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Abstract 

The establishment of sustainable economy may be based on molecular hydrogen as an 

energy-storage molecule and requires the development of cheap catalysts, which are able to 

work under various conditions. In nature, this most fundamental reaction, i.e. the reversible 

reduction of protons, is catalysed by a group of enzymes called hydrogenases. Members of 

this wide family of enzymes exhibit various properties, such as different activity rates, bias 

towards a specific direction of the catalytic reaction and a potential tolerance towards 

oxygen. Vibrational spectroscopy can be used as a tool to clarify molecular mechanism 

related to the catalytic cycle and reactions with other small molecules (e.g. CO and O2). Such 

insights could provide a blueprint for the synthesis of molecular catalysts for future 

applications.     

In the first part of this thesis, resonance Raman (RR) spectroscopy was applied for the first 

time on the [FeFe] hydrogenase from Chlamydomonas reinhardtii (HydA1), the smallest 

catalytic unit of this class of hydrogenase, revealing thereby the first catalytic intermediate 

in the proton reduction reaction. RR spectroscopy was initially used to characterise the in 

vitro maturation process of this enzyme on the basis of molecular vibrations related to the 

Fe-S, Fe-CO or Fe-CN bonds located in its active site, which consists of a [FeFe] centre 

covalently linked to a [4Fe4S] cluster. A comparison of the spectra of redox-tuned samples 

of artificially maturated holo-HydA1 revealed a photo-induced intramolecular electron 

transfer occurring between the two metal centres of the active site. Further experiments with 

a non-native artificial maturated HydA1 could demonstrate that this electron transfer is 

coupled with a proton transfer to the secondary amine of the aza-thiolate head group also 

found in the active site of the native enzyme. Following this hypothesis, the stabilisation of 

newly discovered Hred’ state, characterised by an oxidised [FeFe] centre and a reduced 

[4Fe4S] cluster, is related to a charge compensation mechanism.  

Infrared (IR) spectroscopy is a well-established method to study hydrogenases and can 

discriminate different redox states of these enzymes with respect to the particular band 

positions of their CO and CN stretching vibrations. Therefore, this technique was used for 

control measurements both, at cryogenic and at room temperatures to mimic the conditions 

of the RR experiments and to validate the procedures for redox tuning, respectively. Within 

these control experiments, a second light-induced reaction was identified. With help of 

adequate difference spectra, a set of IR bands could be assigned to a new Hsred’ state, which 

is probably associated to the final step of the catalytic reaction before a H2 molecule is 

released from the active site. This study demonstrates the potential of cryogenic vibrational 

spectroscopy to probe transient intermediates by kinetically trapping thermodynamically 

instable states.  

Contrary to most [FeFe]-hydrogenases, the active site of [NiFe]-hydrogenases does not 

decompose following an exposure to oxygen. However, so called anaerobic “standard” 

hydrogenases form the unready Niu-A state, which requires chemical reduction or very long 

incubation times with hydrogen to achieve full reactivation. On the other hand, oxygen-

tolerant enzymes, such as the membrane-bound hydrogenase (MBH) from Ralstonia 

eutropha (Re), form only the ready Nir-B state, which is reactivated after a short lag-time 
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following an exposure to hydrogen. These long and short lag-times are the result of 

“autocatalytic” intermolecular activation mechanisms proposed for [NiFe] hydrogenases.  

The second part of the thesis comprises three studies on the ReMBH. Unlike the anaerobic 

“standard” [NiFe]-hydrogenases, which harbour a cubane-like [4Fe4S] cluster in the 

proximity of the [NiFe] active site, in oxygen tolerant MBH’s, such as ReMBH, two 

conserved cysteines in the first coordination sphere of this cofactor lead to the formation of 

an unusual [4Fe3S]-proximal cluster. This unique cluster is capable to perform two redox 

transitions, which were previously assumed to prevent the formation of unready states. Two 

variants of ReMBH were generated, in which one of the two cysteine residues (i.e. cysteine 

19 or 120) was replaced by a glycine.  

A combined RR, IR and electron paramagnetic resonance (EPR) spectroscopic 

characterisation of redox-tuned samples could show that the cluster of both ReMBH variants 

(i.e. C19G and C120G) could undergo only a single redox transition, corresponding to one 

of the respective transitions observed in the wildtype. However, no unready states were 

detected for both variants after exposure to oxygen. Moreover, in pure electrochemical 

experiments it was shown that both variants exhibit some catalytic activity under aerobic 

condition. Using surface enhanced infrared absorption (SEIRA) spectroscopy, structural 

data was obtained to compliment the electrochemical measurements. This spectro-

electrochemical approach could show no qualitative difference in terms of redox states 

composition of the active site, between the two variants and the wildtype after an exposure 

to oxygen under catalytic conditions. These results suggest that the additional redox 

transition of the modified proximal cluster of the wildtype plays mainly a regulating role in 

the kinetic of the oxygen-detoxification mechanism and that the formation of the unready 

states in ReMBH is prevented by other modifications, presumably near the active site.  

A study on another variant of ReMBH, namely the D117S variant, with a modified active 

site environment demonstrates the role of proton transfer as a charge compensation 

mechanism, which occurs during the activation process of ReMBH’s. Moreover, this study 

could provide the first spectroscopic evidence for an “autocatalytic” reactivation mechanism 

in these enzymes.  

In a third study, a redox titration of the artificially cross-linked heterotrimer of ReMBH as 

well as IR and EPR spectroscopic characterisation of membrane samples enriched with 

wildtype and variants of ReMBH could elucidate the role of the native configuration as a 

super-complex of heterotrimers in de- and reactivation processes. Thereby, it was shown that 

full reoxidation of the proximal cluster as well as the prevention of the formation of some 

inactive states of the active site could occur only in the native environment, presumably due 

to an intact electron relay of ReMBH. These studies contributed to an identification of 

structural and redox arrangements in ReMBH, which tightly regulate the chemistry occurring 

at the active site, thereby enabling the oxidation of molecular hydrogen in the presence of 

oxygen.  
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Zusammenfassung 

Die Etablierung einer nachhaltigen Wirtschaft die auf molekularem Wasserstoff als 

Energiespeichermolekül basiert, erfordert die Entwicklung kostengünstigen Katalysatoren, 

die unter den verschiedensten Bedingungen arbeiten können. In der Natur wird die 

Elementarreaktion, die reversible Reduktion von Protonen, durch eine Gruppe von Enzymen 

katalysiert, die als Hydrogenasen bezeichnet werden. Mitglieder dieser großen Familie von 

Enzymen weisen verschiedene Eigenschaften auf, wie unterschiedliche Aktivitätsraten, 

Neigung zu einer spezifischen Richtung der katalytischen Reaktion sowie die etwaige 

Fähigkeit diese in Gegenwart von Sauerstoff ausführen zu können. Die 

Schwingungsspektroskopie kann verwendet werden, um den molekularen Mechanismus im 

Zusammenhang mit dem katalytischen Zyklus sowie den Reaktionen mit anderen kleinen 

Molekülen (z. B. CO und O2) aufzuklären. Solche Erkenntnisse könnten ein Modell für die 

Synthese molekularer Katalysatoren zukünftiger Anwendungen liefern.  

Im ersten Teil dieser Arbeit wurden erstmals Resonanz Raman (RR) spektroskopischen 

Messungen an der [FeFe] Hydrogenase von Chlamydomonas reinhardtii (HydA1) 

durchgeführt, die die kleinste katalytische Einheit dieser Klasse von Hydrogenasen aufweist. 

Dabei konnte das erste katalytische Intermediat der Protonen-Reduktionsreaktion 

nachgewiesen werden. Die RR-Spektroskopie wurde zunächst verwendet, um den in vitro 

Reifungsprozess dieses Enzyms auf der Grundlage molekularer Schwingungen zu 

charakterisieren, die mit den Fe-S-, Fe-CO- oder Fe-CN-Bindungen in seinem aktiven 

Zentrum zusammenhängen Dieses aktive Zentrum besteht aus einem [FeFe] Zentrum, 

welches kovalent an einen [4Fe4S] Cluster gebunden ist. Ein Vergleich der Spektren von 

festeingestellten Redox-Zuständen in den Proben von artifiziell maturiertem Holo-HydA1 

deutete auf einen fotoinduzierten intramolekularen Elektronen-transfer zwischen den beiden 

Metallzentren des aktiven Zentrums hin. Weitere Versuche mit einem nicht-nativen 

artifiziell maturierten HydA1 zeigten, dass dieser Elektronentransfer mit einem 

Protonentransfer zum sekundären Amin der Aza-Thiolat-Kopfgruppe gekoppelt ist, die auch 

im aktiven Zentrum des nativen Enzyms gefunden wird. Gemäß dieser Hypothese steht die 

Stabilisierung des neu entdeckten Hred‘ Zustands, der durch ein oxidiertes [FeFe] Zentrum 

und einen reduzierten [4Fe4S] Cluster charakterisiert ist, mit einem 

Ladungsausgleichsmechanismus im Zusammenhang. 

Die Infrarot (IR) Spektroskopie ist eine etablierte Methode zur Untersuchung von 

Hydrogenasen und kann verschiedene Redox-Zustände dieser Enzyme hinsichtlich der 

jeweiligen Bandposition ihrer CO- und CN-Streckschwingungen unterscheiden. Daher 

wurde diese Technik für Kontrollmessungen sowohl bei kryogenen Temperaturen zur 

Nachstellung der Bedingungen für die RR-Experimente, als auch bei Raumtemperatur zur 

Validierung des Verfahrens zur Redox-Zustandseinstellung verwendet. Im Rahmen dieser 

Kontrollexperimente wurde eine zweite lichtinduzierte Reaktion identifiziert. Mit Hilfe 

geeigneter Differenzspektren konnte eine Reihe von IR-Banden einem neuen Hsred‘-Zustand 

zugeordnet werden, der wahrscheinlich mit dem letzten Schritt der katalytischen Reaktion 

zusammenhängt, bevor ein H2-Molekül aus dem aktiven Zentrum freigesetzt wird. Diese 

Studie demonstriert das Potenzial kryogener Schwingungsspektroskopie zur Untersuchung 

transienter Intermediate durch ein kinetisches „Einfangen“ thermodynamisch instabiler 

Zustände. 

Im Unterschied zu den meisten [FeFe] Hydrogenasen zersetzt sich das aktive Zentrum von 

[NiFe] Hydrogenasen nach Sauerstoffeinwirkung nicht. Solche anaeroben "Standard" 

Hydrogenasen bilden jedoch einen sogenannten „unready“ Niu-A-Zustand, der Umsetzung 

mit chemischen Reduktionsmitteln oder sehr lange Inkubationszeiten mit Wasserstoff 
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benötigt, um vollständig reaktiviert zu werden. Auf der anderen Seite bilden 

sauerstofftolerante Enzyme wie die membrangebundene Hydrogenase (MBH) von Ralstonia 

eutropha (Re) nur den „ready“ Nir-B-Zustand aus, der nach einer kurzen Verzögerungszeit 

nach Wasserstoffeinwirkung wieder aktiviert wird. Diese langen und kurzen 

Verzögerungszeiten sind das Ergebnis der für solche Enzyme vorgeschlagenen 

"autokatalytischen" intermolekularen Aktivierungsmechanismen. 

Der zweite Teil der Arbeit umfasst drei Studien an der ReMBH. Im Gegensatz zu den 

anaeroben "Standard"-[NiFe]-Hydrogenasen, die einen Cuban-ähnlichen [4Fe4S]-Cluster in 

der Nähe des aktiven NiFe-Zentrums beherbergen, befinden sich in sauerstofftoleranten 

MBHs, wie ReMBH, zwei konservierte Cysteine in der ersten Koordinationssphäre von 

diesem Kofaktor und er bildet einen ungewöhnlichen proximalen [4Fe3S] Cluster. Dieses 

einzigartige Cluster ist in der Lage, zwei Redox-Übergänge durchzuführen, von denen 

angenommen wurde, dass sie die Bildung von „unready“ Zuständen verhindern. Es wurden 

zwei Varianten von ReMBH präpariert, bei denen einer der beiden Cysteinreste (d. h. 

Cystein 19 oder 120) durch ein Glycin ersetzt wurde.  

Eine kombinierte RR-, IR- und elektronen-paramagnetische-Resonanz- (EPR) 

spektroskopische Charakterisierung von auf bestimmten Redox-Zustände eingestellten 

Proben konnte zeigen, dass der Cluster beider ReMBH-Varianten (d.h. C19G und C120G) 

nur einen einzelnen Redox-Übergang durchlaufen kann, der einen der jeweils im Wildtyp 

beobachteten Übergänge entspricht. Es wurden jedoch für beide Varianten nach Einwirkung 

von Sauerstoff keine „unready“ Zustände nachgewiesen. In reinen elektrochemischen 

Experimenten konnte zudem gezeigt werden, dass beide Varianten unter aeroben 

Bedingungen katalytisch aktiv sind. Unter Verwendung der Oberflächeverstäkten-Infrarot-

Absorptionsspektroskopie (SEIRA) wurden Strukturdaten erhalten, um die rein 

elektrochemischen Messungen zu ergänzen. Dieser spektro-elektrochemische Ansatz konnte 

keinen qualitativen Unterschied hinsichtlich der Zusammensetzung des aktiven Zentrums 

nach einer Sauerstoffexposition unter katalytischen Bedingungen zwischen den beiden 

Varianten und dem Wildtyp zeigen. Diese Ergebnisse deuten darauf hin, dass der zusätzliche 

Redox-Übergang des modifizierten proximalen Clusters des Wildtyps hauptsächlich eine 

regulierende kinetische Rolle im „Entgiftungsmechanismus“ des Sauerstoffs spielt und dass 

die Bildung der „unready“ Zustände in der ReMBH durch andere Modifikationen, 

vermutlich in der Nähe des aktiven Zentrums, verhindert wird. 

Eine Studie zu einer anderen Variante von ReMBH, der D117S Variante, mit einer 

modifizierten Umgebung des aktiven Zentrums zeigt die Rolle des Protonentransfers als 

Ladungs-kompensationsmechanismus auf, der während des Aktivierungsprozesses von der 

ReMBH auftritt. Darüber hinaus konnte diese Studie den ersten spektroskopischen Nachweis 

für den sogenannten „autokatalytischen“ Reaktivierungsmechanismus in solchen Enzymen 

liefern. In einer dritten Studie, konnte eine Redox-Titration des künstlich vernetzten 

Heterotrimers der ReMBH, sowie die IR- und EPR-spektroskopische Charakterisierung von 

mit Wildtyp und Varianten von mit ReMBH angereicherten Membranproben, die Rolle der 

nativen Konfiguration als Superkomplex von Heterotrimeren in den De- und 

Reaktivierungsprozessen erklären. Dabei konnte gezeigt werden, dass eine vollständige 

Reoxidation des proximalen Clusters sowie die Verhinderung der Bildung einiger inaktiver 

Zustände des aktiven Zentrums nur in der natürlichen Umgebung auftreten können, 

vermutlich aufgrund eines intakten Elektronentransferkette in der ReMBH. Diese Studien 

trugen dazu bei, strukturelle Anordnungen in der ReMBH zu identifizieren, die die am 

aktiven Zentrum stattfindende Chemie streng regulieren und so die Oxidation von 

molekularem Wasserstoff in der Gegenwart von Sauerstoff ermöglichen. 
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1 Introduction 
Generally, the most elementary chemical reaction conceivable in classical terms is the 

formation of the simplest molecule (i.e. molecular hydrogen) from the two charged 

subatomic particles (i.e. protons and electrons). Dihydrogen is, from a thermodynamic point 

of view, an energy-dense molecule, which makes this reaction also interesting for technical 

application such as energy conversion and tailored synthesis of chemicals for industrial 

processes. The development of such applications forms an important strategy for sustainable 

technological developments in light of the challenges posed by environmental trends such 

as manmade pollution and climate change. Many microorganisms have evolved enzymes to 

utilise H2 cycling for diverse cellular processes 1,2, which can provide model systems for the 

studies of the atomic configuration required for the catalysis of this reaction3.       

Enzymes are biomacromolecules consisting of one or more chains of amino acids, which are 

connected via a peptide bond. Almost all chemical reactions occurring in biological systems 

are catalysed by enzymes. In order to achieve efficient catalysis under physiological 

conditions, the peptide chain folds in a particular manner to form a so called active site, 

which is the spatial location where the catalytic reaction takes place. Many enzymes 

incorporate non-peptide cofactors in the active site and other domains of the protein chain(s) 

to enable biological catalysis. Cofactors containing the earth-abundant metal ions Fe and/or 

Ni, connected via the thiolate of a cysteine residue, are found in all forms of the 

metalloenzymes catalysing the reversible reduction of protons, which are called collectively 

hydrogenases. 

Two main groups of hydrogenases were discovered, which can be divided according to the 

metal content of their active site2,3. Nevertheless, both, [FeFe] and [NiFe] hydrogenases 

exhibit remarkable similarities in terms of their active site composition and geometry. This 

is also reflected in the catalytic mechanisms occurring at the active site of hydrogenases 

belonging to these groups 4. For example, the biologically unusual inorganic ligands CO and 

CN- are coordinated to the Fe ion of the bimetallic active site in both groups. All [FeFe] and 

[NiFe] hydrogenases also contain at least one further FeS cofactor adjacent to the bimetallic 

active site. However, phylogenetic studies could show that both groups have evolved 

convergently, which suggest a high efficiency of such atomic configurations present in both 

[FeFe] and [NiFe] hydrogenases 5. 

The active site of [FeFe] hydrogenases decomposes following exposure to molecular oxygen 

and can therefore be purified and studied only under anaerobic conditions 1. This explains 

the limited research carried out on such hydrogenases until recent developments of new 

methods for expression and maturation of such enzymes, as well as advancement in technical 

equipment for spectroscopic studies on such systems (e.g. cheap and reliable cryostats), were 

accomplished 6. As a result, the current understanding of the basic molecular mechanisms 

(e.g. by the identification of catalytically relevant intermediates) remains still elusive. It is 

therefore the central objective of this thesis to contribute to a better understanding of the 

catalytic reaction mechanisms of this class of enzymes.  
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In parts 3.1. and 3.2 of this work, spectroscopic studies on a [FeFe] hydrogenase from C. 

reinhardtii revealed two novel reaction intermediates. Following the publication of this data, 

one of the monitored intermediates was confirmed also by other research groups to be the 

first step of the catalytic proton reduction reaction 7,8. The second intermediate is proposed 

to be the last step before hydrogen release. These studies were accomplished by the 

application of resonance Raman (RR) techniques combined with corresponding IR 

measurements, both carried out at cryogenic temperatures. The former gives insights into 

the molecular vibrations of the metal ligand bonds of the catalytic cofactor. The latter probes 

the stretching vibrations of the inorganic ligands, which are sensitive to the oxidation states 

of the ions in the bimetallic active site. Both methods can provide structural information with 

a superior spatial resolution even compared to X-ray crystallographic methods 9. Moreover, 

this study could demonstrate the capability of spectroscopic measurements at cryogenic 

temperatures to kinetically trap and characterise thermodynamically instable intermediates. 

In anaerobic “standard” [NiFe] hydrogenases, exposure to O2 results in the formation of 

inactive configurations of the active site, predominantly an unready state, which requires 

long exposure to molecular hydrogen under anaerobic conditions for a full activation 1. 

However, in some members of a subgroup of [NiFe] hydrogenases, namely group 1 of 

membrane-bound hydrogenases (MBH), which are mostly heterodimeric in their purified 

form, a mixture of pure ready states is formed at ambient oxygen concentrations 10,11. The 

oxygen-tolerant MBHs are especially interesting as blueprints for the synthesis of bio-

inspired metalloorganic complexes with potential application in future technological devises 

such as biofuel cells 12. It was discovered that the oxygen-tolerant MBHs share a structural 

modification of the FeS cluster proximal to the active site, which is one of three conserved 

FeS clusters, forming a relay for the electrons produced or consumed in the catalytic reaction. 

This discovery led to the assumption that the oxygen tolerance is mainly attributed to such 

modified proximal [4Fe3S] cluster which exhibits an additional redox transition compared 

to the cubane [4Fe4S] proximal cluster found in the anaerobic “standard” MBHs 11,13.  

However, experiments reported in section 4.1. of this thesis on variants of the oxygen-

tolerant MBH from R. eutropha with site specific mutations at the proximal cluster revealed 

a more complex picture. The resulting proximal clusters of the ReMBH variants were shown 

to possess only one redox transition at the relevant experimental conditions. Nevertheless, 

variants with modified proximal clusters, with different structural and electronic properties 

to the wildtype ReMBH, exhibited still some degree of catalytic activity in the presence of 

oxygen. Moreover, the formation of unready inactive states, typical for anaerobic “standard” 

MBHs was supressed in these variants too. Studies on a further variant with a site mutation 

at the active site (section 4.2.) as well as experiments with native and artificial heterotrimeric 

forms of ReMBH (section 4.3.) helped to elucidate the complex inter- and intramolecular 

regulation mechanisms governing the formation of particular redox states of the active site 

in such hydrogenases. The results of combined IR spectroscopic and electrochemical studies, 

together with the corresponding data from RR and electron paramagnetic resonance (EPR) 

spectroscopic investigations, are discussed in relation to the crystal structures of the 

chemically treated wildtype ReMBH and the respective variants. To this end, function and 
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structural properties were correlated, enabling insights into the oxygen tolerance in [NiFe] 

hydrogenases.  

          

1.1 Hydrogenases 

Generally, all metalloenzymes interconverting molecular hydrogen are called hydrogenases 
1. However, two different reaction mechanisms can be distinguished. The relatively small 

family of the so called [Fe] only hydrogenases or methylenetetrahydromethanopterin 

dehydrogenase (previously known as iron sulphur free hydrogenases) are able to interconvert 

hydrogen only in the presence of their second substrate (i.e. 

methylenetetrahydromethanopterin). The mechanism proposed for this type of hydrogenases 

is a hydride transfer after the heterolytic splitting of H2 
14. This class of hydrogenases are 

beyond the scope of this thesis. This whole group of hydrogenases, their reaction mechanism 

and nature of their active site will be, therefore, excluded from any further discussions. 

All other known hydrogenases catalyse the reversible oxidation of H2 to protons and 

electrons:  

(𝐻2 ⇌ 2𝐻
+ + 2𝑒−)         (0) 

The proposed mechanism is a heterolytic splitting of the dihydrogen bond (release of a 

proton), followed by further full oxidation of the hydride intermediate to generate a second 

proton 1. The electrons ejected as a result of the reaction are transferred via FeS cluster(s) 

and in some hydrogenases via additional cofactor(s) to an electron acceptor, thus separating 

them from the protons produced 15. Hydrogenases are involved in cellular respiration, and 

redox-dependent regulation of biological systems. The protons can be used for creating a 

transmembrane gradient for the production of the universal biological energy-storage 

molecule: Adenosine triphosphate (ATP). In such a way, electron can be transferred, in 

addition to ATPases, to be used in other biochemical processes 3.   

         

1.1.1 Cellular function and classification 

Besides providing energy to cellular processes, hydrogenases are also assumed to take the 

task of regulating cellular redox potential in many organisms 2. By converting protons to 

molecular hydrogen, cells can get rid of access reducing equivalents (normally in the form 

of NADH or NADPH). Different types of hydrogenases tuned for either H2 oxidation or 

reduction are located in different parts of the cell (membrane-bound, cytoplasmic, 

periplasmic and in case of eukaryotes in specific organelles) 16–18. Regulatory hydrogenases 

with a very low catalytic activity rates have evolved to sense hydrogen and regulate gene 

expression of other hydrogenases  19,20.  

Historic classifications were based on the metal content of the active site 1, or cellular 

function according to the natural electron acceptors of the different hydrogenases 21. Later 

phylogenetic studies could show that this initial classification required only minor 

adjustments3. Hydrogenases are classified into two distinct classes. [FeFe] and [NiFe] 
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hydrogenases, which differ in their metal content as well as in the sequential binding motifs 

at the genetic level 2.  

[FeFe] hydrogenases are found in anaerobic pro- and eukaryotes. Their cellular function is 

mostly associated with proton reduction 22,23. They are mainly monomeric, though di-, tri- 

and tetrameric [FeFe] hydrogenases are found in prokaryotes 2. The catalytic domain of 

[FeFe] hydrogenase (called H-domain) contains three preserved binding motifs that bind via 

S-cysteine the bimetallic centre and the proximal FeS cluster (together known as the H-

cluster) 1,24. [FeFe] hydrogenases in green algae such as HydA1 from Chlamydomonas 

reinhardtii consist just of this domain and are considered as the minimal form of this enzyme 

class 25,26.  However, most [FeFe] hydrogenases contain additional domains or subunits 

harbouring further FeS clusters (named collectively F-cluster) 27,28. The domains of the F-

cluster are homologous to other FeS proteins and were probably added through a mechanism 

of successive domain swapping 3. Phylogenetic studies were hence impaired and a 

classification based on ascending size of the F-cluster, which can be predicted from the 

genetic information, has been established 5. Accordingly, [FeFe] hydrogenases were divided 

into 5 main groups called M1-5 (M1 is comprised of only the H-cluster, M5 possesses the 

largest F-cluster domain).  

M1 and M5 are exclusively monomeric, while the M4 configuration was found exclusively 

in trimeric forms. M2 configuration was found in mono- or dimeric configurations, while 

both mono- and tetrameric M3-type hydrogenases were isolated. M2 and M3 were further 

divided into 3 and 2 subgroups, respectively 5,29. Subsequent phylogenetic analysis of 

isolated H-domain sequences could produce a meaningful dendrogram with high correlation 

to the different subgroups 1,2,30. 

Classification of [NiFe] hydrogenases turned out to be more straightforward. Phylogenetic 

analysis of the two subunits as well as of the binding motifs of the bimetal centre led to the 

identification of five subgroups, which is in agreement with earlier functional-based 

classifications and other taxonomic data 1,3.  

The minimal catalytic structure in Group 1 hydrogenases (also called membrane-bound-H2-

uptake hydrogenases) consist of two highly conserved subunits called the large and small 

subunits and feature a long signal peptide at the N’ terminus of the small catalytic subunit, 

which facilitates translocation to the membrane 31,32. Anchoring to the membrane is mediated 

by a hydrophobic C’ terminus of the small subunit as well as by a third transmembrane 

subunit, which is associated with many members of Group 1 hydrogenases 10. The electrons 

produced from hydrogen oxidation are transferred via the third subunit (containing a di-haem 

cytochrome b domain) to membrane-soluble electron acceptors (such as quinones), thereby 

coupling hydrogenase activity to respiration 33,34.  

Group 2 are cytosolic and have been assigned to two main cellular roles. Some members of 

this group have been shown to scavenge H2 produced from other biochemical processes (e.g 

nitrogen fixing or fermentation), thus recycling the energy lost during these processes 35,36. 

While further members were shown to regulate gene expression for other hydrogenases in 

response to an exposure to H2, suggesting a hydrogen sensing functionality 37.  
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Group 3 of bi-directional heteromultimeric cytoplasmic hydrogenases contain, besides the 

large and small catalytic subunits, additional modules capable of binding other soluble 

cofactors such as F420, NAD+ and NADP+. Hydrogen oxidation provides reducing electrons 

to cellular redox reaction (e.g. via coupling to a disulfide reductase or during 

methanogenesis), whereas reduction equivalents can be disposed of during cellular reductive 

stress using protons as electron acceptors to generate molecular hydrogen 38–40 .  

The membrane-associated-hydrogen-evolving [NiFe] hydrogenases constitute group 4. 

These hydrogenases were shown to couple proton reduction to anaerobic oxidation of C1 

molecules (CO or formate) 3. Group 5 (sometimes classified as subgroup of group 1) was 

shown to be able to oxidise tropospheric hydrogen, suggesting a very high affinity to H2 
41,42. 

In some cases, the nomenclature of [NiFe] hydrogenases in the literature reflect mutual 

properties shared by members of different groups. For example, hydrogenases, in which a 

cysteine residue binds the active site’s Ni ion was replaced by selenocysteine ([NiFeSe]) can 

be found in both group 1 and 3 43,44. The term oxygen tolerance refers to [NiFe] hydrogenases 

capable of hydrogen cycling in the presence of O2, while anaerobic oxygen sensitive (also 

called “standard”) [NiFe] hydrogenases are inhibited by oxygen 11,34,45. Most [FeFe] 

hydrogenases undergo irreversible degradation of the active site upon exposure to 

oxygen46,47 and are termed oxygen labile.  

 

1.1.2 Structure and function of Hydrogenases  

Despite the diverse conditions, under which these enzymes operate, and the variety of 

activity rates found for different hydrogenases, all harbour a remarkably similar active site 
1,48, which is the site of H2 splitting/formation. It comprises a bimetallic centre (either two 

irons ions [FeFe] or one nickel and one iron ion [NiFe]). The two metals ions are bridged by 

sulphur atoms. Another characteristic is that the iron ions are coordinated with the – in 

biological systems unusual – inorganic CO and CN- ligands 49–51. Such a coordination 

stabilises the low-spin ground state of the Fe ions at the potentials occurring during catalysis 
17.  All hydrogenases contain at least one iron sulphur (FeS) cluster in close proximity to the 

active site to facilitate electron transfer. In [NiFe] hydrogenases such clusters are located in 

a different protein subunit (HoxK), while in [FeFe] hydrogenases a [4Fe4S] cluster is 

connected via Cys-sulphide to the biiron [FeFe] centre 52–55.  

Bias toward one specific direction of the reaction, switching it on and off, the particular 

tuning of catalysis rates as well as the oxygen tolerance, are governed by additional protein 

domains containing further redox active cofactors which are added to the core hydrogenase 

module, or by variations of small structural features of the protein matrix, especially in the 

first and second coordination spheres of the active site and its proximal FeS cluster 13,56–60.  

 

1.2 The H-cluster of FeFe hydrogenases 

In [FeFe] hydrogenases, catalytic properties are mostly controlled through the composition 

of the F-cluster 1,2,61. Hydrogenase I from C. pasteurianum (CpI), for example, shows no 
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bias towards one specific direction of the catalytic reaction, while Hydrogenase II from the 

same organism shows high activity for H2 oxidation and a low proton reduction activity 62,63. 

Both hydrogenases as well as the HydA1 from C. reinhardtii exhibit an H-domain with 

highly conserved binding pocket motives, which in turn, yields a similar active site 

environment, where the H-cluster is covalently bound to the protein matrix via Cys-sulphides 
15,64. The H-cluster consists of a ferredoxin-like [4Fe4S] cluster connected through one of its 

anchoring Cys-sulphides to the proximal Fe ion (Fep) of a diiron centre [FeFe]. Fep is bridged 

with the distal Fe ion (Fed) by a secondary amine thiolate ligand, aza-thiolate. The two Fe 

ions are additionally coordinated by a total of two CN- and three CO ligands 1,65,66.  

    

Figure 1: Structural formula of the H-cluster of [FeFe] hydrogenases. The free coordination site on Fed 

is marked with an asterisk.  

 

The [4Fe4S] cluster is electronically connected to the F-cluster, or in case of HydA1 is 

located near the binding site of the natural electron donor/acceptor, providing a pathway for 

electrons from or towards the [FeFe] centre during catalysis 67. The reaction takes place at 

the vacant coordination site of Fed. Protons are transferred to or removed from the reaction 

site via the protonatable secondary amine. The bridging CO ligand is supposedly not 

covalently bound to Fep in all of the redox states (see below and in the discussion, section 

3.3.) 68,69.    

 

1.2.1 Redox states of the H-cluster and catalysis 
Most studies on [FeFe] hydrogenases were carried out on CpI and isolated from D. vulgaris 

Hidenborough (DvH) and D. desulfuricans (Dd) 50,62,70, although, due to a new preparation 

method of HydA1 (see below), the number of publications on this system has highly 

increased in the years prior to the study presented here 71. In EPR studies on CpI and DvH 

hydrogenases, reduction and oxidation of the metallic cofactors could be observed 28,72. 

