function was proposed13. This proposal was later 

experimentally supported by pulsed EPR data19,20. In recent studies it was shown that it is 

possible to insert various biomimetic complexes into unmaturated [FeFe] hydrogenase that 

contains only the [4Fe-4S]H part of the H-cluster21,22. It was shown that the enzyme was fully 

activated only when the biomimic complex [Fe2(adt)(CO)4(CN)2]2- (adt2- = azadithiolate) 
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containing the amine group in the dithiolate bridging ligand (adt2-) was inserted, whereas 

those activated with complexes containing other dithiolate ligands showed very little or no 

activity21-23. Spectroscopic characterization of this “hybrid” enzyme showed it to be 

indistinguishable from the native one24. 

 
Figure 1. Schematic representation of the structure of the H-cluster of artificially maturated [FeFe] hydrogenase from C. 
reinhardtii with natural CrHydA1(adt) and the non-natural CrHydA1(pdt) binuclear sub-site. 

The H-cluster of the isolated native enzyme usually exists as a mixture of redox 

states that have been identified and spectroscopically characterized9. The oxidized active 

state Hox is characterized by a mixed valence configuration of the [2Fe]H sub-cluster (FeIFeII),  

while the [4Fe-4S]H sub-cluster is in the oxidized 2+ state (2FeII2FeIII)9,17,25. The iron atoms in 

the [2Fe]H sub-cluster are in a low spin state and exhibit a characteristic rhombic S=1/2 EPR 

signal9,25. This state can be inhibited by external CO, generating the Hox-CO state, which is 

electronically very similar to Hox but shows an axial EPR signal9. This signal is often present 

in [FeFe] hydrogenase preparations due to the so-called “cannibalization process” in which 

the CO ligands from light or oxygen damaged H-clusters are released and captured by H-

clusters that are still intact24,26-28. 

 In the algal [FeFe] hydrogenase from Chlamydomonas reinhardtii (CrHydA1), upon 

two fully reversible one electron reductions Hox is converted first to the active reduced state 

Hred and then to the “super reduced” active state Hsred
28. It was recently shown that the Hox-

CO state can also be reversibly reduced to the CO inhibited reduced state H’red’-CO which 

upon subsequent reversible one electron reduction (accompanied with CO dissociation) 

yields the Hsred state24. This state is paramagnetic and gives a signal characteristic for a 

reduced [4Fe-4S]+ cluster while both iron atoms in the [2Fe]H sub-cluster are 

antiferromagnetically coupled in an FeIFeI (S = 0) configuration29. 

The electronic structure of Hox and Hox-CO have previously been the subject of 

intensive investigation9,19,25-28,30-35. The 57Fe hyperfine interactions indicate that the spin 
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density distribution over the H-cluster drastically changes upon conversion from Hox to Hox-

CO25. In the Hox state, the unpaired spin density is more or less equally distributed over both 

iron atoms in the [2Fe]H sub-cluster, while in the Hox-CO state most of spin density is shifted 

towards the proximal iron. The formally diamagnetic [4Fe-4S]H
2+ sub-cluster has a strong 

influence on the electronic structure of the binuclear sub-cluster because in model 

complexes in which the cubane sub-cluster is lacking, the spin distribution clearly deviates 

from what is found in the native system25,32,36-38. By studying 13C labeled CO ligands and 

signals from 14N in the CN- ligands it was found that in the Hox-CO state the spin density is 

largely distributed over the CO ligands while almost no spin density was detected on the CN- 

ligands33. A different situation was observed in the Hox state. 14N ESEEM studies showed a 

very rich pattern of hyperfine couplings that was assigned to the nitrogen from the CN- 

ligand bound to the distal iron, the nitrogen in the dithiolate bridge and the nitrogen of the 

side chain of the lysine hydrogen bonded to the distal CN- ligand39,19. No spin density was 

found for the CN- ligand bound to the proximal iron. 

In a recent study it was shown that CrHydA1 maturated with the biomimic complex 

[Fe2(pdt)(CO)4(CN)2]2- (pdt2- = propanedithiolate) (referred as pdt complex) containing a CH2 

group in the dithiolate bridge affords an almost inactive hybrid enzyme CrHydA1(pdt) that 

can be stabilized in two redox states (oxidized and reduced)23,24. FTIR and EPR studies 

showed that the oxidized form of CrHydA1(pdt) is almost identical to the native Hox state. It 

is therefore concluded that the [2Fe]H sub-cluster (FeIFeII) is in the mixed valence 

configuration, while the [4Fe-4S]H sub-cluster is oxidized (2+). It was suggested that 

reduction takes place in the [4Fe-4S]H sub-cluster and due to strong exchange coupling 

within the H-cluster this state is EPR silent. No other states (including Hox-CO) were 

observed for this hybrid. 

In the present study, we confirm through detailed EPR studies that oxidized 

CrHydA1(pdt) can be used as a good structural and electronic model system for the native 

Hox state. As discussed below the pdt analog offers multiple advantages: (i) straightforward 

synthesis and stability of the pdt complex; (ii) the possibility to obtain a pure redox state for 

the reconstituted enzyme, thus facilitating spectroscopic characterization. To obtain 

additional information about the spin density distribution over the CN- ligands we 

synthesized 13C and 15N labeled pdt complex and performed HYSCORE and ENDOR 

experiments on the labeled H-cluster of the reconstituted hydrogenase. 
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III. Materials and methods 

Sample preparation 

All chemicals used were purchased from Sigma-Aldrich and used as received unless 

otherwise stated. Solvents were freshly distilled under an inert atmosphere of argon from 

an appropriate drying agent. FTIR spectra of synthetic complexes were recorded on a Perkin 

Elmer Spectrum-100 spectrometer via a thin film solution. Fe2(pdt)(CO)6 and 

[Et4N]2[Fe2(pdt)(CO)4(CN)2] were prepared according to literature procedures40,41 while 

[Et4N]2[Fe2(pdt)(CO)4(13CN)2] and [Et4N]2[Fe2(pdt)(CO)4(C15N)2] were prepared by modified 

literature procedures as described below. 

