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ABSTRACT 

Hydrogenases are enzymes that catalyze the reversible reaction of electrons and protons to 

molecular hydrogen (H2). In the research field of future renewable energy systems, hydrogen 

is often considered as ideal energy carrier since its combustion generates only water. 

Therefore, hydrogenases are of potential technological interest. However, in order to be able 

to use hydrogenases in technological applications, their mechanisms and the factors that affect 

their activities need to be better understood. This work addresses these points in different 

ways by studying the [FeFe]-hydrogenase from Chlamydomonas reinhardtii, HydA1. 

− Paper I: Several non-native cofactors were inserted into unmaturated HydA1 using the 

recently discovered unassisted artificial maturation procedure. H2 production rates 

were not improved, but interesting insight into the functionality of HydA1 was shown.  

− Paper II: NMR investigations of HydA1, its natural electron donor PetF and its natural 

competitor FNR revealed PetF amino acid residues that are only important for 

FNR-binding and not for HydA1-binding. Substitution of those amino acid residues 

led to an increased H2 production activity of HydA1 in the presence of FNR. 

− Paper III: Gallium-substitution of the two iron atoms in PetF revealed the structure of 

the whole PetF interface with HydA1. Calculation of a PetF-HydA1 docking model 

indicates several amino acid residues as targets for mutagenesis aiming at increased 

H2 production. 

− Paper IV: The novel synthesis of [57Fe2(adt)(CN)2(CO)4]2− and its insertion into 

unmaturated HydA1 affords active HydA1 selectively labeled with 57Fe, opening 

multiple spectroscopic investigations that were not accessible this way before. 

Taken together, this work provides different approaches to understand the catalytic activity of 

HydA1 in detail and to improve its H2 production rate. Overall, engineering of the 

HydA1-PetF interface seems to be a more promising target for increasing H2 production than 

engineering of the binuclear iron core of the active site. 
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ZUSAMMENFASSUNG 

Hydrogenasen sind Enzyme, die die chemische Reaktion von Elektronen und Protonen zu 

molekularem Wasserstoff (H2) katalysieren. Wasserstoff wird oft als idealer Energieträger der 

Zukunft betrachtet, da bei seiner Verbrennung lediglich Wasser entsteht. Um Hydrogenasen 

technisch einsetzen zu können, muss ihre Funktionsweise zunächst besser verstanden und ihre 

katalytische Effizienz optimiert werden. Diese Arbeit befasst sich mit Untersuchungen an der 

[FeFe]-Hydrogenase HydA1 von Chlamydomonas reinhardtii.   

− Paper I: Die kürzlich entwickelte artifizielle Maturierung wurde genutzt, um 

verschiedene unnatürliche Cofaktoren in HydA1 einzubringen. Die dabei entstandenen 

Hybrid-Hydrogenasen zeigten zwar geringere H2-Produktionsraten, es konnten jedoch 

interessante Erkenntnisse über die Funktionalität von HydA1 gewonnen werden. 

− Paper II: Durch NMR-spektroskopische Untersuchungen an HydA1, seinem 

natürlichen Elektronendonor PetF und seinem Elektronen-Konkurrenten FNR wurden 

PetF-Aminosäuren identifiziert, die wichtig für die Bindung von FNR, aber nicht von 

HydA1 sind. Ein Austausch dieser Aminosäuren führte zu einer erhöhten 

PetF-abhängigen H2-Produktionsrate von HydA1 in Anwesenheit von FNR. 

− Paper III: Durch Gallium-Substitution der Eisenatome von PetF wurde das gesamte 

Interface zwischen PetF und HydA1 entschlüsselt. Die Berechnung eines 

PetF-HydA1-Komplexes gibt Hinweise auf verschiedene Aminosäurereste, die als Ziel 

für Mutagenese benutzt werden können, um die H2-Produktionsrate zu verbessern. 

− Paper IV: Die neu entwickelte Synthese von [57Fe2(adt)(CN)2(CO)4]2− ermöglicht die 

Herstellung von aktivem, 57Fe-angereichertem HydA1. Dadurch werden verschiedene 

spektroskopische Untersuchungen zugänglich, die vorher so nicht möglich waren.  

In dieser Arbeit werden verschiedene Ansätze gezeigt, um die katalytische Aktivität von 

HydA1 im Detail zu verstehen und zu verbessern. Veränderungen an dem HydA1-PetF-

Interface erscheinen dabei vielversprechender als Änderungen an dem aktiven Zentrum.  
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1 INTRODUCTION 

1.1 The energy problem 

1.1.1 General 

The so-called energy transition is permanently present in the media: after the Fukushima 

nuclear disaster in Japan in March 2011, Germany has decided to shut down all its nuclear 

power plants until 2022. Additionally, it is planned to reduce the CO2 emission. Therefore, the 

use of non-renewable energy sources such as oil and coal has to be abandoned and the future 

energy demand has to be generated using renewable energies like solar and wind energy.  

To date, this is still a vision. Day by day, we use enormous amounts of oil (more than 

100,000 liter per second worldwide).5 Although the crude oil prize was increasing in the past, 

it recently decreased to about 0.40 $ per liter, making oil cheaper than mineral water. Oil is 

liquid and, therefore, easy to extract and to transport.6 Additionally, our energy infrastructure 

is highly optimized for fossil fuel use.7 Right now, oil is still available at low costs and thus 

intensively used. However, in the foreseeable future, we will run out of oil. Coal will last 

longer, but it is the dirtiest of all fossil fuels.8 The use of fossil fuels as main energy source 

leads to pollution and global warming – severe, probably irreversible damage to Earth’s 

atmosphere. The worldwide energy demand is above 120,000 TWh (432*1018 J) per year and 

rises constantly due to increasing world population and higher living standards.9 It is 

estimated to roughly double by midcentury.10 If we want to satisfy our future energy demand 

and still live on a planet with a functioning ecosystem, we need abundant, clean, and secure 

renewable energy sources.  

1.1.2 The hydrogen issue 

Hydrogen, the first element of the periodic table, is the most abundant element in the universe 

and exists as invisible, light and nontoxic diatomic gas H2. It has an extremely high energy 

content of 120 MJ per kg (gasoline: 44 MJ per kg) and its combustion generates only water:11  
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 𝐻2 +  1
2
𝑂2  ⇆  𝐻2𝑂 + 286 𝑘𝐽 𝑚𝑜𝑙−1   (1) 

Water, an inexpensive and abundant molecule, is a “green carrier” of hydrogen. Hence, 

hydrogen is often considered as the ideal “green energy carrier” for the future.12 

Unfortunately, molecular hydrogen is only present on Earth in very low amounts and, 

therefore, it has to be produced under energy consumption. The global hydrogen production is 

50 million tons per year, less than 2% of the world’s energy demand, but it is mainly used as a 

feedstock for the chemical industry and rarely used as fuel.11,13 Also, the hydrogen generation 

is often not carbon-neutral, because it is produced from fossil fuels (natural gas, liquid 

hydrocarbons and coal), hence polluting the atmosphere, or requires catalysts containing rare 

and expensive metals such as platinum.14,15  

Hydrogen as a gas comprises an inconveniently high volume at room temperature and normal 

pressure (11,250 L per kg), which can be reduced by pressurizing in a high-pressure (350 atm) 

steel tank (56 L per kg) or by liquefying at 20 K (14 L per kg). However, these procedures 

also require energy.11 Furthermore, safety aspects of hydrogen as fuel are often discussed 

since ≈4% hydrogen per volume form a flammable mixture with air. The disaster of the 

Hindenburg airship in 1937 and the space shuttle Challenger in 1986 are lasting memories, 

but one has to consider that also gasoline is flammable and explosive. Additionally, in 

contrast to gasoline, hydrogen is volatile and it has a high detonation limit, meaning that it 

burns most likely before it comes to an explosion.16 

It would be ideal to produce hydrogen on demand using water splitting and solar energy as 

energy source as nature has developed: in some green algae, chlorophyll captures incoming 

sunlight and its energy is used to split water into oxygen, electrons and protons. The electrons 

can be used for hydrogen production, a reaction catalyzed by so-called hydrogenases.17 

Hydrogen could then be used to produce energy in a fuel cell equipped with catalysts based 

on cheap and abundant metals such as iron or nickel.  
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1.2 Hydrogenases 

1.2.1 General 

Hydrogenases are metallo-enzymes that catalyze the “simple” conversion from molecular 

hydrogen into electrons and protons as well as the reverse reaction, the generation of 

hydrogen:18 

𝐻2  ⇆  𝐻+ + 𝐻− ⇆ 2 𝐻+ + 2 𝑒−     (2) 

 
Hydrogenases occur in various different microorganisms of which most are prokaryotes 

belonging to the bacteria and archaea life domains. However, some of them belong to the 

third domain of life, the eukaryotes.19,20 Altogether, around 450 hydrogenases are known 

(status in 2007), which show a wide diversity in size, quaternary structure and electron 

donors/acceptors.21 They can be classified according to the metal content of their active site, 

where the catalytic reaction takes place. The two main groups are the [FeFe]-hydrogenases 

and the [NiFe]-hydrogenases.22 The third class are the [Fe]-hydrogenases, which are only 

found in methanogenic archaea.23 They do not directly catalyze the reversible splitting of 

hydrogen, but need a hydride transfer substrate for their hydrogen converting functionality, 

i.e. methenyltetrahydromethanopterin (methenyl-H4MPT+). It reversibly reacts with H2 to 

methylene-H4MPT and H+.24 Figure 1 shows the active sites of all three hydrogenase classes.  