Later, in experiments on HydA1, which contains no further FeS cluster beside the H-cluster, 

fast-relaxing EPR signatures could be detected for redox-tuned samples 61,73. IR-absorption 

bands originating from the CO and CN- ligands could be assigned to different redox states 

of the active site, while electro- and spectro-electrochemical experiments were used to 

determine the potentials of various redox transitions 74.  
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The aerobically isolated enzyme from DvH is found in an inactive super-oxidised, called 

herein the Hair state, which is characterised by an oxidised [4Fe4S]2+ cluster. Both iron ions 

were found to be in the same valance ground state (presumably [Fe2+Fe2+]) with an oxo-

ligand bound to the vacant coordination site 68. The cluster of Hair can be reduced by one 

electron in order to be converted to the Htrans state, which in turn can be (electro)chemically 

converted to a catalytically relevant state 28. However, the H-cluster of most [FeFe] 

hydrogenases, including HydA1, are degraded as a result of exposure to oxygen and do not 

exhibit these two states 1.      

 

Figure 

2: Proposed catalytic cycle of [FeFe] hydrogenases and related assigned redox states. The corresponding 

oxidation states of the [4Fe4S] cluster as well as the formal oxidation states of the Fep and Fed are noted 

for all redox states. Thereby, states which are generated during an aerobic isolation procedure of some 

enzyme strains are depicted in grey. Reversible inhibition by an exogenous CO ligand is indicated by the 

dashed arrows. The coordination of one of the endogenous CO ligands (bridging or terminal) is depicted 

only for the catalytically relevant states. {H+} in the Hsred state indicates a proton associated with the H-
cluster or a neighbouring amino acid residue (adapted from 61,75,76).  

 

Three catalytically relevant intermediates were characterised for [FeFe] hydrogenases. The 

state termed Hox is the most oxidised state in the catalytic cycle. The [4Fe4S] cluster resides 

in the formally oxidised [4Fe4S]2+ redox state, while the [FeFe] centre is found in a mixed 

valance state (formally Fe1+Fe2+). A CO ligand is bridging both Fe atoms and the reaction 

coordination site at Fed is vacant.  

One electron reduction and protonation of the secondary amine head group of the Hox state 

yields the reduced state (Hred). The [4Fe4S] cluster of the Hred state remains oxidised. The 

electron is localised on the [FeFe] moiety to form the formal [Fe1+Fe1+] state, which is 



8 
 

stabilised by the proton transfer step in a charge compensation mechanism 73. Early studies 

assumed that the CO ligand, as a good π acceptor, is moved to a terminal position in order 

to compensate the higher electron density on Fed 
14. However, IR bands of the CO ligands 

(see results) indicate a bridging CO also for the Hred state.  

A one-electron reduction of the Hred state yields the super-reduced state (Hsred). The 

additional electron is localised on the reduced [4Fe4S]1+ cluster. The bridging amine head 

group is deprotonated 61, however, a proton is indirectly associated to the H-cluster and is 

possibly bound to a neighbouring amino acid. This state was not detected for CpI and Dd 

due to the additional redox centres in the F-cluster of these enzymes, which oxidises the 

[4Fe4S] cluster of the super-reduced H-cluster. Thus, the Hred state is stabilised even under 

reducing conditions, namely after treatment with H2 (or at low electrochemical potential) 14. 

In HydA1, Hsred could be detected in small amounts after treatment with dithionite and was 

further enriched by additional exposure to H2 (see results).  

Further hydride bound states for the reduced and super-reduced states as well as other 

intermediates in the catalytic cycle were suggested 77,78, though no experimental evidence 

for such states is available yet.  

Two additional (oxidised and reduced) CO-inhibited state were also characterised. The Hox-

CO and Hred-CO states are formed from the Hox and Hsred states, respectively 75,76. 

Exogeneous free CO, which is formed during degradation of the active site, can bind to 

molecules with an intact H-cluster to yield these states. Free CO is also produced during in 

vitro maturation of HydA1 (see below) 79. As a result, the CO-inhibited states are found in 

most preparations of [FeFe] hydrogenases in general and in HydA1, in particular. The two 

CO-inhibited states were shown to mutually interconvert in spectro-electrochemical 

experiments 76. 

 

1.2.2 In vitro maturation of HydA1 from Chlamydomonas reihnhardtii 

HydA1 is a water-soluble globular protein (43 kDa). The H-cluster (the only cofactor) is 

located next to a protein loop, which is supposed to be the binding site for the natural electron 

donor (Ferredoxin PetF) 80.  
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Figure 3: A homology model of HydA1 based on the crystal structure of apo-HydA1 and the holo-CpI. 

The arrow points to the proposed binding site for the natural electron donor. 

 

In experiments aiming to characterise the maturation process of HydA1, it was found that 

the apo-protein, which harbours the [4Fe4S] cluster, can spontaneously incorporate synthetic 

organometallic complexes such as [(µ-SCH2-NH-CH2S)Fe2(CO)4(CN-)2] (adt) to form an 

artificially maturated enzyme identical to the native matured HydA1 81. These findings 

allowed the utilisation of other, heterologous expression systems, such as E. coli, which 

possess the maturases required for the assembly of standard [4Fe4S] clusters 82. As a result, 

the related protein yields have increased tremendously 6, leading to a major increase of 

publications on this biocatalytic system 73,83. Moreover, in vitro maturation with model 

complexes deviating from chemical mimics of the native H-cluster have also been produced 
84. Such in vitro matured enzymes can provide valuable information regarding the (catalytic) 

reaction  mechanism 76, in particular, protonation processes involving the secondary amine 

can be studied with apo-HydA1 matured with the pdt complex 85. In this complex, the 

nitrogen atom was replaced by a carbon atom, preventing a protonation/deprotonation step 

at this position. 

 

1.3 The active site of [NiFe] hydrogenases 

In some [NiFe] hydrogenases, catalytic activity, de- and reactivation are commonly 

determined by additional enzymatic subunits possessing catalytic activity for other reactions 
86. Thus, they can couple cellular processes to hydrogen cycling. However, the isolated 

subunits of such hydrogenases, harbouring the bimetallic active and at least one proximal 

FeS cluster, have shown to be sufficient for catalytic activity, similar to that of the complete 

enzymes 52,87. The bimetallic active site is buried deep inside the protein matrix. 

Modifications in the first coordination sphere of the active site’s metals (e.g. as in [NiFeSe] 

hydrogenases) and in the second sphere (amino acid residues in the vicinity of the active 
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site) also modulate and control mechanisms and rates of the catalytic reaction (see section 

4.2.) 88–90. However, the binding characteristics of the two active site metal ions were found 

to be similar in terms of configuration and geometry in most crystal structures of [NiFe] 

hydrogenases 49,91,92 (although structures with different coordination of Ni were also 

published) 93. 

 

   

Figure 4: Structural formula of the active site of [NiFe] hydrogenases. X represent a ligand at the 

bridging position between the two metals, which can be vacant or coordinated by a hydride for the 

catalytic relevant states or by a (hydr)oxo-ligand for inactive states. The arrow indicates a free 

coordination site at the Ni. 

 

The Fe and Ni ions of the active site are bridged by two Cys-thiolates. The Fe ion is stabilised 

in a low-spin ferrous state for all redox states characteristic of [NiFe] hydrogenases 52,94. An 

additional bridging position is found vacant or occupied by a hydride ligand in the 

catalytically relevant states. The Ni ion is further coordinated by two terminal Cys-sulphides, 

leaving an additional open coordination site on the Ni 95. Protons are presumed to leave the 

active site during catalysis via the terminal cysteine or via a nearby guanidine group of a 

conserved arginine 96. In some inactive states the bridging position is occupied by a 

(hydr)oxo-ligand. Sulphoxygenations of both the bridging and terminal cysteines were 

observed in crystal structures of different [NiFe] hydrogenases 97,98.   

 

1.3.1 Redox states and catalysis 
In the most commonly used nomenclature, the subscript suffix on the Ni refers to their 

involvement in catalysis (the subscripts “a” “r”, “u”, and “ia” refer to the active, ready, 

unready, and inactive states, respectively). Additionally, redox states characterised by a 

paramagnetic (EPR active) Ni centre are labelled according to the chronological order in 

which they were discovered, (e.g. Niu-A, Nir-B and Nia-C). Redox states harbouring a 

diamagnetic (EPR silent) Ni ion carry an S as suffix (e.g. Niia-S and the fully reduced active 

states Nia-SR’s).  

Most early characterisations of redox intermediates were done on anaerobic “standard” 

[NiFe] hydrogenases, which belong to group 1 from the genus Desufovibrio 1. These 

enzymes are found mostly in the Niu-A state, when aerobically isolated or inactivated 99,100. 
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The most recent crystallographic data for this state, together with theoretical approaches, 

suggest a structure with an OH- ligand in the bridging position, as well as a sulphoxygenated 

cysteine (both the bridging, and terminal position(s) were suggested) 98,101. This would imply 

the formation of a partial (one electron) reduction product resulting from the binding of an 

O2 molecule to the active site. Further, it is in line with a very slow reactivation (hours during 

exposure to H2) observed for samples residing predominantly in the Niu-A state 49.  

Niu-A can be generated by exposing the active site to oxygen during catalysis. This state was 

preferentially found in hydrogenases isolated from obligate anaerobes, which suggests that 

it is physiologically irrelevant. However, the general chemistry occurring in hydrogenases 

even under physiologically irrelevant condition can provide useful information with respect 

to mechanistic questions.  

In oxygen-tolerant hydrogenases from this group, no Niu-A state was generated and oxidised 

samples reside mainly in the Nir-B state (e.g. membrane-bound hydrogenases, MBH from 

E. coli, Aquifex aeolicus and Ralstonia eutropha H16 102,103, or hydrogenases from other 

groups isolated from facultative anaerobes possessing O2-tolerant hydrogenases, so called 

Knallgas bacteria (e.g. soluble hydrogenase from R. eutropha) 97.        
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Figure 5: Redox states of [NiFe] hydrogenases. States with fully characterised crystallographic and 

spectroscopic are depicted in cartoon style. Several seemingly irreversibly inactive states (Niia-S) are 

collectively depicted in dashed frames. Dashed arrows represent possible inactivation steps. The formal 

oxidation state of the Fe ion remains unchanged for all redox states and the formal oxidation state of the 

Ni ion is marked for each redox state. The proposed bridging ligand is depicted for all characterised 

states. Notice that both bridging thiolates but only one terminal S-Cys with respect to the Ni ion is 

depicted. States not generated in oxygen tolerant hydrogenase are displayed in grey (adapted from 
104,105). 

 

The Nir-B state is characterised by a hydroxyl bridging ligand and a paramagnetic Ni(3+) ion 
45. Activation of this state is achieved in just minutes during exposure to H2. Experimental 

evidence for a so-called autocatalytic activation mechanism (see section 4) suggests that the 

activation of the Niu-A and Nir-B states requires a reduction of the (hydr)oxo ligand with 

electrons provided from the reduced FeS clusters in the small subunit of these hydrogenases 
106.  
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The reactivation process of Niu-A and Nir-B states, involving different intermediates for the 

corresponding states, leads eventually to the production of a water molecule at the active site 

(Nir-S, presumably with a diamagnetic Ni2+) 107,108. A release of this water molecule yields 

the catalytic Nia-S state. Both states are referred in this work collectively as Nia/r-S 109 . The 

Nia-S state is characterised by a vacant bridging position, which is essential for the binding 

an H2 molecule 1. It is therefore considered as the most oxidised state in the catalytic cycle.  

An H2 molecules can access the active site through a hydrophobic gas channel, which ends 

near the Ni ion 110,111. Both, heterolytic cleavage and oxidative addition mechanisms were 

proposed as the first possible step of the catalytic reaction. Thereby, the latter process would 

imply a transient state with hydrides coordinated in the bridging and terminal positions with 

respect to a formally Ni4+ ion. In both mechanisms a formal two electron reduction step of 

the active site occurs resulting in a proton associated to a terminal cysteine together with a 

bridging hydride ligand and a diamagnetic Ni2+ state 112–114.  

Several intermediates of the fully reduced states (Nia-SR) could be discriminated on the basis 

of the IR absorbance signature of the CO and CN- ligands 1,115, presumably due to differences 

in the spin states, the protonation or the protein environment between the three 

configurations (termed Nia-SR, Nia-SR’ and Nia-SR’’). One-electron oxidation of the Nia-

SR states accompanied by a deprotonation of the terminal cysteine yields the Ni-C state. 

Both the Ni-SR and Nia-C states are accumulated in purified samples, which were activated 

by exposure to H2 (under anaerobic conditions). In EPR experiments at low temperature, 

light-induced EPR-active states termed Nia-L, Nia-L1 and Nia-L2 which are directly 

generated from the Ni-C state, were characterised 112,116,117. Photo-irradiation is thought to 

dissociate the H- ligand. Both hydride and proton removal mechanisms were proposed 118,119, 

which would imply 3+ and 1+ as formal oxidation states of the Ni ion, respectively1. Nia-L 

was shown to be a catalytically relevant state 120. At this point of the catalytic cycle, a one-

electron oxidation step accompanied by deprotonation of the terminal cysteine would 

recover the Nia-S state. However, also an oxidative addition of H2 to a Ni3+ intermediate was 

alternatively proposed for an energetically favourable continuation of the catalytic cycle 121.  

Various inactive states were also described for such hydrogenases. Most of these states were 

shown to be convertible to the Nir-B or Nia-SR states at applied high or low overpotentials, 

respectively (see section 4.3.1.) 122. These seemingly irreversible inactive species, here 

collectively termed Niia-S, exhibit no EPR signature from the Ni, suggesting a Ni2+ 

diamagnetic ground state. However, the exact structure and formation mechanisms of these 

states are still unclear.    

 

1.3.2 ReMBH as a model system for oxygen tolerant hydrogenase  

A subgroup of hydrogenases from group 1, isolated from facultative anaerobes (Knallgas 

bacteria) was found in electrochemical experiment to be able to cycle H2 under aerobic 

conditions. MBH from R. eutropha (ReMBH) and HydA from E. coli are the two best studied 

examples of this subgroup and are almost completely homologous 10,122,123. In the native 

system (e.g. in the cell or in membrane fragments, see section 4.3.2.) ReMBH is found in a 
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trimeric super-complex i.e. a homogenous trimer of heterotrimers 124. This configuration was 

shown to play a role in the tight redox regulation of the enzyme 125.  

During the purification process of ReMBH, the membrane-bound HoxZ subunit (with two 

cytochromes) dissociates from the heterodimer. Thus, the isolated protein consists of two 

subunits forming a water-soluble heterodimer. The bimetallic active site is located in the 

HoxG subunit, while a relay of three FeS clusters (referred as proximal, medial and distal 

relative to the active site) is found in the HoxK subunit 31. The active site and the proximal 

cluster are located near the interface of both subunits, so that they are close enough to 

facilitate electron transfer (ca. 14 Å) and are buried deeply within the protein matrix 124.  

 

 

Figure 6: Cartoon representation of the native trimeric super-complex of ReMBH heterotrimer (left) 

and the crystal structure of the isolated heterodimeric ReMBH (right)   

 

One distinct property conserved in oxygen tolerant MBH’s compared to the anaerobic 

“standard” hydrogenases, is a modification in the first coordination sphere of the proximal 

cluster, which results in a [4Fe3S] cluster coordinated by six cysteine residues (contrarily to 

a cubane [4Fe4S] cluster coordinated by four cysteine rests in case of “standard” 

hydrogenases) 13,123. 
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Figure 7: The structures of different redox states of the proximal cluster, located in the small HoxK 

subunit of wildtype ReMBH (left) and the C19G/C120G variant (right). Left: structure of the proximal 

[4Fe3S] cluster in as-isolated (super-oxidised), ascorbate-treated and H2-exposed crystals of the wildtype 

ReMBH. Right: the structure of the proximal cluster of the respective C19G/C120G variant, in which 

the two conserved cysteines were mutated to glycine residues. The resulting cubane-like [4Fe4S] cluster 

is distorted in the as-isolated form (oxidised), while the reduced cluster is almost identical to the one 

observed in anaerobic “standard” hydrogenases. All structures were extracted from crystallographic 

data with resolution < 2Å (adapted from 126,127).  

 

The additional conserved coordinating cysteine (Cys19) found in ReMBH replaces one of 

the inorganic sulphur atoms of the proximal cluster (S4 in the cubane cluster) which 

coordinates Fe1 and Fe4. Additionally, Fe3 is coordinated by two Cys-sulphurs, Cys149, as 

is the case for the “standard” cluster, and Cys120, the latter, is conserved in oxygen tolerant 

MBH’s. As a result, the cluster resides in all three redox states, in an open conformation, 

deviating from the cubane geometry of the standard proximal cluster.  

In the as-isolated sample of ReMBH, a novel EPR signature can be observed in the spectral 

region characteristic for FeS clusters 128. Additionally, the typical Ni signal of Nir-B was 

found to couple with an adjacent EPR active centre. This was assigned to a super-oxidised 

paramagnetic state of the novel [4Fe3S](5+) proximal cluster. The crystal structure revealed 

an OH- ligand coordinated to Fe1 in a fraction of the sample. More importantly, Fe4 is shifted 

to bind to the backbone-nitrogen atom of Cys20 126. In both, the oxidised and the reduced 

crystals, Fe4 is shifted back. It was concluded that this additional redox transition is crucial 
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to confer oxygen tolerance. Accordingly, two electrons can be rapidly transferred from the 

proximal cluster to the active site following O2 exposure, together with two further electrons 

from the medial cluster and the active site’s Ni, O2 can be completely reduced to water. In 

such way, the formation of the Niu-A state is prevented and catalytic cycling under aerobic 

conditions is possible 129.  

Site directed mutagenesis variants of ReMBH and HydA from E. coli (which are practically 

homologous) were generated, in which Cys19, Cys120 or both were replaced with glycine 

residues. In electrochemical experiments it was found that the C19G variant, which was 

presumed to contain a [4Fe4S] cluster, could not perform catalysis already at miniscule 

concentrations of O2. The C120G, which exhibited only a fraction of the wildtype catalytic 

activity under anaerobic conditions, could maintain catalysis in O2 concentrations equivalent 

to 10% atmospheric concentration. Interestingly, catalytic activity was also observed for the 

double mutant C19G/C120G variant of ReMBH in the presence of oxygen. The structure of 

the oxidised proximal cluster of this variant revealed a distorted cubane geometry 122,123.  

 

1.4 Further relevant considerations 

The nature of efficient catalysis and the reaction catalysed by hydrogenases (involving 

subatomic substrates, i.e. electrons and protons and the smallest molecule i.e. H2) complicate 

the clarification of the underlying molecular mechanisms. Computational studies were 

partially employed for resolving the mechanism of the catalytic cycle. This approach is 

limited by the number of intermediates and transition states that can be addressed by today’s 

methods 130,131. Additionally, an accurate description of the system was shown to require the 

(time expensive) modelling of the entire protein environment in order to correlate the 

calculated and the experimental results 132–134. Moreover, the hydrogen species participating 

in the reaction (protons hydrides or possibly hydrogen atoms) can be dislocated during the 

reaction both by classical over-the-barrier mechanisms or alternatively via the tunnelling 

effect. The latter is not considered in most computational approaches. Studies on synthetic 

compounds with similar chemical properties compared to the active site of hydrogenases 

were also conducted, which illustrated some motives of the fundamental reaction steps 135,136.  

The catalytic cycles presented here were mostly derived from characterisation of stable 

intermediates using experimental techniques, which can provide structural data. Such 

methods as crystallography, Mössbauer, EPR and nuclear resonance vibrational (NRV) 

spectroscopies, can only be applied under non-turnover conditions. Intermediates are 

additionally interconverted within rates exceeding the time resolution of most conventional 

equipment, such as for IR spectroscopy. Thus, structural data of some intermediates in the 

catalytic cycle remain experimentally inaccessible. Therefore, experiments have to be 

carried out with inhibitors, point-mutated variants and/or under non-physiological conditions 

in order to induce and/or stabilise intermediates similar or identical to catalytically relevant 

redox states. 

In case of hydrogenases, oxygen tolerance can be evaluated quantitatively, i.e. by measuring 

the catalytic activity under aerobic conditions, or qualitatively i.e. in terms of the chemical 
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reaction occurring at the active site (or other locations in the protein) as a result of exposure 

to oxygen. Neither of them is sufficient on its own. Quantitative evaluations were standardly 

performed in electrochemical experiments with enzymes immobilised on electrodes, so that 

the catalytic currents could be measured before, during and after exposure to oxygen 13,123,137. 

One major disadvantage of standard electrochemical methods is that no structural data can 

be obtained. As a result, changes in the recorded currents could not be directly and 

conclusively be correlated to a specific chemical reaction, which is necessary for 

determination of oxygen tolerance and the chemical properties required to confer it on 

hydrogenases.  

Qualitatively, the rapid supply of four electrons for a complete reduction of an O2 molecule 

binding at the active site is the presumed mechanism for maintaining catalytic activity under 

aerobic conditions (O2 was shown to be able to access the active sites of oxygen tolerant 

[NiFe] hydrogenases) 111. In anaerobic “standard” hydrogenases, only one electron could be 

easily provided, and the active site forms the unready Niu-A state. Thus, oxidase activity is 

a prerequisite for oxygen tolerance 102,138,139. However, this kind of consideration should be 

understood within the physiological context in which oxygen tolerant enzymes such as 

ReMBH were evolved and optimised. MBH provides electrons for the reduction of other 

biomolecules. A very efficient oxidase activity in an aerobic environment would represent a 

total loss of reducing electrons which is contrary to the enzyme’s function and thus, could 

impair cellular functions. As a consequence, a tight regulation of de- and reactivation keeps 

the enzyme in the inactive (and O2 protected) ready Nir-B state under conditions with 

unfavourable concentration-ratios of H2 to O2. 
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2 Methods, techniques and procedures 

2.1 Molecular vibrations  

A detailed discussion regarding molecular vibrations and the corresponding techniques is 

found in 140,141.  

The energy of molecules is distributed between the kinetic energy of the molecules as a 

whole (i.e. the collective motion of all atoms in a single molecule in the same direction and 

velocity and/or spinning of the entire molecules, also referred as transitional and rotational 

movements, respectively) and the so called molecular vibrational energy, which is 

manifested by the displacements of atoms relative to each other without a total movement of 

the whole molecule. Due to covalent and noncovalent intramolecular interactions, such kind 

of displacements remove the atoms from their equilibrium position, which results in periodic 

motions (vibrations) of the atoms relative to each other. These molecular vibrations can be 

described in terms of classical mechanics. Accordingly, a molecule is modelled as an 

ensemble of point-masses (representing the atoms), which are connected by a series of 

springs (representing covalent and noncovalent interactions). For the simplest case of a 

diatomic molecule (m1-m2) with only one interaction (i.e. a covalent bond), only one 

molecular vibration is possible, i.e. stretching of the covalent bond. If considered as a 

harmonic oscillator, the kinetic energy T, can be formulated as follows: 

𝑇 =
1

2
𝜇(∆�̇�2)          (1) 

with:                  

𝜇 =
𝑚1∙𝑚2

𝑚1+𝑚2
                (2) 

and ∆�̇�   is the first time derivative of the displacement along the bond axis x (velocity). For 

the potential energy V, the following term is obtained:  

𝑉 =
1

2
𝑓∆𝑥2          (3) 

where f is the force constant of the covalent bond.  

For a larger molecule with N atoms, each of which can be displaced in all three dimensions 

(3N degrees of freedom), 3N-6 so called normal modes will describe molecular vibrations 

(the 6 subtracted degrees refer to the transitional and rotational degrees of freedom of non-

linear molecules). Such an expansion of the model allows also the consideration of other 

possible vibrational modes, such as bending of a bond angle ( three atoms) and torsion 

modes ( four atoms), as well as noncovalent interaction (e.g. van der Waals forces). In a 

normal modes analysis, the energy terms of the system are derived from the structure, which 

provide the basis for a set of motion equations. The solution for these equations yields an 

eigenvalues equation, which allows the determination of the frequencies and atomic 

displacements. A classical/semi-classical approach is justified since the classic harmonic 

potential represents a good approximation for the fundamental transitions (ground to first 

excited vibrational state). 
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For a normal mode analysis, the kinetic and potential energies can initially be expressed in 

terms of displacement of each atom α in a Cartesian coordinate system (with x, y and z axes). 

For the kinetic energy the following expression is obtained: 

𝑇 =
1

2
∑ �̇�𝑖

23𝑁
𝑖=1           (4) 

With: 

𝑞1 = √𝑚1∆𝑥1 ,   𝑞2 = √𝑚1∆𝑦1 ,   𝑞3 = √𝑚1∆𝑧1          𝑓𝑜𝑟 𝑎𝑡𝑜𝑚 𝛼 = 1 

𝑞3 = √𝑚2∆𝑥2 ,   𝑞4 = √𝑚2∆𝑦2 ,   𝑞5 = √𝑚2∆𝑧2          𝑓𝑜𝑟 𝑎𝑡𝑜𝑚 𝛼 = 2  𝑒𝑡𝑐.  (5) 

Using the defined mass-weighted Cartesian displacement coordinates qi, it is useful to 

express the potential energy V, as a Tylor series expansion: 

𝑉 = 𝑉0 + ∑ (
𝜕𝑉

𝜕𝑞𝑖
)
0

3𝑁
𝑖=1 𝑞𝑖 +

1

2
∑ (

𝜕2𝑉

𝜕𝑞𝑖𝜕𝑗
) 𝑞𝑖𝑞𝑗

3𝑁
𝑖,𝑗=1 +⋯     (6) 

The first term V0, represents the potential energy at equilibrium state and can be set to zero. 

The second term represent changes in the potential energy caused by infinitesimal changes 

in qi at equilibrium state, which is also zero. Fourth and higher terms can be neglected as 

they represent small displacements qi within the harmonic approximation. As a result, a 

simplified expression for the potential energy is obtained: 

𝑉 =
1

2
∑ 𝑓𝑖𝑗𝑞𝑖𝑞𝑗
3𝑁
𝑖,𝑗=1          (7) 

The total change of energy over time in such a system is zero according to Newton’s equation 

of motion: 

𝑑

𝑑𝑡

𝜕𝑇

𝜕�̇�𝑗
+

𝜕𝑉

𝜕𝑞𝑗
= 0         (8) 

Inserting equations (4) and (7) in (8) yields: 

�̈�𝑗 + ∑ 𝑓𝑖𝑗𝑞𝑖 = 0
3𝑁
𝑖=1          (9) 

Equation (9) is a set of 3N differential equations with the following general solution, which 

can be derived analogous to a simple oscillator: 

𝑞𝑖 = 𝑎𝑖𝑐𝑜𝑠(√𝜆 + 𝜑)         (10) 

With a and λ representing the amplitude and frequency, respectively. φ is the phase. 

Applying this solution on equation (9) yields: 

∑ (𝑓𝑖𝑗 − 𝛿𝑖𝑗𝜆)
3𝑁
𝑖=1 𝑎𝑖 = 0        (11) 

Where the Kronecker δij, equals 1 for i = j and zero for all other cases. This can also be 

written in matrix formulation as follows: 

(𝑭 − 𝜆𝑰)𝑎 = 0           
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With F representing a mass weighted Hessian matrix containing the force constants, I is the 

unity matrix and 𝑎 is vector of displacement amplitudes. Vibrational frequencies (ν = λ½ / 

2π) and subsequently amplitudes for each normal mode can be derived from the eigenvalues 

and (normalised) eigenvectors, respectively. This implies that to all atoms are involved 

(displaced) in every normal mode, though to different extent.   

The information obtained using the mass weighted Cartesian coordinate system is not easily 

interpreted in terms of meaningful chemical degrees of freedoms i.e. stretching, bending, 

torsion and out of plane movements. A so called internal coordinate system can be 

introduced, which defines the vectors �⃗�α for each atom α, on the basis of the Cartesian 

displacement (Δx, Δy, and Δz), which relates to the internal coordinate system St, as follows: 

𝑆𝑡 = ∑ 𝑆𝑡𝛼
𝑁
𝛼=1 ∙ �⃗�𝛼         (12) 

whereby Stα is a set of vectors, chosen to adequately maximise St.  

This coordinate system does not contain the masses of the atoms, so that for a similar 

treatment, the introduction of a mass weighted matrix is required (FG method). In this way, 

the contribution of each internal coordinate (molecular vibration) to the potential energy of 

a normal mode is provided (in %). Thus, the frequencies of normal modes are dominated by 

a single vibration or vibrations of specific chemical groups, which could be identified and 

assigned.  

Atomic displacements for each normal mode are distributed, in both coordinate systems, 

over all the 3N-6 equations. For quantum mechanical treatment, it is useful to define a 

normal coordinate system Qk, which is derived from the mass weighted Cartesian coordinate 

system by orthogonal transformation to include displacement of all atoms involved in a 

normal mode k, within one single coordinate:  

𝑄𝑘 = ∑ 𝑙𝑖𝑘𝑞𝑖
3𝑁
𝑖=1          (13) 

where lik are adequate transformation coefficients.  

Generally, normal mode analysis can help to predict and/or assign experimental results. 

However, most of the times, not all normal modes evaluated empirically are experimentally 

observable. Most experimental data is obtained by various techniques of vibrational 

spectroscopy.  

 

2.2 Vibrational spectroscopy 

Molecular vibrations can be excited by various mechanisms including the absorption of light 

quanta (infrared spectroscopy) or inelastic scattering of photons (Raman spectroscopy). 
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Figure 8: Jablonski diagram depicting standard mechanisms for excitement of vibrational modes. 

Electronic and vibronic states are indicated on the left. Processes resulting in vibronic excitement are 

depicted in red. 

Experimentally, the difference between the incident light and the transmitted or scattered 

light is measured via IR or Raman spectroscopies, respectively. Which in turns, reflects the 

energy difference between (typically) the ground and first vibronic states (< 0.5 eV). While 

the frequencies and the relative amplitudes of atomic displacements associated with each 

normal mode are inherent to the structure of the probed molecules, the intensity of the signal 

is dependent on the experimental technique used of excitation. As in other spectroscopic 

techniques, this can be described in quantum mechanical terms as transition probabilities 

according to Fermi’s golden rule, according to which, the intensity of the detected band will 

be the square of the probability P, of a transition from an initial state |𝑖⟩ to the final state |𝑓⟩: 

𝑃𝑖𝑓 = ⟨𝑓|Ω̂|𝑖⟩          (14) 

Ω̂ is an operator describing the perturbation of the molecule by the incident photo-irradiation, 

which is specific for each excitation technique. Hence, different selection rules exist for the 

different excitation methods, making them complimentary.  

 

2.2.1 IR spectroscopy 
The energy difference between molecular vibrational states matches that of electromagnetic 

irradiation in the infrared region (700 nm - 1 mm or 1.24 meV – 1.7eV). Hence, incident 

light in this wavelength region could interact with the molecule through a mechanism of 

resonant absorption of photons. Such processes are governed by the electric dipole moment 

�̂�𝑞, which can be described as follows: 
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�̂�𝑞 = ∑ 𝑧𝛼 ∙ 𝑟𝑎𝛼          (15) 

with zα representing the charge at atom α, and rα the distance from the molecule’s centre of 

gravity. A harmonic approximation (14) can be written as follows: 

𝑃𝑖𝑓 = ∑ �̂�𝑞𝑘
3𝑁(−6)
𝑘=1 ⟨𝑓|𝑄𝑘|𝑖⟩        (16) 

�̂�𝑞𝑘 is a derivative of the molecular dipole moment with respect to the normal coordinate 

(Qk) Pif is not zero when both terms are non-zero. The first condition is met when atomic 

displacements of a normal mode k, are associated with a change of the dipole moment, which 

is a fundamental selection rule for IR spectroscopy. The second condition is met when the 

quantum number of the initial and final states differ by one, which is due to the harmonic 

approximation. So called overtones (excitement from ground to the second vibronic level) 

cannot be considered in this model.  