[Et4N]2[Fe2(pdt)(CO)4(13CN)2] 

Fe2(pdt)(CO)6 (0.15 g, 0.40 mmol) was dissolved in MeCN (10 ml) and added via 

cannula to a solution of [K][13CN] (0.05 g, 0.80 mmol) in MeOH (5 ml) under argon. The 

reaction mixture was stirred for 2 hours at room temperature to give a dark red solution. 

[Et4N][Br] (0.20 g, 0.95 mmol) dissolved in MeCN (10 ml) was added to the reaction mixture, 

which was allowed to stir for an additional hour. The solvent was removed under reduced 

pressure to give a dark red solid. This was dissolved in acetone (10 ml) and filtered via 

cannula to give a dark red filtrate. The solution was mixed with EtOAc (20 ml) and cooled to 

-26 °C to give [Et4N]2[Fe2(pdt)(CO)4(13CN)2] as a deep red crystalline solid (0.18 g, 72%) 

νmax/cm-1 (acetonitrile) 2032 (13CN), 1963, 1922, 1885, 1871 (sh) (CO). 

[Et4N]2[Fe2(pdt)(CO)4(C15N)2]  

Fe2(pdt)(CO)6 (0.07 g, 0.20 mmol) was dissolved in MeCN (5 ml) and added via 

cannula to a solution of  [K][C15N] (0.03 g, 0.40 mmol)  in MeOH (2 ml) under argon. The 

reaction mixture was stirred for 2 hours at room temperature to give a dark red solution. 

[Et4N][Br] (0.10 g, 0.50 mmol) dissolved in MeCN (5 ml) was added to the reaction mixture, 

which was allowed to stir for an additional hour. The solvent was removed under reduced 

pressure to give a dark red solid. This was dissolved in acetone (5 ml) and filtered via 

cannula to give a dark red filtrate. The solution was mixed with EtOAc (10 ml) and cooled to 

-26 °C to give [Et4N]2[Fe2(pdt)(CO)4(C15N)2] as a deep red crystalline solid (0.08 g, 65%) 

νmax/cm-1 (acetonitrile) 2046 (C15N), 1963, 1922, 1884, 1871 (sh) (CO). 
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Enzyme maturation 

 Unmaturated CrHydA1 containing only the [4Fe-4S] cluster was expressed and 

isolated from Escherichia coli as described earlier22,42. Active [FeFe] hydrogenase was 

obtained through direct insertion of the binuclear sub-site complex as described 

previously22,23. CrHydA1(pdt) was prepared in 25 mM Tris/HCl, pH 8.0, 25 mM KCl. Samples 

were oxidized by stepwise titration with thionine monitored by FTIR.  All manipulations and 

treatments were done under strict anaerobic conditions. 

 

FTIR measurements 

Fourier transform infrared (FTIR) measurements were carried out using a Bruker IFS 

66v/s FTIR spectrometer equipped with a nitrogen cooled Bruker mercury cadmium 

telluride (MCT) detector. The spectra were accumulated in the double-sided, forward-

backward mode with 1000 scans (14 minutes) and a resolution of 2 cm-1 at 15 °C. Data 

processing was facilitated by home written routines in the MATLAB™ programming 

environment. 

 

EPR measurements 

Field swept X- and Q-band EPR spectra were recorded in the pulsed mode using FID 

detection after a 1µs π/2 excitation pulse. After a pseudomodulation transformation, the 

spectra obtained in this way are comparable to those using CW EPR43. 

Electron nuclear double resonance (ENDOR) was used to study the 13C hyperfine 

interactions. In this investigation the Davies ENDOR sequence was used: [π]-td1-[RF]-td2-

[π/2]-τ-[π]-τ-(ESE)44,45. The excitation of nuclear spin transitions is detectable through an 

increase in the inverted ESE intensity. The microwave preparation pulse was set to 140 ns 

whereas the length of the radiofrequency (RF) pulse was adjusted through an RF nutation 

experiment in order to maximize the ENDOR effect. 

Hyperfine sublevel correlation spectroscopy (HYSCORE) experiments were 

performed, to extract the 15N and 14N hyperfine interactions, using the standard HYSCORE 

pulse sequence: [π/2]-τ-[π/2]-t1-[π]-t2-[π/2]-τ-(ESE)45-47. The length of the microwave [π/2] 

and [π] pulses was adjusted to the maximum available microwave power (1kW). The delay 

between the first two pulses (τ) was adjusted in order to avoid “blind spots” in the 
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important spectral regions using a series of three pulse ESEEM experiments as a function of 

τ. The starting t1 and t2 delays in all measurements were 100 ns. To suppress the effect of 

unwanted echoes, a four step phase cycling of the microwave pulses was used. 

X-band measurements were performed on a Bruker ELEXYS E-580 X-band 

spectrometer with a SuperX-FT microwave bridge and a Bruker ER EN4118X-MD4 ENDOR 

dielectric resonator. Cryogenic temperatures (10-20 K) were obtained by an Oxford CF935 

flow cryostat. ENDOR experiments were performed using random (stochastic) acquisition 

technique and making use of a 500W ENI 5100 L RF amplifier. 