 

Figure 1. Active sites of the three different classes of hydrogenases: the [Fe]-hydrogenase, the 
[NiFe]-hydrogenase and the [FeFe]-hydrogenase. GMP is a guanylate residue (deprotonated guanosine 
monophosphate). The red arrows indicate the H2 binding sites. The nature of X depends on the redox state of the 
enzyme and can be O, OH− or H−.  
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[FeFe]-hydrogenases and [NiFe]-hydrogenases share the characteristic feature of carrying the 

small inorganic ligands cyanide (CN−) and carbonyl (CO) at iron. Furthermore, they both 

possess thiolates bridging between their binuclear cores. In general, [NiFe]-hydrogenases are 

more involved in hydrogen oxidation and [FeFe]-hydrogenases in hydrogen production.25 

Most of the [NiFe]-hydrogenases can be purified aerobically in an inactive state, whereas 

almost all [FeFe]-hydrogenases have to be purified anaerobically.26 Additionally, some 

[NiFe]-hydrogenases show oxygen tolerance that is not found in [FeFe]-hydrogenases, e.g. 

the membrane-bound [NiFe]-hydrogenase from the proteobacterium Ralstonia eutropha.27 

1.2.2 [FeFe]-hydrogenases 

Until the beginning of the 80’s, when hydrogenases were already known for many decades, it 

was not unequivocally proven that hydrogenases exist that do not contain nickel.26 In 1984, it 

was demonstrated that the hydrogenases from the bacteria Desulfovibrio vulgaris and 

Clostridium pasteurianum lacked nickel.28,29 The first crystal structure of an 

[FeFe]-hydrogenase was published in 1998 by the group of Peters.30 As already shown in 

Figure 1, the active center of [FeFe]-hydrogenases consists of a [4Fe-4S]-cluster connected 

via the thiolate of a cysteine residue to a unique binuclear [2Fe]-subsite.31 This unit is called 

the “H-cluster”. The two Fe atoms of the [2Fe]-subsite are referred to as the proximal iron 

(Fep) and the distal iron (Fed) relative to the [4Fe-4S]-cluster. They are connected via an 

azadithiolate bridge and each iron is coordinated by a CO and a CN− ligand.32 CO and CN− 

are strong field ligands that keep the iron center in a low spin-state.33 Additionally, there is a 

CO ligand that can be bridging (as shown in Figure 1) or terminal depending on the redox 

state of the H-cluster (see below, Figure 2).34 Fep is six-coordinated, whereas Fed is 

five-coordinated, leaving an open coordination site where the catalytic reaction occurs.22 In 

addition to the H-cluster, many [FeFe]-hydrogenases contain additional [FeS]-clusters, 
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so called “F-clusters”. The H-cluster is buried within the protein, whereas the F-clusters form 

a chain from the H-cluster to the protein surface (or vice versa) for electron transport. 

The catalytic mechanism of the [FeFe]-hydrogenases is intensively examined already over 

quite a long time, but is still a matter of debate. It has been studied using many different 

spectroscopic techniques such as Fourier-transform infrared (FTIR),34 electron spin resonance 

(EPR),35 57Fe-Mössbauer,36 nuclear resonance vibrational (NRVS)37 and X-ray absorption 

spectroscopy.38 Also, electrochemical studies39 and density functional theory calculations 

(DFT)40 have been performed to shed light on the catalytic mechanism.  

Figure 2 shows the catalytic mechanism proposed by Adamska et al. in 2012.41 

 

Figure 2. Catalytic hydrogen splitting and production mechanism of [FeFe]-hydrogenases as proposed by 
Adamska et al. including the inactive Hox-CO state.41 The [2Fe]-subsite is depicted schematically and the 
[4Fe-4S]-cluster is shown as a square with the overall charge indicated.  

In general, Fed and the [4Fe-4S]-cluster are redox active and the amine bridgehead functions 

as a Brønsted base. The hydride is terminally bound to Fed and a flexible CO ligand can either 

be bridging or terminal. Describing the catalytic cycle for H2 splitting, the oxidized state (Hox) 

can be seen as starting point, where molecular hydrogen can bind to the distal iron. There, it is 

split heterolytically into a hydride and a proton; the latter is binding to the amine bridge. A 
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proton is released, Fed and the [4Fe-4S]-cluster get reduced and the former bridging CO is 

terminally bound to Fed. This super-reduced state (Hsred) is the only state with the 

[4Fe-4S]-cluster in its reduced [4Fe-4S]+1 form. In the next step to the reduced state (Hred), an 

oxidation of the [4Fe-4S]-cluster and back-formation of the bridging CO take place. Finally, 

after a further oxidation and loss of a proton, the catalytic cycle is closed. Hox, Hred and Hsred 

are stable intermediates. Another characterized state is the CO-inhibited state (Hox-CO), 

which is formed upon CO exposure of the oxidized state. The CO binds to the open 

coordination site of the distal iron and blocks the catalytic activity.32 

1.2.3 [FeFe]-hydrogenases in green algae  

Green algae are photosynthetically active algae and belong to the eukaryote life domain. 

Together with cyanobacteria, green algae are the only organisms currently known that are 

capable of both oxygenic photosynthesis and hydrogen production.42 In cyanobacteria, 

hydrogen is produced by nitrogenases or in a dark anaerobic reaction by hydrogenases, 

whereas green algae produce hydrogen photosynthetically,17 where hydrogen evolution is 

observed as a consequence of anaerobiosis or nutrient deprivation.43,44 Although algae usually 

carry out oxygenic photosynthesis, they can adopt to anaerobic conditions by switching their 

metabolism to fermentation.45,46 Under these metabolic conditions, however, harmful 

end-products such as ethanol can be produced.47 Also, the respiratory chain is only partially 

active and the Calvin cycle is inhibited, both functioning as an electron sink under normal 

metabolic conditions.45 Therefore, in the fermentative metabolism, hydrogenase production is 

upregulated,17 because the hydrogenase catalyzes the reaction from electrons and protons to 

molecular hydrogen and thereby serves as an electron sink. The formed end product, 

hydrogen, is volatile and harmless.  

Figure 3 shows a schematic overview of the photoproduction of hydrogen in the green algae 

Chlamydomonas reinhardtii.48 Its hydrogenase HydA1 (see also next chapter 1.2.4) is located 
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in the stroma of chloroplasts.49 Electrons, originating from light-induced water splitting at 

photosystem II, are transported via an electron transport chain, including several proteins, to 

photosystem I and from there to the ferredoxin PetF (photosynthetic electron transport 

ferredoxin). This small protein contains a [2Fe-2S]-cluster that is reduced upon electron 

delivery.50 PetF can distribute the photosynthetic electrons to a variety of proteins, including 

HydA1.48 PetF is, therefore, the natural electron donor of HydA1.51 However, the most 

important electron acceptor of PetF is the ferredoxin-NADP+-oxidoreductase (FNR), a key 

enzyme between photosynthetically produced electrons and the Calvin cycle.52 The subject of 

FNR and HydA1 competing for the electrons of PetF is addressed in paper II.2 

 

Figure 3. Schematic overview of the photoproduction of hydrogen in Chlamydomonas reinhardtii.48 Further 
electron acceptors of PetF are omitted for clarity. PSII: photosystem II, PQ: plastoquinone pool, Cyt b6f: 
cytochrome b6f, PC: plastocyanin, PSI: photosystem I, PetF: photosynthetic electron transport ferredoxin, FNR: 
ferredoxin-NADP+-oxidoreductase. 

 

1.2.4 HydA1 – the [FeFe]-hydrogenase from Chlamydomonas reinhardtii  

Chlamydomonas reinhardtii (C. reinhardtii) is a single-cell green alga living in fresh water. It 

is widely used as a model system in many different subfields in biology.53 Its hydrogenase 

HydA1 is a ≈50 kDa protein consisting of a single unit. Like all [FeFe]-hydrogenases from 

green algae, HydA1 does not contain F-clusters in addition to the H-cluster.43,54 It, therefore, 
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represents the minimal core unit that is necessary for H2 conversion and is most suitable for 

spectroscopic investigations, because no signals from the F-clusters can interfere with H-

cluster signals. In this work, exclusively HydA1 has been studied.  