 

2.2.2 Raman spectroscopy 

In Raman spectroscopy, a fraction of the photons irradiating the sample molecules can 

induce molecular vibration (excitation of vibrational modes). As a result, the energy of the 

scattered photons is shifted by the energy difference of the corresponding excited vibrational 

modes. This could be understood in classical terms as induced molecular dipoles �⃗�, by the 

oscillating electric field �⃗⃗�,of the incident light. The interaction between these Cartesian 

vectors is governed by the second order tensor �̃� (polarisability), which is used to assess 

Raman selection rules and describes the response of the electron distribution to nuclei 

displacement (molecular vibration). Thus, �̃� is time dependent and can be expressed 

regarding a normal coordinates Qk, with the frequency νk, as follows:  

�̃� = �̃�0 + (
𝜕�̃�

𝜕𝑄𝑘
)
0
2𝜋𝜈𝑘𝑡        (17) 

The induced molecular dipoles can be therefore formulated considering an electric field 

vector E0 with the frequency ν0 of the incident light as follows: 

�⃗� = �⃗⃗�0[�̃�0𝑐𝑜𝑠(2𝜋𝜈0𝑡)   

                       + (
𝜕�̃�

𝜕𝑄𝑘
)𝑄𝑘𝑐𝑜𝑠[2𝜋(𝜈0 + 𝜈𝑘)𝑡] + (

𝜕�̃�

𝜕𝑄𝑘
)𝑄𝑘𝑐𝑜𝑠[2𝜋(𝜈0 − 𝜈𝑘)𝑡]] (18) 

 

The first terms refers to scattered photons with the same frequency as the incident photons 

(elastic scattering) known as Rayleigh scattering. This term is the dominating one, hence 

Raman scattering requires a high photon flux (normally provided by lasers). In the last two 

terms (Raman scattering), photons are scattered with larger or smaller frequencies than the 

incident photons (changes with respect to the frequency of the normal mode). These 

represent anti-Stokes and Stokes scattering, respectively. The former is less relevant at room 

temperature (as thermal energy is not sufficient for an excitement of vibronic states). Raman 
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scattering occurs only if the polarisability changes with respect to the normal coordinates i.e. 

when  (
𝜕�̃�

𝜕𝑄𝑘
) ≠ 0.  

Classical treatment is sufficient for describing fundamental Raman selection rules and to 

predict the vibrational frequencies. However, for quantitative description i.e. intensities, a 

quantum mechanical treatment is required. Since Raman scattering is a two photons process, 

a second order perturbation theory according to Kramers-Heisenberg-Dirac description can 

formulate the elements of  �̃�𝑓𝑖. Under consideration of the initial |𝑖⟩, final |𝑓⟩, and connecting 

|𝑟⟩ states with 𝜌, 𝜎 = 𝑥, 𝑦, 𝑧 as the Cartesian components of the molecular dipole and 

irradiated light, respectively, polarisability can be formulated as a sum over vibronic states 

|𝑟⟩, as follows: 

(𝛼𝑓𝑖)𝜌𝜎
=
1

ℎ
∑ (

⟨𝑓|�̂�𝜌|𝑟⟩ ⟨𝑟|�̂�𝜎|𝑖⟩

𝜈𝑟−𝜈𝑖−𝜈0−𝑖Γ𝑟
+
⟨𝑓|�̂�𝜎|𝑟⟩ ⟨𝑟|�̂�𝜌|𝑖⟩

𝜈𝑟−𝜈𝑓−𝜈0−𝑖Γ𝑟
)𝑟≠𝑖,𝑓     (19) 

Whereby �̂�(𝜌 𝑎𝑛𝑑 𝜎) are the components of the electric dipole moment operator and Γ is the 

damping factor, which describes the lifetime of the vibronic state |𝑟⟩ and can be neglected 

in most cases. With the Born-Oppenheimer approximation, electronic |𝑒⟩, and vibrational 

states |𝑣⟩, can be separated to yield: 

(𝛼𝑓𝑖)𝜌𝜎
=
1

ℎ
∑ (

⟨𝑣𝑓|⟨𝑒𝑔|�̂�𝜌|𝑒𝑟⟩|𝑣𝑟⟩ ⟨𝑣𝑟|⟨𝑒𝑟|�̂�𝜎|𝑒𝑔⟩|𝑣𝑖⟩

𝜈𝑒𝑟𝑣𝑟−𝜈𝑒𝑔𝑣𝑖−𝜈0−𝑖Γ𝑒𝑟𝑣𝑟
𝑒𝑟𝑣𝑟≠

𝑒𝑔𝑣𝑖,𝑒𝑔𝑣𝑓

  

+
⟨𝑣𝑓|⟨𝑒𝑔|�̂�𝜎|𝑒𝑟⟩|𝑣𝑟⟩ ⟨𝑣𝑟|⟨𝑒𝑟|�̂�𝜌|𝑒𝑔⟩|𝑣𝑖⟩

𝜈𝑒𝑟𝑣𝑟−𝜈𝑒𝑔𝑣𝑓−𝜈0−𝑖Γ𝑒𝑟𝑣𝑟
)    (20) 

g refers here to the ground states.  

In standard Raman measurements the excitation frequency is set very low so that 𝑣0 ≪

𝑣𝑒𝑟𝑣𝑟 − 𝑣𝑒𝑔𝑣𝑖. In this case all connecting states will contribute to the scattering process.  

 

2.2.3 Resonance Raman spectroscopy 

In resonance Raman (RR) spectroscopy the wavelength of the incident light is chosen, so 

that its energy matches with an electronic transition of the molecule (𝑣0 ≈ 𝑣𝑒𝑟𝑣𝑟 − 𝑣𝑒𝑔𝑣𝑖). As 

a result, the first term dominates the sum in Eq (21), which means that the summation is 

restricted to the resonant electronically excited state. The operator (𝑝𝜌)𝑒𝑔𝑒𝑟
= ⟨𝑒𝑔|�̂�𝜌|𝑒𝑟⟩ 

represents the ρ component of the pure electronic transition dipole moment. It can be then 

expended in a Taylor series with respect to the normal coordinates (Qk). The first two terms 

of this expansion are combined with Eq (21) to obtain the so called A and B terms: 

𝐴 =
1

ℎ
∑ (

⟨𝑣𝑓|𝑣𝑟⟩ ⟨𝑣𝑟|𝑣𝑖⟩(𝑃𝜌0)𝑒𝑔𝑒𝑟
(𝑃𝜎
0)
𝑒𝑟𝑒𝑔

𝜈𝑒𝑟𝑣𝑟−𝜈𝑒𝑔𝑣𝑖−𝜈0−𝑖Γ𝑒𝑟𝑣𝑟
)𝑣𝑟       (21) 
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With (𝑝0) indicating vertical transitions and: 

𝐵 =
1

ℎ
∑

(

 
⟨𝑣𝑓|𝑄𝑘|𝑣𝑟⟩ ⟨𝑣𝑟|𝑣𝑖⟩ (

𝜕(𝑝𝜌)𝑒𝑔𝑒𝑟

𝜕𝑄𝑘
)

0

(𝑝𝜎
0)
𝑒𝑟𝑒𝑔

𝜈𝑒𝑟𝑣𝑟−𝜈𝑒𝑔𝑣𝑖−𝜈0−𝑖Γ𝑒𝑟𝑣𝑟
𝑣𝑟   

       +
⟨𝑣𝑟|𝑄𝑘|𝑣𝑖⟩ ⟨𝑣𝑓|𝑣𝑟⟩ (

𝜕(𝑝𝜎)𝑒𝑟𝑒𝑔

𝜕𝑄𝑘
)
0

(𝑝𝜎
0)
𝑒𝑔𝑒𝑟

𝜈𝑒𝑟𝑣𝑟−𝜈𝑒𝑔𝑣𝑖−𝜈0−𝑖Γ𝑒𝑟𝑣𝑟
)     (22) 

 

The dominators in both terms decrease rapidly when the excitation wavelength approaches 

that of the electronic transition, resulting in enhancement, though through different 

mechanisms. The Franck-Condon factors (⟨𝑣𝑓|𝑣𝑟⟩ and ⟨𝑣𝑟|𝑣𝑖⟩) in the A term are non-zero 

for electronic transitions, in which the potential energy surface is displaced with respect to 

Qk. Moreover, the A term scales with (p0)2 and thus, the enhancement is stronger for 

electronic transitions with large oscillator strength. Enhancement via the A term mechanism 

is usually limited to totally symmetric modes. The B term is important for weak electronic 

transitions and is controlled by the derivatives of the electronic dipole moment. Thus, it 

could be understood in terms of vibronic coupling, which can be further increased if the 

excitation frequency is close to the frequencies of two electronic transitions. As for IR 

spectroscopy (see 2.5.), plasmonic, electromagnetic surface enhancement mechanisms can 

increase signal intensities further. 

 

2.3 Electron Paramagnetic resonance (EPR) spectroscopy. 

Expanded information on the theory and application of biomolecular EPR spectroscopy can 

be found in 142. 

EPR spectroscopy is based on interactions between the electromagnetic irradiation and the 

spin of unpaired electrons in the probed molecules. In the simplest case of a free electron, 

which possesses an intrinsic angular momentum S, a magnetic moment µ is induced. 

Without any external forces, S and µ have no preferred orientation and the energy levels for 

both possible spin states of the electron are degenerated. In the presence of an external 

magnetic field B along a z-axis, the orientation of µ results in an energy difference between 

the two possible spin states (Zeeman effect).  
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Figure 9: Zeeman splitting for a S = ½ spin doublet. 𝑬𝑴𝟏 and 𝑬𝑴𝟐 refer to the energies of parallel (spin 

up) and anti-parallel (spin down) orientations of the electron magnetic moment (µ) relative to the 

external magnetic field, respectively. 

The two energy levels (corresponding to the spin states M1 = ½ and M2 = -½) could be 

expressed using the Bohr magneton µB, and the electron ge value, which are constants 

describing the magnetic and gyromagnetic constant of an isolated electron (i.e. free electron 

in a vacuum), respectively, as follows: 

𝐸𝑀1 = +
1

2
𝑔𝑒𝜇𝐵𝐵  and 𝐸𝑀2 = −

1

2
𝑔𝑒𝜇𝐵𝐵      (23) 

The energy difference between both states is proportional to the external magnetic field. This 

is used in continuous wave (cw) EPR spectroscopy, where (normally) the sample is 

irradiated with a at a constant (microwave) frequency i.e. energy (for X-band 9-10 GHz) 

while the magnetic field is scanned. When the difference ∆𝐸 = 𝐸𝑀1 − 𝐸𝑀1 matches that of 

the microwave irradiation (in resonance) a transition between the states occurs. Thus, the 

fundamental equation of EPR spectroscopy could be formulated as follows: 

∆𝐸 = 𝑔𝜇𝐵𝐵 = ℎ𝜈0          (24) 

With the Planck constant h, and ν0, the frequency of irradiated microwave. For electrons in 

molecules, the g-factor, which is in fact, a tensor (i.e. a 3 x 3 interaction matrix) g, is shifted 

(g = ge + Δg) due to contributions of orbital angular momentum and in particularly for 

transition metals, spin orbital coupling. In solid (powder) or frozen samples, where the free 

movement of the molecules is constrained, these contributions are normally anisotropic 

resulting in different values for the gx, gy and gz components of g (rhombic signal). In case 

two components have similar values, an axial signal will result.  

 

2.4 Electrochemistry (EC) 
General concepts methods and techniques in electrochemistry are presented in 143. 

Most electrochemical devices are set up in a three electrodes configuration. The (redox) 

reaction takes place at the working electrode (WE) and the counter reaction at the counter 

electrode (CE). In order to maintain a stable potential, which is required during potentiostatic 

experiments, the potential is set against a third electrode, which is connected parallel to the 
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working electrode. The potential is set between the counter and the third, so called reference 

electrode (RE), while the current flows only through the working electrode and counter 

electrode. Thus, stable potential can be maintained. Since the reactions are heterogeneous 

i.e. take place at the electrode-solution interface, diffusion processes play a major role for 

the underlying kinetic. Immobilisation of (bio)molecules onto the electrode surface, as well 

as reducing the thickness of immobile solution phase next to it (e.g. by rotating the electrode 

or stirring), are used to eliminate limitations resulting from mass transport to the electrode 

surface.  

The adsorption of a redox (bio)catalyst onto electrodes in a manner that a direct electron 

transfer can occur efficiently, which allows a coupling of catalysed reaction to an 

electrochemical setup, is required for the studies of these reactions. Under turnover 

conditions, the measured currents are proportional to the catalytic turnover. In 

chronoamperometry, the potential is set to a constant value and the current is recorded as a 

function of time. Within the cyclic voltammetry (CV) technique, the potential is swiped with 

a fixed scan rate back and forth, while the current response is recorded. In such a way, 

properties of the biocatalytic system such as onset potential and reversibility of the catalysed 

reaction can be assessed, while under non-turnover conditions the midpoint potential of the 

interconnected redox centres (i.e. cofactors) of the biocatalyst may be accessed.  

In a bulk solution under equilibrium conditions, the midpoint potential E0 of a redox reaction 

can be derived from the Nernst equation: 

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
+

𝐶𝑜𝑥

𝐶𝑟𝑒𝑑
         (25) 

with the universal gas and Faraday constants, R and F, respectively. 𝑛 is the number of 

electrons involved in the reaction and C is the concentrations of the oxidised and reduced 

species.     

 

2.5 Techniques  

As discussed in section 2.1., molecular vibrations include displacement of all atoms, though 

with different amplitudes. Hence, some normal modes are dominated by only few internal 

coordinates. In [FeFe] and [NiFe] hydrogenases, such kind of normal modes include those 

for the CO and CN stretching modes of the Fe-coordinated inorganic ligands. In addition, 

the frequencies of these modes are in a region free from absorptions of other protein or buffer 

components, which allows the detection of IR absorption bands characteristic for CO and 

CN- ligands. Moreover, due to the pronounced σ-donor and π-acceptor properties of these 

ligands, the frequencies of the IR absorptions are very sensitive to their electronic 

environment i.e. the electronic distribution on the bimetallic centre. As a result, CO and CN 

stretching modes are widely used as vibrational markers for the identification and 

characterisation of different redox states of the active site.  

Generally, almost all modern IR spectrometers contain an interferometer and the signal is 

Fourier-transformed to the frequency domain to obtain the corresponding single-channel 



27 
 

spectrum as a function of wavenumbers (cm-1). For highly diluted samples, such as 

biological samples, the corresponding IR bands are poorly resolved in the single-channel 

spectrum. To obtain an absorption spectrum, spectra acquired in the transmission mode 

(sandwich cell) are calculated against suitable reference spectra (e.g. buffer without sample) 

according to the Beer-Lambert law: 

𝐴 = −𝑙𝑔
𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
= 휀 ∙ 𝑐 ∙ 𝑑                    (26) 

whereby A is the absorbance, I the intensity of the transmitted light, 휀 is the specific 

absorbance coefficient, 𝑐 is the concentration and 𝑑 the optical path length for the light 

passing the sample. For measurements in the transmission configuration, a reference 

spectrum (i.e. a spectrum of the buffer) can be obtained either in a separate experiment in 

the same sampling cell, or via a particular sample treatment which result in a loss of the CO 

and CN absorption bands e.g. by heating up the sample (e.g. to 50-60 °C) in order to induce 

active site degradation.  

In an Optically Transparent Thin-Layer Electrochemical cell (OTTLE) 144, a thin gold mesh 

(5-10 µm) is used as a spacer. The pore size of the mesh is large enough to make it 70% 

transparent, i.e. the spectrum is dominated by IR absorption of the bulk phase. Moreover, 

the gold mesh, which is coated with short positively and negatively charged Self Assembled 

Monolayers (SAM) to prevent interaction with the protein, functions as the working 

electrode to combine electrochemical procedures with IR measurements. A mixture of redox 

mediators (with midpoint potentials throughout the scanned potential range) is added to the 

samples. Thus, a redox titration in the bulk solution could be performed. The results can be 

evaluated according to the Nernst equation (25) to assess the number of electrons involved 

in the redox transition and the corresponding midpoint potentials of the related redox states 

of the active site. 

 

Figure 10: Schematic drawing of the sandwich configured OTTLE cell. The gold mesh, which defines 

the layer thickness (spacer) also functions as a working electrode (WE). The Pt counter (CE), and the 3 

M (KCl) Ag/AgCl reference electrodes (RE) are electronically connected to the working electrode via 

electrolyte solution injected around the gold net.   

         



28 
 

In the Attenuated Total Reflection (ATR) modus, the sample is placed at the interface with 

the optically denser prism material. The IR beam is directed in such an angle through the 

prism that it is totally reflect on its interface. The electric field of the evanescent wave 

penetrating the sample medium can couple with the dipole moments of the sample 

molecules, resulting in molecular vibrations and a corresponding attenuation of the reflected 

IR beam. The penetration depth Z of the related electric field wave depends on the angle of 

incident θ, the wavelength λ, and the ratio of refraction indices of both media 𝑛, as follows: 

𝐸 = 𝐸0𝑒𝑥𝑝 [−
2𝜋

𝜆
 𝑍 √𝑠𝑖𝑛2𝜃 − 𝑛2 ]       (27) 

For a configuration where the IR beam is directed at 60° angle of incidence with respect to 

the normal to the interface between the silicon prism and biological samples, an adequate 

absorbance spectrum can be obtained within a depth of ca. 0.5-1 µm. This so called 

Kretschmann configuration allows for easy exchange of external conditions during the 

measurements of a sample (e.g. substrate concentrations in the medium or overhead 

atmosphere).  

 

 

Figure 11: A representation of the ATR configuration and the resulting evanescent wave. 

 

In Surface-Enhanced IR Absorption (SEIRA) spectroscopy, a metal (usually Au) island film 

is deposited on the surface of a silicon ATR prism, which induces an enhancement of the IR 

signal from sample molecules absorbed to the surface by a factor of 10 to 1000. The 

evanescent wave interacts with the gold island layer to induce a collective oscillation of the 

metal electrons (surface plasmons). The resulting electric fields are orientated perpendicular 

to the surface of the particle. As a consequence, only normal modes associated with changes 
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of dipole components orientated normal to the surface can be enhanced. The enhancement 

factor fSEIRA, diminishes rapidly after very short distances and follows for the distance 𝑑: 

𝑓𝑆𝐸𝐼𝑅𝐴
𝑑 = 𝑓𝑆𝐸𝐼𝑅𝐴

0 (
𝑟

𝑟+𝑑
)
6

         (28) 

Here, r is the radius of the spherical metal particle that approximates the surface roughness 

of the metal. This electromagnetic enhancement mechanism could be rationalised either in 

terms of direct induction of molecular vibration in the sample molecules. Alternatively, 

dipoles can be induced in the metal islands through similar coupling of the electric fields 

with the dipole moments of the sample molecules, resulting in changes of the dielectric 

function of the metal, which modulate its reflectance at the frequencies of the molecular 

vibrations. Thereby, these frequencies are enhanced for the spectrum of the metal layer, 

which has much larger volume then the absorbed molecules 145.  

For chemically deposited Au film, an island structure is formed with diameters of ca. 150-

250 µm. Thus, surface enhancement occurs in the range of about 8 nm from the surface i.e. 

for monolayer of large molecules such as proteins. Metal protein interaction often lead to 

degradation, either through multiple covalent binding of amino acid rests from the protein 

surface to the metal surface, which results in misfolding and a loss of activity, or through a 

metal catalysed oxidative degradation mechanisms. To avoid degradation, the electrode is 

coated with biocompatible SAMs (here, with a mixture of hydroxyl and carboxylic acid 

functionalised hexa-thiols, in ratio 1:9). SAM functionalisation plays a crucial role for the 

loading density and orientation of the absorbed protein. For large molecules such as [NiFe] 

hydrogenases, certain orientations will result also in too large distances of the active site 

relative to the gold out of the range of the surface enhancement 146. Furthermore, a proper 

orientation of the enzyme is required for direct electron transfer between the absorbed 

biomolecule and the gold. For ReMBH, a connection to the distal cluster of the small subunit 

should be established. To this end, a uniform orientation fulfilling both requirements is 

desirable.  

As mentioned before SEIRA spectroscopy is subjected to additional selection rules. Under 

consideration of the geometry of the bound CO and CN- ligands in the active site, it is highly 

likely that not all ligands stretching vibrations can be enhanced uniformly. Moreover, no 

signal is expected to be detected for the case that one of these bonds is orientated almost 

parallel to the surface. Nevertheless, by using the deposited gold as working electrode, 

complementary spectroscopic data can be obtained for the electrochemical experiments (see 

below)   
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Figure 12:  Schematic drawing of the SEIRA setup. The deposited gold film, which induces surface 

enhancement also function as the working electrode (WE). Pt wire is used as a counter electrode (CE) 

and a (3M KCl) Ag/AgCl electrode is chosen as a reference electrode (RE). The orientation of the 

plasmon-induced dipole moment p and the resulting induced electric fields are also depicted.  

 

In RR spectroscopic experiments, the vibrations associated with electronic transitions, which 

are in resonance with the wavelength of the chosen excitation laser, can be enhanced by up 

to several orders of magnitude. This can be used to selectively excite vibrational modes of a 

cofactor in enzymes. This method is widely used to study chromophores in proteins (by 

exciting strong electronic transitions). In metalloproteins, which harbour only FeS clusters 

as cofactors, the electronic transitions are weaker and the enhancement, still predominantly 

through the A term, is less pronounced. Moreover, since the electronic transitions of FeS 

clusters strongly dependent on their redox state, some states will exhibit almost no resonance 

enhancement. UV/VIS spectroscopy can be used to assess the wavelengths of specific 

electronic transitions in a chemically redox-tuned sample. In such way, an adequate laser 

excitation wavelength can be chosen and the probability for RR enhancement can be 

estimated.  

For [4Fe4S] and [3Fe4S] clusters found in [FeFe] and [NiFe] hydrogenases, only the 

oxidised redox states are expected to be enhanced at 458 nm excitation. The measurements 

were performed in a confocal Raman microscope with a signal acquisition in the 

backscattering mode, meaning the laser beam is focused on a very small volume (with a 

radius of ca. 2 µm). Therefore, measures to protect the sample against photo- and thermal 

degradation must be taken, such as studies at cryogenic temperatures or applying a rotation 

of the sample to minimise the duration of light exposure.  

In Surface-Enhanced Resonance Raman (SERR) spectroscopic studies, the RR bands are 

enhanced according to an analogous mechanism found for SEIRA spectroscopy. In the 

present approach of SERR spectroscopy, due to an interaction of plasmonic-induced electric 

fields with the polarisability tensor, an enhancement of up to fifteen orders of magnitude can 
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be reached. However, combining SERR spectroscopy with electrochemistry requires the use 

of a conducting buffer solution. The spectroscopic measurements were therefore carried out 

at room temperature, while the protein was immobilised in a ring (Ag) electrode, which can 

be rotated very fast. In such way, the local exposure time to the laser beam can be reduced 

to very short times. 

 

In many paramagnetic centres (EPR active) of metalloproteins including NiFe hydrogenases, 

the by Zeeman-splitting-induced energy difference between the two spin states of the 

unpaired electrons in the relevant applied magnetic field is very small (ca. 0.03 eV). The 

population of the two states splits according to the Boltzmann distribution, which is 

temperature dependent. Accordingly, lowering the temperature will populate the unpaired 

electrons in the sample at the lower energy level, which are then able to absorb the irradiated 

microwaves, and thus contribute to the signal. Moreover, in FeS clusters, the electronic 

configuration of the participating Fe atoms normally results in strong antiferromagnetic 

coupling. Thus, the minimal total spin is distributed over all the iron atoms which explains 

the very short relaxation times of such cofactors. Particularly, this means that the EPR active 

states of the active site can be detected already at 80 K, while most signals related to [3Fe4S] 

and [4Fe4S] cluster are detectable only at lower temperatures (20 K). Additionally, two 

adjacent EPR active centres (up to ca. 15 Å) can interact via a spin-spin interaction, which 

can give rise to a coupled EPR signal.  

In order to further increase the signal to noise ratio, additional coils modulate the magnetic 

field during the linear scan of a cw EPR measurement (typically with amplitudes of ca. 100 

KHz). Only changes of amplitudes of these modulations, due to absorption along the 

magnetic field, are detected. Absorption spectra can be calculated by integrating the detected 

signal. This signal acquisition mode allows especially for rhombic signals for a better 

assessment of the gx, gy and gz values of an anisotropic paramagnetic centre. The g factors 

related to the measured sample have to be calculated according to Eq. (24), with the field 

position and the applied microwave frequency 142. The g factors of the paramagnetic states 

of the Ni in the active site of ReMBH have been previously characterised, hence in the data 

presented here, they are marked for the relevant redox states in the plotted spectra. However, 

both the values of the field as well as the g factors are completely omitted from the text.   
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Figure 13: EPR signals from an as-isolated sample of the C120G variant of ReMBH. In the upper panel, 

the signal (bottom trace), which is measured at 80 K and the integrated signal (top trace) are plotted. 

The latter represents the absorption spectrum. The gx, gy and gz components of the main anisotropic (so 

called powder spectrum) EPR signal of the active Ni ion are also marked. In the lower panel, a spectrum 

of the same samples measured at 20 K is plotted. A part of the spectrum was scaled by a factor of 8 for 

better visualisation of the nickel-related signal. Notice that the gz component is not resolved at 20 K due 

to overlap with the signal of the FeS cluster. The magnetic field in Gauss (G) and the corresponding g 

factors (reciprocal related) are plotted in the lower and upper x-axes, respectively. EPR parameters for 

the measurements throughout this thesis: 1 mW microwave power, microwave frequency: 9.29 GHz, 1 

mT modulation amplitude, 100 kHz modulation frequency.  

 

The immobilisation of (redox) (bio)catalysts on suitable electrodes is widely used for 

characterising reaction properties e.g. reversibility, pH dependence, inhibition etc. These are 

inferred in voltammetry from the currents recorded i.e. electrons transferred from or to the 

electrode. However, other reactions (occurring in the studied system or on the electrode 

surface) and desorption might also affect the signal. Thus, conditions and electrode materials 

must be carefully considered 147.  
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Most studies on hydrogenases were carried out on edged pyrolytic graphite electrodes, which 

exhibit a rough hydrophilic surface inducive of dense protein immobilisation and direct 

electronic connection with the immobilised hydrogenases. Rotating disc electrode setups are 

normally used with small cell volumes to allow quick change in the concentration of 

solubilised gas molecules (e.g. H2 and O2 as a substrate and inhibitor, respectively). The 

applied potential is set against the reference electrode i.e. is relative to the potential of the 

redox pair in the reference electrode. In publications, it is either adjusted to reflect the 

potential vs. a standard hydrogen electrode (SHE) or the reference electrode is also stated. 

Here a Ag/AgCl with 3 M KCl reference electrode was used in all experiments, hence all 

potentials are given against Ag/AgCl (i.e. +210 mV shifted with respect to SHE). 

 

2.6 Procedures 

2.6.1 Sample preparation 

Enzyme samples of HydA1 and ReMBH were prepared by Dr. Jens Noth from the Ruhr 

Universität Bochum and Dr. Stefan Frielingsdorf from the Technische Universität Berlin, 

respectively. 

HydA1 was heterologously expressed and in vitro maturated as previously published 6. In 

short, apo-HydA1 (containing a [4Fe4S] cluster) was expressed in the IscR-deficient E. coli 

strain BL21 (DE3) ΔiscR and purified anaerobically via HIS6-Tag IMAC. Holoprotein was 

prepared by in vitro incorporation of synthetic adt or pdt biiron complexes in 10-fold molar 

excess into the apo-HydA1. After desalting, the as-isolated enzymes were stored (in liquid 

N2) at a concentration of 2.2 mM in 0.1 M Tris-HCl buffer at pH 8, with equimolar sodium 

dithionite (DT) for protection against residual oxygen. 

Solubilised heterodimeric ReMBH was expressed in the homologous organism and purified 

via a Strep-tag II according to previous publications 13. In short, the C19G, C120G and 

D117S variants were established by site directed mutagenesis. For overexpression of the 

MBH, Re HF649 strain was grown heterotrophically. Cells were then disrupted by two 

passages through a French press, the cell debris were separated (1 min sonification and 30 

min centrifugation at 4000 g) and 50 mM K3[Fe(CN)6] was added to the supernatant. A 

further centrifugation step (2x 60 min at 10000 g) followed to separate the soluble fraction 

and to produce the membrane-enriched fragments, which were spectroscopically 

characterised. In addition, membrane fragments were then solubilised (with Triton X-114) 

and centrifuged. Heterodimeric ReMBH was isolated from the supernatant over Strep-Tactin 

Superflow column. Subsequently, the buffer was exchanged (Amicon Ultra-15, 30 kDa 

exclusion size, Millipore) to 50 mM KPO4 buffer at pH 5.5 containing 150 mM NaCl and 

10% v/v glycerol. The concentration of the purified heterodimeric ReMBH was set to 200 

mM.  

As-isolated or chemically redox-tuned samples (see below) were crystallised using the 

sitting drop method. The reservoir solution contained 20-30 % polyethylene glycol 3350, 

100 mM bis-(2-hydroxy-ethyl)-amino-tris(hydroxylmethyl)-methane buffer at pH 5.5 - 6.5. 

For oxidised samples, the crystallisation plates were placed at 15 °C, while reduced samples 
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were crystallised in an anaerobic box with forming gas atmosphere (95% N2 and 5% H2) at 

9 °C.  

The cross-linked heterotrimeric form of ReMBH was isolated as described previously 124. In 

short, a strep-tag was engineered onto the HoxZ subunit analogous to the heterodimeric 

preparation. Sonification of the membrane was omitted and a mixture of various detergents 

were used for its solubilisation. Eluted fraction was incubated with disuccinimidyl suberate 

for cross-linking the subunits.      

 

2.6.2 Chemical redox tuning  

For IR transmission as well as RR and EPR measurements, the redox states of the samples 

were chemically adjusted prior to the measurements.  

The purified Holo-HydA1 samples were flushed in 1.5 mL tubes under anaerobic conditions 

with H2 or CO gas for 30 min to enrich the super-reduced and the CO-inhibited states, 

respectively. Oxidation of the apo- and holoenzyme (including the pdt-HydA1 for the latter) 

was achieved by incubating of the purified samples with a 2-fold excess of thionine in order 

to oxidise also the dithionite in the buffer. All treatments were done at room temperature.  

To produce the reduced states, ReMBH samples of both membrane fragments and isolated 

heterodimer were placed in an anaerobic tent (with forming gas atmosphere of 95% N2 and 

5% H2) and flushed with 100% H2 between 0.5 and 4 h either inside 1.5 mL test tubes or in 

X-Band EPR tubes, which were placed ca. 0.5 cm over a frozen cool pack (with estimated 

sample temperature of ca. 10 °C). For a 72 h reduction, the samples were left in inside a 

temperature controlled anaerobic box (at 9 °C) with forming gas atmosphere (95% N2 and 

5% H2).  

Chemically reduced samples were produced by adding dithionite to the prepared samples to 

achieve a 2-fold excess in molar concentration (400 mM). Reduced samples were reoxidised 

by flushing the samples in 1.5 mL test tubes or in the EPR tubes (placed on ice) with filtered 

and dried atmospheric air which passed through a gas washing bottle filled with distilled 

water. For slow reoxidation, reduced samples were left for 24 h inside the cell used for IR 

measurements, located inside the sample compartment of the spectrometer, which was 

flushed with air. Reoxidation of ReMBH crystals was achieved by exposing, after 

crystallisation, the plates of the reduced samples to air. 