Q-band experiments were performed on a Bruker ELEXYS E580 spectrometer with a 

SuperQ-FT microwave bridge and a home built resonator described earlier48. Cryogenic 

temperatures (10-20 K) were obtained by an Oxford CF935 flow cryostat. ENDOR 

experiments were performed using random (stochastic) acquisition technique making use of 

a 300W ENI 300 L RF amplifier. A TrilithicTM H4LE35-3-AA-R high-power low pass filter (cut 

off frequency around 35 MHz) was used to suppress the “harmonics” of the 1H ENDOR 

signals. 

 

Data analysis and simulation 

The simulations of the EPR, ENDOR and HYSCORE spectra were based on the spin 

Hamiltonian approach  

𝐻0 = β𝑒𝑩��⃗ 𝟎 ∙ 𝒈 ∙ 𝑺��⃗ −�𝑔𝑛𝑖 β𝑛𝑩��⃗ 𝟎 ∙ 𝑰𝒊��⃗
𝑖

+ �𝑺��⃗ ∙ 𝑨𝒊 ∙ 𝑰𝒊��⃗
𝒊

+ �𝑰𝒊��⃗ ∙ 𝑷𝒊 ∙ �⃗�𝒊
𝒊

 

where β𝑒 is the Bohr magneton, β𝑛 the nuclear magneton, 𝑔𝑛𝑖  the g-factor of the ith 

nucleus and 𝒈 represents the electronic g-tensor, 𝑩��⃗ 𝟎 the magnetic field vector,  𝑺��⃗  the 

effective spin vector, 𝑰𝒊��⃗  nuclear spin vector, 𝑨𝒊 the hyperfine tensor, 𝑷𝒊 the nuclear 

quadrupole tensor and the sum runs over all nuclei (i) interacting with the unpaired 

electron spin. The first and the second terms represent the electron and nuclear Zeeman 

effects. The third term represents the hyperfine interaction of the unpaired electron with 

the nuclear spins and the last term represents the quadrupole coupling. The last term was 

used in the simulations only for 14N nuclei where I=1. The quadrupole tensor 𝑷𝒊 is traceless 

and its principal values can be rewritten in the following way: 

�𝑃𝑥,𝑃𝑦,𝑃𝑧� = 𝑒2𝑞𝑄
4𝐼(2𝐼−1)ℎ

[−(1 − η),−(1 + η), 2]  . 
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In this work we will use the two parameters: 𝐾 = 𝑒2𝑞𝑄
4𝐼(2𝐼−1)ℎ

 and η = 𝑃𝑥−𝑃𝑦
𝑃𝑧

 with 

|𝑃𝑧| ≥ �𝑃𝑦� ≥ |𝑃𝑥| and 0 ≤ η ≤ 1 to characterize the quadrupole coupling. 

All the simulations were performed in the EasySpin based program written in 

MATLABTM environment49. ENDOR spectra were simulated using the “salt” routine and the 

frequency domain calculations of HYSCORE spectra were simulated using the “saffron” 

routine. Signals corresponding to the different nuclei were simulated separately in order to 

reduce computing time. 

The orientations of the hyperfine and quadrupole tensors are presented with 

respect to the principal axes of the electronic g-tensor using Euler angels. In the convention 

used in EasySpin the first rotation is by angle α along the z axis, the second by angle β 

around the new y’ axis and the third by angle γ around the new z’’ axis45. The geometric 

details e.g. distances and angles for the [2Fe] sub-cluster used for the g-tensor orientation 

within the H-cluster molecular structure were extracted from the X-ray crystal data using 

the Pymol software50. 

 

IV. Results 

FTIR of reduced and oxidized CrHydA1(pdt) 

Figure 2 shows the FTIR spectra obtained for CrHydA1 with inserted labeled and 

non-labeled [Fe2(pdt)(CO)4(CN)2]2- complexes in the reduced (“as obtained”) and thionine 

oxidized states. Each spectrum contains only one component indicating that the 

preparations represent pure states and do not contain residual unbound 

[Fe2(pdt)(CO)4(CN)2]2- complexes in solution. The IR band positions in the spectra obtained 

for non-labeled CrHydA1(pdt) are in agreement with previously reported data21,22,24.  Upon 

labeling the CN- ligands of the pdt complexes the IR bands originating from the CO ligands 

are not affected while the ones originating from CN- vibrations are shifted by 29-31 cm-1 

upon 15N exchange and 43-46 cm-1 upon 13C exchange.  
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Figure 2. Normalized FTIR spectra recorded for CrHydA1(pdt) containing non-labeled and two labeled pdt complexes in 
the reduced and oxidized states measured in 15ᵒC. In the labeled complexes either N or C was labeled. All samples were 
prepared in 25 mM Tris/HCl, pH 8.0, 25 mM KCl. Oxidized samples also contained thionine. 

The EPR spectrum obtained for oxidized non-labeled CrHydA1(pdt) shows a pure 

state characterized by a rhombic signal virtually identical to the one obtained for native Hox 

(see supplementary information). The obtained g-values 2.093, 2.038 and 1.996, are in 

agreement with previously reported data on CrHydA1(pdt)24. 

It has been shown previously using 57Fe ENDOR that for the native H-cluster in the 

Hox state the spin density is delocalized over both iron atoms in the binuclear sub-cluster25. 

Additional information about the electronic structure can be obtained by investigating the 

distribution of the unpaired spin density over the ligands of the binuclear sub-cluster. In 

particular, the CN- ligands are of great interest and previously controlled isotope labeling of 

these ligands was not easily obtained51,52. 