So far, active HydA1 has not been crystallized. However, a crystal structure of the 

unmaturated inactive form containing only the [4Fe-4S]-cluster is available (Figure 4).55 

Although the [2Fe]-subsite is not present in the crystal structure, its position can be estimated 

by comparing the crystal structure to previously characterized, similar structures of other 

[FeFe]-hydrogenases.31,56 Also, the amino acids that coordinate the [2Fe]-subsite are known.57 

The crystal structure indicates that the H-cluster synthesis occurs stepwise. First, the 

[4Fe-4S]-cluster is assembled and then the [2Fe]-subsite is inserted through a positively 

charged, 8–15 Å wide and about 25 Å deep channel. The [4Fe-4S]-cluster is located at the 

base of the channel. Presumably, this channel collapses following incorporation of the 

[2Fe]-subsite as a result of conformational changes in two loop regions.55  

As a consequence of the absence of the F-clusters in HydA1, electrons for the catalytic 

reaction are directly transferred from its redox partner, the ferredoxin PetF (see also previous 

chapter 1.2.3). Therefore, an electron transfer complex between HydA1 and PetF is formed. 

This complex has been studied (paper III).3   

 

Figure 4. Crystal structure of the unmaturated form of HydA1. The [4Fe-4S]-cluster is shown as spheres (iron in 
orange and sulfur in yellow), the two loop regions presumably involved in H-cluster maturation (see text) are 
colored red. α-helices are shown in blue and β-sheets in light blue.55 
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1.3 Artificial maturation of hydrogenases 

1.3.1  [FeFe]-hydrogenase model complexes 

Since the crystal structures of [FeFe]-hydrogenases were solved,30,32,58 chemists started to 

synthesize model compounds that mimic the active site. The number of [FeFe]-hydrogenase 

model compounds has grown enormously in the past 15 years. The review of Tard and Pickett 

from 2009 gives an overview of different hydrogenase models.59 For a more recent review, 

see Simmons et al., 2014.60 

In 1999, three groups individually reported the [FeFe]-hydrogenase [2Fe]-subsite model 

[Fe2((SCH2)2CH2)(CO)4(CN)2]2− (Figure 5a) derived from the precursor diiron carbonyl 

compound.61-63 At this time, the nature of the bridgehead was not yet identified, since carbon, 

nitrogen, and oxygen could not be distinguished crystallographically. Therefore, the mimics 

[Fe2((SCH2)2NH)(CO)4(CN)2]2− and [Fe2((SCH2)2O)(CO)4(CN)2]2− were also synthesized 

(Figure 5b and 5c).64,65 None of these complexes showed promising catalytic activity and they 

are, therefore, considered as structural rather than functional models. In thiolate-bridged 

binuclear [FeFe] models, apart from variations of the bridgehead, the carbonyl and cyanide 

ligands can easily be substituted, e.g. by phosphines, isocyanides, nitrosyl ligands and 

N-heterocyclic carbenes.59 All in all, there is a huge toolbox for modifying the [2Fe]-core.  

In order to design a functional [FeFe]-hydrogenase active site mimic, several features of the 

natural H-cluster have to be taken into account: i) an open coordination site for substrate 

binding, ii) a proton-shuttling system, iii) a contact site for the external redox partner.18 An 

example of a model compound featuring all these elements was published by Camara et al. in 

2012 (Figure 5d).66 In this complex, the modified ferrocene acts as a redox-active unit, 

therefore mimicking the [4Fe-4S]-cluster. The N-benzyl bridgehead group functions as a 

proton relay and there is a potential substrate binding site. Indeed, hydrogen oxidation could 

be observed for this complex.66  
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Biomimetic [FeFe]-hydrogenase models help to understand the catalytic mechanism by 

featuring certain structural and electronic aspects. However, their electrocatalytic performance 

in hydrogen production and oxidation is generally rather poor.67 For the design of a functional 

and robust hydrogen conversion catalyst for future technological applications, bioinspired 

models may be more promising than mere biomimetic models, although the distinction 

between the two is ambiguous. One example of a rather bioinspired model is a mononuclear 

iron compound that mimics only the distal iron (designed by the Ott group, Figure 5e).68 The 

stable, penta-coordinated Fe(II) complex provides an open coordination site for substrate 

binding and catalyzes the electrochemical reduction of protons at a mild overpotential.  

 

Figure 5. Biomimetic and bioinspired hydrogenase model compounds. Et: ethyl; Ph: phenyl; Bn: benzyl.  
 

1.3.2 Artificial maturation assisted by HydF 

As already mentioned, the integration of the H-cluster in the protein pocket occurs in a 

stepwise manner in vivo.69,70 The [4Fe-4S]-cluster is formed in situ by the standard 

[FeS]-cluster assembly machinery,71,72 whereas the [2Fe]-subsite is assembled by three 

different maturase proteins called HydE, HydF and HydG (Figure 6).73 In the last decade, 

some details of the maturation process have been elucidated like the origin of the CO and CN− 

ligands, which are derived from tyrosine in a HydG-catalyzed reaction.74,75 While HydF has 

been identified as a scaffold protein that transfers the [2Fe]-subsite to the unmaturated 
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hydrogenase, i.e. hydrogenase only containing the [4Fe-4S]-cluster,76,77 recent results of the 

Britt group suggest that HydG transfers an organometallic Fe(CO)2(CN)-synthon that forms 

the [2Fe]-subsite of the H-cluster (Figure 6).78 

 

Figure 6. Hypothetical maturation scheme for H-cluster biosynthesis.69 SAM: S-adenosyl-L-methionine, 
HydFEG: maturase protein HydF co-expressed with HydE and HydG.  

In 2013, Berggren et al. demonstrated that the closest synthetic [FeFe]-hydrogenase 

[2Fe]-subsite mimics [Fe2((SCH2)2X)(CO)4(CN)2]2− (chapter 1.3.1, Figure 5a-c) bind to the 

maturase HydF.79 The width of the FTIR bands (see chapter 2.3.2) of the HydF-hybrids is 

rather large and, therefore indicates conformational freedom of the complex similar to the 

unbound complex. Importantly, it was shown that mimic-loaded HydF can subsequently 

deliver the model compounds to unmaturated HydA1. Upon insertion, all three compounds 

show narrow FTIR bands that are characteristic for the CO and CN vibrational modes in 

active hydrogenase.80 Remarkably, the FTIR spectrum of the mimic 

[Fe2((SCH2)2NH)(CO)4(CN)2]2− (Figure 5b) incorporated into unmaturated HydA1 has strong 

correspondence to native HydA1 and shows full hydrogenase activity.79 This provided finally 

the unequivocal evidence that the bridgehead group has to be an amine, settling a long-lasting 

debate.81,82  

1.3.3 Unassisted artificial maturation 

Only a few months after the discovery of the artificial maturation of HydA1 assisted by HydF, 

during the period in which this thesis was performed, it was demonstrated that the 
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“middleman” HydF is not needed for the maturation.83,84 Upon incubation of 

[Fe2(adt)(CO)4(CN)2]2− (adt = azadithiolate = [(SCH2)2NH]2−) with unmaturated HydA1, the 

model compound is directly incorporated into the enzyme and gives fully active hydrogenase, 

which is virtually indistinguishable from the native HydA1 as shown by EPR (chapter 2.4.3) 

and FTIR analysis.85 Moreover, the unassisted artificial maturation cannot only be used for 

the hydrogenase from Chlamydomonas reinhardtii, but also for [FeFe]-hydrogenases from the 

bacteria Megasphaera elsdenii and Clostridium pasteurianum.83 Additionally, it was shown 

that artificially maturated HydA1 interacts with its natural electron delivery systems, 

indicating also in vivo functionality. Comparing the synthetic mimics and HydA1’s active site 

(Figure 7, left and right), it is apparent that the mimics contain one CO ligand more than the 

active site. Indeed, the dissociation of one CO upon the incorporation reaction was 

observed.83 Figure 7 summarizes the assisted and unassisted maturation. This smart and 

exclusive procedure is an excellent example of the power of synthetic biology and it was used 

throughout this work.  

 

Figure 7. Unassisted (top part) and HydF-assisted (bottom part) maturation of unmaturated HydA1 with 
synthetic mimics. 
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1.4 Aim and outline of the research 

The unassisted artificial maturation as described in the previous paragraph facilitates the 

production of large sample quantities: unmaturated HydA1 can be heterologously 

overexpressed in Escherichia coli resulting in very good yields. It is then activated with the 

synthetic mimic [Fe2(adt)(CO)4(CN)2]2−. These large amounts of active HydA1 were not 

available before and allow for studies using highly concentrated, voluminous 

sample-requiring spectroscopic techniques like NMR (nuclear magnetic resonance, paper II 

and III)2,3 and 57Fe-Mössbauer spectroscopy (paper IV)4. Moreover, synthetic mimics 

different from the native one can be tested for incorporation (paper I).1 

The incorporation of various synthetic mimics as presented in paper I gives insight into the 

functionally relevant parts of the [2Fe]-subsite and the importance of conformational 

flexibility, which were revealed by activity measurements and determination of the degree of 

maturation. In paper II and III, the interactions of the natural electron donor PetF with HydA1 

and the natural competitor of HydA1, the ferredoxin-NADP+-oxidoreductase (FNR), is 

investigated. Knowledge gained from this work could help to design H2 producing organisms 

with an increased H2 production. Paper IV focusses on gaining insight into the electronic 

structure of HydA1.   