 

2.6.3 IR measurements carried out in the transmission mode 

All IR spectroscopic data was obtained and analysed using the Bruker OPUS software.  
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2.6.3.1 IR transmission measurements during illumination of HydA1 at cryogenic 

temperatures 

The glycerol concentration in the as-isolated and chemically redox-tuned samples of HydA1 

was adjusted to 50% for IR measurements at cryogenic temperatures. 5 µL was pipetted into 

a gas-tight IR sandwich cell (CaF2 windows) with a 50 µm thick Teflon spacer. The cell was 

mounted into a homemade cryostat for studies at 80 K, which was filled with He gas. The 

cryostat was placed in a Bruker IFS28 spectrometer equipped with a liquid N2 cooled MCT 

detector and an array of LED lamps (λ = 460 nm) for sample illumination. 200 scans with 

spectral resolution of 2 cm-1 were averaged to produce a single-channel spectrum in the 

transmission mode. For absorbance or difference spectra, 10-15 single-channel spectra were 

averaged and transformed into absorbance spectra according to Beer-Lambert’s law, using 

a buffer single-channel spectrum as a background (reference), which was obtained in a 

separate measurement. Spectra were measured first at room temperature in the dark and then 

at 80 K in the dark, during illumination (until the photoreaction reached an equilibrium state, 

ca. 45 min) and immediately afterwards. Additional spectra were measured at room 

temperature after warming up the samples back to room temperature (in the dark). 

 

2.6.3.2 Stationary measurements (transmission of all variants of ReMBH)  

Single-channel spectra of ReMBH (each 200 scans, with 2 cm-1 spectral resolution) were 

recorded in the transmission modus for the samples of the solubilised ReMBH heterodimer 

and the membrane-enriched samples. Absorbance spectra were calculated according to Beer-

Lambert’s law against the corresponding reference spectra (buffer and membrane fragments 

of Re HF500, lacking the MBH genes, respectively). A Bruker Tensor 27 IR spectrometer 

equipped with a MCT detector, cooled liquid N2, was used for this study. The sample 

chamber was purged with dried air and the gas tight sandwich cell equipped with a 50 µm 

Teflon spacer was placed in a temperature controlled homemade sample holder (with a 

Peltier element) at a constant temperature (10 °C). For the reduced samples, the transmission 

cells were purged with H2 beforehand, and then filled with the reduced samples in the 

anaerobic tent (forming gas atmosphere, 97% N2 and 3% H2). 

 

2.6.3.3 Transmission measurements of crystals from the D117S variant of ReMBH 

Reduced crystals were fished from the crystallisation buffer in an anaerobic tent (with 

forming gas atmosphere 97% N2 and 3% H2) then mounted onto a CaF2 plate, which was 

placed in an air-tight Linkam Cryostat THMS600 equipped with CaF2 windows. Outside the 

tent, the cryostat was connected to a H2 gas bottle to achieve a slight overpressure and to 

keep the samples reduced. Oxidised samples were mounted and placed in the cryostat under 

aerobic conditions. The cryostat was then positioned in the focus of a Bruker Hyperion 3000 

IR microscope connected to a Brucker Tensor 27 IR-spectrometer. Absorbance spectra were 

calculated from 15 averaged spectra (each 200 scans with 2 cm-1 spectral resolution) of the 

sample and the adjacent crystallisation buffer (as a reference), both measured at room 

temperature.      
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2.6.3.4 Spectro-electro measurements of the cross-linked ReMBH heterotrimer in the 

bulk phase 

Spectro-electrochemical cell and enzyme sample were prepared as previously published 144. 

Prior to the measurements the gold mesh was incubated for 0.5 h under argon in a SAM 

solution containing 1 mM cysteamine and 1 mM mercaptopropainic acid to passivate the 

gold, thereby preventing an interaction with the protein. 10 µL of the concentrated (400 µM) 

purified heterodimeric and specifically prepared cross-linked heterotrimeric samples were 

incubated on ice for 0.5 h with a mix of lyophilised redox mediators to achieve fast 

electrochemical equilibration during the redox titration. The OTTLE sandwich cell was 

placed in a brass cell holder cooled down to 10 °C by a water thermostat (SC150 Thermo-

scientific). Working, counter, and reference electrodes were connected to a Metrohm 

AutoLab PGSTAT101 potentiostat controlled with the Nova 1.9 software. Five spectra (each 

200 scans with 2 cm-1 spectral resolution) were measured after equilibration of the current 

for each step in the redox titration. After completion of the titration, the temperature was set 

to 60 °C for 12 and 48 h for the ReBMH heterodimer and heterotrimer, respectively, to record 

the corresponding reference spectra. 

 

2.6.3.5 IR measurements in the SEIRA modus for the wildtype ReMBH and the C19G 

and C120G variants. 

2.6.3.5.1 Cell preparation  

Gold was electroless deposited on a silicon ATR prism as previously published 148. The 

prism was polished for 2 min with aluminium oxide powder (particle size 5 µm) rinsed and 

dried. An oxide layer was removed from the silicon surface by incubation in 40% ammonium 

fluoride solution for 2 min. The prism was placed in a shallow water bath at 65 °C. A gold 

solution (containing 0.03 M NaAuCl4), 2% HF solution and a reduction solution (containing 

0.3 M Na2SO3, 0.1 M Na2S2O3·5H2O and 0.1 M NH4F) were mixed in ratio of 1:1:1 and 

pipetted on the silicon surface. The gold deposition reaction was stopped after 1 min by 

rinsing the prism with water. Subsequently the prism was mounted in a homemade SEIRA 

spectro-electrochemical cell, which was filled with 0.1 M perchloric acid solution and 

purged for 15 min with Ar. The electrochemical cleaning procedure of the nanostructured 

Au layer was controlled with a CHI potentiostat and consisted of 12 CV’s (from 0 to 1.45 V 

Vs. Ag/AgCl at 50 mV/s). Subsequently, the acid solution was replaced with SAM solution 

(containing 0.1 mM C5(COOH) and 0.9 mM C6(OH) ω-substituted mercaptanes in ethanol) 

for 16 h at 4 °C under Argon atmosphere.  

 

2.6.3.5.2 Measurement  

The SAM solution was replaced with 50 mM phosphate buffer at pH 5.5 with 150 mM NaCl, 

the SEIRA spectro-electrochemical cell was connected to a water thermostat and mounted 

onto a homemade cell holder inside a Bruker Vertex80v IR-spectrometer equipped with a 

liquid N2 cooled MCT detector. At this point 25 spectra (400 scans with 4 cm-1 resolution) 
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were averaged and used as a reference spectrum. Preparations of the wildtype ReMBH and 

the C19G and C120G variants were diluted to 1 µM and incubated on the electrode for 0.5 

h to achieve a defined orientated enzyme monolayer. Subsequently the SAM-containing 

solution was replaced by phosphate buffer solution. During the preliminary SEIRA 

experiments Ar and H2 bottles were directly connected to the cell, later a constructed 

continuous gas flow control system was used (see below). The potential was controlled using 

a Metrohm AutoLab PGSTAT101 potentiostat and the Nova 1.9 software.   

 

2.6.4 RR spectroscopic studies on HydA1 as well as wildtype and variants of ReMBH 

As-isolated and chemically redox-tuned samples (in solution or in crystallised form for 

HydA1 and ReMBH, respectively) were deposited on a quartz plate and were frozen in liquid 

N2 (in an anaerobic box with N2 atmosphere for HydA1, while forming gas atmosphere was 

chosen for the reduced ReMBH samples). Plates were inserted into a precooled (80 K) 

Linkam cryostat (THMS600) and positioned at the focal point (x20 objective with a focal 

radius of ca. 2 µm) of a confocal Raman spectrometer (LabRam HR-800 Jobin Yvon) 

equipped with liquid N2 cooled CCD camera (Symphony II Horiba). Laser (Ar+ 458 nm) 

was set to a power of 1 mW. The Raman shift was calibrated using an external standard 

(toluene) recorded before and after the measurement of each sample.    

 

2.6.5 SERR spectroscopic measurements on the cross-linked ReMBH heterotrimer 

An Ag ring electrode was polished for 3 min using sandpaper with 5 µm particle size. The 

following electrochemical cleaning and roughening procedure was performed in 0.3 M KCl 

under Ar using a CHI potentiostat; a potential of -2.0 V was set for 2 min to completely 

reduce the Ag surface followed by 5 steps of alternating potential steps (60 s at values 

between 0.5 and -0.5 V) with a final step of 300 s at -0.5 V. After rinsing, the electrode was 

immersed in SAM solution (2 mM amino-terminated ω-macaptohexanol) for 16 hours. 

Purified heterotrimeric enzyme samples were diluted to yield a concentration of 1 µM for 

the immobilisation procedure (1 h at room temperature). The enzyme loaded electrode was 

mounted on a homemade rotator covered by a built-in electrochemical cell (with one quartz 

window for the laser beam) and positioned at the focal point (using a x20 objective with 

focal radius of ca. 2 µm) of a confocal Raman spectrometer (LabRam HR-800 Jobin Yvon) 

equipped with liquid N2 cooled CCD camera (Symphony II Horiba). Laser power (Kr 413 

nm) at the sample was set to 1 mW. 

 

2.6.6 EPR spectroscopic studies on all ReMBH variants 

Samples with 30-70 µL of as-isolated or chemically redox-tuned ReMBH samples, either as 

purified heterodimer and in heterotrimeric form in membrane fractions, were filled in EPR 

tubes quenched in precooled ethanol (200K) and stored in liquid N2. For reduced samples, 

the EPR tubes were purged with H2 prior to the filling with the samples, which was 

performed inside the anaerobic tent. X-Band cw EPR spectra were recorded at a microwave 

frequency of 9.3 GHz on a Bruker EMXplus spectrometer equipped with a high sensitivity 
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cylindrical mode resonator (Bruker ER 4122 SHQE).  modulation frequency and amplitude 

were set to 100 kHz and 10 G, respectively. Temperature was kept constant during the 

measurements at 80 or 20 K with an Oxford ESR 900 He flow cryostat.       

 

2.6.7 Electrochemistry on the wildtype and C19G variant of ReMBH 
Homemade pyrolytic graphite electrodes were polished with sandpaper with a particle size 

of 0.5 µm for 1 min and subsequently rinsed with water. Preparations were diluted to a 

concentration of 5 µM, pipetted to cover the entire electrode surface (7 µL) and left for 1 

min incubation time. Enzyme-loaded electrodes were mounted on a MSR rotator (Pine 

research) and inserted into an electrochemical cell (RRPG 310, Pine research). The potential 

was controlled with a AutoLab PGSTAT101 potentiostat (Metrohm). 

 

2.6.8 Continuous gas flow control system.  
In order to provide a continuous gas flow (e.g. of N2, H2 and O2) with constant ratios, a 

simple gas mixing system was built using gas flowmeters connected in the following 

configuration: 

 

Figure 14: Scheme of the in-house constructed continuous gas flow system. 

 

The gas flow was regulated with adequate needle valves and monitored with flow meters 

(Cole Parmer) specific for the desired flow of each gas. The flow was converted to L/h 

according to the manufactures flow calibration data for different gases (see Fig. 15.). Shut-

off valves were connected to avoid backflow contaminations due to under-pressure. For the 

SEIRA spectroscopic experiments with a relative small cell volume, a gas wash bottle was 

additionally connected to prevent buffer evaporation. During most continuous gas flow 

experiments, nitrogen and hydrogen flows were kept constant (10% H2) while the flow of 

O2 was varied:   
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Figure 15: Flowrates of different gases within the flowmeter in the in-house constructed continuous gas 

flow system. The chosen flowrates of N2 and H2 in the electrochemical and SEIRA spectroscopic 

experiments are marked with black and red arrows, respectively. 
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3 Cryo-spectroscopic studies on HydA1 from Chlamydomonas 

Reinhardtii 
In section 3.1., RR spectroscopic data of [FeFe] hydrogenase from Chlamydomonas 

reinhardtii (HydA1) was acquired to investigate the catalytic cycle for hydrogen production. 

Control IR measurements were used to correlate RR spectra to known redox states of the 

system. These measurements revealed two novel photo-reactions, one of which was then 

shown to be the first step in the reaction 7, while the other, which is presented in section 3.2., 

is proposed to be related to the last step. 

RR has been proven as a useful tool in the research field of metalloenzymes such as 

hydrogenases 109,132. Using the resonance Raman effect, it is possible to exclusively enhance 

vibrational states related to electronic transitions of coordinated metal ions. Thus, 

spectroscopically isolating the metal centres in cofactors from the protein matrix. However, 

so far only a few RR studies were carried out on [FeFe] hydrogenass 65,149.  

Most [FeFe] hydrogenases contain, in addition to the H-cluster, further FeS clusters, often 

termed F-cluster. The H-cluster in such hydrogenases is often buried deep inside the protein 

environment. During (bio)catalysis, electrons from biological or (electro)chemical electron 

donors have to match the potential-profile of the F-cluster to reach the H-cluster 79. Hence, 

the functionality and the potential of redox state transitions of the H-cluster partly depend 

on the integrity and electrochemical properties of the F-cluster, respectively. In addition, FeS 

clusters exhibit similar RR enhancement properties as the H-cluster (see below). This is not 

surprising, as the H-cluster is composed of a [FeFe] active site covalently linked via a 

cysteine to a ferredoxin-like [4Fe4S] cluster. The lack of direct access of redox chemical 

reductants/oxidants to the H-cluster and the contributions of FeS clusters to the RR spectrum 

make such hydrogenases unattractive for initial RR characterisations of the H-cluster.  

HydA1 from Chlamydomonas reinhardtii represents, in that sense, an ideal model system 

for such studies. HydA1 is composed of only the H-domain and contains no further FeS 

clusters. In addition, heterogeneous expression followed by in vitro maturation with 

synthetic complexes not only increased the availability of enzyme samples, but also allowed 

production of samples with an artificial active site for mechanistic studies 6.      

 

3.1 RR spectroscopic studies reveal the Hred’ state  

3.1.1 Preliminary characterisation of the in vitro maturation of HydA1 

For characterisation of the in vitro maturation of HydA1 by means of RR spectroscopy, 

samples were measured with 458, 488 and 514 nm laser excitation lines. The RR spectrum 

of the synthetic [FeFe]-adt complex could be obtained only for a highly concentrated sample 

(25 mM) using a 514 nm laser excitation line. Apo-HydA1 expressed in E. coli (1.4 mM) 

contains a standard [4Fe4S] cluster, as the available maturases are sufficient for the assembly 

of this moiety. Excitation with increasing wavelengths (458 – 514 nm) resulted as expected 

in a decrease of intensity of cluster bands in this sample due to poorer RR enhancement.  
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Figure 16: Low temperature (80K) RR spectra of the as-isolated (Dithionite-reduced), in vitro 

reconstituted holo-HydA1 (2mM, 488nm excitation line of an Ar+ laser), the apo-HydA1 (containing a 

[4Fe4S] cluster) oxidised with thionine (1.4mM, 458 nm excitation of an Ar+ laser) and as-isolated 

(dithionite-reduced) and the reduced [FeFe]-adt complex. (25 mM, 514nm excitation line of an Ar+ laser). 

The spectrum of the latter was scaled to match the maximal intensity of bands in around 500-600 cm-1 

in the spectrum of the holo-protein. Protein samples were normalised with respect to the phenylalanine 

band. Spectral regions reflecting normal modes with major contributions from Fe-S, Fe-CN and Fe-CO 

coordinates are indicated (top). Skeletal representation of the matured H-cluster (holo), the [4Fe4S] 

cluster (apo) and the synthetic [FeFe]-adt complex are also depicted (on the right). 

The spectrum of the holo-protein exhibits sharp intense Raman bands in lower region (300 

– 400 cm-1), while bands in the higher region are ca. 50 % less intense, unlike the spectrum 

of the apo-protein where no RR bands were detected in at the region between 400 – 700 cm-

1. In the spectrum of the reduced apo-protein, residual RR signature identical to that of the 

oxidised sample was observed. Bands with a similar intensity could be detected throughout 

the spectrum of the [FeFe]-adt complex. 

The spectra can be divided into two regions. Bands observed between 300 and 400 cm-1 were 

previously assigned to normal modes dominated by Fe-S vibrations  The RR spectroscopic 

signature observed in this region is comparable to previous published studies on 

metalloproteins containing oxidised low potential [4Fe4S] clusters 149–152. The phenylalanine 

band intensity, which is proportional to protein concentration in the sample, was used to 

normalise the spectra of both holo- and the apo-protein.  
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Similar intensities of the bands in the FeS region in the spectra of the as-isolated holo- and 

apo-proteins suggests only minor contribution of the [FeFe] centre to this region of the 

spectrum of the holo-protein. Bands at higher frequencies (400 – 700 cm-1) can be clearly 

assigned to the diiron centre. Previous studies on [FeFe] and [NiFe] hydrogenases using RR 

and NRV spectroscopy as well as computational methods could assign bands in the region 

between 400 – 500 cm-1 to be predominantly originate from Fe-CN modes, while the 

corresponding Fe-CO vibrations are expected to be observed above 500 cm-1 109,132,153,154. 

Insertion of the [FeFe]-adt complex to the protein environment and the interaction with the 

[4Fe4S] centre of the apo-protein resulted, in addition to the loss of one CO ligand 81, to a 

significant modulation in the geometry and electronic structure of both metal centres.  

Accordingly, the spectrum of the holo-protein does not represent a simple summation of the 

ones from the [FeFe]-adt complex and apo-HydA1. This is particularly evident for the 

[FeFe]-adt complex, which displayed distinct changes of normal mode frequencies, band 

widths and relative intensities upon incorporation into the apo-protein. The same explanation 

may hold for the two sharp bands of the [4Fe4S] cluster in holo-HydA1(adt), at 348 and 358 

cm-1, which are unresolved in the spectrum of the ‘apo-protein’, although contributions from 

the [FeFe] centre may also provide an explanation for this phenomenon.  

The spectrum of the as-isolated apo-protein is identical to the one of the oxidised cluster, 

only with reduced intensity. This is in line with previous publications attributing to the 

reduced form of this cluster little or no resonance enhancement 155. The spectrum recorded 

for this sample reflects a small fraction of reoxidised apo-protein. Hence, the band at ca. 336 

cm-1 could be used as a marker band for oxidised [4Fe4S] cluster.  

The 488 nm laser excitation line was determined as optimal for the assembled holo-HydA1 

sample (2mM), as all regions of the spectrum were adequately enhanced and thus, it was 

used for the following RR spectroscopic measurements of redox-tuned samples.   

 

3.1.2 Control FTIR measurements  

In order to enrich the different intermediates of the catalytic cycle, samples of holo-HydA1 

were treated with thionine (oxidant, for enrichment of the Hox state) and molecular hydrogen 

(enrichment of the Hsred state). The purification of the protein was carried out under 

anaerobic conditions with an excess of dithionite for protection against residual oxygen, 

hence the as-isolated sample is expected to be partly reduced. An additional sample, treated 

with CO, was prepared in order to identify possible contributions from the two CO-inhibited 

states (Hox-CO and Hred-CO).  

IR spectra of all samples were measured to evaluate the distribution of different redox states 

of the H-cluster in the samples, which can be discriminated on the basis of their typical CN 

and CO stretching frequencies 1,61,76. In order to simulate the conditions during RR 

measurements, the samples were measured at 80 K before and during illumination with an 

LED panel (λ = 460 nm). Control spectra depicted in Fig. 17. were recorded at room 

temperature before freezing and after thawing of the samples. Degradation of the H-cluster 

resulting from freezing the samples as well as possible photodegradation could be assessed 
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in this way. For convenience, all IR spectra in section 3. of this thesis were plotted as a 

function of wavenumber according to the convention for displaying Raman spectra 

(ascending frequency).  

 

 

 

Figure 17: IR spectra of Holo-HydA1 treated with thionine (top), CO (second from top), dithionite (as-

isolated) and H2 (bottom). Spectra were measured at room temperature before (solid line) and after 

(dashed line) cooling the samples down to 80K followed by illumination with blue light and warming 

back to room temperature. Bands previously assigned to distinct redox states of the H-cluster are notated 

in navy blue for Hox-CO, purple for Hred-CO, blue for Hox, red for Hred and green for Hsred 
1,61,76. The 

typical regions for bridging µ-CO, terminal δ-CO and terminal CN- ligands are noted above the top axis.  

 

The spectrum of the CO-treated sample is composed almost exclusively from bands 

associated to Hox-CO and Hred-CO states. The thionine-treated sample resides predominantly 

in the Hox state with significant contributions from a Hox-CO fraction. The composition of 

the as-isolated sample was the most heterogeneous one. The largest portion of the sample 

resides in the Hred state with significant contributions from the Hox and Hox-CO states, as 

well as a small fraction of the Hsred state. A mixture of bands mainly associated with the Hred 
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and Hsred was observed for the H2-treated sample. All samples contained CO-inhibited states, 

mainly Hox-CO, which is produced during in vitro maturation, but the fraction of these states 

was miniscule at the start of the experiment in the H2-treated sample 1,61,76.  

The spectra illustrate the difficulty of producing samples of pure catalytic intermediates. 

Often, treatment with inhibitors leads to stable inhibited states (here the CO-inhibited states), 

which can be more easily characterised 156. Moreover, many enzymes reside under non-

turnover conditions in a so called, resting state, which can be either catalytically relevant, as 

in the case of Hox in HydA1, or not (Nir-B in MBH). Treatment with the substrate (here, e- 

from dithionite and H+ from the solution) leads to a dynamic steady state condition 

(assuming the produced, H2, can leave the solution). During catalysis, several catalytic 

intermediates are expected to be populated. As a result, only heterogeneous samples can be 

produced. However, enrichment of one, or more intermediates is possible, e.g. as a function 

of time as the sample returns to a resting state (i.e. equilibrum), or by treatment with the 

product (H2), which also set the system in equilibrium. The former will result in the oxidised 

state (i.e. depletion of reduced dithionite and produced H2), while the latter is shifted to the 

side of the reduced states.    

Treatment with CO resulted in complete inhibition of the sample. Only residual part of the 

sample did not react with CO. Hox is both a catalytic intermediate and the resting state of 

HydA1. This state could be isolated from other catalytic states by treatment with thionine. 

The spectrum of the as-isolated sample exhibited as expected a mixture of all catalytic states. 

After treatment with H2, a redox equilibrium state is achieved, consisting mainly of the Hred 

and Hsred. Interestingly, bands associated with the Hsred state lost their intensity as a result of 

freezing and/or illumination (see second section). This sample was almost completely devoid 

of the CO-inhibited states at the start of the experiment. Possibly, the inhibiting CO ligand 

was replaced by hydrogen. In contrast, after the cryo-measurement, bands of the Hox-CO 

state could be detected, suggesting either shift to a more oxidised equilibrium (e.g. formation 

of the Hred-CO followed by oxidation to the Hox-CO state), or a molecular hydrogen release 

(resulting in the formation of the Hox state) followed by inhibition by a free CO molecule. 

Small concentrations of free CO are expected in the solution since one CO molecule is 

released during the artificial maturation process and three CO molecules in case of active 

site degradation (potentially inhibiting three HydA1 active sites).  

Major degradation processes of the samples were not observed (≤ 13% loss of the overall 

signal integral). However, minute variances in the layer thickness of the IR cell during 

freezing and thawing of the samples and the reference must also be taken under 

consideration. Such an effect will have major influence on the baseline, which is qualitative 

visualised by the “bump” in the spectrum at ca. 1760 cm-1. Small changes of the layer 

thickness occurring during the measurements of the samples are discussed in the section 3.2. 

 

3.1.3 RR spectroscopy 

The CO-inhibited states have been previously shown to be photo-labile at low temperatures 
75. The inhibiting CO ligand dissociates from the H-cluster upon illumination with blue LED 
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light (see Fig 19), which has a considerably lower photon irradiance compared to the 

corresponding Raman laser (see below). The Hox-CO and Hred-CO states are therefore 

expected to photo-convert during the RR spectroscopic measurement to the Hox and 

Hred/Hsred states, respectively, and no contribution to the RR spectrum is expected from the 

CO-inhibited states.  Hox is expected to differ from Hred and Hsred in the (electronic) structure 

of the [FeFe] centre 1,75,76. Therefore, considerable changes are expected in the region of the 

Fe-CN/CO modes of the RR spectrum for the differently treated samples.  

 

 

 

Figure 18:  Low temperature (80 K) RR spectra of HydA1 samples treated with CO, thionine, as-isolated 

sample (dithionite) and H2, obtained with the 488 nm excitation line of an Ar+ laser Spectra were 

normalised with respect to the phenylalanine band.  

 

RR spectra could be recorded from all preparations of HydA1. The band positions and 

relative intensities in the Fe-CO/CN region were remarkably similar for all samples. A minor 

intensity decrease of a shoulder at ca. 607 cm-1 and increases of the bands at ca. 426 and 600 

cm-1 could be observed in samples containing reduced H-cluster. Treatment with H2 

additionally gave rise to bands at ca. 519 and 533 cm-1.  However, these changes are less 

pronounced than expected. Thus, substantial changes in the IR spectra (Fig. 17.), reflecting 

the various redox state distributions in the differently treated samples, were contrasted by 

rather small alterations in the respective RR spectra of the [FeFe] moiety. Difference spectra 
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can be used for assigning RR bands to specific states of the [FeFe] centre (e.g. by subtracting 

a dominant species from the spectrum to reveal the signature of a minor fraction).  

The phenylalanine band is proportional to the protein concentration However, it does not 

reflect the fraction of not-maturated apo-protein, nor does it reflect possible different RR 

enhancements for the two redox states of the [FeFe] centre. The following normalisation 

procedure was therefore used to calculate difference spectra, in which the spectrum of the 

thionine-oxidised sample (pure oxidised [FeFe], see below) is subtracted from the RR 

spectra of the other samples: Prior to baseline correction, each spectrum (CO, as-isolated 

and H2-treated) was multiplied, with a factor f (0.95, 0.88 and 0.92, respectively), so that the 

resulting difference spectrum reflects qualitative differences between the investigated 

spectrum and the pure oxidised one, and not just variation of overall intensity in this region 

(which could be the case after normalisation to the phenylalanine band). This observation 

rules out a scenario, in which the resonance enhancement for Fe–CO/CN centred normal 

modes would vary significantly between different redox states of the [FeFe] moiety. The 

obtained factors seem to reflect minor degradation processes of the active site (≈1) due to 

sample treatment. Hox was chosen, as a reference state, as it is the only redox state that could 

be observed in the corresponding IR spectra as a virtually pure species (for the thionine-

treated sample at 80 K during illumination). 

To understand and extract maximum information from the RR spectra, a complete 

vibrational spectrum of the entire H-cluster was examined. For convenience, the regions 

dominated by the [4Fe4S] and [FeFe] moieties of the RR spectrum were separately plotted 

(normalised with the determined factors) and supplemented by the IR spectra recorded at 

80K before as well as during illumination. The latter spectra were used to monitor the redox 

states of the [FeFe] centre under conditions similar to the RR spectroscopic experiment.   
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Figure 19: Vibrational spectra of thionine-oxidized (top), CO-treated (second from top), as-isolated 

(dithionite-reduced), and H2-reduced (bottom) holo-HydA1 (in vitro matured with the synthetic [FeFe]-

adt complex). Low-temperature RR spectra (80 K, 488 nm excitation line) are presented in two parts for 

the sake of clarity. The middle panel displays the spectral region reflecting Fe–CO/CN vibrations of the 

[FeFe] moiety, while the left panel is dominated by normal modes of the [4Fe4S] cluster. The difference 

spectra in the middle panel were calculated by subtracting the spectrum of thionine oxidized holo-

enzyme (top trace, and shown in grey) from the black traces prior to baseline-correction. Low-

temperature IR spectra (80 K) of the CO and CN stretching modes at the [FeFe] moiety are depicted in 

the right panel. Dashed and solid lines represent spectra recorded in the dark and during blue light 

illumination (460 nm), respectively. The different spectral regions of the displayed data are noted at the 

top.   

 

The IR-active stretching modes of the CO and CN- ligands (right panel in Fig. 19.) are shifted 

by a few wavenumbers in comparison to those in the RT spectra. Bandwidth decreased and 

intensity increased, which are all due to thermal effects. The spectra recorded before 

illumination were identical to those, measured at room temperature in terms of redox state 

composition of the samples. As previously described, the extrinsic CO ligand (in the CO-

inhibited states) dissociates from the distal Fe atom of the [FeFe] centre upon illumination. 

At low temperatures, the CO stay dissociated, as the activation energy for thermal rebinding 

cannot be exceeded under these conditions 69,75. Thus, photo-dissociation of the inhibiting 
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CO ligand could be observed. During illumination the bands associated with the Hox-CO and 

Hred-CO were replaced by bands associated with the Hox and Hred states, respectively.  

During illumination, the IR spectrum of the thionine-treated sample (Fig. 19. top right) 

exhibited an almost pure Hox state, while a mixture of Hox and Hred could be observed in the 

CO-treated and as-isolated samples (with a larger portion of Hox in the former and Hred in the 

latter). The spectrum of the sample treated with H2 was dominated by the Hred state, with 

large fraction of the Hsred state. Interestingly the dominant band associated with Hsred at room 

temperature, namely the one at ca. 1882 cm-1) is photo-converted to the minor band at ca. 

1954 cm-1. This photoreaction is further discussed in section 3.2.     

As mentioned before, the RR spectroscopic signature of the Fe-CN/CO region (middle 

panel) is almost identical for all samples, as visualised by the calculated difference spectra. 

This is, however, not the case for the FeS (stretching) region of the spectra (left panel). The 

intensity of the marker band for the oxidised [4Fe4S] cluster at 336 cm-1 correlates with the 

portion of the Hox state in the samples. This would suggest a reduced cluster for Hred state 

under conditions applied for RR spectroscopic investigations. The [4Fe4S] cluster in both 

redox states Hox and Hred is proposed to remain in the oxidised [4Fe4S]2+ form, with an 

oxidised or reduced [FeFe] centre, respectively (i.e. [Fe1+Fe2+] for the oxidised and 

[Fe1+Fe1+] for the reduced [FeFe] centre). Evidence of a reduced [4Fe4S] cluster in the RR 

spectrum of the Hred state implies the following photo-induced redox reaction for this species 

under RR measurement’s conditions.  

[4𝐹𝑒4𝑆]2+ + [𝐹𝑒𝐹𝑒]𝑟𝑒𝑑 ⇌ [4𝐹𝑒4𝑆]1+ + [𝐹𝑒𝐹𝑒]𝑜𝑥     (29)   

The left side of the equation represents the electronic configuration of the Hred, state, while 

a laser-induced electron transfer between the two centres of the H-cluster results in the 

formation of a novel state termed Hred’, on the right side of equation (29). This reaction was 

not observed in the IR spectra upon LED illumination (Fig. 19., right), presumably due to a 

low quantum yield associated with it and/or a low cross-section of light absorption.  

At room temperature the equilibrium lays on the left-hand side of equation (29). reflecting 

the higher reduction potential for the [FeFe] centre then for the cubane [4Fe4S] cluster. The 

relative potential of both centres is not expected to be substantially changed at low 

temperatures, nor is the kinetic of the electron tunnelling required for this reaction 157. This 

means that also at low temperatures the Hred state is thermodynamically favoured. Hred’ must 

therefore, be kinetically stabilised by an additional elementary step of the reaction, which 

involves a nuclear movement and poses in such a way a barrier for the back reaction. The 

similarities of the RR spectrum in the Fe-CN/CO region for both Hox and Hred’, suggests an 

identical [FeFe] moiety for both states.  