 
13C interaction of the CN- ligands 

The effect of 13C labeling of the CN- ligands is readily evident in the X-band EPR 

spectra where a splitting of all three g-components is easily observed (see figure 3A). In the 

Q-band EPR spectra this 13C hyperfine splitting is, however, washed out due to the 

increased line broadening. The X-band EPR spectra already allow an estimation of the 13C 

hyperfine coupling with principal values in the range of 21-29 MHz (depending on the g 

position) suggesting one strongly coupled 13C. More accurate values of this coupling can be 
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obtained using ENDOR spectroscopy. Moreover, this technique also allows for the 

identification of much weaker couplings that are not resolved in the EPR of 13CN labeled 

CrHydA1(pdt).  

The most prominent signal in the X-band Davies ENDOR spectra (see figure 3B) 

recorded at the three canonical positions is centered at 14.5 MHz and is also present in the 

non-enriched sample (see supplementary information). This 1H ENDOR signal with 

maximum splitting of 3.5 MHz is very similar to the one obtained for native Hox and was 

assigned to the β-protons of the cysteine ligands coordinating the [4Fe-4S]H sub-cluster37. At 

this point, a full analysis of this signal is not possible due to the overlap of contributions 

from at least eight different protons. The observation of this 1H signal, however, confirms 

that the electronic structure of Hox in CrHydA1(pdt) is virtually identical to that of native Hox 

in which part of the spin density is delocalized on the [4Fe-4S]H sub-cluster. 

In the X-band Davies ENDOR spectra (see figure 3B) two additional signals around 

and partially overlapping with the 1H ENDOR signal are observed, which are split by twice 

the Larmor frequency of 13C. The position of these signals at half the hyperfine interaction 

of the strongly coupled carbon nucleus is consistent with the splitting observed in the X-

band pseudomodulated FID detected EPR spectrum (see figure 3A). However, it is not 

possible to simulate the spectra with high accuracy due to the large linewidth of these 

signals and their partial overlap with the 1H ENDOR signals. At low frequency the ENDOR 

spectra in figure 3B show another very sharp line around 6 MHz. This signal can be assigned 

to the weakly coupled 13C of the second CN- ligand. The low frequency line belonging to this 

doublet will fall below 1.5 MHz and cannot be detected due to the low sensitivity of the 

Davies ENDOR method in this frequency range. 



151 
 

 
Figure 3. EPR and ENDOR spectra recorded for oxidized CrHydA1(pdt) with 13C labeled CN- ligands at 15 K including 
simulations. A) First derivative of X-band FID detected EPR spectra, microwave pulse length 1 µs, shot repetition time 2 
ns, microwave frequency 9.715 GHz. The field positions at which the ENDOR spectra were recorded are marked a) to e). 
B) X-band Davies ENDOR spectra recorded with an RF pulse of 20 µs, shot repetition time 2 µs, microwave frequency 
9.716 GHz, field positions: a) 330.9 mT (g1), c) 339.7 mT (g2), e) 346.8 mT (g3). C) Q-band Davies ENDOR spectra recorded 
with an RF pulse of 20 µs, shot repetition time 2 µs, microwave frequency 33.921 GHz, field positions: a) 1158.2 mT (g1), 
b) 1176.65 mT c) 1189.3 mT (g2), d) 1195.1 mT e) 1213.6 mT (g3). The black line represents experimental data and the red 
line the sum of the simulations. The assignment of the hyperfine splittings is indicated above the figure. The X-band FID 
detected EPR and Davies ENDOR spectra were simulated using the hyperfine values determined from the Q-band Davies 
ENDOR spectra. 

Complementary information can be obtained from the Q-band Davies ENDOR 

spectra, which were measured at five field positions and are presented in figure 3C. Here, 

only the high frequency transition of the 13C doublet assigned to the strongly coupled 

cyanide ligand is visible and now appears around 27 MHz. Due to the better orientation 

selection and higher sensitivity at Q-band, the spectral resolution is enhanced as compared 

to the X-band ENDOR spectra. Both ENDOR signals assigned to the weakly coupled 13C are 
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observable and can be simulated very accurately. Table 1 shows all obtained parameters, 

which were also used to simulate the spectra presented in figure 3. 

 

Table 1. Principal values of the 13C hyperfine tensor of the CN- ligands of the oxidized CrHydA1(pdt). 

 A1 (MHz) A2 (MHz) A3 (MHz) Aiso (MHz) α (ᵒ) β (ᵒ) γ (ᵒ) 

A1C 5.52 (0.05) 5.52 (0.05) 4.55 (0.05) 5.2 0 (10) 0 (10) 0 (10) 

A2C 30 (0.5) 28.5 (0.5) 22.7 (0.5) 27.1 0 (10) 119 (10) 46 (10) 

The signs of the hyperfine couplings cannot be determined. Numbers in parenthesis are uncertainties. 

Both hyperfine tensors have an axial or nearly axial character but A2C(iso) is around 

five times larger than A1C(iso), which indicates a substantial difference in the spin density 

distribution over the two CN- ligands. By virtue of the well resolved 13C-ENDOR lineshapes 

for the strongly coupled A2C, (see figure 3C), the relative orientation of A2C with respect to 

the g-tensor could be determined with high precision (table 1). The Euler angles of the 

hyperfine interaction tensor A2C in the g-tensor axis frame are remarkably similar to the 

orientation of the Fe-CN bond relative to the Fe-Fe vector extracted from the X-ray crystal 

structures of CpI and DdH (see figure 4).  As discussed below, assuming A2C is oriented along 

the Fe-CN bond, this information can be used to make proposals concerning the g-tensor 

orientation within the H-cluster. 

 
Figure 4. The H-cluster according to the X-ray structures obtained for CpI (A) and DdH (B) with marked angles between 
the Fe-Fe vector and the Fe-C(N) bond (red) and between the Fe-C(N) and Fe-C(O) bonds (blue)14,18. 