Taken together, all these investigations aim for a better understanding of hydrogenases and 

their functionality in order to develop an efficient H2 conversion catalyst for future 

technological applications.  

 

 



 

20 



APPLIED METHODS  

21 

2 APPLIED METHODS 

2.1 Heterologous protein overexpression and purification 

Heterologous overexpression is a method widely used in protein biochemistry.86 A host 

organism is thereby used to express a target protein. Often, the well-studied Gram-negative 

bacterium Escherichia coli (E. coli) is used as a host.87 The gene encoding for the target 

protein is introduced in E. coli on circular deoxyribonucleic acid (DNA), so-called expression 

vectors or plasmids. Beside the genomic information for the target protein, the plasmid 

contains restriction enzyme sites (for cloning), genetic information for antibiotic resistance 

(for selection), a gene regulation system and other specific sites that are depicted in so-called 

vector maps. Figure 8 shows a simplified vector map of the plasmid pET21b that was used in 

this work.   

                                               

Figure 8. Simplified vector map of pET21b as used in this work: Amp (ampicillin), the antibiotics resistance 
gene (orange); ORI (origin of replication), DNA sequence that allows the initiation of replication (red); lacI, 
regulator gene of the lac-operon (blue); the cloning/expression region (green). The cloning/expression region 
contains the T7 promotor and terminator, where the transcription is initiated and stopped, respectively, the 
restriction enzyme sites Nhe I and Xho I and the gene encoding for the target protein HydA1 with the TEV 
recognition site and the Strep Tag. 

The uptake of the expression vector into the host cell is called transformation. It is often done 

by a method called calcium chloride transformation, where the cells are treated with Ca2+ on 

ice, making them permeable to plasmid DNA, or by electroporation, using electric pulses that 

lead to a formation of transient holes in the cell membrane. After the transformation, which 

means that the host cells are now genetically altered, the cells are grown in a culture medium. 
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The expression of the target protein starts once an inducer is added. The lac-operon is often 

used for gene regulation. Addition of the inducer isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and its binding to the lac repressor lead to the expression of the target protein. 

Another gene regulation system, which was also used in this work, is the tet operon with 

anhydrotetracycline as inducer. After protein expression, cell harvesting and breaking, the 

target protein has to be separated from the host proteins. A widely applied method for protein 

purification is the affinity chromatography: a specific gene sequence is added to the gene of 

the target protein that encodes for an affinity tag (Figure 8). This tag is attached to the target 

protein upon expression. The procedure of protein purification via an affinity tag is shown in 

Figure 9 using the example of the Strep tag.88 The tag can be removed after purification by 

specific proteolysis. Proteins purified by this method are often obtained at a high degree of 

purity. If necessary, more purification steps can be applied like, e.g., size exclusion or ion 

exchange chromatography. 

 

Figure 9. Protein purification using the Strep-Tag. a. A solution of protein mixture (mobile phase) is added to a 
stationary phase (resin). The target protein (yellow) has a Strep-Tag that binds to Strep-Tactin (blue) of the 
stationary phase. b. All other proteins (gray) are leached out from the stationary phase. c. The target protein can 
be eluted by adding desthiobiotin (red) that binds to the Strep-Tactin. d. Desthiobiotin is removed when HABA 
(2-(4-hydroxyphenyl-azo)benzoic acid, orange) is added. e. Changing the pH from 8.0 to 10.0 releases HABA. 
f. The stationary phase is now ready for the next purification run. The figure is adapted from Schmidt et al. 
2007.88  
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In this study, E. coli was used to overexpress HydA1, the [FeFe]-hydrogenase from 

C. reinhardtii. The two organisms have different codon usage, meaning that the occurrence of 

tRNA (transfer ribonucleic acid) in the translation from the genetic code to the amino acids is 

different. In order to optimize expression levels, the target gene must be codon-optimized for 

overexpression in E. coli. This is crucial for high yields as were needed in this work. 

Codon-optimized genes are commercially available and produced upon request.  

2.2 H2 conversion activity measurements  

[FeFe]-hydrogenases are mainly active in H2 production, but they also catalyze the reverse 

reaction, the splitting of H2.25 The catalytic activities can be quantified.46,89 For this purpose, 

an artificial electron donor/acceptor is needed. Most often, methyl viologen is used. In order 

to detect H2 production, the hydrogenase is incubated with methyl viologen and sodium 

dithionate as electron source. Under these conditions, the hydrogenase produces H2, which 

can be detected by gas chromatography. H2 oxidation is measured indirectly by optical 

absorption of reduced methyl viologen. In an H2 saturated buffer, the hydrogenase splits H2 

into protons and electrons, if there is an electron acceptor available. The buffer also contains 

oxidized, colorless methyl viologen that turns blue upon reduction. The formation of reduced 

methyl viologen is observed in UV/Vis (ultraviolet-visible) spectroscopy.  

 

 

Figure 10. H2 production and oxidation activity measurements with methyl viologen as electron donor and 
acceptor, respectively. 
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2.3 Infrared spectroscopy 

2.3.1 Basic concepts 

Infrared radiation lies in the electromagnetic spectrum between the visible and the microwave 

region. It is used in infrared (IR) spectroscopy to study vibrations in molecules. The light is 

absorbed at specific wavelengths, which are characteristic for specific vibrations of the 

molecule. The absorption is measured as a function of the wavelength.90 Fourier transform 

infrared spectroscopy (FTIR) is a technique that enables a very efficient recording of the IR 

spectrum and was used in this work.    

There are two basic types of vibrations, stretching (change of the bond length, Figure 11a) and 

bending (change of the bond angle between two atoms, Figure 11b).  

 

Figure 11. a. Symmetric and antisymmetric stretching vibrations and b. bending vibrations.  

The vibration must cause a change in the dipole moment of the molecule in order to be 

infrared active and observable by IR spectroscopy. Infrared inactive vibrations can often be 

observed in Raman spectroscopy, which has different selection rules (change in 

polarizability).91 Molecular vibrations can be approximated derived from Hooke’s law, giving 

a relation between the frequency of a bond vibration, the bond strength and masses of the 

atoms.92 IR spectra are often reported in wavenumbers, which is the inverse of the 

wavelength. 

2.3.2 Infrared spectroscopy on proteins 

In organic chemistry, IR spectroscopy is widely used to identify functional groups in a 

molecule such as OH, NH, C=O, C≡N and NO2.93 An IR spectrum of a protein is composed 
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of many overlapping bands due to the large size of the protein and its chemical structure 

cannot be deduced from the spectrum. However, changes in the spectrum, for example caused 

by protonation of side chains, can be detected. Furthermore, the absorption of the amide 

backbone gives information about the secondary structure of a protein.90 In the review of 

Barth from 2007, the IR spectroscopic applications in protein biochemistry are summarized.94  

In the research field of hydrogenases, IR spectroscopy is particularly useful, because the 

unusual CN− and CO ligands of the active site have specific absorptions between 1800 and 

2200 cm−1.31,33,41,80,85 They, therefore, do not overlap with any other absorptions of the protein 

and they are not coupled to backbone vibrations. The CO peaks are very sensitive to any 

change in the active site of the protein like the oxidation state of the binuclear iron core or the 

[4Fe-4S]-cluster, protonation, any additional ligands or changes in the ligand sphere. This 

leads to a specific pattern of the IR spectrum for the different states in the catalytic cycle of 

hydrogen conversion. Isotope labeling of the CN− and CO ligands causes shifts in the 

absorption peaks and is a useful tool to study mechanistic details or the origin of the 

ligands.78,95,96 Figure 12 shows the FTIR spectrum of C. reinhardtii HydA1 in the oxidized 

state, Hox, after subtraction of the broad background signal from the solvent H2O.   

                              

Figure 12. FTIR spectrum of HydA1 in the Hox state and assignment of the respective peaks. The peaks in the 
blue area arise from CN vibration modes, in the green area from CO vibration modes and in the pink area from 
vibrations of the bridging CO as indicated in the molecular structure on the right. The asterisk marks a minor 
contribution of the Hox-CO state. The spectrum is adapted from Adamska-Venkatesh et al., 2014.85 
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In this work, FTIR spectroscopy was used to probe insertion of synthetic complexes into 

HydA1 and to investigate their structural accommodation within the active site (paper I, 

chapter 4.1). Quantum chemical calculations of FTIR frequencies gave insight into the 

corresponding symmetrical and antisymmetrical stretching modes of the CO and CN− ligands.         

 

2.4 Magnetic resonance spectroscopy 

2.4.1 Basic concepts 

Magnetic resonance spectroscopy is based on the Zeeman effect, i.e. the splitting of molecular 

energy levels in an external magnetic field. This splitting originates from the interaction of the 

magnetic moment of an atom with the external magnetic field. Nuclear magnetic resonance 

(NMR) spectroscopy is sensitive to the magnetic moment caused by the nuclear spin, whereas 

in electron paramagnetic resonance (EPR) spectroscopy, it is the spin transitions of the 

electron that are observed. In an applied external magnetic field, a spin aligns either parallel 

or anti-parallel to the magnetic field, giving rise to two distinct energies (Figure 13).  