A deprotonation of the secondary amine at the bridging position was therefore proposed as 

this elementary step of the reaction. This deprotonation event can also be understood in terms 

of charge compensation following the loss of electron at the diiron centre. In this sense 

stabilisation of the electronic configuration of Hred’ is provided by charge removal from the 

neighbouring adt head group. 
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 To validate this hypothesis, RR spectra of the oxidised and reduced species of the pdt variant 

of HydA1 were measured. This variant is maturated with a synthetic complex containing a 

CH2 group instead of the secondary amine at the bridging head position. The [FeFe] thiolate 

bridge of this variant is therefore isoelectronic with the protonated native adt-variant, though 

the latter is positively charged. Pdt-HydA1 is unable to transfer a proton from the bridging 

position. As a result, the catalytic cycle cannot be completed 85. Such variants can be helpful 

in characterising native transient intermediates, which in the catalytically incompetent 

variant may be stabilised. Under oxidising conditions pdt-HydA1 was shown to reside in the 

Hox state, while the reduced state was characterised to contain a reduced [4Fe4S] cluster and 

an oxidised [FeFe] moiety 76. In this respect the reduced H-cluster of pdt-HydA1 represents 

a thermodynamically stable analogue to the proposed native Hred’ state. 

  

 

Figure 20: Low temperature (80 K) RR spectra (recorded with a 488 nm excitation line) of oxidised and 

reduced pdt-HydA1 variant (solid lines). The corresponding adt-HydA1 spectra are also displayed 

(dashed lines). All spectra were normalised with respect to the phenylalanine band.  

 

No significant differences were observed between both states and both variants in the 

spectroscopic region of the Fe-CN/CO modes. As opposed to the native HydA1, a complete 

reduction of the [4Fe4S] cluster is achieved for the pdt-variant. The [FeFe] centre of this 

variant cannot assume the electronic configuration of the Hred state (i.e. [Fe1+Fe1+]). Hence, 

similar RR spectroscopic signatures of the oxidised and reduced pdt-HydA1 are expected in 

the region of the Fe-CN/CO modes. These spectra are almost identical to the ones recorded 

for the native enzyme (adt-HydA1). Thus, validating the hypothesis that the RR 

spectroscopic signature recorded for adt-HydA1 is associated in to an oxidised [FeFe] 

moiety. Moreover, these results further support a charge compensation mechanism involving 
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the bridging head group, strongly indicating a deprotonated amine head group for the 

proposed Hred’ of the native variant. 

 

3.2 The Hsred’ state 

The cryo-IR measurements revealed a novel photoreaction of the Hsred state, in which the 

band at 1881 cm-1 is shifted to ca. 1953 cm-1. In addition, both bands exhibited an intensity 

loss in the spectra of the as-isolated and H2-treated samples recorded at room temperature 

after cryo-illumination (Fig. 17.). This suggests that both parent state and photo-product are 

unstable. Molecules resided in the Hsred state at the start of the experiment must have either 

degraded or converted into a new state. To assess the fate of molecules in the Hsred state after 

illumination at 80K and slow thaw to room temperature (RT), difference spectra of the IR 

experiments at both temperatures were calculated for all samples. 

 

    

Figure 21: Difference IR spectra of the oxidised (top), CO-treated (second from top), the as-isolated and 

H2-treated (bottom) HydA1. Spectra depicted on the left panel were calculated by subtracting the spectra 

measured in the dark before illumination from the ones measured during illumination at 80 K. The 

spectra recorded at room temperature before freezing of the samples were subtracted from spectra 

measured after the cryo-measurement and slow thawing of the sample back to room temperature. These 

difference spectra are shown on the right panel. All spectra recorded at room temperature were 

measured in the dark. Bands associated with the Hox-CO, Hred-CO, Hox, Hred and Hsred are marked 

according to the colour code established in Fig. 17. 
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The difference spectra depicted in the left panel in Fig 21. (80 K, light – dark) represent the 

photoreaction which occurred at low temperature. The positive bands originated from the 

photoproducts. Accordingly, negative bands belong to the parent states.  

The negative bands observed for the sample treated with thionine could be all assigned to 

the Hox-CO state. This sample consisted of almost pure Hox state and a small portion of the 

Hox-CO state (see Fig. 17. and 19.). The latter was completely converted to the former upon 

illumination.  

As expected, the difference bands observed in the CO-treated sample were significantly 

more intense than those in the rest of the samples. In this spectrum, additional negative and 

positive bands were detected, corresponding to the Hred-CO and Hred states, respectively. 

This is in line with the model depicted in Fig. 2., in which Hred-CO is converted to the Hred 

state when the CO ligand is dissociated. Interestingly, not all positive bands associated with 

the Hred state were observed. This is in line with a recent publication, which assigns the bands 

at ca. 1930 and 1891 cm-1 to two separate species 158.  

All difference bands mentioned so far were also observed in the as-isolated sample. 

Furthermore, the difference bands relating to the novel photo-reaction of the Hsred state (IR 

bands at ca. 1810 and 1954 cm-1) were also observed in this spectrum (in line with the small 

fraction of Hsred state detected in this sample).  

The low temperature spectrum calculated for the H2-treated sample was free from difference 

bands linked to the CO-inhibited states, as only residual amounts of these states were 

detected in this sample prior to illumination. The spectrum is therefore, dominated by 

positive and negative bands, all of which were previously assigned to the Hsred species 
1,61,76,159. The photo-reaction is characterised by a conversion of the termed Hsred state (with 

CO stretching bands at ca. 1799, 1882, 1921 cm-1) to a new state, named Hsred’ with 

characteristic band positions at ca. 1851, 1954 and 1972 cm-1. The reaction was found to be 

partly reversible at low temperatures, which was observed in the spectra recorded in the dark, 

after illumination (data not shown). Such a slow kinetic of the back reaction indicates high 

activation energy. Presumably, due a concomitant nuclear movement, which is trapped under 

these experimental conditions (i.e. 80 K).  

The bands at ca. 2071 cm-1 and possibly the one at ca. 2027 cm-1, originate from the Hsred 

state. Although these negative bands could be reproduced (and were also observed in the 

difference spectrum calculated for the as-isolated sample), reproduction and/or resolution of 

the corresponding positive bands could not be achieved. Hence, the full set of IR bands 

(including the CN stretching frequencies) for the Hsred’ state could not be determined.     

 

 

Before the samples were frozen, spectra were measured at room temperature. After the 

spectra of the illuminated samples were recorded at 80K, the light was turned off and the 

samples were slowly thawed back to room temperature. Additional spectra were then 
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recorded. The spectra depicted in the right panel in Fig 21. (room temperature after – before) 

were calculated by subtracting the spectra recorded at room temperature after thawing the 

samples from the ones recorded at the very start of the experiment.  

Generally, reversible photoreaction should not be detected in these spectra, as the 

concentration of the parent states and the photoproducts should remain unchanged after back 

conversion. Contributions to these spectra from degradation of the active site are not 

expected as inferred from the results of the RR measurements. Moreover, irreversible 

thermal processes are also expected to be negligible since no considerable difference in the 

composition of the redox states was observed as a result of freezing in all samples (solid 

lines in Fig. 17. compared to dashed lines in Fig. 19.). Instead, negative bands reflect spectral 

contributions from the parent state of an irreversible photoreaction, while positive bands are 

linked to photoproducts of irreversible reaction. Positive or negative overall integrals of the 

difference spectra, which are dominated by the initial or final spectrum, respectively, were 

observed in several experiments and could be explained by minute changes in the thickness 

of the sandwich cell as a result of freezing and thawing.    

The only photoreaction observed at low temperature in the thionine-treated sample was the 

conversion of the Hox-CO state. In the difference spectrum calculated from the corresponding 

spectra recorded at room temperature (right panel, top), no negative Hox-CO bands could be 

observed. In fact, despite an overall negative integral (overestimation of initial states i.e. 

negative bands), positive bands assigned to this species were calculated. This indicates not 

only a full back conversion to the Hox-CO state but an additional formation of this state 

presumably from the initial fraction of the Hred state (negative bands at ca. 1891, 1933 and 

2071 cm-1), which also implies an oxidation of the sample.  

The difference spectrum of the CO-treated sample indicates the conversion from the Hred-

CO to Hox-CO, also implying an oxidation of the sample. The difference spectrum of the as-

isolated sample exhibited an overall positive integral. However, the relative intensity of the 

positive bands which are associated with the Hox and Hox-CO states indicate the formation 

of these species. In contrast the small positive bands related to the Hred state are presumed to 

be an artefact of cell thickness variations. The only negative bands detectable in this 

spectrum are associated with the Hsred and Hsred’ states. In the difference spectrum calculated 

for the sample treated with hydrogen, all the negative bands observed are assigned to the 

Hsred and Hsred’ states. The positive bands observed in this spectrum are assigned to the Hox-

CO, Hred and, as in the as-isolated sample, the Hox states.  

              

3.3 Conclusions and outlook 

The initial aim of this study was to use RR spectroscopy to differentiate between band 

signatures related to different redox states of HydA1 from Chlamydomonas reinhardtii. IR 

spectroscopic studies indicated different mixtures of redox states of the [FeFe] moiety in the 

as-isolated, anaerobic sample (with dithionite) as well as in samples treated additionally with 

CO (inhibition), thionine (oxidation) and the substrate H2 (reduction). Further IR 

measurements under conditions similar to the RR spectroscopic experiment (illumination at 
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80K) confirmed that the photoproducts of the CO-inhibited states are mainly Hox and Hred 

states. However, the detected RR spectroscopic signature of the Fe-CO and Fe-CN 

vibrational modes was very similar for all samples.  

Possible degradation processes due to laser irradiation as well as differences in resonance 

condition for both states could be excluded, since all investigated samples exhibited similar 

relative band intensities after normalisation to the band at ca. 1003 cm-1 of phenylalanine. 

However, a negative correlation between the amount of Hred state detected in the IR spectra 

and the intensity of the RR band at ca. 336 cm-1 was identified. This band is characteristic 

of an oxidised cubane [4Fe4S] cluster, which is supposed to be reduced in the Hred state. This 

was interpreted as possible evidence for a photo-induced intramolecular electron transfer 

between the two sub-clusters of the H-cluster.  

This photoreaction occurred under high photon-flux of the RR probe laser, but not during 

the illumination process with LED lights in the IR measurements. The newly formed state, 

which was termed Hred’, is kinetically trapped at low temperatures. At room temperature, an 

electron transfer from the [FeFe] centre takes place, which is accompanied by a protonation, 

probably of the bridging amine of the aza-thiolate head group, to yield the 

thermodynamically more stable Hred. A hypothesis was formulated considering also Cys169 

in the vicinity of the active site, which has been previously shown to participate in proton 

transfer to the aza-thiolate head group, as the most likely proton donor 56,160. The entire 

reaction can therefore be written as follows: 

𝐶𝑦𝑠169− + [4𝐹𝑒4𝑆]2+ + [𝐹𝑒𝐹𝑒]𝑟𝑒𝑑𝑎𝑑𝑡𝐻+ ⇌ 𝐶𝑦𝑠169𝐻 + [4𝐹𝑒4𝑆]1+ + [𝐹𝑒𝐹𝑒]𝑜𝑥𝑎𝑑𝑡     

(30) 

According to this hypothesis, the proton transfer can be seen as charge compensation 

yielding the meta-stable Hred’ state. This state is characterised by a reduced [4Fe4S] cluster 

and an oxidised [FeFe] active site. Additionally, the amine in the bridging position of the 

head group is not protonated, hence uncharged. This hypothesis was validated by comparing 

the RR spectral signatures of the native adt-HydA1 with the synthetic variant pdt-HydA1, 

which is in its reduced form isoelectronic to the proposed Hred’ state. The obtained spectra 

were practically identical.  

HydA1 catalyses the production of molecular hydrogen from protons and electrons. Hence, 

electrons flow during catalysis from the natural electron donor via the [4Fe4S] cluster to the 

[FeFe] centre. It was therefore concluded that Hred’ is catalytically relevant. Moreover, this 

study illustrates the potential of the low temperature RR spectroscopic techniques to 

cryogenically trap and characterise, elsewise thermodynamically instable, states. 

 

In the second section, two distinct sets of absorption bands belonging to two different species 

of the Hsred state were identified. However, only the bands related to the CO stretching modes 

could be resolved at ca. 1799, 1882, 1921 and ca. 1851, 1954, 1972 cm-1. The species 

associated with the latter, was named Hsred’. Most bands of the two Hsred and Hsred’ states 
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were previously assigned to one species 1,61,76,159. The corresponding CN bands related to 

Hsred’ could not be adequately resolved. However, the bands at ca. 2071 and possibly 2027 

cm-1 potentially represent CN stretching modes associated with Hsred. Interestingly, this 

particular set of vibrational modes contains also a band in the spectral region characteristic 

for bridging µ-CO ligands (at ca. 1799 cm-1). This is also in contrast to most previous 

publications, which excluded such a ligand configuration for the Hsred state 61.  

More information regarding this reaction could be extracted from the control spectra 

recorded at room temperature before and after the low temperature irradiation experiment. 

It was observed that in contrast to the preferential light-reaction observed under the present 

IR spectroscopic experimental conditions (LED illumination at 80 K), namely, the 

photodissociation of the exogenous CO from the Hox–CO state, the newly identified reaction 

(Hsred → Hsred’) is not (completely) reversible. This was inferred from a loss of intensity 

(negative bands in the difference spectrum) of all bands relating to the super-reduced states. 

After warming the samples up to room temperature, all molecules residing in the Hsred and 

Hsred’ states in the as-isolated and ca. 50 % in the sample, treated with H2, converted into 

other states.  

In the sample treated with H2, the final fate of the Hsred molecules is the most dominant 

feature in the difference spectrum. The positive bands in this spectrum indicate the formation 

of Hox-CO and, unexpectedly, a fraction of Hox species. After illumination (i.e. after full 

conversion from the Hsred to the Hsred’ configuration), and during slow thawing of the 

samples, several reactions must have occurred to form a heterogeneous mixture of products. 

These reactions probably depend on external parameters, such as the reduction potential, and 

concentration of H2 and free CO in the solution. Hence, the final fate of the Hsred molecules 

in the sample treated with H2 might differ from that of those in the as-isolated sample. 

Spectroscopically it was impossible to assess the fate of the Hsred fraction in the latter sample, 

in parts due to a greater complexity of the spectrum.  

 

In recent years, the number of publications regarding [FeFe] hydrogenases in general, and 

HydA1 in particular, has increased (see section 1.2.2.). New intermediates were discovered 

and included into the catalytic cycle and the nomenclature has diverged 71,161. The existence 

of the Hred’ configuration and its relevance to catalysis were corroborated by other groups 
161. As mentioned before, the set of bands previous assigned to Hred was found to originate 

from two distinct redox species 158. Two additional species, namely Hhyd and HhydH
+ were 

also further characterised. Both latter states are proposed to reside in the same oxidation state 

of the entire H-cluster as Hsred state (i.e. 2e- reduced relative to the Hox state) and possess a 

hydride bound to the [FeFe] centre 162–164. Other protonation-deprotonation events were also 

studied and proposed in relation to electron transfer events and the model for the catalytic 

cycle has expended tremendously 71. The formation of Hox state from the Hsred’ state 

presented here suggests the following sequence of events during the experiment: Hsred → 

Hsred’ → Hox + H2. Such a sequence may also reflect the last step of the catalytic cycle. 

However, further experimental evidence is required before Hsred’ can be validated as a 

relevant catalytic state. 
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Figure 22: The revised catalytic cycle of [FeFe] hydrogenase including the newly discovered 

intermediates characterised in this thesis (in circles). The exact electronic configuration of the Hsred’ state 

and its relevance in the catalytic cycle remain elusive.    

It was shown in this thesis, that the transition Hred to Hred’ occurs only under high photon-

flux of the RR laser probe at low temperatures. This reaction results in a RR spectroscopic 

signature of oxidised [FeFe] active site for molecules residing in the Hred state. This further 

explains the spectral similarities of the as-isolated, CO-treated and oxidised samples, all of 

which reside predominantly in the Hox or Hred states, as the CO-inhibited states were shown 

to be converted predominantly into both Hox and Hred states 75,76.  

Still, this does not explain the similarities with the RR spectroscopic signature of the H2-

treated sample, which consists predominantly of a mixture of the Hred and Hsred states. While 

the Hred state is converted to Hred’ to yield a RR signature of an oxidised [FeFe] active site 

([Fe1+Fe2+]), in the case of the Hsred state, however, the [4Fe4S] cluster is already fully 

reduced, and therefore cannot accept an electron from the [FeFe] centre. Yet, the relative 

intensity of the bands in the region of the Fe-CN/CO modes, which are assigned to the 

oxidised centre, was found to be similar to those of the other samples. This implies that the 

Hsred state, under the conditions of the RR experiment, adopts an electronic configuration 

that resembles the formal [Fe1+Fe2+] arrangement of the Hox and Hred’ states. It is however 

still not clear, if the RR signature detected for the samples treated with H2, and to a certain 

extent also the as-isolated ones, originates from Hsred’, or if this state converts under the high 

irradiance of laser illumination into a new configuration (e.g.. Hox + H2 or another unknown 

photo-product). 
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The entire set of IR absorption bands originating from the Hsred’ state could not yet be 

assigned. Experiments with increased sample concentrations are planned to increase the 

intensity of the detected bands, which will help to resolve the weak bands originating from 

the CN- ligands.  The reversibility of the reaction Hsred → Hsred’ is yet to be determined. 

Long-term measurements at cryogenic temperatures in the dark following the illumination 

step could demonstrate if the back reaction occurs under these conditions. Slow and better 

controlled thawing of the sample could help to separate (kinetically) frozen states, as they 

are likely to relax to thermodynamically more stable states at different temperatures. Further 

characterisation of the Hsred’ state could also be achieved by means of EPR spectroscopy. It 

would be interesting to see if an EPR spectrum could be obtained for the Hsred’ in EPR 

experiments at low temperature before and during illumination. Producing the Hred’ state for 

an EPR measurement is technically more challenging, as it requires laser illumination of the 

entire sample inside the EPR resonator.  
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4 Oxygen tolerance in the MBH from Ralstonia eutropha 
Clarification of the molecular mechanisms of the reaction occurring in ReMBH, when 

exposed to oxygen, is the key to elucidate the set of properties required to confer oxygen 

tolerance to hydrogenases. It was found that molecular oxygen, though restricted to narrow 

gas channels 111,165, do reach and react with the active site i.e. tolerance is not strictly 

mediated by restricting the access of oxygen to the active site (as proposed for the regulatory 

hydrogenase ReRH 60), but mainly through additional modifications of the cofactors or their 

protein environment.  

The so far unprecedented proximal [4Fe3S] cluster found in ReMBH and similar oxygen-

tolerant hydrogenases (e.g. MBH from Hydrogenovibrio marinus  or Hyd 1 from E.coli 
166,167) is replacing the [4Fe4S] cluster observed  in the so called oxygen-sensitive “standard” 

[NiFe] hydrogenases and could undergo an additional redox transition to provide a further 

electron and thus, rapidly reduce O2 to water and continue in such a way to cycle H2 under 

aerobic conditions 91. The other electrons are provided by the active site and via the medial 

[3Fe4S] cluster. Moreover, the inactive redox state Niu-A could not be observed in active 

samples of oxygen-tolerant hydrogenases such as ReMBH (see sections 4.1.1., 4.2. and 4.3.).  

Previous electrochemical (EC) studies on the most closely related known [NiFe] 

hydrogenase, namely Hyd1 from E. coli, have shown that variants of the enzyme with a 

modified proximal cluster exhibit an increased or complete catalytic inactivation after 

exposure to very low concentration of O2 
123. To complement the EC data with structural 

insights and reveal the nature of the inactive states formed in such variants, a spectro-

electrochemical SEIRA study was conducted. To this end, the setup was optimised in such 

a way to enable to provide IR data before, during and after oxygen exposure under turnover 

condition. Other properties such as the formation and accumulation of other inactive states 

of the active site were also previously shown to be related to oxygen tolerance, illustrating 

the complex interaction required to achieve proton reduction/dihydrogen oxidation under 

aerobic conditions 102,168.  

This part of the thesis is a continuation of the works done by Dr. Elisabeth Siebert and Dr. 

Nina Heidary. Dr. Siebert was able to assign RR bands to both the active site and the FeS 

clusters 126,169. This technique is used herein, together with IR and EPR spectroscopy, to 

characterise variants with a modified proximal cluster or an altered protein environment 

close to the active site. Dr. Heidary optimised the immobilisation procedure of ReMBH onto 

SEIRA electrodes to enable to perform electrochemical experiments, while at the same time 

IR spectra could be recorded 146. Moreover, both characterised the native heterotrimeric form 

of ReMBH, either as purified enzyme or as membrane-enriched samples. Their works are 

the foundation for the analysis of the results presented here, which aims to deepen the 

discussion on the basis of oxygen-tolerance in [NiFe] hydrogenases.   

Different redox states of the active site can be discriminated with respect to the positions of 

the IR absorption bands originating from stretching modes of the CO and CN- ligands 122. 

The typical frequencies of fully characterised relevant redox states of the active site are 

summarised in table 1. In table 2, the frequencies of prominent RR bands related to FeS 
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clusters and RR active states of the active site are listed. The colour code for the redox 

species of the active site as well as for the FeS cluster in the following tables is used 

throughout this chapter in the presented IR and RR spectra.  

Table 1: Typical IR frequencies of the CO and CN- ligands for different redox states observed in ReMBH 
122,169. The formal oxidation states of the nickel are listed in the last column (EPR active states are in bold 

script). 

Redox state 
ν (CO)       

in cm-1 

ν (CN) 1        

in cm-1 

ν (CN) 2       

in cm-1 

 Oxidation 

state of 

the Ni  

Nir-B 1948 2081 2098  3+ 

Niia-S 1930 2060 2076*  2+ 

Niia-S** 1930 2049 2066  2+ 

Nia/r-S*** 1936 2075* 2093  2+ 

Nia-C 1957 2075* 2097  3+ 

Nia-L 1899 2040 2065  1+ 

Nia-SR 1945 2068 2087  2+ 

Nia-SR’ 1919 2046 2071  2+ 

Nia-SR’’ 1926 2049 2075*  2+ 

*Note that a CN vibration at ca. 2075 cm-1 is characteristic to numerous redox states. 

** Note that there are at least two inactive states with a CO vibration at ca. 1930 cm-1. 

*** Note that the state characterised by this set of IR bands is either a ready or an active 

redox state.  

Table 2: Typical RR frequencies of the FeS clusters and RR active species of the active site of ReMBH 
169: 

Moiety RR bands in cm-1  

Super-oxidised 

proximal cluster  

344, 355, 403, 440*, 464*, 553*, 577* 

Oxidised          

proximal cluster  

346, 368 

Oxidised            

medial cluster  

342, 366 

Oxidised              

distal cluster  

336, 364 

RR active species of the active site 

Nia(/r)-S 422, 451, 506, 551, 591 

Nia-L 411, 447, 496, 559, 610 

* Note that these bands are related to Fe-OH vibrations. 
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4.1 ReMBH variants with a modified proximal cluster 

As part of a collaboration with various research groups in a joint-effort to characterise the 

C19G and C120G variants of ReMBH in detail, X-ray crystallography data was used besides 

concomitant EPR, IR and RR spectroscopic investigations as well as electrochemical studies. 

Thus, complementary information about observable redox states of the active site and the 

clusters, the catalytic activity and oxygen-mediated inactivation were combined with 

crystallographic data in order to correlate the structure of ReMBH with its ability to function 

under aerobic conditions.  

 

4.1.1 Spectroscopic characterisation 

After treatment with hydrogen to accumulate the reduced states, samples of isolated wildtype 

ReMBH, the C19G or the C120G variants were reoxidised, either by slow diffusion of air 

into the IR cell, or by direct exposure of the reduced sample to air. The former method has 

been shown to result in enrichment of inactive states, whereas the latter apparently milder 

treatment yields a larger fraction of the resting Nir-B state in the samples 169. 
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Figure 23: IR absorbance spectra of 200 µM concentrated samples of the wildtype (WT) ReMBH, the 

C19G and C120G variants in phosphate buffer pH 5.5. All ReMBH samples were isolated under aerobic 

conditions. Reduction of the samples was achieved by treatment with hydrogen. Slow reoxidation 

occurred when the reduced sample was left in the IR cell at 10°C for over 7 h in an aerobic sample 

compartment. Alternatively, reduced sample aliquots were exposed to air to achieve fast reoxidation.  

 

The as-isolated samples resided in all variants mainly in the Nir-B state, which is 

characterised by the CO stretching vibration at ca. 1948 cm-1 and two CN bands at ca. 2081 

and 2098 cm-1. In both the wildtype ReMBH and the C120G variant, two shoulders in the 

spectral region characteristic for the CO stretching vibration at ca. 1957 and 1936 cm-1 were 

observed, whereby the latter is assigned to the Nia/r-S state. In the C120G variant, this 

shoulder was broadened, probably due to contributions from the Niia-S state (at ca. 1929 cm-

1). Additionally, the overall intensity of the bands detected for the C120G sample after 

reduction was considerably lower than that of the other variants, suggesting partial 

degradation of the active site. In the spectral region characteristic for CN stretching 

vibrations (> 2000 cm-1), the two dominant bands observed are broadened due to 
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contributions from adjacent CN stretching bands. An additional band at ca. 2105 cm-1 was 

also detected in this spectral region. This band has been observed before for most 

preparations of ReMBH although, it is yet to be conclusively assigned to a specific state of 

the active site. 

 Reducing the samples with hydrogen resulted for the wildtype ReMBH in a typical mixture 

of the silent reduced states (Nia-SR/SR’/SR’’) and a significant portion of enzyme molecules 

residing in the Nia-C state (with CO bands at ca. 1919, 1926, 1945 and 1957 cm-1, 

respectively). A similar mixture of redox states was observed for the hydrogen-reduced 

C120G variant, while the corresponding C19G variant was found to reside almost 

exclusively in the Nia-SR’ and Nia-SR’’ states.  

Both reoxidation methods yielded a mixture of the Nir-B and the Niia-S states in all variants 

(CO bands at ca. 1948 and 1929, respectively). Generally, a slow reoxidation generated a 

relative state composition less favourable with respect to the Nir-B state. Moreover, in the 

C19G variant a shoulder at ca. 1957 cm-1 was observed after slow reoxidation. This band, 

which presumably originates from an inactive state 169, will be discussed in more details 

further on in the thesis (see the D117S variant, section 4.2.). Nevertheless, the wildtype 

ReMBH and the C19G variant exhibited preferentially a reversible inactivation (i.e. 

formation of the Nir-B) regardless of the reoxidation method. Conversely, regeneration of 

the Nir-B state was limited for the C120G variant.  

Further characterisation of the metal centres by means of EPR spectroscopy (at 20 K) was 

performed by Christian Lorent. The C19G variant could only be fully reduced following a 

treatment with dithionite (DT). The wildtype ReMBH and the C120G variant were reduced 

by long exposure (72 h and 4 h, respectively) to hydrogen (although shorter exposures of ca. 

0.5 h were also sufficient to completely reduce the wildtype ReMBH). 
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Figure 24: EPR spectra measured at 20 K of the wildtype ReMBH, the C19G and the C120G variants 

(left, middle and right panels, respectively) in their as-isolated, reduced and reoxidised forms (middle 

and bottom traces, respectively). Samples were concentrated to ca. 200 µM in phosphate buffer pH 5.5. 

The signals assigned to Ni species of the active site are marked. The dashed line represents the position 

of an oxidised uncoupled [3Fe4S] (medial) cluster.   

EPR spectra of NiFe hydrogenases displayed and discussed in this thesis can be divided into 

two regions. Signals from an EPR active Ni centre show up in the region depicted in the left 

two thirds of the spectrum, while EPR active FeS centres display signals in the right two 

third of the plotted range. Accordingly, the two regions intersect in middle third of the plotted 

spectrum 170. In addition, two (or more) EPR active centres in spatial proximity (shorter than 

15 Å) can magnetically interact, which leads to a coupled EPR signal 13.  

The EPR signature of oxidised wildtype ReMBH is very complicated. It is therefore helpful 

to start with the spectral description of the C120G variant (right panel), whose spectrum 

resembled that of the so called “standard” [NiFe] hydrogenases. The FeS characteristic 

region of the as-isolated sample of the C120G variant is dominated by a sharp signal (dashed 

line) originating from the oxidised, uncoupled medial [3Fe4S] cluster. In the Ni specific 

region, a signal assigned to (an uncoupled) Nir-B species is observed. For the C19G variant, 

a signal from the oxidised medial cluster could also be detected. However, a rough estimate 

of the spin quantification, revealed only 20 % of the sample contributes to this signal. The 

other portion couples with a neighbouring EPR active centre. This coupling can be related 

to the two signals flanking the uncoupled oxidised [3Fe4S] signal. In the Ni related spectral 

region, additional signals were observed adjacent to the one from Nir-B. Further signals in 

the intersection between both regions were also detected. This complex EPR signature 

possibly arises from the coupling of three paramagnetic centres, namely the Ni in the active 
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site, the medial cluster and the proximal cluster, whereby the latter is located spatially 

between the former mentioned species. In the wildtype ReMBH, a similar signature was 

observed, although with a different coupling pattern from that of the C19G variant, which 

might be related to differences in the geometry and structure of the proximal clusters in both 

variants. The uncoupled signal originating from the medial cluster in the wildtype ReMBH 

spectrum of the as-isolated sample was estimated to be less than 5% of the total signal.  

The spectrum of the reduced C120G variant exhibited quite weak signals (plotted with a 

scaling factor of 16) in the FeS related region, which could originate from a reduced [4Fe4S] 

cluster. In the Ni specific region, small signals associated with the Nia-C and Nia-L states 

were recorded. The latter is a photoproduct of the former and can be accumulated at the low 

temperatures of the EPR experiment (20 K). This is in line with the corresponding IR spectra, 

in which only a small portion of the sample resided in the Nia-C state. In the EPR spectrum 

of the reduced C19G variant, no signals associated with reduced FeS clusters were 

detectable. The small signal observed is related to the uncoupled oxidised [3Fe4S] medial 

cluster. Traces of Nia-L signals (plotted with a scaling factor of 64) were also detected. This 

is in line with the IR results, which showed a miniscule amount of Nia-C in the reduced 

sample of this variant. The origin of the signal observed in the spectrum of hydrogen-reduced 

wildtype ReMBH is still under discussion. It is not yet clear, if the proximal, the distal or 

both clusters give rise to this signal 103,171. Nia-C and Nia-L signals were detected in the Ni 

related region of this sample.  

After reoxidation of the C120G sample, an almost identical spectrum to that of the as-

isolated sample of this variant though with lower intensity could be obtained. Additionally, 

small signals flanking the Nir-B signal state are visible in the spectrum of the reoxidised 

sample. Interestingly, a similar spectrum was also recorded for the reoxidised C19G variant. 

Contrarily to the as-isolated spectrum of this variant, signals originating from both, the 

clusters and the active site are associated predominantly with the uncoupled medial cluster 

and Nir-B active site, respectively. A rough estimate of the spin quantification revealed only 

20 % of the signals in the spectrum of the reoxidised wildtype ReMBH originate from the 

uncoupled FeS and Ni signals. The rest of the wildtype ReMBH sample was found in the 

same state which dominated the spectrum of the as-isolated sample (i.e. a coupled signal).  

 

The next step of the spectroscopic characterisation was the application of RR spectroscopy 

in order to detect characteristic bands of the active site and to probe the redox state of the 

FeS clusters in the oxidised and the reduced samples of the non-native variants. RR 

spectroscopy has been shown to be a powerful method for monitoring vibrational modes 

relating to iron-sulphur clusters 151,155,169. However, due to the low extinction coefficient of 

the electronic transitions and the small scattering cross section, quite high protein 

concentrations are required for a RR spectroscopic detection of this cofactor species. 