 

15N interaction of the CN- ligands 

The 14N hyperfine couplings were previously obtained for DdH in the Hox state and 

can be used to compare the oxidized CrHydA1(pdt) system to the native one19. The 
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obtained HYSCORE spectra of DdH in the Hox state were very crowded due to the 

contributions of three 14N nuclei with different quadrupole interactions. In the DdH study 

these three 14N signals were assigned to the distal CN-, the adt amine group and the 

coordinating Lys amine19. The 15N labeled CrHydA1(pdt) hybrid protein offers a substantial 

simplification with respect to the CrHydA1(adt). Since the bridging amine is lacking and both 

CN- ligands are enriched with 15N, HYSCORE spectra are much easier to interpret.    

 
Figure 5. X-band and Q-band HYSCORE spectra recorded for oxidized CrHydA1(pdt) with 15N labeled CN- ligands at 20 K. 
Simulations are indicated in color (green). Left: X-band HYSCORE spectra recorded with t1 and t2 step 16 ns, shot 
repetition time 500 µs, microwave frequency 9.709 GHz, delay between two first microwave pulses (τ) 180 ns, length of 
microwave pulses (π/2) 8 ns and field positions (from the top) (g1) 330.6 mT, (g2) 339.5 mT, (g3) 346.5 mT. Right: Q-band 
HYSCORE spectra recorded with t1 and t2 step 16 ns, shot repetition time 500 µs, microwave frequency 33.879 GHz, 
delay between two first microwave pulses (τ) 268 ns, length of microwave pulses (π/2) 16 ns and field positions (from 
the top) (g1) 1156.9 mT, (g2) 1187.7 mT, (g3) 1212.5 mT. All the spectra were simulated using parameters from table 2 
and are presented in green overlaid to experimental results. 

Figure 5 shows the CrHydA1(pdt)-C15N orientation selective HYSCORE spectra at X 

and Q-band overlaid with their simulations. The hyperfine simulation parameters are 

presented in table 2. In general, in the HYSCORE spectra crosspeaks originating from nuclei 

with weak hyperfine couplings (|νn|>|A/2|) appear in the (++) quadrant, and spectral features 
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associated with strong hyperfine couplings (|νn|<|A/2|) show up in the (-+) quadrant. While 

X-band HYSCORE signals occur in both (++) and (-+) quadrants of the 2D pattern, the Q-band 

HYSCORE spectra show only contributions in the (++) quadrant. This already allows the 

conclusion that the 15N hyperfine principal values are in the range of twice the Larmor 

frequency at X-band (i.e. around 1.5 MHz)45.  

 

Table 2. Principal values of the 15N hyperfine tensor of the CN- ligands of the oxidized CrHydA1(pdt). 

A1 (MHz) A2 (MHz) A3 (MHz) Aiso (MHz) α (ᵒ) β (ᵒ) γ (ᵒ) 

-1.3 (0.2) -1.1 (0.2) 6.2 (0.2) 1.3 0 (10) 50 (10) 90 (10) 

The signs of the hyperfine couplings cannot be determined. Numbers in parenthesis are uncertainties. 

Although both CN- ligands are labeled with 15N only one 15N contribution is observed 

in the HYSCORE spectra. It is reasonable to assign this nitrogen to the CN- ligand in which we 

observed the strongly coupled 13C. Assuming that the isotropic hyperfine interaction of 13C 

in a CN- ligand is a reflection of the spin density at that ligand, the spin density ratio 

between the two CN- ligands is larger by a factor of 5. If the same ratio would apply to the 

nitrogen nuclei of the CN- ligands the corresponding 15N coupling of the “weakly coupled” 

ligand is expected to be ≈0.25 MHz and this would be too small to be detectable. 

The hyperfine tensor obtained for 15N also has a nearly axial character. Interestingly, 

the orientation of the hyperfine tensor obtained for 15N is different from the one obtained 

for the strongly coupled 13C. The X-ray crystal structure indicates that both nitrogen atoms 

create hydrogen bonds with surrounding amino acids. The nitrogen in the CN- ligand bound 

to the distal iron atom can create three hydrogen bonds. It is shown in figure 6 that the 

distances and angles between this CN- ligand and the hydrogen bonds formed with Lys, Pro, 

Gln or Ile (for CpI and DdH, respectively) are very similar in both structures. The related 

angles are in the range from 99° to 139°. Evaluation of the relative angles between the 15N 

and 13C hyperfine tensors (see supplementary information) would suggest that the z axis of 

the 15N hyperfine tensor should be aligned along one of the hydrogen bonds, or at least is 

strongly affected by the presence of multiple hydrogen bonds in which the CN- nitrogen 

takes part. 
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Figure 6. The H-cluster from the X-ray structures obtained for CpI (A) and DdH (B) with marked angles between CN- 
ligand and the H-bond donor in lysine (red), proline (violet) and glutamine or isoleucine (green), respectively14,18. In 
black are marked distances in Å between nitrogen atoms. 

 

14N Hyperfine and quadrupole coupling of the CN- ligand 

The 15N hyperfine interactions of the distal CN- ligand determined in the previous 

section can now be used to assess the signals from the naturally abundant 14N CN- signals of 

CrHydA1(pdt). X- and Q-band field dependent HYSCORE spectra measured at g1 and g2 for 

DdH [FeFe] hydrogenase in the Hox state have been previously reported19, therefore to 

allow for the direct comparison of the results for oxidized CrHydA1(pdt) with native Hox DdH 

studies with identical experimental settings were used. The obtained spectra are hardly 

distinguishable from the previously published data (see supplementary information). This 

demonstrates that after incorporation into the apo-protein of [FeFe] hydrogenase the 

modified pdt complex is “assembled” in the same way as the native H-cluster. Moreover the 

active site in [FeFe] hydrogenases from algae and bacteria are virtually identical. 