 

Figure 13. Zeeman splitting for a spin I = 1/2 in an applied field with the two states MI = +1/2 and MI = –1/2.   

The energy splitting is linearly proportional to the magnetic field. By irradiation of the sample 

with radio frequencies, transitions between the energy state occurs at a certain frequency. This 

phenomenon is called resonance. The frequency at which the resonance condition is obtained 
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depends on the chemical environment of the nuclei and the paramagnetic center, respectively. 

As a result, information about the chemical environments can be derived. In NMR 

spectroscopy, the resonance frequency of a nucleus relative to a standard is called chemical 

shift δ and is given in ppm. 

NMR and EPR spectra are either recorded by continuous wave (CW) or pulse methods. In a 

CW experiment, the external magnetic field is swept at a constant frequency or vice versa, the 

frequency is swept at a constant magnetic field. The former method is used in EPR 

spectroscopy, while CW methods in NMR are generally not used anymore because of a poor 

signal-to-noise ratio. In pulse methods, one or more microwave pulses are applied to the 

sample in order to perturb the magnetization vector. One can then measure the emitted 

microwave signal. The measurements can be described by pulse sequences, which are divided 

into building blocks. Starting with a spin system at thermal equilibrium, the first period is the 

preparation, where the spin system is excited by a single or multiple pulses. This results in a 

magnetization, which evolves during the evolution period. It is followed by a mixing period, 

where magnetization is transferred from one spin to another by one or more pulses. The last 

period is the detection, where the signal is recorded. Figure 14 shows the general pulse 

sequence of a 2D NMR experiment. The variables t1 in the evolution period and t2 in the 

detection period provide the two axes of the 2D NMR spectrum after Fourier transformation. 

 

Figure 14. Schematic depiction of a general pulse sequence for a 2D NMR experiment with the four periods 
preparation, evolution, mixing and detection. 
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2.4.2 Nuclear magnetic resonance spectroscopy 

2.4.2.1 General 

Nuclear magnetic resonance (NMR) spectroscopy is the preeminent analytical technique used 

in organic chemistry. Biomolecular NMR explores the structure and dynamics of proteins, 

nucleic acids, carbohydrates and protein-ligand complexes. Protein NMR is a rapidly 

developing field and primarily only hampered by the limitation in protein size that can be 

studied.97  

In organic chemistry, the most often used nuclei are 1H, 13C, 19F and 31P, whereas in protein 

NMR, they are 1H, 13C and 15N (all I = 1/2). The natural abundance of 13C and 15N is too low 

for measuring protein NMR spectra and, therefore, has to be enriched. This can be done by 

growing the cells in minimal media containing 15NH4Cl and 13C-glucose. Whereas the 1H 

spectrum of a small organic molecule is usually very informative, the 1H spectrum of a 

protein contains a large number of partly overlapping signals and normally, only general 

statements about the secondary/tertiary structure can be made. Hence, higher dimensional (2D 

or 3D) spectra are often recorded in order to obtain more detailed information.  

The investigation of proteins with sizes like that of the [FeFe]-hydrogenase HydA1 (50 kDa) 

by NMR is in general difficult, because the proteins are tumbling slowly in solution, leading 

to a fast decay of the NMR signal and a poor signal resolution. Additionally, there is a large 

number of overlapping signals in the spectrum. Another problem is caused by the active site 

of the hydrogenase: the paramagnetic iron causes paramagnetic relaxation enhancement 

(PRE) of residues nearby the active center, their nuclear spins relax fast and their NMR 

signals become broad or undetectable.  

Therefore, in this study, NMR spectroscopy was used to investigate the interactions of the 

natural electron donor PetF (10 kDa) with the hydrogenase from Chlamydomonas reinhardtii, 

HydA1 (see chapter 4.2 and 4.3, paper II and III). PetF also contains paramagnetic iron in the 

[2Fe-2S]-cluster that leads to invisible residues nearby the cluster. This problem was 
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overcome as described in paper III (chapter 4.3) by substitution of paramagnetic iron with 

diamagnetic gallium(III).    

2.4.2.2  2D NMR 

Common homonuclear 2D-1H experiments in protein NMR are the COSY (correlation 

spectroscopy), TOCSY (total correlation spectroscopy) and NOESY (nuclear Overhauser and 

exchange spectroscopy) experiment (Figure 15). A 1H-1H COSY spectrum shows 

magnetization transfer for protons that are two to three bonds away from each other, whereas 

in the 1H-1H TOCSY spectrum, all protons from one amino acid are correlated. In a 1H-1H 

NOESY spectrum, correlations over space up to approximately 5 Å are observed. Therefore, 

it can give important information about the three dimensional structure of a protein. 

                          

Figure 15. Residues i and i+1 of a protein backbone and the magnetization transfer in different 2D-1H NMR 
experiments. In the COSY (green) and TOCSY (blue) experiment magnetization transfer is shown for the amide 
proton of residue i and in the NOESY (red) experiment for the amide proton of residue i+1. 

One of the most frequently used heteronuclear 2D protein NMR experiments is the 

1H-15N HSQC (heteronuclear single quantum coherence) experiment of a 15N-labeled 

protein.90 In this experiment, the resonance frequency of 15N is correlated to the frequency of 

nitrogen-bound protons. Thereby, the magnetization of the hydrogen nucleus is transferred to 

the attached 15N nucleus. The chemical shift is evolved on the nitrogen and the magnetization 

is then transferred back to the hydrogen for detection. In the protein backbone, each amino 

acid (except for proline) has an amide group and each amide proton gives rise to one single 



APPLIED METHODS  

30 

peak in the 1H-15N HSQC experiment. Additionally, nitrogen-connected protons in the side 

chains of tryptophan, asparagine and glutamine give a signal. In a folded protein, the peaks 

are usually well-dispersed and most of the individual peaks can be distinguished. A typical 

1H-15N HSQC spectrum is shown in chapter 4.2, Figure 2.  

2.4.2.3 3D NMR 

However, for the assignment of the peaks in the 1H-15N HSQC spectrum to the respective 

amino acids in the protein, 3D experiments are needed. In addition to the general pulse 

sequence shown in Figure 14, they have an additional evolution and mixing period. 

Combining the pulse sequences for example from a 2D NOESY and a 2D HSQC gives a 

3D NOESY-HSQC.  

Triple resonance experiments can be recorded with 15N- and 13C-labeled proteins, correlating 

three different nuclei.98 They are very useful because they give relatively simple spectra and 

provide sequential connectivities between residues. Most of the 3D spectra consist of a 

1H-15N plane (similar to an HSQC spectrum) expanded with a carbon dimension. Some 

common triple resonance experiments are HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH, 

HNCO and HN(CA)CO. This nomenclature indicates key information about the experiment: 

The nuclei (CB = Cβ, CA = Cα, CO = carbonyl carbon, NH/HN = atoms of amide group) are 

listed in order of their magnetization in the experiment. Nuclei that are used for transfer of the 

magnetization and of which the resonance frequency is not detected are set in brackets. Figure 

16 shows the magnetization transfer in an HNCA experiment for residue i and residue i-1 of a 

protein. Starting from the amide proton, the magnetization is transferred to the amide 

nitrogen. In the following, a transfer to the Cα nucleus occurs that then goes back the same 

way to the amide proton. The magnetization from nitrogen is transferred to both Cα of residue 

i and residue i-1. In contrast, the HN(CO)CA gives only connectivities to residue i-1. In the 

HNCO and the HN(CA)CO, the connectivities occur through the carbonyl carbon instead of 
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Cα. Analysis of different triple resonance experiments in combination makes an assignment of 

the protein backbone possible.  

                 

Figure 16. The triple resonance experiment HNCA. The red circles depict the nuclei that are detected. The red 
arrows indicate the way and direction of the magnetization. On the left is the description of the observed 
correlations. The figure is adopted from Lottspeich and Zorbas.90  

2.4.2.4 Applications 

An assigned 1H-15N HSQC spectrum can be used to identify amino acids that play a role in 

complex formation of two molecules. In a titration experiment, an unlabeled molecule is 

added stepwise to a 15N-labeled protein of which 1H-15N HSQC spectra are recorded. Upon 

complex formation, changes of the peak positions in the 1H-15N HSQC spectrum for some 

amide protons can be observed. The shifted signals belong to amino acids that interact with 

the added molecule, thereby changing their chemical environment. Weighted averages of the 

1H and 15N backbone chemical shift changes ΔδHN of a particular residue can be calculated 

according to the equation 

∆𝛿𝐻𝑁 = �(∆𝛿𝐻²+0.2 ∆𝛿𝑁²)
2

      (3) 

where ΔδH is the 1H and ΔδN the 15N chemical shift change. This method was used in chapter 

4.2 and 4.3 to investigate the HydA1-PetF complex interface.  

Apart from crystallography, NMR is the only method that can solve the structure of a protein 

and it is, therefore, very powerful. In order to calculate an NMR solution structure, after the 

identification and assignment of all signals, information about the protein structure need to be 
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obtained. Thereby, the NOESY experiments are most important, because they provide 

connectivities through space. The peak intensities of the NOE signals give information about 

the distances. A COSY spectrum can provide insight in the ϕ angle of the protein backbone. 