Therefore, crystalline samples were investigated, providing high local concentration probed 

in the focal spot of the Raman laser.  
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The C120G variant grown under aerobic conditions formed bleached crystals that did not 

yield a RR spectrum. However, RR signals from crystals of this variant grown in an 

anaerobic box under forming gas atmosphere (95% N2, 5% H2) could be detected. To assess 

the oxidised state of the C120G variant, reduced crystals were subsequently exposed to air 

to yield reoxidised crystals. All spectra were normalised with respect to the phenylalanine 

band at ca. 1003 cm-1. Spectra of the wildtype samples were measured by Dr. Elisabeth 

Siebert.    

 

 

Figure 25: RR spectra of MBH crystals measured at 80 K with the 458 nm excitation line of an Ar ion 

laser. Oxidised samples were grown under aerobic condition for the wildtype ReMBH and the C19G 

variants. For both samples, two spectra of different crystals from the same preparation are shown. For 

the C120G variant, no such data could be obtained, therefore, a spectrum of an aerobically reoxidised 

crystal is presented. The reduced crystals were grown in the presence of substrate (forming gas 

atmosphere). All spectra were normalised with respect to the phenylalanine band at ca.  1003 cm-1.    

 

In her PhD thesis, Dr. Elisabeth Siebert ascertained that RR spectra of different crystals from 

the same preparation of the wildtype ReMBH can exhibit two distinct band patterns. Bands 

in the spectral region above 440 cm-1, which were previously assigned to Fe-OH related 

vibrations (originating from a hydroxyl ligand bound to Fe1 of the super-oxidised [4Fe3S] 

proximal cluster) could be detected only in one of the spectra. These bands are accompanied 
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by two additional RR bands in the spectral region related to the FeS clusters (300 – 400 cm-

1) at ca. 344 and 356 cm-1. Further bands from the ligand-free oxidised proximal cluster (at 

ca. 346 and 368 cm-1), the oxidised medial [3Fe4S] cluster (at ca. 342 and 366 cm-1) and the 

oxidised distal [4Fe4S] cluster (at ca. 336 and 364 cm-1) can be detected in both spectra of 

the as-isolated wildtype ReMBH.  

These differences are presumably related to a redox transition of the proximal cluster during 

crystallisation and/or mounting of the crystals onto quartz plates for the RR measurements 
169. Similar phenomenon was also observed for the C19G variant, which gave rise to two RR 

spectra almost identical to those the wildtype. In the spectrum of the partially reduced as-

isolated C19G variant, additional very weak bands at ca. 422, 551 and 590 cm-1 were 

detected in a spectral region characteristic for Fe-CO/CN vibration, which are assigned to 

the Nia/r-S state of the active site (in line with the data obtained by IR measurements). Since 

no crystals of the C120G variant could be grown under aerobic conditions, the oxidised 

crystals were produced by exposing reduced crystals to air prior to the RR measurement 

(reoxidised crystals). The spectrum obtained for this sample resembles that of the as-isolated 

spectra of the wildtype and C19G variant of ReMBH with an oxidised proximal cluster (i.e. 

without OH- ligand). The weak broad bands detected in the spectral region between 400 and 

700 cm-1 of the C120G variant are most likely related to damaged active site.  

A complete reduction of the FeS clusters was confirmed for the wildtype ReMBH and the 

C120G variants. RR bands in the spectral region below 350 cm-1, associated with oxidised 

clusters, fully disappeared in the spectra of the reduced samples. Both variants exhibit typical 

band signatures associated with the Nia/r-S and Nia-L states of the active site. The latter 

species, with RR bands at ca. 410, 449, 559, and 610 cm-1, is a photoproduct of the Nia-C 

state. In contrast, the spectrum of the reduced C19G sample still exhibits RR bands of 

oxidised FeS clusters below 350 cm-1. Moreover, only bands associated with the Nia/r-S state 

were observed. This is not surprising considering the miniscule amount of Nia-C detected in 

the IR experiments for the reduced sample of this variant. 

The combination of these three methods (IR, EPR and RR spectroscopy) provided further 

information on the composition of redox states of the active site as well as on the oxidation 

states of the FeS clusters for the wildtype ReMBH and its variants. The composition of active 

site redox states was similar for oxidised and hydrogen-reduced samples of both, wildtype 

ReMBH and the C120G variant as inferred from the IR and RR spectroscopic experiments. 

However, the latter variant was shown to remain quite unstable. EPR and to some extant also 

RR measurements revealed that the proximal cluster of both, the wildtype ReMBH and the 

C19G variant could adopt a super-oxidised paramagnetic state. Reducing the samples with 

hydrogen results in a complete reduction of the FeS clusters only for the wildtype ReMBH 

and the C120G variant, while the FeS cluster of the reduced C19G variant remained partially 

oxidised.  

After exposure to hydrogen and in the absence of a reservoir of electron acceptors (both in 

the solution and as crystals), activated molecules could transfer the produced electrons only 

to inactivated (and therefore oxidised) enzyme molecule within an autocatalytic activation 

step 172. At the end of this process, after inducing full activation, the system reaches an 
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equilibrium state. In other words, it is not clear if the present approach allows to probe the 

relevant steady states occurring during catalysis as is the case for immobilised enzymes.   

 

4.1.2 IR characterisation of catalysis and oxygenic inhibition by means of SEIRA 

spectroscopy 

One method, which enables data collection during catalysis, is electrochemistry (protein film 

voltammetry and chronoamperometry). By an efficient immobilisation of the enzyme, 

electrons could be heterogeneously transferred from the active site via the FeS clusters of 

ReMBH to the electrode. Additionally, polarisation of the working electrode occurring as a 

result of limited catalytic activity (e.g. after exposure to hydrogen), could push electrons 

back to the oxygenated catalytic centre of the enzymes, i.e. Nir-B state, to reduce the oxygen 

ligand, thereby activating all connected molecules. Moreover, with sufficiently high 

overpotentials, also seemingly irreversibly inactivated molecules can be reactivated.  

Many papers were published using electrochemistry to reveal mechanisms of catalysis, 

inactivation and degradation of molecular catalysts, and more relevantly, enzymes 173–175. 

[FeFe] and [NiFe] hydrogenases were also studied using electrochemical methods to follow 

such kind of processes 108,176. In this context electrochemical studies published by the group 

of F. Armstrong from the University of Oxford on the closely related Hyd1 from E. coli have 

shown that the C19G variant seems to lack any tolerance towards oxygen during H2 cycling. 

In these studies, a full inactivation of the immobilised C19G variant could be observed after 

an exposure to buffer with a partial pressure equivalent to 1% O2. However, the wildtype 

ReMBH and the C120G variant were able to perform catalysis even after exposure to 10% 

oxygen. Their conclusion was that the replacement of the inorganic sulphur in the proximal 

cluster by the conserved S-Cys atom (of C19 for ReMBH) is responsible for the oxygen 

tolerance of the protein 58,123. These findings, though intuitive, are not completely in line 

with biochemical activity studies and the results presented herein.  

Since, electrochemical experiments do not provide direct structural insights into the involved 

redox states on the electrode, this type of experiments, which are normally performed on 

rotating graphite electrodes were transformed to the SEIRA spectroscopy-compatible 

electrode, thus allowing spectro-electrochemical investigations to be carried out.  

To this end, a few deviations from the original experiments occurred, which need to be 

considered:  

1. The electrode material was changed to a SAM-coated gold electrode. Electrochemically, 

only enzyme molecules, which are directly connected to the electrode, are observable. while 

spectroscopically all immobilised molecules of the enzyme monolayer are accessible. 

According to the initial screening experiments carried out by Dr. Nina Heidary, a SAM 

mixture of carboxylic acid and hydroxyl terminated thiols in ratio 1:9 yields a uniform 

orientation of immobilised ReMBH with a direct electronic contact 146.  

2. From a technical point of view, rotating the electrode in the SEIRA experiment is not 

possible. However, fast diffusion rates of the small reaction substrates, H2, H+ and O2, 
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concomitant with the convection provided by the gas outlet (bubbling into the solution), are 

expected to overcome any mass transport restrictions in the small volume (ca. 3 mL) of the 

SEIRA cell.  

3. The atmospheric pressure control had to be simplified. Gas mass flow controllers were 

eventually replaced by flowmeters, which provide a constant gas flow (e.g. of O2) during the 

SEIRA spectroscopic experiments. However, issues concerning precise gas control could 

not be fully resolved. These issues are addressed later on in this section. As a result, only 

qualitative information can be extracted in such a way from the SEIRA spectroscopic 

experiments.  

The initial comparison of the three variants (wildtype ReMBH, the C19G and the C120G 

variants) was performed before the setup of the continuous gas flow system. In order to 

achieve different concentration of oxygen in the solution, the needle of the hydrogen outlet 

was removed from the solution to the cell’s head atmosphere, and 5, 15 and 25 mL of air 

were injected into the solution. As hydrogen is lighter than air, an air reservoir is formed 

above the solution, overlaid with a hydrogen atmosphere inside the SEIRA cell. Thus, the 

corresponding O2 concentration in solution was expected to remain constant between two 

injections (see below).  

For choosing the temperature during the experiment, a trade-off had to be made regarding 

activity and stability. To this end, a temperature of 10°C was chosen to improve the quality 

of the acquired SEIRA spectra. The chosen temperature allows also a direct comparison of 

these experiments with the transmission measurements in Fig. 23. Immobilisation and 

activity were assessed via the amide I and II band absorptions and the catalytic currents 

measured during a CV under 100% hydrogen atmosphere, respectively.  

Enzyme samples were immobilised onto the SEIRA compatible electrode. Subsequently, the 

gas atmosphere was changed to 100% Argon (anaerobisation of the solution) and the related 

SEIRA spectra were recorded. Afterward the atmosphere was changed to 100% hydrogen, 

an activation potential pulse for 300 s at -600 mV (vs Ag/AgCl 3M KCl) was applied 

followed by a CV, to determine the corresponding potential for CA measurements. 

Subsequently, the CA experiment was performed. Finally, air was injected to the solution at 

open circuit to reoxidise the sample. Complementary SEIRA spectra were recorded for each 

step, selected spectra are depicted in Fig. 26.  
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Figure 26: Spectro-electrochemical SEIRA experiment on wildtype ReMBH performed in phosphate 

buffer (50 mM and 150 mM NaCl) at 10°C. Top right – Absorbance spectra of the immobilised enzyme 

under argon and hydrogen atmosphere (insert: spectral region characteristic for CN and CO stretching 

modes of the active site). Bottom right – Current recorded during the CA procedure. The regions with 

red background represent the exposure to 100% H2, while the region highlighted in blue represents the 

time during the CA experiment after injections of 5, 15 and 25 mL air into the cell (i.e. exposure to 

oxygen). A potential of -200 mV versus. Ag/AgCl (3 M KCl) was applied during the entire procedure, 

apart from two reductive pulses (-600 mV) at ca. 4400 and 4650 s (marked with -*-). Insert with white 

background: CV conducted with a scan rate of 5 mV/s prior to the CA measurement under H2 to 

determine an appropriate potential for the CA procedure. Left – Second derivative of the absorbance 

spectra recorded before (under Ar), during (under H2 or H2/air) and after (under air) the CA 

experiment. The relevant CO and CN stretching bands assigned to Nir-B, Niia-S, Nia-SR’/SR’’ and Nia-

C are marked in red, orange, black and blue, respectively.  

 

The immobilisation process of ReMBH on the SAM-coated electrode under aerobic 

atmosphere could be followed via the detection of amide bands (I and II), related to the 

protein backbone (top right). A homogeneous orientation was inferred from the absence of 

one particular CN stretching band at 2098 cm-1, which belongs to the Nir-B species. This 

observation is presumably related to the SEIRA surface selection rules, according to which 

no vibrational modes with dipole moment change parallel to the surface are detectable. (top 

right insert, top spectrum). After the atmosphere was exchanged to 100% H2 (top right, insert 

bottom spectrum), upon which the OCP dropped immediately to ca. -450 mV (vs. Ag/AgCl 

with 3 M KCl). The second derivatives of both spectra are depicted on the left panel (top 

two traces).  
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Subsequently, a CV was carried out to determine an appropriate potential for the following 

chronoamperometric study (bottom right insert). During the positive sweep, hydrogen 

oxidation activity increased up to ca. -150 mV. Electrochemical oxidative inactivation of the 

ReMBH occurred thereafter. Reactivation is detected concisely after the beginning of the 

negative sweep with a maximum current at ca. -175 mV. Beyond that potential, 

electrochemical reduction occurs. No catalysis, in particular no hydrogen formation takes 

place below at ca. -500 mV.  

To supress any oxidative inactivation at the electrode during the chronoamperometric (CA) 

measurements, a potential of -200 mV was chosen. The current recorded during both, the 

CV and the chronoamperometric study (bottom right) is proportional to the activity of the 

immobilised ReMBH, as it displays the flow of electrons produced during the underlying 

electrochemical reactions, especially during H2 oxidation. Successive injections of air to the 

solution (in accordance with an exposure to O2) resulted in decline of the recorded current. 

After removing oxygen from the solution by a constant flow of 100% H2, the catalytic current 

increased again almost up to the same level before air injection (spontaneous recovery at ca. 

3500 s). The second derivatives of the absorption spectra recorded during the 

chronoamperometric measurements are presented in the left panel. After this experiment, the 

solution was exposed to the air. The 2nd derivatives of the corresponding spectrum for this 

reoxidised sample are displayed in the bottom trace in the left panel. These results are 

completely in line with published results for the wildtype of Hyd1 58,123. 

The application of spectro-electrochemical SEIRA approach allowed the concomitant 

acquisition of structural data. To this end, catalytic activity and inhibition could be correlated 

with the various redox states of the active site (left panel). Due to SEIRA selection rules and 

differing dipole moment changes for the three diatomic ligands relative to the surface, not 

necessarily all of the CN stretching vibrations are spectroscopically detectable for an 

isotropic immobilisation. Redox states were therefore primarily assessed with respect to the 

CO frequencies. This is a major disadvantage, since often two states with adjacent CO 

frequencies could be potentially discriminated on the base of their corresponding CN 

frequencies. To avoid duplications in discussion of the obtained results, the entire IR data 

obtained in the spectro-electrochemical SEIRA experiments of wildtype ReMBH will be 

presented and discussed later on in comparison with the results of the two other variants. 

As first steps, the immobilisation process and the catalytic activity of all three variants were 

compared by following the amide (I and II) bands intensities during surface binding and the 

resulting catalytic currents during subsequent CV experiments under H2 atmosphere, 

respectively. Changes in the amide band intensities could also provide information about 

possible protein desorption during the entire chronoamperometric study with a defined 

concomitant gas exchange procedure.   
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Figure 27: Right – Absorbance spectra recorded in the same type of experiment as in Fig. 26 after aerobic 

immobilisation (spectrum recorded under Ar, atmosphere solid) and after final reoxidation (air 

atmosphere, dashed).   Left – CV’s (5mV/s) of the wildtype ReMBH as well as the C19G and C120G 

variants performed on the SEIRA electrode under 100% H2 atmosphere at 10°C in 50 mM phosphate 

buffer pH 5.5 and 150 mM NaCl. 

 

To this end a successful, immobilisation of the wildtype ReMBH and the C19G variant with 

amide (I and II) band intensities >10 mOD could be observed. Furthermore, the intensity as 

well as the ratio of these two amide absorptions, did not change significantly during the 

entire procedure, ruling out a reorientation of the bound enzyme, an instable binding with 

(partial) protein desorption from the electrode as well as any denaturation processes. The 

detected intensity of the amide bands recorded for the C120G variant was ca. one fifth of 

that of the wildtype ReMBH and the C19G variant. This finding is unexpected as the overall 

conformation of the protein is not expected to be considerably changed as a result of the 

single mutation. Significantly lower packing density suggests instability of the entire enzyme 

i.e. degradation/denaturation prior to immobilisation or dissociation of the large subunit. 

However, the stability of this variant on the electrode during the experiments was 

comparable to those of the other two.  

The current flow to the electrode at a certain potential in the presence of hydrogen is 

proportional to catalysis occurring under these conditions. All three variants exhibited under 

1 bar H2 maximal hydrogen oxidation activity at ca. -200 mV and no proton reduction 

(hydrogen formation) was detected (no negative current at low potentials), which is 

presumably due to product inhibition 177. The specific activity for the immobilised enzymes 

could be roughly estimated, if the maximal activity (i.e. maximal catalytic current) is 

corrected for possible difference in the protein packing density on the electrode (1:1:5 in this 

present case). Accordingly, the specific activity of the wildtype ReMBH is twice as high as 

that of the C19G and C120G variants. However, the specific activity estimated for the 

C120G variant, has to be perceived with caution due to the overall low currents recorded in 
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the CV (Faraday currents are also included). These findings are in line with the cell growth 

curves and biochemical activity tests carried out by Dr. Stefan Frielingsdorf 13. 

In the next step, catalytic currents were recorded as a function of time applying a constant 

potentials of ca. -200 mV (maximal activity) in chronoamperometric experiments with gas 

exchange. At the end of which, short reductive pulses (-600 mV) were applied in order to 

reactivate seemingly inactive species. Concomitantly, SEIRA spectra were recorded at each 

step. 

 

Figure 28. Current courses recorded in phosphate buffer pH 5.5 during the chronoamperometric 

measurements. The applied potential (versus Ag/AgCl 3 M KCl) was -195, -215 and -190 mV for wildtype 

ReMBH (top), the C19G (middle) and the C120G (bottom) variants, respectively. At the beginning and 

the end of the gas exchange procedures, the gas outlet needle was inserted into the solution (red 

background). After moving the H2 outlet needle to the cell headspace, oxygen was injected in form of 5, 

15 and 25 mL portions of air into the solution (blue background). At the end of this procedure (after 

about 4000 s), two low potential pulses (-600 mV) were applied for 300 and 100 s (marked with “*”). 

Subsequently, the potential was then set back to those of maximal activity, while the currents were 

recorded. Cell temperature was 10°C. 

 

Generally, an equilibration of the catalytic current occurred in all samples after ca. 1000 s, 

while the current loss observed thereafter is related to the “film loss” phenomenon (see 
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below). During this period of time a steady state is established in terms of the local hydrogen 

concentration near the surface (non-rotating electrode). Additionally, some inactivation 

processes related to residual oxygen in the cell might also contribute to the loss of catalytic 

currents during the initial equilibration time.  

After equilibration, the current recorded for the C120G variant is in one order of magnitude 

lower than for the other two samples. Nevertheless, all three variants exhibit different degree 

of oxygen tolerance by retaining some residual activity after air injections. These findings 

are in contrast to the data published for Hyd1 from E. coli, especially, with respect to oxygen 

tolerance of the C19G variant 123. Each air injection was accompanied by a current loss as a 

consequence of oxygenic inactivation of immobilised enzyme molecules of ReMBH 

variants. Significant catalytic currents were detected for the wildtype ReMBH sample (top) 

even after injection of 25 mL air (estimated O2 partial pressure > 10%). On the contrary, the 

C19G variant (middle) lost all activity after the 25 mL air injection, while the C120G 

(bottom) was rendered inactive already after the injection of 15 mL air.  

After removal of oxygen from the solution by flushing with hydrogen, some spontaneous 

activity recovery was observed for all three variant. However, only the catalytic current 

courses of the wildtype ReMBH and the C120G variant could reach finally a plateau value. 

Some seemingly irreversibly inactive states cannot be simply reactivated by hydrogen alone 

and need sufficient high reduction over potential as a driving force to recover catalytic 

activity again. In order to monitor such states, the catalytic current was measured at the end 

of the chronoamperometric procedure, after the application of short low potential pulses, 

again. Wildtype ReMBH, however, re-gained its full activity already before. Therefore, the 

pulses could not induce any additional catalytic current increase. On the other hand, a limited 

activity recovery was observed for the C19G variant prior to the application of these pulses. 

But, a full recovery of the catalytic current height was detected thereafter. The extent of 

catalytic recovery for the C120G variant is hard to estimate, since this variant exhibited very 

low activity from the beginning. Applying low potentials did not lead to a significant 

recovery of any further fractions of the immobilised C120G variant.  

The three samples preserve different catalytic activities and overall stabilities on the 

electrode. Generally, the activity of enzymes immobilised on electrodes decreases with time. 

This so called film loss, is specific for each enzyme, electrode, buffer and many other 

parameters of the experiment 52,147,178. The film loss can be evaluated both by inspecting the 

slope of the courses after equilibration in each experimental step or by comparing the 

catalytic currents before the first injection of air and after full reductive reactivation. The 

greatest overall loss of catalytic activity was observed for the C120G variant followed by 

the C19G variant. The wildtype ReMBH exhibited the smallest decrease of catalytic currents 

during the entire gas exchange procedure. Protein desorption as an explanation for the 

activity loss could be excluded since the intensity of the amide (I and II) bands remained 

nearly unchanged throughout the whole experiments. (see Fig. 27.). 

With regard to the absence of a gas flow controlling system, oxygen was introduced by 

injecting increasing volumes of air into the cell. This compromise has two obvious 

disadvantages. First, the exact oxygen concentration in the solution cannot be adjusted in a 
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controlled way or be accurately estimated. Second, the maintenance of a constant 

concentration of oxygen in the solution after gas injection cannot be ensured because 

solubilised oxygen molecules can also defuse to the gas phase. If the head space atmosphere 

is constantly flushed with anaerobic gas (H2 + residual Ar), the concentration of oxygen in 

the solution will decrease with time.  

To overcome this problem, the gas outlet needle was shifted to the top of the head space and 

a gentle stream of hydrogen was adjusted. Thereby, the convection in the entire gas phase 

could be minimised in order to create an upper head space phase enriched by the lighter 

hydrogen gas. In this way, the injected air should remain at least partially trapped in the 

lower head space, which seems to result in predominantly constant oxygen concentration 

within the solution. Since wildtype ReMBH reactivates spontaneously after removing the 

initially adjusted oxygen concentration by flushing with bare hydrogen gas, also a certain 

decrease in the partial oxygen concentration is expected to result in some increase of the 

catalytic current(s). However, besides a slight current increase after injection of the first 

5 mL air for the wildtype ReMBH, such kind of behaviour was not observed in the course 

of the catalytic current of the other ReMBH variants (Fig 28. top). 

SEIRA spectroscopy was used here to monitor active and inhibited redox states before, 

during and after the electrochemical procedures combined with gas exchange. In these 

preliminary experiments, two main questions guided the data analysis. (I) To which extent 

are this kind of combined gas exchange/electrochemical procedures comparable to the 

experiments in solution, and (II) can different inactive redox states be identified, in 

particularly, species, which cannot be reactivated by bare hydrogen (those are supposedly 

accumulating in the immobilised C19G variant according to 123).   
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Figure 29: 2nd derivative of the absorbance spectra of ReMBH variants immobilised on SAM-coated 

SEIRA spectroscopy-compatible electrodes at 10°C in 50 mM phosphate buffer (pH 5.5). The spectra 

were recorded before, during and after the chronoamperometric procedure with gas exchange. From 

top to bottom: After aerobic immobilisation and subsequent anaerobisation (purging with Ar), hydrogen 

was bubbled directly into the solution (red background). Spectra were recorded during the activation 

step at low potential (-600 mV versus Ag/AgCl 3M KCl, small frame). During the chronoamperometric 

procedure (large frame) a potential of -195, -215 and -190 mV was applied to the immobilised wildtype 

ReMBH, C19G and C120G enzyme molecules, respectively. Simultaneous to the injection of air into the 

electrolyte solution, the H2 outlet needle was shifted to the upper part of the head space (blue 

background). To remove oxygen from the buffer, the needle was shifted back into the solution (red 

background) and spectra were recorded before and, for wildtype ReMBH and the C19G variant, after 

two consecutive reductive pulsed at -600 mV (300 and 100 s long). Additional spectra were recorded 

under hydrogen atmosphere after the chronoamperometric measurement (at open circuit) and finally, 

after 50 mL air were injected to achieve a complete reoxidation of the immobilised enzymes. At all steps, 

the corresponding SEIRA spectra were recorded after reaching the electrochemical equilibration. The 

spectra depicted here are the average of the last 3 spectra (400 scans with resolution of 4 cm-1) recorded 

for each experimental step (for more technical details see material and methods). 

 

Prior to the combined spectro-electrochemical experiment with gas exchange, oxygen was 

removed from the solution by flushing it with Ar gas. The immobilised enzyme molecules 

are expected to remain in their as-isolated redox state(s), namely, predominantly the Nir-B 

state. This state is characterised by a CO stretching band at ca. 1948 cm-1, which is the 

dominant species observed for all variants. As opposed to reduction in solution, which seems 

to require an exposure to hydrogen of over 30 min to generate a fully reduced active site, the 
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exchange from Ar gas to hydrogen was accompanied by an immediate drop of the open 

circuit potential (from + 30 ± 50 mV to ca. -450 mV). This can be explained by an efficient 

direct electronic connection of all immobilised enzyme molecules to the SAM-coated 

electrode.  

Previous studies have suggested the possible relevance of an intermolecular electron transfer 

between two hydrogenase molecules for an activation 172,179. Thereby, most enzyme 

molecules are activated by a flow of electrons via the FeS cluster-chains to reduce their 

active site followed by a release of the OH- ligand. In solution, such a step would be 

concentration-dependent 179. However, in the case of surface immobilised ReMBH 

molecules, the working electrode can also act as an electron sink for activated molecules. In 

such way, also adjacent hydrogenase molecules might be activated, leading to rapid 

activation of all immobilised enzyme molecules.  

Spectroscopically, such reductive activation can be monitored by the disappearance of the 

1948 cm-1 band (Nir-B) and the appearance of bands associated with fully reduced states Nia-

SR’/SR’’ (at ca. 1919, and 1926 cm-1, respectively) and the intermediate Nia-C (1956 cm-1). 

Interestingly, the mixture of the generated reduced states on the electrode is similar to that 

recorded in the solution. The C19G variant resides predominantly in the Nia-SR states with 

up shifted CN absorptions at ca. 2051 cm-1 compared to the wildtype ReMBH. While in the 

C120G variant and even more pronounced, in the wildtype ReMBH, a significant portion of 

the enzyme resides in the Nia-C state (CO band at ca. 1956 cm-1). Band positions observed 

in the spectra of the immobilised protein might shift slightly relative to the ones detected in 

solution due to surface interactions.  

An initial activation step was implemented at this point in the overall procedure for two 

reasons. Firstly, immobilisation studies carried out by Dr. Nina Heidary have shown such a 

low potential step adjust the ReMBH molecules towards the electrode surface, resulting, due 

to the distance dependence of the surface enhancement, in better signal-to-noise ratio in the 

SEIRA spectra. Additionally, heterogeneous electronic transfer to the electrode is also 

improved in such a way 146. Secondly, such activation steps were performed also in the 

electrochemical experiments carried out in Oxford on Hyd1 from E. Coli and ReMBH 123. 

During the application of negative potential, an accumulation of the Nia-SR states is 

observed for all enzyme variants.  

The different redox state distribution in the state of equilibrium observed under H2 at open 

circuit is maintained also during enzymatic catalysis in the chronoamperometric 

experiments. After air injection into the solution, a reformation of the Nir-B state (CO band 

at ca. 1948 cm-1). In line with the current catalytic curves (Fig. 28), the accumulation of this 

state reaches a maximum within the following the injections, which resulted in full 

deactivation of the enzymes (25, 15 and 5 mL air to the wildtype ReMBH, the C19G and the 

C120G variants, respectively). When oxygen is flushed out of the cell, the corresponding 

band at ca. 1948 cm-1 decreases significantly and disappeared almost completely in wildtype 

ReMBH, while it declines partially in the mutant variants. For the C19G variant a further 

decrease of this band’s intensity was observed after applying reductive pulses, in accordance 

with the electrochemical data.  
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Exposure to air after the completed electrochemical procedures leads to a reoxidation, which 

is observed in the bottom spectra. Thereby, all bands associated with the reduced states 

disappeared and the Nir-B band at ca. 1948 cm-1 emerged again. Additionally, the presence 

of a band at ca. 1929 cm-1 characteristic for a seemingly irreversible inactive Niia-S state, 

was observed. This band is also present in the spectra of the previous steps. However, it is 

at least partially masked by the bands of the fully reduced states Nia-SR’/SR’’ at ca. 1919 

and 1926 cm-1, respectively.   

In order to calculate the corresponding absorbance spectra, a buffer spectrum was recorded 

prior to the immobilisation and used as a reference. Due to minute changes of the 

temperature, the water vapour and presumably some protein degradation, the signal-to-noise 

ratio of the spectra decreased with longer experimental time. The spectra of the C120G 

variant exhibited quite weak intensities from the beginning of the measurements, which 

decreased further during the chronoamperometric experiment (Fig 29. right panel). This fact, 

in combination with the very low catalytic currents recorded for this variant in the 

chronoamperometric procedure impeded a more detailed analysis. The following 

experiments were therefore only carried out on the wildtype ReMBH and the C19G variant. 

 

4.1.3 Plain electrochemical (EC) experiments 

As mentioned before, the electrochemical results obtained in these experiments are in 

contrast with the already published results on Hyd1 from E.coli and unpublished work from 

the Armstrong group regarding the extent of oxygen tolerance of the C19G variant from 

ReMBH 123. In order to shed light on possible reasons for these discrepancies, 

electrochemical experiments on the same batches of wildtype ReMBH and the C19G variant 

were also performed in the Oxford lab. Moving to a pure electrochemical setup allowed the 

exclusion of some parameters as the cause for the discrepancy. In this context, pyrolytic 

graphite was used as electrode material. A rotating setup allowed the elimination of diffusion 

limited process, such as mass transport issues which may occur in the stationary SEIRA 

spectro-electrochemical setup. 
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Figure 30: Electrochemical results obtained in an anaerobic tent in the Armstrong lab with a homemade 

Pyrolytic Edged Graphite (PEG) electrode implemented in a rotating setup (1000 rpm). Experiments 

were carried out in phosphate buffer pH 5.5 (150 mM NaCl) at “tent temperature” (29 °C). The results 

from the wildtype ReMBH are depicted in the top panel, the corresponding results from the C19G 

variant are shown in the bottom panel. In each panel, a CV recorded at a scan rate of 20 mV/s under Ar 

atmosphere (top left) and under 20% hydrogen atmosphere (top right) are shown. The bottom graph in 

each panel exhibit the catalytic currents recorded during the chronoamperometric experiments. The gas 

composition in the head space was changed during the entire procedure using gas mass controllers. Each 

next step was carried out only after current was stable (i.e. film loss rate). Two low potential pulses were 

applied to ensure the best possible recovery of the enzymatic activity (marked with “*”).  

 

The results published for Hyd1 from E. coli and communicated privately by F. Armstrong 

regarding wildtype ReMBH, and the C19G variant were reproduced as depicted in Fig 30. 

Both variants exhibited some proton reduction activity under argon and a bias towards 

hydrogen oxidation under H2 atmosphere (Fig 30. top two CV’s in both panels). A 
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considerable film loss is observed for both variants in preliminary experiments and during 

the chronoamperometric measurements. It is important to mention at this point that 

immobilisation and desorption mechanisms differ between PEG and the SAM-coated 

SEIRA electrodes. Therefore, physical desorption cannot be ruled out for PEG electrode as 

a possible explanation for film loss like in the case for the SEIRA electrode.  

In the chronoamperometric experiments, the wildtype ReMBH exhibited a significant 

oxygen tolerance and even under 10% O2 only a small drop in catalytic activity is registered. 

Due to a considerable film loss, it is hard to estimate the exact catalytic activity loss, resulting 

from the exposure to oxygen. For the same reason, spontaneous reactivation is hardly visible. 

After setting the continuous gas flow system (operated with gas mass controllers) back to an 

anaerobic N2 atmosphere mixed with 20% hydrogen, only a small increase of the catalytic 

current is detectable, which seems to level off soon thereafter (at the rate of the film loss). 