For the sample containing native [FeFe] hydrogenases prepared in the Hox state it is 

very common that EPR spectra contain an additional component originating from the Hox-

CO state. The additional signal rather strongly overlaps with the high field part of the Hox 

spectrum, especially with the g3 position, and significantly hinders or precludes assignment 

of the signal components in the HYSCORE spectra measured at this field. For oxidized 

CrHydA1(pdt) we can take advantage of the fact that no additional, overlapping signals are 

present. The 14N HYSCORE spectrum measured at the field position corresponding to g3 

shows a very rich, informative pattern. The obtained X-band and Q-band HYSCORE spectra 

together with their simulation are presented in figure 7.  
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Figure 7. X-band and Q-band HYSCORE spectra measured for oxidized CrHydA1(pdt) at 20 K. Simulations are indicated in 
color (green). Left: X-band HYSCORE spectra recorded with t1 and t2 step 16 ns, shot repetition time 500 µs, microwave 
frequency 9.717 GHz, delay between two first microwave pulses (τ) 180 ns, length of microwave pulses (π/2) 8 ns and 
field positions (from the top) (g1) 330.8 mT, (g2) 339.9 mT, (g3) 346.9 mT. Right: Q-band HYSCORE spectra recorded with 
t1 and t2 step 16 ns, shot repetition time 500 µs, microwave frequency 33.867 GHz, delay between two first microwave 
pulses (τ) 268 ns, length of microwave pulses (π/2) 16 ns and field positions (from the top) (g2) 1187.4 mT, (g3) 1212.1 
mT. All the spectra were simulated using parameters from table 3 and are presented in green and overlaid to the 
experimental results. 

The 14N HYSCORE features are dominated by the nuclear quadrupole interaction, 

which strongly depends on the ligand surrounding. For the 14N from CN- the quadrupole 

parameter K lies in the range between 0.7 and 1.0 MHz. The 14N hyperfine parameters are 

much more difficult to extract from the HYSCORE spectra. Therefore, we used the scaled 

hyperfine values obtained from the 15N HYSCORE experiments (table 2) and included 

previously reported quadrupole parameters as starting values in our simulations, only 

changing the orientation of the quadrupole tensor. The resulting simulation parameters are 

presented in table 3 and the corresponding spectra are overlaid on the experimental data as 

shown in figure 7. Both single and double quantum HYSCORE features are represented very 
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well by the simulations. The obtained quadrupole parameters K and η are in agreement 

with previously obtained values for the CN- ligands in DdH hydrogenase as well as an 

inorganic [2Fe]H model complex19,53. The 14N nuclear quadrupole interaction Euler angles, 

however, deviate from the previously estimated value for DdH in Hox. This could be due to 

inaccuracies in the determination of the Euler angles for DdH which had to be extracted 

from three overlapping 14N HYSCORE patterns19. Interestingly, the CN- 14N quadrupole 

tensor seems to be aligned with the 13C hyperfine tensor (table 1 and 3). This would support 

the assumption that the z-axes of both the 14N quadrupole and 13C hyperfine tensors are 

aligned along the Fe-CNd bond (see below). 

 

Table 3. Principal values of the 14N hyperfine and quadrupole tensors of the oxidized CrHydA1(pdt) and previously 
assigned to CNd in Hox DdH and in a model complex19,53. 

Hyperfine coupling 

A1 (MHz) A2 (MHz) A3 (MHz) Aiso (MHz) α (ᵒ) β (ᵒ) γ (ᵒ)  

-0.9 (0.2) -0.8 (0.2) 4.4 (0.2) 0.9 0 (10) 50 (10) 90 (10) pdt 

1.5 (0.4) 3.8 (0.2) -0.4 (0.2) 1.5 41 (10) 24 (10) 0 (10) Hox DdH19
 

0.86 3.00 1.04 1.63 - - - model53 
        

Quadrupole coupling 

K (MHz) η α (ᵒ) β (ᵒ) γ (ᵒ)  

0.9 (0.03) 0.34 (0.02) 0 (10) 119 (10) 46 (10) pdt 

0.95 (0.03) 0.34 (0.02) -26 (10) 24 (10) 0 (10) Hox DdH19
 

0.91 0.00 - - - model53 

The signs of the hyperfine couplings have not been determined. Numbers in parenthesis are uncertainties. 
 

V. Discussion 

Spin density distribution 

It was found previously that in the native Hox state of the H-cluster the spin density is 

distributed over both iron atoms in the [2Fe]H sub-cluster25. Our current results on oxidized 

CrHydA1(pdt) show that the modified active site in this hybrid protein basically shows the 

same electronic structure. The ENDOR signal from the weakly coupled β-protons of the 

cysteines that coordinate the [4Fe-4S]H sub-cluster is identical for CrHydA1(pdt) and DdH 

(wild type) (figure S5 in supplementary information) suggesting that the same intercluster 

exchange interaction occurs in both proteins. 
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In recent work by Myers et al.52, the [FeFe] hydrogenase from CpI was generated in 

vitro using the maturases HydE, HydF and HydG in combination with 13C and 15N labeled 

tyrosine as substrate for HydG. Analogous to our current work, the CN- ligands of the H-

cluster were isotopically labeled with 13C and 15N, and the signals from two CN- 13C nuclei 

and one from 15N were observed. The same large difference in the spin density distribution 

over both carbons was found (≈5:1) and the signal from the nitrogen was assigned to the 

CN- ligand in which we observed the strongly coupled 13C52.  The 14N HYSCORE spectra 

obtained for oxidized CrHydA1(pdt) strongly resembles previously reported spectra for 

native Hox in DdH19. In this work, supported by DFT calculations, the 14N signal was assigned 

to the CN- ligand bound to the distal iron atom19. Although the 57Fe hyperfine couplings 

indicate an almost equal spin distribution between the two irons in the bi-nuclear sub-

cluster, apparently, the electronic structure is strongly affected by the protein environment 

and the inter-cluster exchange interaction between the [2Fe]H and [4Fe-4S]H cluster which 

causes the spin density distribution between the two CN- ligands to be shifted towards the 

distal CN- 25. 