All information about distances and torsion angels are used as input for structure calculation 

software, where they are converted into energy terms and minimization of the total energy is 

tried to be achieved. This method was applied to the ferredoxin PetF and an NMR solution 

structure is presented in paper III, chapter 4.3.  

2.4.3 Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy is a technique that is used to study 

molecules with one or more unpaired electrons. These paramagnetic molecules can be organic 

radicals or systems that contain transition metals such as manganese, iron, nickel, cobalt or 

copper. EPR spectra can give insight into electronic structure and the geometrical 

environment of the paramagnetic center as well as the conformation and dynamics of 

macromolecules.99 As in NMR, irradiation with a frequency, which matches the difference 

between the energy levels ΔE; causes resonance. The resonance condition is expressed as  

𝛥𝐸 = ℎ 𝜈 = 𝑔 𝛽 𝐵0     (4) 

where h is Planck’s constant (6.6 · 10-34 J·s), ν is the frequency, β is the Bohr magneton and 

B0 is the applied magnetic field. The g-factor is dimensionless and describes the 

proportionality of the resonance energy with respect to the external magnetic field.100 It is 

associated with the electronic characteristics of the investigated substance and provides 

information about the chemical environment and local symmetry of the unpaired electron 

distribution. The g-value for a free electron is 2.0023.  

Protein samples are usually studied in frozen solution, which means that the molecules are 

immobilized, but randomly oriented. Therefore, the EPR spectrum shows a superposition of 

sub-spectra of all molecular orientations, each with its own effective g-factor. If the g-values 
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are dependent on the orientation of the molecule in the external magnetic field, they are 

described by the effective g-value. In general, a so-called EPR “powder” spectrum is 

obtained, where the three g-values g1, g2 and g3 can be recognized as “singularities” in the 

lineshape. The EPR spectrum can be axial (two g-values are identical), rhombic (all three 

g-values are different) or, if there is no g anisotropy, isotropic. Figure 17a shows a rhombic 

spectrum with the three g-values g1, g2 and g3.  

 

Figure 17. Simulated CW EPR spectra. a. Rhombic EPR spectrum (g1 ≠ g2 ≠ g3) without hyperfine splitting. b. 
Rhombic EPR spectrum (g1 ≠ g2 ≠ g3) with hyperfine splitting (I = 1/2). In this case, also the A tensor is rhombic 
and gives different A1, A2 and A3.  

Additionally to the g-values, also magnetic interactions with an nuclear spin I, leading to a 

hyperfine splitting of the signals (Figure 17b), can be observed. However, if the hyperfine 

splitting is small compared to the linewidth, it will not be resolved in a standard EPR 

experiment. In order to determine small unresolved hyperfine splittings, more advanced EPR 

techniques like ENDOR (electron nuclear double resonance) and HYSCORE (hyperfine 

sublevel correlation) have to be applied. These techniques are used in chapter 2.4 (paper IV) 

to investigate 57Fe hyperfine couplings (nuclear spin I = 1/2) of 57Fe-labeled HydA1. Weak 

hyperfine couplings are usually observed in HYSCORE, whereas stronger hyperfine 

couplings are better detected in ENDOR spectra. In both methods, the spectra are recorded at 

a certain field positions that correspond to a set of molecular orientations with respect to the 

external magnetic field. In ENDOR, the radio frequency is scanned, whereas HYSCORE is a 
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2D pulse EPR method with variable t1 and t2 times as explained for 2D NMR experiments 

(Figure 14). The hyperfine splitting can provide information about the spin density 

distribution over a molecule.  

In the research field of hydrogenases, EPR has been a powerful tool, because many states of 

the catalytic cycle are paramagnetic. In HydA1, these include Hox, Hsred and Hox-CO.7,18 Also 

the unmaturated hydrogenase with only the [4Fe-4S]-cluster is EPR active in its reduced 

form. HYSCORE and ENDOR measurements give information about the delocalization of the 

unpaired electron and the coupling between the [4Fe-4S]-cluster and the [2Fe]-subsite. CW 

EPR spectra of the Hox-CO state and the unmaturated, reduced form of HydA1 are shown in 

Figure 18.  

  

Figure 18. CW EPR spectra. a. The almost axial EPR spectrum of the Hox-CO state with the g-values indicated. 
b. EPR spectrum of unmaturated HydA1 containing only the reduced [4Fe-4S]-cluster. The g-values of this 
rhombic spectrum are characteristic for reduced [4Fe-4S]-clusters.    

 

2.5 Mössbauer spectroscopy 

2.5.1 Basic concepts 

Mössbauer spectroscopy is a spectroscopic technique based on the Mössbauer effect: the 

recoilless resonance absorption and emission of γ-radiation. It was discovered 1957 by the 

German scientist Rudolf Mössbauer during his doctoral thesis.99 γ-radiation is an 

electromagnetic radiation (photons) with extremely high energy, produced by the decay of 
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radioactive nuclides upon transition from a meta-stable higher to a lower energy state. The 

phenomenon is commonly known as γ-decay. The emission (or absorption) of a photon by a 

free nucleus in the gas phase or as liquid generally results in recoil of the nucleus, leading to 

an energy loss of the emitted photon:101  

𝐸γ = 𝐸0 −  𝐸𝑅      (5) 

Eγ is the energy of the emitted photon, E0 the mean nuclear energy (difference between higher 

and lower energy state) and ER is the recoil energy. The recoil is caused by the transfer of 

momentum from the photon upon emission or absorption. The recoil energy can be written as: 

𝐸𝑅 = 𝐸02

2𝑀𝑐2
      (6) 

where M is the mass of the nucleus and c the speed of light. The recoil effect causes energy 

separation between the detectable emission and the absorption lines, which is six orders of 

magnitude larger than the natural width of the γ-lines. Thus, in gases and liquids, they do not 

overlap and γ-resonance is not possible. Though, as found by Mössbauer, if the nucleus is 

embedded in a lattice (a crystal), there is a certain finite probability that the lattice as a whole 

takes the recoil momentum. In this case, M in equation 6 is the mass of the whole lattice and 

ER becomes negligibly small. 

The recoil can also excite or annihilate a lattice vibration (so-called phonon). In both cases, 

nuclear γ-resonance becomes impossible. However, because the energy of these phonons is 

quantized, there is a certain finite probability of a zero-phonon process. This probability factor 

is known as the Mössbauer-Lamb factor f and denotes the fraction of γ-emission 

or -absorption occurring without recoil, meaning that γ-resonance becomes possible.102   

The chemical environment of the Mössbauer nuclei in the γ-absorber (the investigated 

sample) is distinct from that of the nuclei in the emitter (the source). Therefore, the energy 

differences of the nuclear ground and excited states are different in the source and the 

absorber, i.e. absorption energies are different from the energy of the emitted γ-rays. As a 
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consequence, the energy has to be modulated for resonance absorption. This is realized using 

the Doppler effect by moving the source toward (+υ) and away (−υ) from the sample, which 

causes a Doppler shift of the emitted γ-photons proportional to the velocity υ. If the emission 

and absorption line overlap, resonance occurs, which is seen as a reduction in the rate of 

transmission of γ-rays through the absorber. Due to the Doppler modulation, the energy scale 

of the Mössbauer spectra is given in mm/s. 

2.5.2 57Fe Mössbauer spectroscopy 

Mössbauer spectroscopy is by far most extensively used with the isotope 57Fe, although there 

are other isotopes that can be studied by Mössbauer spectroscopy (e.g. 61Ni, 67Zn, 191,193Ir).101 

In 57Fe Mössbauer spectroscopy, 57Co is the source of γ-radiation. It decays to an excited state 

of 57Fe by electron capture with a half-life of about 270 days. Initially, the 136.5 keV nuclear 

level of 57Fe (I = 5/2) is populated. This excited state decays to the 14.4 keV excited state, 

which decays further to the 57Fe ground state by emitting a γ-quant of 14.4 keV (Figure 19).103 

 

Figure 19. Decay scheme of 57Co to 57Fe and the 57Fe nuclear transitions. 

2.5.3 The Mössbauer spectrum 

The transmitted γ-rays are detected with a γ-counter (y-axis). They are recorded as function of 

the Doppler velocity (x-axis), giving rise to the Mössbauer spectrum. A simple Mössbauer 

spectrum in the absence of magnetic fields, a so-called quadrupole spectrum, is shown in 

Figure 20a. 
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Figure 20. a. Simple Mössbauer spectrum with the isomer shift δ and quadrupole splitting ΔEQ shown. b. Origin 
of the isomer shift δ and quadrupole splitting ΔEQ depicted in the energy level diagram of the absorber.   

It is characterized by two parameters, the isomer shift δ and the quadrupole splitting ΔEQ. 

Both parameters are given in mm/s. The isomer shift is determined by the average position of 

the doublet. The quadrupole splitting is given by the separation of the two lines of the doublet. 