No further significant recovery of the catalytic current was observed subsequent to the two 

reductive pulses (Fig. 30 bottom graph in top panel).  

Contrarily, the C19G variant exhibited a continuous loss of the catalytic current after 

introducing 2% oxygen to the gas mix. The enzymatic activity was completely lost after ca. 

1800 s. Only a minimal spontaneous activity recovery (i.e. recovery of catalytic activity 

without the application of reductive pulses) was observed after flushing out the oxygen. The 

immobilised C19G variant could be fully reactivated only after the application of low 

potential pulses (Fig. 30 bottom graph, bottom panel), which is in in line with previous 

findings and the results obtained in the SEIRA spectro-electrochemical experiments with 

gas exchange (i.e. air injections, see Fig. 27, 28 and 29.). Since the loss of catalytic activity 

due to inactivation by O2 was considerably greater than the observed film loss, the latter is 

less relevant in the case of this variant. 

 

Since most electrochemistry groups rely upon their own home-built electrodes, a PEG 

electrode from the Armstrong group in Oxford was implemented also in our electrochemical 

setup for a better comparison. In addition, the results were compared with a second PEG 

electrode provided by the group of Dr. Olaf Rüdiger in the MPI for chemical energy 

conversion in Mülheim. The setup used in our group is a commercially available equipment 

(Pine Research) for electrochemical studies, which is optimised for a laminar flow on the 

surface of a rotating electrode. Due to the required larger buffer volume in the Berlin setup 

(ca. 75 mL compared to ca. 4 mL in Oxford), the gas outlet needle was inserted into the 

buffering electrolyte to ensure fast mixing of the dissolved gasses.  

In addition, a gas continuous gas flow system (Fig. 14) was constructed by connecting a set 

of needle valves and gas flowmeters in a configuration, which allows a continuous flow of 

nitrogen, hydrogen and synthetic air within the chronoamperometric experiments. However, 

a constant overall gas flow could not be accomplished with this setup due to pressure 

fluctuations after gas mixing inside the gas lines. To insure both, a constant substrate (H2) 

concentration and an increasing inhibitor (O2) concentration, the flow rate of H2 and N2 was 
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kept constant, while oxygen (in form of synthetic air) was added incrementally during the 

chronoamperometric experiments.   

The electrochemical experiments on the wildtype ReMBH and C19G variant were then 

performed using both available PEG electrodes (made in Mülheim and in Oxford) in our 

rotating setup in the TU Berlin lab. In the aerobic inhibition steps, the enzyme samples were 

exposed to 0.3, 1.5 and 3% oxygen due to the observed high O2 sensitivity of the C19G 

variant during the experiments conducted in Oxford.  

          

Figure 31: Chronoamperometric data obtained in the Berlin-setup using a rotating PEG electrode 

produced in Oxford (top panel) and the one produced in Mülheim (bottom panel) for the wildtype 

ReMBH (left) and the C19G (right) variant. At the beginning of the procedure, the solution is saturated 

with H2 (dark red background). After the catalytic current reached an equilibrium state (film loss rate), 

nitrogen was added to the gas mix to obtain ca. 10% hydrogen (pale red background). Oxygen was 

introduced subsequently to the gas mix in three steps (with ca. 0.3, 1.5 and 3% whereas the 

corresponding hydrogen and nitrogen streams remained unchanged). Finally, the gas was switched back 

to 100% H2 and two reductive pulses were applied for reactivation studies (marked with “*”). The 

electrode was rotated at 1500 rpm throughout and phosphate buffer (pH 5.5 and 150 mM NaCl) was 

used.    

 

The results shown in Fig. 31. do not indicate any considerable difference in the measured 

biocatalytic performance and oxygen sensitivity of the various ReMBH samples recorded 

with the two PEG electrodes. The activity of the wildtype ReMBH did change considerably 

after the introduction of 90% N2 to the gas mixture. Only a minimal loss of the catalytic 
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activity was observed as a response to the introduction of O2, followed by a nearly full 

spontaneous recovery, when the gas was changed back to 100% H2. The same catalytic 

currents were detected before and after the reductive pulses. The apparent poor recovery 

after flushing the oxygen out of the cell recorded with the electrode built in Mülheim was 

probably related to the film loss occurring during the longer experimental time.  

The results obtained for the C19G variant reproduce those derived from the SEIRA spectro-

electrochemical experiments with gas exchange. The exposure to defined amounts of oxygen 

resulted in a significant loss of catalytic activity, nevertheless, even under a continuous flow 

of 3% O2, the catalytic currents could still reach a certain equilibration value. Some ongoing 

recovery was observed after gas was changed back to pure hydrogen. However, this variant 

could regain its full catalytic activity only after the application of reductive pulses. 

It was concluded that the C19G variant could exhibit certain tolerance at low oxygen 

concentrations. However, it is not clear which absolute O2 concentration leads to apparent 

complete deactivation. According to the data measured by the Armstrong group, a full 

inactivation occurs at concentrations < 1%. However, this could not be reproduced with the 

setup our lab 123. This discrepancy could be best explained by an under- or overestimation 

of the local concentration of oxygen in the “Oxford” or “Berlin” setups, respectively.  

 

4.1.4 Comparison of SEIRA experiments for the wildtype ReMBH and the C19G 

variant 

In order to obtain the corresponding spectroscopic data, which contains information about 

the various redox states of the active site before, during and after exposure to oxygen, the 

experiment using the continuous gas flow system (Fig. 14) were implemented to the spectro-

electrochemical SEIRA setup.  
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Figure 32: Chronoamperometric measurements (top) and 2nd derivatives of the absorbance spectra 

(bottom) recorded during the SEIRA spectro-electrochemical experiments using the continuous gas flow 

system at the temperature close to the highest activity (25°C) in phosphate buffer (pH 5.5 with 150 mM 

NaCl). The gas mixing is visualised by the background colour scheme (red: 100% H2 pink and blue: ca. 

20% H2. The gas marked with the latter blue colour also contain 0.3 and 1.5% of oxygen).  

The currents recorded during the chronoamperometric measurement (Fig. 32 top) combined 

with a continuous gas flow system on the SEIRA electrode were in the same order of 

magnitude as the ones obtained with the PEG electrodes in the plain electrochemical 

experiments performed in our lab (Fig. 31). A significant loss of catalytic activity was 

observed for the C19G variant when the H2 content was reduced to ca. 20%. Only small loss 

of catalytic current is observed for the wildtype ReMBH after exposure to 1.5% oxygen. On 

the other hand, some activity loss could be observed for the C19G variant after the first step 

of ca. 0.3% O2, while this variant is significantly inactivated after an increase to 1.5% 

oxygen. A significant spontaneous reactivation was conspicuous for the wildtype ReMBH 

after changing the gas back to 100% hydrogen, while the C19G variant recovered only some 

catalytic activity, which kept increasing very slowly prior to the application of reductive 

pulses. A clear recovery of catalytic activity occurred only thereafter. 
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In order to analyse the IR spectroscopic data, the 2nd derivative spectra of the wildtype 

ReMBH and the C19G variant from two SEIRA experiments conducted at 25 °C were 

plotted together in the same graph. Introduction of oxygen using the gas exchange (injection 

of air to the SEIRA cell) is expected to result in high concentration of oxygen (> 10 %). On 

the other hand, the continuous gas flow system allowed an adjustment of low O2 

concentration (1.5 %). In such a way, differences between the two variants are better 

visualised, while it is also possible to discuss some reproducibility and other issues that 

emerged during the experiments.  

 

 

Figure 33: 2nd derivative of the absorbance spectra of the wildtype ReMBH (black) and the C19G variant 

(grey), measured in the SEIRA spectro-electrochemical setup at 25°C (phosphate buffer at pH 5.5 with 

150 mM NaCl). Measurements, which were conducted prior to the implementation of the continuous gas 

flow system, in which air was injected into the electrolyte solution (gas exchange), are depicted on the 

left panel. The spectra obtained using the continuous gas flow mixing system are shown on the right. Gas 

compositions are indicated by the background colours of the corresponding spectra (white for Argon or 

Air, red for anaerobic gas mixture containing H2 and blue for a H2/O2 mixture). The particular spectra 

relating to the steps after exposure to the highest oxygen concentration in the respective experiment are 

plotted. They were recorded either after the injection of 25 mL air or after exposure to a gas mix 

containing 1.5% O2.  

 

Up to the addition of the oxygen, both experiments in Fig 33. are identical. Spectral 

differences observed between the two experiments visualise some reproducibility issues 

within the SEIRA spectro-electrochemical experiments. For example, in the top spectra in 
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both panels, different amounts of the wildtype ReMBH sample resided in an inactive Niia-S 

state (band at ca. 1929 cm-1), but the small upward shift observed for this band in the C19G 

variant was consistently detectable.  

Nevertheless, both variants resided preferentially in the fully oxidised Nir-B resting state, 

which is characterised by a CO absorbtion at ca. 1948 cm-1. This band is relatively broad 

indicating some heterogeneities, which was previously already observed in membrane 

preparations of the wildtype ReMBH (see below, section 4.3.2.).  

After changing the gas atmosphere to 100% hydrogen, a similar band pattern with shifted 

band positions of the CN absorption for the wildtype ReMBH and C19G variant was 

observed in both experiments. For both the wildtype ReMBH and the C19G variant, the IR 

absorbance pattern for the intermediate Nia-C state was detected. One related CN absorption 

at ca. 2097 cm-1 is very weak, presumably due to the  SEIRA surface selection 

rulesmentioned before. The corresponding IR mode related to the second CN- ligand was 

observed at ca. 2075 cm-1. However, the frequency of this absorption is characteristic of at 

least two different redox state (see Table 1) and is therefore less informative for identifying 

the species of the immobilised enzyme molecules.  Additionally, the CO stretching mode 

characteristic to the Nia-SR (1945 cm-1) was also detected for both samples. The spectrum 

of the wildtype ReMBH exhibited two CN bands at ca. 2047 and 2075 cm-1, while bands at 

ca. 2051 and 2076 cm-1 were observed for the C19G variant, indicating a mixture of the 

remaining fully reduced states with varying relative amounts. In the spectrum of the wildtype 

ReMBH the 2047 cm-1 band was accompanied by a smaller but significant shift of the 

inactive Niia-S CO absorbtion at ca. 1929 cm-1 to lower frequencies compared to the C19G 

variant. This suggests a higher portion of the Nia-SR’’ state (CO and two CN bands at ca. 

1919, 2047 and 2071 cm-1, respectively). The C19G variant however, resides preferentially 

in the Nia-SR’ state (bands at ca. 1926, 2050 and 2075 cm-1) with almost no detectable CO 

band contribution at 1919 cm-1. Nevertheless, a significant amount of both samples still 

remained in the inactive Niia-S state.  

At the beginning of the chronoamperometric procedure at about -200 mV versus Ag/AgCl 

(3 M KCl), the CO bands associated with Nia-SR states decreased in intensity for the 

wildtype ReMBH samples, while the corresponding CO absorption associated with the Nia-

C state (at ca. 1956 cm-1) increased. For the C19G variant, the intensity of these bands 

remains almost unchanged. The observed effect is much more pronounced in the gas 

exchange experiment, in which 100% and not 20% hydrogen gas atmosphere was adjusted 

during the chronoamperometric experiments.  

The insertion of oxygen induced the formation of the same redox species in both variants, 

namely Nir-B (band at ca. 1948 cm-1). In the gas exchange experiments, where the final O2 

concentration is expected to be relatively high, both variants resided exclusively in the Niia-

S and Nir-B states. The accumulation of the former species with a band at ca. 1929 cm-1, was 

impossible to extract unambiguously from the spectroscopic data due to spectral 

contributions of the adjacent Nia-SR bands in the spectra recorded in the absence of O2.  In 

the experiments with the continuous gas flow system, the conversion to the resting Nir-B 
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(band at ca. 1948 cm-1) could be observed for both samples, though the overall intensity of 

the reduced states was lower for the C19G variant.  

The main difference between the wildtype ReMBH and the C19G variant was observed when 

O2 was flushed out of the solution. The spectrum of the wildtype ReMBH recorded at this 

step is almost identical to the one recorded prior to oxygen exposure. In other words, all 

enzyme molecules of the wildtype ReMBH found at this stage of the experiment in the 

resting Nir-B state could be fully reactivated after short exposure to 100% H2. This was not 

the case for the C19G variant. In both, gas exchange and the continuous gas flow 

experiments, only small portion of the intensity of the band associated with the Nir-B state 

was lost. Only after reactivation with short reductive pulses, the spectra of this variant were 

more similar to the ones recorded before the exposure of oxygen.  

After completion of the chronoamperometric measurement and the reoxidation process by 

exposure to air, both samples in the two experiments resided predominantly in the Nir-B and 

a Niia-S states (CO absorptions at ca. 1948 and 1929 cm-1, respectively). However, the band 

intensities and general shapes do not reproduce the spectra recorded at the beginning of the 

experiments. This is also the case for the CN bands, which are dominated after the final 

reoxidation step by bands associated with the Niia-S state (2058 and 2075 cm-1). This can be 

partially explained by accumulation of this seemingly irreversible inactivated state on the 

electrode surface throughout the measurements.  

However, is important to point out here, that some redox states of ReMBH exhibit very 

similar IR frequencies. Hence, some apparent band shifts observed during the experiments 

are also the results of adjacent bands rising or declining. This makes a detailed analysis and 

unambiguous state/band assignment extremely difficult. Especially when considering both 

circumstances: the weak band intensities and the lower spectral resolution within the SEIRA 

configuration (4 cm-1).  

The bands above 2110 cm-1 (preferentially observed in the spectra of the C19G variant, 

which were recorded during the experiment using the continuous gas flow system) are 

probably an artefact, exacerbated by the gas bubbles near the surface. For this reason, they 

are not further discussed.  

The comparison of both types of experiments displays the two extremes with respect to the 

oxygen concentration. In both cases at high and very low concentrations (via gas exchange 

and continuous gas flow system, respectively) no qualitative difference between the wildtype 

ReMBH and the C19G variant could be observed with respect to the band positions of the 

involved redox states as a result of exposure to oxygen. This would suggest that the same 

chemical reaction occurs at the active site after oxygenic attack.  

 

4.2 Spectroscopic characterisation of the D117S variant 

The initial motivation of this particular study was to unravel the catalytic bias in 

hydrogenases from group 4 towards hydrogen oxidation or production. Genomic alignment 

performed on the large subunit of ca. 2000 sequences of hydrogenases has found a conserved 
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aspartic acid in the vicinity of the active site in almost all enzymes in this group as well as 

in a subgroup of the bidirectional hydrogenases 180.  

In the ReMBH, a serine is found at this position. However, activity test performed by Dr. 

Stefan Frielingsdorf on the D117S variant revealed no proton reduction activity. 

Additionally, a decreased hydrogen oxidation activity was measured, which could be 

increased by a tenfold when the corresponding enzyme sample was exposed to hydrogen for 

a longer period (72 h). Despite these results, an integral approach of IR, RR EPR 

spectroscopies and X-ray crystallography was accomplished to characterise this variant. 

Thereby, IR and EPR spectroscopy were utilised to probe the oxidation states of the active 

site and the FeS clusters. 

 

 

Figure 34: EPR (left) and IR (right) spectra of the D117S variant of ReMBH (200 µM in 100 mM 

phosphate buffer, pH 5.5 and 150 mM NaCl) as-isolated and after redox-tuning treatments. The enzyme 

sample was purified under aerobic conditions. 100% H2 and forming gas (5 % H2) were used to reduce 

the sample for 0.5 and 72 h under anaerobic conditions, respectively. Aerobic reoxidation was 

accomplished by exposure of the fully reduced samples (72 h) to air. For a better visualisation, selected 

spectra and/or spectral regions were multiplied with adequate factors. The shown EPR spectra were 

measured by Christian Lorent. 
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In the EPR spectrum of the as-isolated sample of the D117S variant, only insignificant traces 

of signals in the Ni region could be observed, suggesting an EPR inactive species for the Ni. 

In the region of the spectrum associated FeS clusters, an unusual signal pattern was observed, 

which could be assigned to a coupling or a superimposition of signals originating from the 

oxidised medial cluster and the super-oxidised proximal cluster. In the corresponding IR 

spectrum of this sample, two CO stretching vibrations were observed at ca. 1949 and 

1957 cm-1. The related CN bands were detected at ca. 2075 and a broad band at ca. 2093 cm-

1. These sets of bands could not be assigned to any previously characterised species of 

ReMBH.  

A 30 min exposure of the sample for 0.5 h to H2, condition under which the wildtype ReMBH 

is fully reduced, resulted only in a semi-reduced enzyme sample. Although no signals of 

EPR-active reduced Ni species like Nia-C and/or Nia-L could be detected, the EPR signal 

characteristic for fully reduced proximal and/or distal FeS clusters was observed. This seems 

to be in contrast with the recorded IR data, in which only a small enzyme fraction was found 

to reside in the presumable fully reduced states (IR absorptions at ca. 1945 and around ca. 

1922 cm-1), while the rest of the samples remained nearly unchanged compared to the as-

isolated sample.  

After prolonged exposure to 5 % H2 (72 h), the only changes observed in the EPR spectrum, 

were the appearance signals characteristic for the Nia-C and the Nia-L2 181 states as well as 

a slight increase in the intensity of the signals of the reduced clusters in the corresponding 

regions of the spectrum. The IR spectrum of the reduced sample, which was exposed for 72 

h to a forming gas atmosphere, exhibits a mixture of the fully reduced states Nia-

SR/SR’/SR’’ with CO bands at 1945 and overlaid bands about 1922 cm-1 and the dominant 

corresponding CN bands at ca. 2089 and 2075 cm-1. The traces of Nia-C observed in the EPR 

spectrum are under the detection limit of the IR experiment.  

Interestingly after reoxidation of the sample, Nir-B signals could be observed the EPR 

spectrum. Most of the oxidised FeS cluster signals originate from an uncoupled medial 

[3Fe4S] cluster. However, some minor additional signals, very similar to the ones observed 

for the wildtype ReMBH could be detected, suggesting a coupled medial cluster (i.e. a super-

oxidised proximal [4Fe3S] cluster). The IR spectrum was dominated by a broad CO band 

centred at ca. 1951 cm-1 with some contributions of the Nir-B state indicated by the typical 

one CO and two CN absorptions at ca. 1948, 2082 and 2098 cm-1, respectively. These were 

missing entirely in the spectrum of the as-isolated sample.  

 

RR spectroscopic measurements were performed on as-isolated, reduced and pre-reduced 

crystals, whereby the latter two were exposed for ca. 30 min and 72 h, respectively to a 5 % 

H2 (forming gas) prior to the initiation of the crystallisation process (also proceeded under 

forming gas atmosphere). However, no RR spectrum of the reoxidised crystals has been 

measured yet. For complementary IR spectroscopic studies, crystals from the same 

preparation were transferred to CaF2 plates, which were used in the transmission setup of an 

IR microscope optimised by Christian Lorent for gas exchange measurements.  
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Figure 35: RR spectra of the as-isolated and reduced crystallised sample of the D117S variant of ReMBH 

after short- (0.5 h) and long-term (72 h) pre-incubation with 5% H2. Spectra were measured with the 

458 nm laser excitation line of an Ar+ laser at 80 K and were normalised with respect to the phenylalanine 

band at ca. 1003 cm-1. Bands originating from optical components of the setup are marked with a “*”. 

Insert: IR spectra of the corresponding crystals measured in the transmission configuration at 80 K. 

 

The most intense band at ca. 342 cm-1 in the RR spectrum of the as-isolated sample of the 

D117S variant were previously assigned to the oxidised medial [3Fe4S] cluster. Further 

contributions from the oxidised proximal ([4Fe3S]) and distal [4Fe4S] clusters can also be 

identified as two shoulders at 346 and 336 cm-1, respectively. Two further bands at ca. 344 

and 355 cm-1, which are assigned to the super-oxidised proximal cluster, were observed. 

However, the Fe-OH vibrations in the higher region between 450 and 700 cm-1 related to 

such a cluster were not detected. The band observed at ca. 657 cm-1 could potentially 

originate from an S-O bond of a sulphoxygenated species at the active site, which were 

observed in many [NiFe] hydrogenases 1,154. However, an inorganic sulphide bridging the 
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active site’s metals and forming a disulphide bond with Cys597 was detected in the crystal 

structure (private communication), suggesting an S-S or C-S bonds as a more likely origin 

of this band.  

Short-term (0.5 h) pre-incubation with 5 % H2 resulted in a complete intensity loss of bands 

associated with the oxidised FeS clusters. The origin of the newly appearing band at ca. 326 

cm-1 remains unknown. In the spectral region where Fe-CO modes are normally found, a 

small band at ca. 557 cm-1 can be observed. This band was previously assigned to the Nia-L 

state 169, thereby suggesting the reduction of a small fraction of the sample.  

After a prolonged pre-exposure to hydrogen, almost no intensity could be detected for bands 

originating from the FeS clusters, while the RR bands characteristic for the Nia-L state 

increased significantly. This is presumably related to a photo-induced conversion of the fully 

reduced states as already observed for ReMBH 132.  

Overall, these RR spectroscopic results are in line with the EPR and IR spectroscopic 

solution studies, which revealed the reduction of the FeS clusters already after a short 

exposure to H2, while a full reduction of the active site occurred only after 72 h exposure to 

forming gas atmosphere. Interestingly, in control IR transmission measurements of the 

crystals (insert), only a small difference in comparison to the solution experiments was 

observed. An intensity loss of the CO stretching vibration at ca. 1957 cm-1 was observed for 

the crystallised samples after a short pre-exposure to H2. This suggest that no further 

reduction of the sample occurred during the crystallisation process. Additionally, after 

reoxidation of the crystals, the no absorption could be observed for this band, in contrast to 

the experiments in the solution.  

 

This study suggests that a reduction of all FeS clusters could occur via the distal [4Fe4S] 

clusters of other MBH molecules in an autocatalytic step. In this sense, it is the first 

spectroscopic evidence for this intermolecular activation mechanism. Additionally, the 

challenge to assign IR bands unambiguously to different redox states was demonstrated in 

the presented data. The CO absorptions detected in the as-isolated sample are found at 

similar positions as those of the Nir-B and and Nia-C states. However, the corresponding CN 

bands do not match the respective positions assigned to these states, suggesting the presence 

of different (EPR silent) species with comparable CO frequencies, which was confirmed by 

EPR measurements on the same samples.  

 

4.3 From isolated dimeric form to the native system 

One of the main differences between the native ReMBH and the chromatographically 

isolated enzyme is the dissociation of the membrane associated HoxZ subunit from the 

heterodimeric HoxGK hydrogenase module, harbouring the corresponding large (HoxG) and 

the small (HoxK) subunits. This HoxZ subunit, which is a cytochrome b, contains two haem 

cofactors and can act as an electron sink as well as electronic modulator of the entire electron 

relay 182. Furthermore, in its native environment, i.e. embedded in the membrane, the 
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ReMBH forms a supercomplex consisting of a trimer of the heterotrimers, thus fostering the 

electronic communication between neighbouring hydrogenase units 124,183.  

In previous works, which were conducted by Dr. Nina Heidary, it was shown, in gas 

exchange studies combined with IR measurements, that within a slow reoxidation process, 

the formation of the Niia-S species is suppressed in samples of the isolated heterotrimeric 

enzyme. In similar experiments performed by Dr. Elisabeth Siebert on membrane fraction 

enriched with ReMBH, no Niia-S was detected and instead, the intermediate Nia/r-S state was 

observed in significant amounts 169,184. In this part of the thesis, the role of the HoxZ subunit 

and the influence of the native environment on the redox transitions of the active site and the 

FeS clusters are further investigated.  

 

4.3.1 Cross-linked Trimer 

A one-off preparation was provided from Dr. Stefan Frielingsdorf. In this new procedure, a 

cross-linker reacts with the freshly isolated trimer to bind surface lysine residuals. In this 

way, a stable heterotrimeric form of ReMBH is expected to be produced within the trimeric 

super-complex, which is supposed to withstand longer experimental procedures and a few 

freeze-thaw cycles without the dissociation of the HoxZ subunit. In preliminary 

electrochemical experiments, the stability and the electronic connection of the immobilised 

cross-linked trimer of heterotrimers was studied. Additionally, SERR spectroscopic 

measurements were conducted to monitor the redox state of the haem cofactors in the HoxZ 

subunit.  
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Figure 36: Preliminary results of the crossed-linked heterotrimer of ReMBH on Ag electrodes coated 

with carboxy-terminated SAM. Left: CV’s obtained on Ag pen electrodes. The upper panel shows the 

results of prolonged measurement to assess the long-term stability of the enzyme on the electrodes (1st, 

2nd and 3rd CV’s as well as CV’s after 10 and 72 h are depicted). In the lower panel, CV’s in the absence 

(grey trace) and presence (black traces) of Methylene blue (MB) in the solution, to assess the orientation 

of the immobilised enzyme on the electrodes, are presented. CV’s under Ar atmosphere are plotted with 

a dashed line, while solid line represents CV’s under H2. Right. Surface-enhanced resonance Raman 

(SERR) spectra of the isolated HoxZ subunit (top trace) and the cross-linked heterotrimeric ReMBH 

sample on rotating Ag ring electrodes. SERR spectra were measured under Ar at open circuit (HoxZ) 

or while applying different potentials (heterotrimeric ReMBH). All experiments were carried out at 

room temperature in phosphate buffering solution at pH 5.5. Potentials were applied versus a Ag /AgCl 

(3 M KCl) reference electrodes. 

 

In particular, the electrochemical results obtained on a static Ag pen electrode were very 

promising. Under Ar atmosphere, a small proton reduction activity was observed in form of 

negative currents at low potentials (< ca. -420 mV vs. Ag / AgCl with 3M KCl). In a stability 

test, in which CV’s were continuously performed under H2 atmosphere, just a loss of ca. 

50% of the catalytic current/activity was observed after ca. 72 h. This is far beyond the values 

that have been reported thus far for any electrostatically immobilised ReMBH 122. 

Interestingly, the activity increased in the first few cycles, indicating some electrochemical 

reactivation and/or reorientation processes. Changes over time of electrochemical de- and 
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reactivation processes at high potentials are akin to those observed for immobilised dimer of 

ReMBH. After 10 h ca. 60% of the catalytic activity still remained. After 72 h (ca. 50% 

activity), no electrochemical deactivation was apparent. However, reactivation in the 

negative swipe could be inferred from shape of the current-curve around de/reactivation 

potentials.  

The CV’s measured for the cross-linked heterotrimeric ReMBH on the pen electrode in the 

presence of methylene blue suggest a suboptimal orientation for direct electron transfer 

between the immobilised enzyme and the electrode. The activity increased significantly 

within the mediated electron transfer involving also enzyme molecules, which cannot 

communicate electronically with the electrode. In the SERR experiments, the HoxZ subunit 

of the crossed-linked trimeric ReMBH could be electrochemically fully reduced. 

Unfortunately, massive loss of intensity was observed within a short time (1-2 hours), which 

could be explained by laser-induced desorption processes relating to the Raman probe laser.  

 

A redox titration under non-turnover condition using an OTTLE cell was performed in order 

to assess redox state compositions at different potentials. Subsequently, a global-fit analysis 

was performed for the CO region to try and determine the midpoint potential of the redox 

transitions of the active site. The results were compared to similar measurements conducted 

with the dimeric form of ReMBH.  
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Figure 37: Selected IR absorbance spectra and 2nd derivatives recorded during the redox titration of the 

ReMBH heterodimer (left) and the ReMBH heterotrimer (right). The titration started from the OCP of 

the samples (+80 and +150 mV for the ReMBH heterodimer and the ReMBH heterotrimer, respectively) 

and was carried out in 50 mV reductive steps until full reduction was achieved at -600 and -800 mV for 

the heterodimeric and heterotrimeric form of ReMBH, respectively. Subsequently, the potential was 

raised again in oxidative +50 mV steps, with a potential offset of 25 mV relative to the reductive steps. 

The spectra were measured for each potential step at 10°C in an OTTLE IR cell with gold mesh of 

roughly 10 µm thickness as a working electrode. A Pt and a Ag / AgCl (3 M KCl) electrodes were used 

as counter and reference electrodes, respectively. Potential was applied with an AutoLab PGSTAT101 

potentiostat (Metrohm). A global-band-fit analysis (thin coloured lines) was conducted with the 

experimental absorbance spectra (solid black lines) in the spectral region characteristic for CO 

stretching modes. This fit is depicted in form of hollow circles (○). CO absorption bands associated with 

the Nir-B, Nia-C, Nia/r-S, Niia-S, Nia-SR, Nia-SR’ and Nia-SR’’ were fitted at 1947.9, 1957, 1935.1, 1929.2, 

1944.2, 1926 and 1919 cm-1, respectively. Two additional CO bands at 1950.5 and 1955.5 cm-1 had to be 

added to obtain reasonable fits for all spectra. The bandwidth at half maximum was fixed at 8 cm-1 for 

all bands. Fits were performed with an in-house written band-fit program (Qpipsi). In the spectral region 

representative for the related CN bands, the 2nd derivatives of the absorbance spectra are displayed.   

 

The spectra displayed in figure 37. represent, from top to bottom, steps of the titration 

corresponding to the as-isolated (fully oxidised) samples at the beginning of the experiments, 

the partially reduced samples during the reductive steps, the fully reduced samples measured 

at the corresponding lowest applied potential and the fully reoxidised sample at the end of 

the experiments, respectively. The spectra recorded for both the heterodimeric and 



93 
 

heterotrimeric forms of ReMBH (in particular, in the region representative for CN 

vibrations) exhibited low signal-to-noise ratios and strong band overlaps. This has prevented 

the extraction of spectral components relating to pure redox states of the active site even 

after specific subtractions attempts. Additionally, a comprehensive component analysis of 

cohesive CO and CN bands could not be performed.  

Nevertheless, a global fit procedure was performed for the region typical for CO stretching 

modes. In order to achieve adequate fits for the obtained spectra, two additional bands were 

added to the set of CO frequencies listed in Table 1. The bands at 1950.5 and 1955.5 cm-1 

were included in the fit in order to reproduce the spectra of the heterodimer at the beginning 

of the experiments at high potentials, however it was not necessary to include them for 

simulating the spectra of trimeric form of ReMBH. Such a broadening, combined with a 

slight shift of the Nir-B characteristic CO absorption band to the higher wavelength, which 

relate to the band at 1950.5 cm-1, was often observed in studies and publications on ReMBH, 

but rarely discussed in detail 97,181,185. Species with a CO absorption at ca. 1957 cm-1 were 

observed previously in solubilised dimeric form of ReMBH after reoxidation in gas 

exchange experiments 169.  

Several potential sources of error might have influenced the yielded composition of redox 

species obtained from the presented fits. Since the smallest set of bands required for an 

adequate description of the results was chosen, some species, de facto present in the sample, 

are omitted form the fit. This can lead to overrepresentation of some fitted species in the data 

analysis. For example, the CO band at 1944.2 cm-1 was fitted in both samples at high 

potential. This band is actually assigned to the Nia-SR state, which is not expected to form 

at these potentials. However, the omission of additional bands (e.g. at ca. 1942 cm-1, which 

was  described previously for a further Nia/r-S state 122) is a more plausible explanation for 

these fit results.  Moreover, without a complete component fit including the CN bands, the 

two Niia-S states (with a characteristic CO absorption at ca. 1930 cm-1) could not be 

discriminated. In addition, errors in the global band fit analysis could have derived from the 

base line correction procedure (standard deviation of the overall integral of the spectral 

region characteristic for CO stretching modes was 20 and 15% for the dimer and trimer, 

respectively). For these reasons, this approach can indicate only qualitative trends rather than 

revealing quantitative outcomes. Therefore, no attempt was done to calculate the exact 

midpoint potentials according to the Nernst equation, as the calculated value is not expected 

to lead to any accuracy increase compared to the ones previously reported. Nevertheless, a 

rough estimation of these values could be extracted from the following titration curves for 

the comparison of both samples.  
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Figure 38: Redox titration curves for the ReMBH heterodimer (left) and the cross-linked heterotrimer 

of ReMBH (right). The relative amounts of the different redox species were calculated as the 

contribution of each state’s characteristic CO band to the total integral of all CO absorption. The applied 

potentials are plotted in the top panels and are noted as well on the x-axis. Two visually estimated 

midpoint potentials for electron transfer in both directions are marked with dashed line.  