Due to the absence of the adt2- bridging amine in oxidized CrHydA1(pdt), the 14N 

HYSCORE spectra are substantially simplified as compared to the situation for the native Hox 

state in DdH where three 14N signals are observed (CN-, adt, and Lys)19. Since the 

surrounding of the H-cluster is highly conserved one would expect to observe the same Lys 
14N contributions as in the native DdH Hox state. However, in the spectra obtained for the 

protein labeled with [Fe2(pdt)(CO)4(C15N)2]2- no signals originating from natural abundance 
14N(Lys) were present. The HYSCORE spectra obtained for non-labeled oxidized 

CrHydA1(pdt) could be simulated with parameters describing only one component. The 

reported hyperfine coupling for the lysine in DdH is very small (Aiso = 0.57 MHz)19. It is 

possible that this signal is overlapping with signals originating from the CN- ligand, but this is 

rather unlikely. Since there may be small differences in structure between the algal 

hydrogenase used in this study and the bacterial DdH enzyme used in the work of Silakov et 

al.19, one can also speculate that less spin density is delocalized towards the Lys in CrHydA1 

and the 14N(Lys) hyperfine coupling can no longer be observed. 

 

 

 



159 
 

Orientation of the g tensor within the H-cluster 

Unfortunately, up to now, the DFT studies on the H-cluster were not successful in 

predicting the magnetic resonance properties of the iron core (g-tensor and 57Fe hyperfine 

interaction) with any confidence54,55. Although the effect of CO binding to the exchangeable 

site (i.e. a spin density shift towards the [4Fe-4S]H sub-cluster) is correctly predicted, the 

influence of the [4Fe-4S] cluster is not represented very well. In fact, the DFT predicted spin 

density distributions rather reflect the situation occurring in binuclear model complexes 

without the [4Fe-4S]H unit32,37,38,55. In Hox-CO a strong intercluster exchange (95 cm-1) 

interaction is apparent based on the 57Fe hyperfine interaction data which led us to 

speculate that the gz-component could be oriented along the intercluster axis25. Since in Hox 

and oxidized CrHydA1(pdt) the intercluster exchange interaction is much smaller (25 cm-1)  

and the spin density seems to be equally distributed over both iron atoms in [2Fe]H, it is 

reasonable to assume that the vector connecting Fep and Fed represents a local symmetry 

axis and defines the orientation of the g tensor25. The other g-axis would be defined by the 

local symmetry plane through both irons and the bridging CO ligand (bisecting the dithiol 

ligand). Figure 8 shows the proposed g-tensor axis orientation and the angles of the Fed-CN 

bond in this axis system. The Euler angles of both the CN- carbon hyperfine A2C and nitrogen 

quadrupole QN tensors (0,119,46) degrees correspond to a rotation matrix which defines 

the orientation of the tensor z-components with respect to the g-tensor axes as (127, 51, 

119) degrees. These values fit perfectly to the orientation of the Fe-CN bond with respect to 

the g-tensor orientation as proposed in figure 8. 

 

 
Figure 8. The coordinate system describing the position of the g-tensor overlaid onto the H-cluster from the X-ray 
structure obtained for CpI18. 
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VI. Conclusions 

The oxidized state of the artificially maturated CrHydA1(pdt) hybrid is shown to be a 

very accurate and useful structural mimic of the native active oxidized state of CrHydA1. 

The 1H ENDOR and 14N HYSCORE spectra of oxidized CrHydA1(pdt) are virtually 

indistinguishable from those of native Hox (apart from the lacking 14N adt2- contribution). 

The high resolution 15N and 13C hyperfine interaction data of the CN- ligands confirmed the 

previously proposed model of the electronic structure of the H-cluster in which the spin 

density is delocalized over the two iron atoms of the bi-nuclear sub-cluster. In addition, the 

accurate data on the relative orientation of the distal CN- ligand in the g-axis frame, allowed 

to suggest an orientation of the g-tensor adapted to the local symmetry of the complete 

binuclear sub-cluster in which the Fe-Fe bond represents one of the g- principal axes. The 

accurate data obtained on the 14N/15N coupling of the distal CN- ligand will facilitate the 

assignment and analysis of the nitrogen couplings of the adt bridge in the CrHydA1(15N adt) 

hybrid which is currently under investigation in our group. Although oxidized CrHydA1(pdt) 

is shown to be a perfect structural and electronic mimic for native Hox, even showing 

residual hydrogenase activity, the other resting states of the native enzyme (Hred, Hsred and 

Hox-CO) are lacking23,24. At this point it is not clear how this intriguing behavior can be 

related to the presence or absence of the bridging amine (adt) function. Detailed 

comparative spectroscopic and quantum chemical investigations may reveal the subtle 

structural dependencies triggering the conversion between the diverging resting (and 

intermediate) states of CrHydA1(pdt) and CrHydA1(adt). The current study is one of the first 

steps in this endeavor. 
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Figure S1. FTIR absorbance spectra and the baseline corrected spectra recorded for oxidized CrHydA1(pdt) containing 
non-labeled and two labeled pdt complexes. 
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Figure S2. Q-band 2-pulse detected EPR (top), FID detected EPR (middle) and first derivative of FID-detected EPR 
(bottom) spectra of oxidized CrHydA1(pdt) measured at 20 K. The 2-pulse detected EPR spectrum was measured with 
microwave pulse lengths π/2 = 16 ns and π = 32 ns and the, separation between the two pulses was τ = 500 ns. The shot 
repetition time was 1 ms and the microwave frequency 33.868 GHz. The FID detected EPR spectrum was measured with 
a microwave pulse length of 1 µs, shot repetition time 1 ms, microwave frequency 33.868 GHz. Above the spectra g-
values obtained from simulation are presented. The asterisk indicates an overlapping signal originating from a small 
amount of [3Fe-4S] cluster.  