The isomer shift arises from Coulomb interactions between the nucleus and its environment, 

which is mainly given by s-electrons. It is a product of the charge distribution of the nucleus 

and the electronic charge density at the nucleus. The electronic densities differ for the source 

and the absorber because of different chemical composition, which leads to a difference in 

transition energies from the ground to the excited state (Figure 20b). Therefore, resonance 

does not appear at Doppler velocity 0, but is shifted by the isomer shift δ. The isomer shift 

provides information about the oxidation state of the nucleus, the spin state, the number of 

ligands and their σ-donor and π-acceptor strengths. It is most insightful to interpret the 

determined parameters in comparison to a similar compound. Some general trends have been 

obtained from a systematic study of a variety of iron compounds: i) a lower oxidation state 

leads to a more positive value of the isomer shift, ii) high-spin compounds have a larger 

isomer shift than low-spin compounds, iii) ionic/hard ligands cause higher isomer shifts than 

covalent/soft ligands, iv) σ-donating ligands and dπ-pπ-backdonation of a metal to a ligand 

results in more negative isomer shifts (s-electron density is increased).101  
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The quadrupole splitting arises from the splitting of the I = 3/2 excited nuclear state (Figure 

20b). This state has a non-spherical charge distribution (as compared to the I = 1/2 state), 

producing a quadrupole moment that interacts with an inhomogeneous electric field. This 

field is generated by a non-cubic charge distribution of the surrounding electrons. The 

quadrupole moment provides information about the symmetry of the ligand charges around 

the nucleus and the population of the iron 3d orbital, which is connected to bond properties.101 

In addition to the isomer shift and the quadrupole splitting of the Mössbauer spectrum shown 

in Figure 20a, there can be magnetic hyperfine splitting as a result of interactions between the 

nucleus and a magnetic field. Such spectra are recorded with an external applied field and 

paramagnetic properties of a sample can be probed.  

 

In this work, the novel synthesis of 57Fe-labeled [Fe2(adt)(CO)4(CN)2]2− (Figure 5b) was used 

to specifically label the binuclear [2Fe]-subsite of the H-cluster and Mössbauer spectra were 

recorded. Complementary, the [4Fe-4S]-cluster was 57Fe-labeled by chemical reconstitution 

with 57FeCl3 and investigated by Mössbauer spectroscopy. The results are presented in paper 

IV, chapter 4.4. 
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3 SUMMARY OF JOURNAL ARTICLES 

3.1 Paper I  

Hybrid [FeFe]-hydrogenases with modified active sites show remarkable 

residual enzymatic activity 

The unassisted artificial maturation83 as described earlier in chapter 1.3.3 opens new ways to 

study [FeFe]-hydrogenases. One of them is the insertion of non-native cofactors into the 

unmaturated form of the hydrogenase. In this study, this procedure has been exploited to test 

15 different synthetic iron complexes for their integration into unmaturated HydA1.  

By monitoring the behavior of the CO vibration modes (chapter 2.3.2), FTIR spectroscopy 

was employed to verify if the complex incorporation was successful. Moreover, all complexes 

inserted into HydA1 were tested for H2 production and oxidation activity (chapter 2.2). In 

2013, Berggren et al. demonstrated that variants with a modified bridging dithiolate 

(propanedithiolate 2a, oxodithiolate 4, see Figure 21) integrate into HydA1.79 In this work, 

variants with a thiodithiolate 5, an N-methyldithiolate 3a and a dimethlydithiolate 6 bridge 

were incorporated into HydA1. Furthermore, mono-cyanide variants with five CO and one 

CN− ligand (instead of four CO and two CN− ligands) of the azadithiolate 1b, 

propanedithiolate 2b and N-methyldithiolate 3b analog were shown to bind to unmaturated 

HydA1. Synthetic models containing no CN− and only CO ligands could not be incorporated. 

None of the newly synthesized hybrid [FeFe]-hydrogenases showed improved catalytic 

activity. However, the mono-cyanide variant with an azadithiolate bridge 1b showed ≈50% of 

the native enzyme activity. It can, therefore, be inferred that the CN− ligands serve rather for 

anchoring the [2Fe]-subsite in the protein pocket than being essential for the catalytic activity. 

The propanedithiolate 2a and N-methyldithiolate 3a bridgehead analog as well as their 

mono-cyanide variants 2b and 3b showed residual H2 conversion activity. In all cases, 

H2 production and oxidation activities are affected in the same way, giving good evidence that 
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the catalytic enzyme reaction in both directions relies on the same physical properties of the 

[2Fe]-subsite. 

In summary, one can conclude that the Brønsted base function of the bridgehead and its 

conformational flexibility are essential for the catalytic activity. The findings also indicate 

that even small changes in the active site lead to a severe decrease of enzymatic activity. It 

can, therefore, be assumed that the approach of the incorporation of non-native cofactors into 

unmaturated HydA1 in order to increase the enzyme activity is only promising when also 

changing specifically the amino acid surrounding. Nevertheless, interesting insight into 

functional features of the active site can be gained from studying hybrid [FeFe]-hydrogenases.   

 

Figure 21. Artificial maturation of [Fe2(adt)(CO)4(CN)2]2− with unmaturated HydA1. Active hybrid HydA1 is 
formed having an H2 production activity identical to that of the native enzyme. It was, therefore, set to 100% 
activity. Below shown are all variants that could be incorporated into HydA1. The H2 production activities of 
HydA1 maturated with these variants are indicated.  
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3.2 Paper II  

Enhancing hydrogen production of microalgae by redirecting electrons 

from photosystem I to hydrogenase 

The results presented in this paper follow a different approach than described in paper I of 

increasing the catalytic activity of HydA1. It focusses on investigations to improve in vivo H2 

production of green algae. Since green algae like Chlamydomonas reinhardtii are so far the 

only known organisms that produce H2 photosynthetically,17 they are interesting targets for 

technological applications.104 HydA1 receives its electrons for the reduction of protons from 

the ferredoxin PetF (chapter 1.2.3), which is the electron acceptor of photosystem I. PetF, 

however, provides electrons to different metabolic pathways.48 Most electrons are delivered to 

the ferredoxin-NADP+-oxidoreductase (FNR), which mediates electrons for CO2 fixation. 

Down-regulation of this competing process leads to an increased electron delivery to HydA1 

and, therefore, higher H2 production rates.105  

In this study, PetF residues are identified that play a role in PetF/FNR and PetF/HydA1 

interaction. This was done by parallel NMR titration experiments of 15N-labeled PetF 

supplemented with increasing amounts of FNR or HydA1 and analysis of chemical shift 

perturbations (chapter 2.4.2.4). Although it was found that most identified PetF residues are 

involved in complex formation with both proteins, the two aspartate residues D19 and D58 

could be identified to be only involved in FNR binding. The identification of these two 

residues suggests that specific negatively charged amino acids in the binding interface of PetF 

play a role in the differentiation of the binding partners.  

Moreover, D19 and D58 were tested for their potential as targets for improved H2 production 

of HydA1. They were, therefore, mutated to alanine (D19A, D58A and the double variant 

D19A/D58A) and tested in a light-driven H2 production assays. In the absence of FNR, 

HydA1 H2 production rates with all these three PetF mutants as electron donor are not 

affected, confirming the NMR results that these residues are not important for PetF-HydA1 
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binding. In a competition assay in the presence of FNR, the H2 production activity of HydA1 

is diminished to 7% compared to the H2 production activity in the absence of FNR (set to 

100%) using wild-type PetF (Figure 22). However, with the variants PetF-D19A and 

PetF-D58A, the activity is increased 1.5 and 2.5-fold (10% and 19%, respectively). H2 

production of HydA1 with the double variant PetF-D19A/D58A shows a 4-fold increased H2 

production rate (28%), indicating a synergistic enhancement of single effects. Furthermore, 

combination of the PetF double mutant with mutations of FNR, which were shown before to 

negatively affect PetF-FNR interactions (K83L, K89L),106 show an increased HydA1 H2 

production rate of up to 37% (Figure 22). 

The variant PetF-D19A/D58A could be used for implementation in H2 production optimized 

C. reinhardtii strains in order to further increase catalytic activity. This combined metabolic 

engineering approach can be a step towards the design of H2-producing organisms for 

technological applications.  

 

Figure 22. Light-dependent H2 production activities of HydA1 with wild-type (wt) PetF and wt-FNR as well as 
with mutants of PetF and FNR as indicated. The activity of HydA1 with wt-PetF in the absence of FNR is set to 
100%.     
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3.3 Paper III  

Structural insight into the complex of ferredoxin and [FeFe] hydrogenase 

from Chlamydomonas reinhardtii  

Paper III is a follow-up study of paper II. In this work, the complex of the ferredoxin PetF and 

HydA1 is examined in more detail. Since there is no crystal structure available of 

C. reinhardtii PetF, a PetF NMR solution structure, based on several 3D and 2D NMR 

experiments, was determined. PetF and HydA1 form a transient electron-transfer complex, for 

which also no X-ray crystal structure is available. Therefore, a protein-protein docking 

structure based on the PetF NMR solution structure and the structure of unmaturated 

HydA1107 was calculated. This docking model is the basis for the identification of residue 

substitution targets in order to improve the in vivo H2 production of HydA1.   