 

Before the titrations curves are discussed, it is important to consider the specific condition 

during the redox titration (going from left to right in Fig 38.). At the beginning of the spectro-

electrochemical experiment the sample was loaded aerobically, whereby the cell assembly 

could take up to 30 minutes, during which time the sample was at room temperature. During 

the titration, after longer time at potentials lower than ca. -250 mV (vs. Ag / AgCl with 3 M 

KCl), most of the oxygen was removed electrochemically (under this potential, oxygen 

reduction by the gold mesh occurs). Thus, it is reasonable to assume that the enzyme samples 

were measured under anaerobic conditions on the second half of the titration (i.e. the right 

sides of both titration curves).  

The courses of both titration curves appear relative symmetric, indicating a certain 

reversibility of the observable redox transitions. In particular, two of such redox transitions 

could be inferred from both curves. However, the potentials estimated during the oxidative 

steps at the beginning appear to be at lower potentials then during the reductive steps. This 

could be partially explained by the difference in oxygen concentration in the buffer but is 

more likely to be related to different reaction mechanism of the back reaction, which requires 

overpotentials 186.   
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Three main differences between the two samples could be observed. At the beginning of the 

experiment, the sample of the heterodimeric form of ReMBH appear to be more 

heterogeneous in terms of redox states composition. The two additional bands (at 1950.5 and 

1955.5 cm-1) detected in this sample are related to reactions of the Nir-B state during the long 

handling of the sample (sample loading) at room temperature. Under anaerobic conditions 

at 10 °C (experimental conditions at the end of the experiments) these bands did not 

reappear. These reactions did not occur in the sample of the heterotrimeric form of ReMBH, 

suggesting a higher (redox) stability at room temperature under aerobic conditions.  

The second difference between both samples relates to the potential required for a complete 

reduction of the enzyme sample, which could be achieved for the heterodimeric form of 

ReMBH already at -625 mV. For the heterotrimeric form of ReMBH, even at -800 mV some 

portions of the sample were not fully reduced. Notably, at potentials lower than -800 mV, 

hydrogen production catalysed by the gold mesh occurs, which constitutes an experimental 

limit for the course of the redox titration. Additionally, the redox equilibrium of the fully 

reduced samples differs in both samples. In the heterodimeric ReMBH sample, the relative 

amount of both, the Nia-SR’ and Nia-SR’’ states (bands at 1925.7 and 1919 cm-1, 

respectively) was relatively similar, while the spectra of the heterotrimeric ReMBH were 

dominated at low potentials by the band at 1925.7 cm-1. Moreover, this band remained in the 

heterotrimeric sample at higher potentials also during the oxidative steps. This might be due 

to an incomplete set of bands for the fit procedure. In such a case, the program will try to 

adjust the closest band available in order to compensate, leading to an overestimation for the 

contribution of bands adjacent to the missing one.  

The third difference between the heterodimeric and heterotrimeric form of ReMBH relates 

to the relative amount of the band at 1935.1 cm-1, which is associated with the Nia/r-S species. 

This band was more pronounced in the heterotrimeric form of ReMBH (50% as opposed to 

20% in the heterodimeric ReMBH), however, only during the reductive steps. During the 

oxidative steps, an underestimation of this band may result from the fit procedure due to the 

high relative intensity of the adjacent bands (e.g. at ca. 1926 and 1930 cm-1). 

 

The results obtained in the spectro-electrochemical redox titration experiments with the 

cross-linked heterotrimeric ReMBH did not reflect the expectations arising from the 

experiments done on the corresponding purified non-cross-linked heterotrimer by Dr. Nina 

Heidary. These showed only small fraction of the sample give rise to bands at ca. 1942 cm-

1 (e.g. Nia/r-S), as well as a complete reversibility within the reduction-reoxidation cycles 

(gas exchange experiments in solution) displaying a predominant band at ca. 1948 cm-1, 

namely the Nir-B state, after full reoxidation 184. However, this form of preparation (i.e. 

cross-linked heterotrimer) was not further pursued, no further characterisation of the sample 

were possible (e.g. EPR etc.), which meant that the integrity of the sample could not be 

confirmed. 
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4.3.2 MBH in the membrane 

In experiments conducted on membrane preparations enriched with ReMBH, a redox 

behaviour similar to the one reported for the freshly isolated non-cross-linked heterotrimeric 

form of the enzyme was observed 169. This is not surprising since in such preparations, 

ReMBH is known to remain in its native form, namely as a homogeneous trimeric super-

complex of heterotrimers, consisting each of the large subunit (HoxG), the small subunit 

(HoxK) and the cytochrome b subunit (HoxZ). Therefore, further experiments were carried 

on membrane samples enriched with ReMBH variants. Unfortunately, qualitative good IR 

spectra could be recorded only for the wildtype ReMBH. 

 

 

Figure 39: IR spectra of the isolated ReMBH heterodimer in phosphate buffer set to pH 5.5 (solution) 

and membrane fraction, enriched with ReMBH and washed with phosphate buffer (pH 5.5) i.e in its 

native heterotrimeric form (membrane). Reduction of the samples was achieved by exposing the samples 

to H2 (4 h under hydrogen atmosphere for the solubilised protein and 72 h under forming gas atmosphere 

for the sample of the membrane fraction). Exposure to air resulted in a fast reoxidation. For calculating 

the absorbance spectra of the ReMBH membrane samples, a MBH-free membrane sample of a knockout 

strain was used as a reference. Spectra were scaled for better visualisation. Spectra were measured at 

10°C. The spectrum of the reoxidised membrane sample was measured by Dr. Miguel Saggu. 

 



97 
 

Before any chemical redox-tuning treatments were performed, only minor differences could 

be observed in the spectra of the native membrane fractions enriched with heterotrimeric 

ReMBH and the purified, solubilised heterodimeric enzyme. The CO band at ca. 1948 cm-1 

is slightly downshifted in the spectrum of the as-isolated membrane sample compared to the 

one of the solubilised dimeric sample. This apparent shift is the result of different relative 

intensities of bands adjacent to the one characteristic for the Nir-B state. In the membrane 

sample increased contributions from a shoulder at ca. 1942 cm-1, which is presumably related 

to the active silent or another ready state 122, is responsible for the apparent downshift, while 

in the solubilised sample, a shoulder at ca. 1950 cm-1 causes the slight upshift of the same 

CO band associated with the Nir-B. Additionally, three shoulders at ca. 1930 and 1936 and 

1957 cm-1 were observed in the sample of the solubilised dimeric ReMBH.  

After incubation with H2, a different redox equilibrium was established in the two varying 

sample types, which can be related to the different reduction procedure (H2 vs forming gas 

atmosphere for the solubilised and membrane samples, respectively). The spectrum of the 

solubilised protein is dominated by the Nia-SR’’ state characterised by one CO and two CN 

bands at ca. 1926, 2049 and 2075 cm-1. A smaller contribution of the Nia-SR (1945, 2068 

and 2087 cm-1), the Nia-SR’ (1919, 2046 and 2071 cm-1) and the Nia-C states (1957, 2075 

and 2097 cm-1) was observed for this sample. While the latter two states dominated the 

spectrum of the reduced membrane sample. The set of bands associated with the Nia/r-S state 

at ca. 1936, 2075 and 2093 cm-1 could additionally be observed in this sample, relating 

presumably to the partial reduction state of the sample.  

Notably, in contrast to previous study on membrane fragment enriched with ReMBH, in 

which incubation under hydrogen atmosphere for 30 min resulted in full reduction of the 

sample 122, even after exposure to 100% hydrogen for 4 h of the current membrane sample, 

significant amounts of the Nir-B state were detected in the sample (data not shown). Only a 

longer procedure, in which the as-isolated membrane sample was incubated for 72 h in an 

anaerobic tent (under forming gas atmosphere) could achieve a redox state composition free 

from any fully oxidised states.  

After reoxidation, the spectrum of the membrane sample is very similar to the one recorded 

before any redox-tuning treatment (as-isolated). Contrarily, the band at ca. 1948 cm-1 was 

broadened after reoxidation for the solubilised MBH compared to the spectrum of its as-

isolated sample. Additionally, the intensity of bands around ca. 1930 cm-1 increased 

significantly and the small shoulder at ca. 1957 cm-1 reappeared. These two bands are 

associated with species that are presumably formed due to oxidative damage resulting in 

modification of the active site and/or the FeS cluster.  

To resolve the latter issue, the corresponding cw EPR measurements were performed at 20 

K in order to characterise EPR active centres.  
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Figure 40: Cw EPR spectra of solubilised ReMBH heterodimer and ReMBH-enriched membrane 

fractions of the native trimeric super-complex of heterotrimers in their as-isolated, H2-reduced and air-

reoxidised forms. Signals associated with paramagnetic Ni species of the active site are labelled. The 

arrows point to the spectral differences observed between membrane sample and the solubilised one 

after the corresponding treatment. EPR measurements were performed by Christian Lorent. 

The spectra of both as-isolated membrane fractions and the solubilised sample were found 

to be almost identical. Two small differences were however detectable. First, a minor signal 

originating from an uncoupled oxidised medial ([3Fe4S]) cluster marked with an arrow in 

Fig 40. appeared only in the solubilised heterodimeric sample. Second, further signals, 

presumably from other membrane constituents, were detected in the spectral region 

characteristic for Ni of the membrane preparation.  

After incubation with H2, the signals from the reduced FeS clusters, typical for ReMBH, as 

observed in the reduced solubilised sample, are masked in the reduced membrane sample by 

signals of reduced FeS clusters of other membrane proteins as well as nitrosyl-haem 

complexes (Fe(II)-NO radicals) 187. The signals characteristic for paramagnetic Ni states 

assigned to the Nia-C and its photo-product Nia-L correspond to the signals detected in the 

IR spectra of these samples.   
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After reoxidation, a signal of an uncoupled oxidised medial [3Fe4S] cluster was observed in 

the spectral region characteristic for FeS clusters, as discussed before in this thesis. In 

contrast, a full oxidation of the proximal cluster to the super-oxidised state was detected for 

the reoxidised membrane sample. Accordingly, the signals relating to the Nir-B state in the 

spectral range specific for the Ni, were predominantly uncoupled in the reoxidised 

solubilised sample and still coupled in the corresponding membrane one. These findings 

suggest a significant role for the HoxZ subunit as electron relay terminus (source or sink) 

and presumably the necessity of the native conformation of trimeric super-complex of 

heterotrimers in the membrane for a complete reoxidation of the proximal cluster under 

oxygen detoxifying conditions.   

EPR spectra of membrane samples enriched with the C19G and D117S variants of ReMBH, 

respectively were recorded to verify this assumption. For the solubilised form of both 

variants, an EPR signal from a super-oxidised proximal cluster was detected in the as-

isolated samples, and, as was shown in section 4.1.1., was not detected in the spectra of the 

reoxidised samples.       

  

Figure 41: Cw EPR spectra of membrane fractions enriched with the C19G (left) and D117S (right) 

variants of ReMBH. Samples were washed with phosphate buffer (pH 5.5) and were measured in their 

as-isolated form (top). Subsequently, the samples were exposed for 4 h to H2 in order to accomplish 

enzyme reduction. Finally, reoxidation was achieved by exposing the reduced samples for 1 h to air. 

Signals positions related to the Nir-B state and the uncoupled medial cluster are marked with solid and 

dashed line, respectively. The signals marked with dotted lines can also be detected in membrane samples 

from a knockout variant of ReMBH. 
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As observed already for the wildtype ReMBH samples, the spectral region normally 

characteristic for paramagnetic Ni signals exhibits for oxidised membrane samples 

additional signals related to other membrane constituents. Most of these signals were 

detected also in membrane samples from a ReMBH knockout variant. Such signals make the 

identification and accurate estimation of paramagnetic Ni species originating from ReMBH 

difficult. As a result, Nir-B signals can be unambiguously confirmed only for the oxidised 

membrane sample enriched with the C19G variant of ReMBH. The signals detected in this 

spectral region for the oxidised membrane sample enriched with the D117S variant are 

related predominantly to oxidised haem proteins and have prevented so far a conclusive 

identification of Nir-B signals 188. In the spectral region indicative for FeS cluster, signals of 

the medial [3Fe4S] and the proximal clusters, similar to those, which were observed for the 

corresponding as-isolated solubilised samples, were detected (i.e. predominantly a coupled 

signal related to an oxidised medial and super-oxidised proximal clusters).  

After incubation with H2, no signals related to reduced paramagnetic centres of [NiFe] 

hydrogenases could be confirmed in both specific regions of the two displayed spectra. 

Similar signals to those observed for the reduced membrane sample of the wildtype ReMBH 

(see Fig. 40) obscured any signals arising from the paramagnetic reduced FeS clusters (i.e 

distal and/or proximal), while no significant Ni signals associated with reduced species (Nia-

C and Nia-L) of MBH’s active site were detectable.  

After exposure to air, a complete reoxidation of both variants could be observed. In the Ni 

related spectral region, the signal shape was very similar to those recorded for the 

corresponding as-isolated samples of membrane fragments, while in the FeS specific spectral 

region, a significant or noticeable relative increase of the super-oxidised proximal clusters 

was detected for the C19G and D117S variants compared to the as-isolated samples, 

respectively.  

 

These findings, together with similar observations presented in this thesis for the wildtype 

ReMBH, demonstrate that a reversible complete oxidation of the proximal cluster could 

efficiently proceed only in the presence of the HoxZ subunit and the configuration of a 

trimeric super-complex of heterotrimers. In contrast, an exposure of the reduced solubilised 

heterodimeric samples of ReMBH to air results in most cases only in no or just partially 

oxidised proximal cluster, while no or diminished coupling with the medial cluster is 

observed in the EPR spectrum of such reoxidised samples.   
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4.4 Conclusions and outlook 

4.4.1 Crystal structures of the mutated proximal cluster 
At the beginning of this project, the C19G and C120G variants of ReMBH were 

characterised by means of IR, EPR and RR spectroscopy in order to combine the results with 

crystallographic data obtained by Andrea Schmidt. Reoxidation experiments in the solution 

revealed an increased accumulation of inactive states in the C120G variant compared to the 

C19G and wildtype proteins. 

 

 

Figure 42: Crystal structures of the proximal clusters of the as-isolated (top) and H2-reduced (bottom) 

C19G (left) C120G (right) variant of ReMBH. Cluster Fe and S atoms are numerated according to 

published conventions. The suffix S in the marked amino acids rests refers to the HoxK subunit (small). 

All predominant cluster conformations were plotted, in case the relative distribution was not 
comparable, fractions are noted. Figure adapted from 126,127. 

 

In the crystal structure of the C19G variant, the native sulphide of Cys19 was replaced by an 

inorganic sulphide, to create a non-standard [4Fe4S] proximal cluster. In the as-isolated 

crystals, the main portion (70%) resided in a conformation similar to that of the wildtype, 

with an open confirmation and Cys120 coordinated to Fe3.  No electron density of an OH 

ligand was detected on Fe1 in this sample. However, this is not surprising considering the 

respective RR spectra for this sample (see Fig 25.), in which some of the crystals exhibited 

a partially oxidised proximal cluster and the relative low occupancy of this ligand found also 

for the wildtype ReMBH. The residual 30% are found in a standard-like conformation.  
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Notably, also in the C120G variant, a fourth inorganic sulphide (S4) was incorporated to the 

proximal cluster, which is located at a position close to where the native sulphur atom of 

Cys120 would have been expected. Fe4 was found in the as-isolated sample in two 

conformations (50% of each), in one conformer, it is coordinated to the backbone nitrogen 

of Cys20, whereas this bond is missing in the second conformer. In addition, 75% of Fe3 

was found to be coordinated to S4, while in 25% of the sample, Fe3 was only threefold 

coordinated. This implies a heterogeneous distribution of proximal cluster conformations for 

this variant, which does not resemble the geometry of the proximal [4Fe3S] in wildtype 

ReMBH nor the standard cubane-type [4Fe4S] cluster in the anaerobic “standard” 

hydrogenases.  

In the reduced C19G cluster, 80% of Fe3 was shifted about 1.4 Å to coordinate S4 resulting 

in a cluster geometry akin to a cubane-type [4Fe4S] cluster. In 20% of the sample Fe3 is 

found in a position similar to the one observed in the wildtype ReMBH. However, no 

electron density was found between Fe3 and the sulphur atom of Cys120 in this conformer, 

suggesting the absence of a covalent bond. The reduced C120G variant forms a cluster 

exhibiting two conformations for Fe3 (equally occupied), in which it is coordinated either to 

S4 resulting in a distorted cubane cluster, or to Cys120 so that the covalent bond with Cys19 

is no longer possible. In both cases, the formed cluster differs considerably, in terms of 

geometry, from the reduced wildtype ReMBH cluster 127. 

 

EPR and RR spectroscopic characterisations showed that the proximal cluster of the C19G 

variant exhibits a magnetically coupled paramagnetic species, i.e. a super-oxidised state, 

similar to the wildtype ReMBH. The C120G variant on the other hand, displays an anaerobic 

“standard” hydrogenase-like EPR signal of the oxidised medial cluster, suggesting that the 

redox transition to the super-oxidised state is related to a stabilised open conformation of the 

cluster provided by the coordination of Fe3 to Cys120. This scenario presumably allows the 

coordination of an OH- ligand on Fe1 within a charge compensation mechanism. Conclusive 

spectral evidences for a fully reduced proximal cluster are provided only for the C120G 

variant and wildtype ReMBH. No EPR signals from reduced [4Fe4S] cluster(s) and the 

remaining of RR bands associated with oxidised cluster(s) are observed for the dithionite or 

H2-treated samples of the C19G variant. Thus, contrarily to the wildtype ReMBH, the 

particular proximal cluster of the two variants (C19G and C120G) seems to be capable to 

undergo just a single (one electron) redox transitions in the studied potential range.  

The super-oxidised proximal ([4Fe4S]5+) cluster of the C19G variant can be only reduced 

by one electron to form a diamagnetic oxidised [4Fe4S]4+ cluster, while the oxidised cluster 

of the C120G variant can only be reduced by one electron to form a paramagnetic (fully) 

reduced [4Fe4S]3+ cluster. In both cases, i.e. the oxidised and the reduced state, the proximal 

cluster of the latter variant was found to harbour the highly unusual terminal sulphide (S4) 

and to accomplish geometries deviating from both the [4Fe3S] cluster of the wildtype 

ReMBH and the cubane type [4Fe4S] cluster of aerobic standard NiFe hydrogenases 91,115. 

This might explain the very low activity and stability of this variant, which was observed 

here and in other reported studies 123.  
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Under anaerobic conditions (at pH 5.5) where the wildtype ReMBH exhibits the maximal 

catalytic activity 122, the C19G variant is capable to perform catalysis in similar rates, even 

with a single electron transition (from the super-oxidised to the oxidised state) observed for 

this modified proximal cluster. This is not surprising, as anaerobic “standard” NiFe 

hydrogenases also harbour a proximal [4Fe4S] cluster, which is also only capable to undergo 

only one redox transition 13. For the C19G variant, the observed redox transition (i.e from 

the super-oxidised to the oxidised state) is presumably shifted compared to the same 

transition in the proximal cluster of the wildtype.  

Electron transfer from the active site to the proximal cluster is presumed to partially 

reoxidise the fully reduced Nia-SR states during catalysis. Since the removal of a second 

electron from the active site to the modulated proximal cluster could not be performed under 

the applied redox conditions, the equilibrium of the redox states of the active site is 

apparently shifted towards the Nia-SR states, explaining also a different relative ratio of these 

states observed for the C19G variant compared to the wildtype ReMBH. Moreover, these 

results demonstrate that the modulation of an adjacent redox centre could affect the apparent 

redox equilibrium on an electronically coupled, catalytically active centre, as observed for 

FeFe hydrogenases 61.  

Even though the proximal clusters of both variants could not provide two electrons from 

their most reduced form for a complete oxygen reduction, both exhibited still some degree 

of oxygen tolerance as it was inferred from the catalytic currents recorded in the preliminary 

SEIRA experiments after air injections. Moreover, in privately communicated and reported 

studies on the double mutated variant C19G/C120G of ReMBH and Hyd1, a cubane-type 

[4Fe4S] proximal cluster (almost identical to the one from standard hydrogenases) was 

observed in the crystal structure of the reduced cluster (see section 1.3.2.). However, in the 

oxidised form, Fe3 was found form either in a standard-like position or shifted away from 

S4 to extend or even break this bond, reminiscent to the open confirmation of the wildtype 

cluster of ReMBH. In the reported corresponding chronoamperometric studies 123, even this 

variant possessed some remaining catalytic activity in the presence of low oxygen 

concentrations (ca. 1%). The active site of this variant in its as-isolated form was found in a 

combined IR and EPR study to reside in the Nir-B state, and the unready Niu-A state was not 

detected 13.  

These findings reveal the need for a better understanding and definition of oxygen tolerance 

in [NiFe] hydrogenases. As opposed to [FeFe] hydrogenases, which generally degrade as a 

result of exposure to O2 
46, most active sites of [NiFe] hydrogenases react to form stable 

reversibly inactive redox states such as the unready Niu-A for the aerobic “standard” and the 

ready Nir-B for both (anaerobic) “standard” and oxygen-tolerant [NiFe] hydrogenases 1. The 

former redox state is arguably not a physiologically relevant state since the organisms 

expressing the so called (anaerobic) “standard” [NiFe] hydrogenases are exclusively obligate 

anaerobes. Organism expressing oxygen-tolerant [NiFe] hydrogenases like knallgas bacteria 

and facultative aerobe bacteria like E. coli, are not expected to (survive or) utilise 

hydrogenases under conditions of high oxygen concentration (i.e. the activity rates of both 

hydrogen oxidising and oxygen reducing are comparable), as the constant regeneration of 
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the active sites (which requires 4 electrons for each oxygen molecule reduced) would deplete 

the cell membrane of reducing electrons (which is against their biological function) 2,5,189. 

Hence, also oxygen-tolerant strains of hydrogenases are not expected to be evolutionary 

optimised to function under condition with relative high local concentrations of oxygen.  

Furthermore, under non-turnover conditions (no hydrogen or very low concentration 

thereof), “standard” hydrogenases may reside in redox states such as the Nia-S state (i.e. no 

ligand in the bridging position of the active site). However, for oxygen-tolerant 

hydrogenases such states could render the active site vulnerable to a possible oxygenic 

attack. Therefore, these hydrogenases are expected to control the redox state of the active 

site more strictly in order to protect it from a possible increase of the local oxygen 

concentration 34. On the other hand, permanent protection of the active site (e.g. by forming 

the Nir-B or Nir-S states) will block it from reacting with H2. Hence, mechanisms of 

protection against O2 and in/reactivation are likely to be closely intertwined in such 

hydrogenases.    

Under aerobic non-turnover conditions (i.e. in the presence of O2 and absence of H2), a rapid 

response to an oxygenic attack of the active site is required to avoid the generation of reactive 

oxygen species, which will degrade the active site and/or the proximal cluster as observed 

for [FeFe] Hydrogenases (e.g a three electrons reduction to form the Nir-B state) 13. In 

anaerobic “standard” hydrogenases, normally a mixture of the ready Nir-B and the unready 

Niu-A states is formed, the latter is the product of a one electron reduction of the attacking 

oxygen molecule leading presumably to an oxygenated sulphide in the bridging position 

between the two metals 101. The oxygenation of other positions e.g. the terminal sulphides 

coordinating the Ni atom (Cys75 and 597) are also plausible 98. Such species could be the 

origin of the IR bands at ca. 1951 and 1957, which were observed in different quantities in 

most as-isolated (and in particular in all reoxidised) solubilised preparations of dimeric 

ReMBH studied in this work. Except for the solubilised D117S variant (see below), these 

bands disappeared after exposure to H2, suggesting they do not represent per se irreversible 

inactivated states. Such states might be trapped outside the biological environment of the 

membrane-embedded trimeric super-complex of heterotrimers and can give insight into 

molecular strategies for oxygen tolerance in these enzymes.  

The redox states of the active site, formed following oxygen detoxification, can also provide 

a criterion for oxygen tolerance. In the SEIRA spectro-electrochemical experiments (with 

gas exchange), no significant difference was observed between the wildtype ReMBH and 

the C19G variant in terms of the composition of active site species detected on the electrode 

after exposure to oxygen. The main difference observed between both samples was the so 

called spontaneous reactivation (i.e. recovery of catalytic activity when oxygen is removed). 

However, this could be explained in terms of a slower kinetic of the same reaction occurring 

in the C19G variant compared to the wildtype. Moreover, no evidence of degradation or 

significantly increased accumulation of seemingly irreversible inactive states (Niia-S) was 

detected in the IR, EPR, RR and SEIRA experiments for this variant compared to the 

wildtype ReMBH, which is in line with this explanation.  
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The electron required to reduce the active site in the Nir-B state, cannot be provided for the 

C19G variant at the applied potential during the chronoamperometric procedure (in both the 

plain electrochemical studies and the SEIRA investigations). This would suggest that the 

reduction kinetic of the active site in the Nir-B state, in order to resume catalytic activity, is 

controlled by the potential of the redox transition of the proximal cluster. The wildtype 

ReMBH reveals two transitions, which are optimised (I) for catalysis and (II) for 

(re)activation and/or oxygen detoxification step(s). The modulated potential of the single 

redox transition performed by the proximal cluster of the C19G variant is not suited for the 

latter detoxification step under the experimental conditions. However, since in the native 

environment additional electrons can be delivered from the third subunit (HoxZ) via the 

quinone pool or via the distal cluster of a neighbouring hydrogenase molecule in the native 

super-complex, the kinetic will play a much less dominant role.  

Such an explanation is further supported by the observation that the initial activation of the 

immobilised C19G variant in the electrochemical experiments was always (as also for the 

wildtype) instantaneous. At open circuit, the required overpotential is easily provided via a 

polarisation of the working electrode by already activated MBH molecules. For all variants 

of ReMBH studied here including the C19G one, the active site environment and the 

potential windows of the redox centres prevent the formation of the Niu-A state. Thus, also 

the C19G variant could be considered to be partly oxygen-tolerant. 

The proposed mechanism for the so called “autocatalytic” activation processes in [NiFe] 

hydrogenases assumes an equilibrium state between the Nir-B state and probably the one-

electron reduced Nia-S state, after protonation and H2O release. This equilibrium is found 

almost exclusively on the Nir-B state side 106. In case a molecule residing in the Nia-S state 

reacts with H2, electrons will be transferred into the FeS cluster chain located in the small 

subunit and can subsequently also reduce the clusters of another hydrogenase molecule 

(which in vivo will be part of the trimeric super-complex configuration 124).  

Experiments with the D117S variant have provided further evidence for this kind of 

activation mechanism. In this variant a protonatable aspartic acid residue next to the active 

site was replaced. Since the mutation is carried out in the second coordination sphere of the 

catalytic centre, it is not expected to considerably change the conformation of either the 

active site or the proximal cluster. It is therefore proposed that the electron transfer to the 

active site is accompanied by a proton transfer, which is blocked in the D117S variant. This 

explains also the long activation time of this variant (72 h). Low catalytic activity rates of 

this variant indicate that protonation of this amino acid residual occurs also during catalysis. 

However, it is not clear if this proton is a product of the reaction or a catalytic proton 

involved in a charge compensation mechanism. The fact that in hydrogen producing 

organisms this residue is not protonatable, together with the observation that many [NiFe] 

hydrogenases exhibit a bias towards only a single direction of the reaction, indicate different 

catalysis mechanisms for each direction of hydrogen cycling 1,5,186.       

For oxygen-tolerant hydrogenases, regulation mechanisms should intertwine for aerobic and 

anaerobic inactivation 106. The importance of the native ReMBH environment in the 

membrane was demonstrated in reoxidation experiments on membrane fragments enriched 
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with ReMBH variants (C19G and D117S). The relative amount of the Nir-B state and the 

super-oxidised proximal cluster increased compared to the as-isolated samples, in contrast 

to the experiments with solubilised samples.  

Moreover, it was shown by Dr. Nina Heidary and Dr. Friedhelm Lendzian in combined IR 

and EPR experiments with the cautiously solubilised and purified heterotrimeric form of 

ReMBH (i.e. not in a  super-complex configuration) that the HoxZ subunit is sufficient for a 

complete reformation of the super-oxidised cluster following aerobic reoxidation 184. The 

generation of reversibly inactivated active site species corresponding to the IR bands at ca. 

1951 and 1957 cm-1, was supressed in the cross-linked heterotrimeric ReMBH sample, 

suggesting the role of the HoxZ subunit as a reversible electron source/sink.  In her work, 

Dr. Heidary proved already the importance of the HoxZ subunit within the successful oxygen 

detoxification during several fully reversible reduction-reoxidation cycles using both 

substrates hydrogen and oxygen 184. The construct of an artificial cross-linked trimer could 

not reproduce her findings for chemical bulk studies within an electrochemical bulk 

experiment. However, the titration could show that at physiological relevant potentials, some 

observed Niia-S states (which due to the weak S/N ratio could not unambiguously be 

assigned), were, at sufficiently high overpotentials, at least partially converted to ready states 

(e.g. Nir-S, Nir-B). Thus, the Niia-S states represent physiologically irrelevant products of 

inactivated enzyme, which are not formed or are quickly reactivated in the presence of the 

properly bound HoxZ subunit. Nevertheless, the structure and formation mechanisms of such 

states in aerobic “standard” and oxygen tolerant hydrogenases might provide information 

about the immediate properties of the active site environment of the latter enzymes.  

 

Some additional experiments should be carried out to validate these conclusions. First, an 

electrochemical experiment with very small variations of the oxygen flow could clarify the 

O2 tolerance-limit for the C19G variant. For that, a computer-controlled continuous gas flow 

mixing system is being developed by Lars Paasche. Additionally, crystal structures of the 

reoxidised variants should be obtained to conclusively correlate the stabilised open cluster 

conformation with the super-oxidised cluster. Since reproducibility might be an issue as 

documented herein and by Dr. Elisabeth Siebert 169, a setup which allows IR and RR 

spectroscopic studies in combination with X-ray crystallography on the same crystal is 

advantageous. Such a setup is now being optimised by Christian Lorent.  

In control experiments performed to assess the stability of MBH in the long electrochemical 

experiments, wildtype heterodimeric ReMBH samples were kept under aerobic and 

anaerobic conditions at room temperature for similar periods of times (3 h). Thereby 

different changes in the EPR and IR spectra were detected for the varying treatments. In both 

cases, the disappearance of the coupled EPR signal, related to the super-oxidised proximal 

cluster, was observed. However, only following an aerobic treatment, a certain enrichment 

of the IR band at ca. 1951 cm-1 was detected.  

Finally, since the Niia-S and related states seem to be reactivated at high potentials, 

experiments with electrochemical procedures under anaerobic conditions implementing 
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short positive pulses during the application of catalytic potentials should be conducted. This 

might allow the constant reactivation of accumulated inactive states on the electrode. SEIRA 

spectro-electrochemistry could be used to assess the redox states of the active site. Similar 

optimisation only with short negative pulses could also be tested for the C19G variant for 

spontaneous reactivation under oxygen concentrations higher than 2%. Such procedures 

might be also useful for technical applications of similar systems of inactivated immobilised 

catalysts.  
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