The 2-pulse echo detected EPR spectrum is affected by the field dependent phase 

memory time and nuclear spin modulations originating from interactions with 14N nuclei. To 

avoid such distortion FID-detected EPR spectra were recorded for each sample. 
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Figure S3. X-band Davies ENDOR spectra measured for non-labeled (red) and 13C labeled CN- ligands (black) of oxidized 
CrHydA1(pdt) at 15 K at the field positions corresponding to g1, g2 and g3. All spectra were recorded using an RF pulse of 
20 µs and a shot repetition time of 2 ms. The microwave frequency for measurement on the labeled sample was 9.716 
GHz and the field positions: 330.9 mT (g1), 339.7 mT (g2), 346.8 mT (g3). For the non-labeled sample a microwave 
frequency of 9.716 GHz was used at field positions: 331 mT (g1), 339.8 mT (g2), 346.9 mT (g3). The assignments of the 
hyperfine couplings are indicated at the top of the figure. 

 

 The most prominent signal in the X-band Davies ENDOR spectra (see figure S3) is 

centered at 14.5 MHz and is also present in the non-enriched sample. This 1H ENDOR signal 

with maximum splitting of 3.5 MHz is very similar to the one obtained for native Hox and 

was assigned to the β-protons of the cysteine ligands coordinating the [4Fe-4S]H sub-cluster. 
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Calculation of the angle between 13C and 15N hyperfine tensors 

To obtained angles between two hyperfine tensors first the rotation matrixes were 

calculated (using EasySpin in Matlab). EasySpin is using the following convention for the 

definition of Euler angles: 

𝑅 = 𝑅𝑧′′(𝛾) ∙ 𝑅𝑦′(𝛽) ∙ 𝑅𝑧(𝛼) 

= �
𝑐𝑜𝑠𝛾 𝑠𝑖𝑛𝛾 0
−𝑠𝑖𝑛𝛾 𝑐𝑜𝑠𝛾 0

0 0 1
� ∙ �

𝑐𝑜𝑠𝛽 0 −𝑠𝑖𝑛𝛽
0 1 0

𝑠𝑖𝑛𝛽 0 𝑐𝑜𝑠𝛽
� ∙ �

𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛼 0
−𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼 0

0 0 1
� 

= �
𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛼 − 𝑠𝑖𝑛𝛾𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝛼 + 𝑠𝑖𝑛𝛾𝑐𝑜𝑠𝛼 −𝑐𝑜𝑠𝛾𝑠𝑖𝑛𝛽
−𝑠𝑖𝑛𝛾𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛼 − 𝑐𝑜𝑠𝛾𝑠𝑖𝑛𝛼 −𝑠𝑖𝑛𝛾𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝛼 + 𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛾𝑠𝑖𝑛𝛽

𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛽
� 

 

Subsequently, the relative angles between the two tensor axis frames can be 

calculated by evaluating the inproduct matrix of the two rotation matrices as shown below: 

 

The rotation matrix for the 13C hyperfine tensor rotated around α = 0, β = 119 and    

γ = 46 is calculated as: 

𝑅13𝐶 = �
−0.3368 0.7193 −0.6076
0.3487 0.6947 0.6291
0.8746 0 −0.4848

� 

For the rotation matrix for the 15N hyperfine tensor rotated around α = 0, β = 50 and 

γ = 90 we obtain: 

𝑅15𝑁 = �
0 1 0

 −0.6428 0 0.7660
0.7660 0 0.6428

� 

The matrix representing the relative angles in degree between the axes of these two 

tensors equals to:  

𝑎𝑛𝑔𝑙𝑒𝑠 = �
63.5 116.5 140.9

 109.7 44 127.4
33.9 57.8 80.2

� 
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Figure S4. Comparison of the X-band 3-pulse ESEEM vs magnetic field of oxidized CrHydA1(pdt) (bottom) with the 
previously published Hox state from DdH (top)20. Both spectra were measured under the same experimental conditions: 
temperature 15 K, length of microwave pulses π/2 = 8 ns, delay between first two pulses τ = 180 ns. Microwave 
frequency was 9.726 GHz (for the oxidized CrHydA1(pdt)) and 9.778 GHz (for the Hox state from DdH). 

The large difference in intensity between the 1H signals is most likely a result of the 

overlapping additional signal from Hox-CO present in the native DdH preparation. In both 

spectra a 14N signal is present showing a strong field dependence; it is assigned to nitrogen 

from the CN- ligand. 
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Figure S5. Comparison of the Q-band HYSCORE spectra of oxidized CrHydA1(pdt) (right) with the previously published 
Hox state from DdH (left) measured at a field corresponding to the g2 position20. Both spectra were measured under the 
same experimental conditions: temperature 20 K, t1 and t2 step 16 ns, shot repetition time 500 µs, delay between the 
two first microwave pulses (τ) 268 ns. Microwave frequency was 33.867 GHz (for the oxidized CrHydA1(pdt)) and 33.865 
GHz (for the Hox state from DdH). The length of microwave pulses previously used was (π/2) 36 ns and 16 ns in the 
current measurements. 

 

 A signal previously assigned to the nitrogen in the bridging head group is not present in the 

HYSCORE spectrum obtained for oxidized CrHydA1(pdt). 
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