The binding interface of PetF with HydA1 presented in paper II lacks information about 

amino acid residues nearby the [2Fe-2S]-cluster of PetF. This is due to paramagnetic 

relaxation enhancement as described in chapter 2.4.2.1. However, the residues nearby the 

[2Fe-2S]-cluster are important since some of them reside directly at the interface. The 

paramagnetic relaxation enhancement was overcome by gallium-substitution of the irons in 

PetF’s [2Fe-2S]-cluster. All residues that were not visible before became detectable and most 

of them are affected upon HydA1-binding. These new data together with site-directed 

mutagenesis data51,108 were used as input for the docking of PetF to HydA1. The thereby 

obtained PetF-HydA1 model structure (Figure 23) revealed that PetF-E90 and HydA1-R187 

are the residues with the largest number of H-bonds and salt bridges to HydA1 and PetF, 

respectively. The importance of these residues for the HydA1-PetF complex formation was 

already demonstrated.51,109 Among other charged residues that were identified before, the 

complex model revealed several amino acids with hydrophobic or polar side-chains that are 

important for complex formation.  
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In total, there are three residues that are proposed as possible targets for site-directed 

mutagenesis to enhance in vivo H2 production: i) PetF-E91A, neighbor of the important E90 

residue. This residue is not essential for PetF-HydA1 complex formation as indicated by 

chemical shift perturbation data. ii) HydA1-R187A. Based on published results for 

HydA1-R187D, a destabilization of the PetF-HydA1 complex is assumed, but no complete 

loss of H2 production. iii) HydA1-T186A, HydA1-R187’s neighbor. In analogy to the 

residues T12 and R13 of cytochrome c, one would expect an increased binding affinity of 

PetF to HydA1.110 A combination of these mutations might result in increased PetF-dependent 

H2 production of HydA1. 

 

Figure 23. Model of the PetF-HydA1 complex and zoom into the relevant interface region. HydA1 is shown in 
blue, PetF in gray. The FeS-clusters are displayed as spheres with Fe colored orange and S colored yellow. The 
HydA1 amino acids T186 and R187 and the PetF residues E90 and E91 (see text) are depicted as sticks.   
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3.4 Paper IV  

Spectroscopic investigations of [FeFe] hydrogenase maturated with 

[57Fe2(adt)(CN)2(CO)4]2− 

Paper IV presents the novel synthesis of [57Fe2(adt)(CN)2(CO)4]2− by the Rauchfuss group and 

spectroscopic investigations of HydA1 maturated with [57Fe2(adt)(CN)2(CO)4]2− in the 

CO-inhibited state Hox-CO. Via the artificial maturation procedure, HydA1 becomes not only 

available with modified active sites as described in paper I, but also with isotope labeled 

versions. This is an extremely helpful tool for detailed spectroscopic investigations96 and can 

shed light on the still not fully understood catalytic mechanism of HydA1.  

Finding a route for the synthesis of [57Fe2(adt)(CN)2(CO)4]2− is challenging because relevant 

precursors like Fe(CO)5 are not available as 57Fe(CO)5. Therefore, 57Fe(CO)5 was avoided as 

intermediate and [H57Fe(CO)4]− was used instead. Selective labeling with 57Fe introduces a 

nucleus that is highly responsive to Mössbauer (see chapter 2.5.2) and nuclear resonance 

vibrational spectroscopy (NRVS). With a nuclear spin I = 1/2, 57Fe is also ideal for 

investigation by EPR techniques like ENDOR and HYSCORE (chapter 2.4.3).35 So far, there 

are only very few Mössbauer studies on [FeFe]-hydrogenases due to the difficulty of 

57Fe-labeling and the required high amounts of sample. Additionally, Mössbauer analysis has 

been complicated due to overlapping signals of the [2Fe]-subsite, the [4Fe-4S]-cluster and the 

accessory [FeS]-clusters.36,111,112  

The presented procedure of selective 57Fe labeling of the [2Fe]-subsite solves this problem 

and provides a clean spectrum of the [257Fe]-subsite, clearly showing two non-equivalent iron 

sites of low-spin iron in a low oxidation state. Furthermore, complementary 57Fe enrichment 

of the [4Fe-4S]-cluster was realized by reconstitution of the [4Fe-4S]-cluster with 57FeCl3. 

The selective labeling of the two H-cluster components also greatly simplified the assignment 

of observed pulse EPR signals. Overall, they confirm previous results from studies of the 

Desulfovibrio desulfuricans [FeFe]-hydrogenase, indicating a strong spin exchange coupling 
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between the two sub-clusters in the Hox-CO state. NRVS spectra further confirm successful 

selective 57Fe-labeling of the [2Fe]-subsite. The only previous NRVS spectra of an 

[FeFe]-hydrogenase suffer from unspecific labeling of [FeS]-clusters. There, the 57Fe-labeling 

of the hydrogenase was obtained differently through an in vitro maturation by the 57Fe-labeled 

maturases HydE, HydF and HydG.37 The NRVS spectra presented in this works do not show 

any unspecific labeling.  

In summary, the work describes a versatile route to 57Fe-labeled iron carbonyls and the 

application of [57Fe2(adt)(CN)2(CO)4]2− by maturating HydA1. In this study, the 57Fe-labeled 

non-catalytically active Hox-CO state is presented to demonstrate the successful selective 

labeling of the [2Fe]-subsite precursor. Investigation of the other labeled states generated by 

this method may contribute to a better insight into the catalytic mechanism of HydA1. 

 

Figure 24. Simplified synthesis scheme of [57Fe2(adt)(CN)2(CO)4]2− and the different spectroscopic techniques 
that can be applied after the insertion of [57Fe2(adt)(CN)2(CO)4]2− into HydA1.  
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4 JOURNAL ARTICLES 

4.1 Paper I 

 
 

Hybrid [FeFe]-hydrogenases with modified active sites show remarkable 

residual enzymatic activity  
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4.1.2 Supporting information 

 
Hybrid [FeFe]-hydrogenases with modified active sites show remarkable 

residual enzymatic activity  

Judith F. Siebel, Agnieszka Adamska-Venkatesh, Katharina Weber, Sigrun Rumpel, Edward 

Reijerse, Wolfgang Lubitz 

 

Protein preparation 

 

Figure S1. a) Mass spectrum of unmaturated HydA1 before and after cleavage of the TEV site. The calculated 
masses are 49896 Da and 47542 Da, respectively. Spectra were taken on a sina matrix with a Voyager-DE PRO 
Workstation MALDI-TOF-System (Applied Biosystems). b) SDS PAGE of unmaturated HydA1 after one-step 
purification using affinity chromatography (Strep-tag). Novex Sharp Unstained Protein Standard (Invitrogen) 
was used as molecular weight marker. c) Gel chromatography on a Superdex 16/60 (GE Healthcare) in 50 mM 
HEPES, pH 7.4, 250 mM NaCl, 2 mM DTT (dithiothreitol) under anaerobic conditions. Unmaturated HydA1 
elutes as a single peak after 70.4 ml which corresponds to a mass of 49 kDa, fitting to the actual size of the 
protein (48 kDa). Inset: Calibration of the Superdex S200 16/60 using thyroglobin (660 kDa), ferritin (440 kDa), 
albumin (68 kDa), ovalbumin (44 kDa), desoxyribonuclease (31 kDa) and myoglobin (16 kDa) as calibration 
proteins in 50 mM HEPES, pH 7.4, 250 mM NaCl. Elution of unmaturated HydA1 is shown with a red asterisk.  
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Notes on activity measurements  

HydA1-1a and wild-type HydA1 are known to have an activity of 600–700 µmol H2 per 

second per mg protein in hydrogen production.1, 2 This corresponds to turnover frequency 

(TOF) of 476–556 turnovers per second (calculated with a protein mass of 47.5 kDa). H2 

oxidation was measured to be ≈40% of the H2 production activity using the same incubation 

temperature.2  
 

Table S1. H2 production and oxidation activities 

hybrid hydrogenase H2 production in s−1 H2 oxidation in s−1 

HydA1-1a 442 ± 50 144 ± 6 

HydA1-1b 207 ± 40 59 ± 13 

HydA1-3a 6.1 ± 1.1 1.8 ± 0.3 

HydA1-2a 0.76 ± 0.25 0.05 ± 0.02 

HydA1-3b 0.19 ± 0.02 0.012 ± 0.004 

HydA1-2b 0.13 ± 0.02 * 
* too close to detection limit of 0.003 s−1  

All activities in this study were measured at least three times from one HydA1-x preparation. 

The reported values are mean values ± standard deviation. It should be noted that the 

variations among independently prepared samples are slightly larger than the ones shown. 

This is mainly caused by the imprecise protein determination of highly diluted samples. 

Further variations are caused by aging of the protein sample and complex solution as well as 

inaccuracies in dilution. For exact comparison of activities, ideally the same amount of 

protein should be used in the measurement, which, however, is not possible for the highly 

active (HydA1-1a and HydA1-1b) and poorly active (all other) hybrids. Due to the inaccuracy 

in the activity measurements as outlines above, a direct comparison of absolute numbers is 

avoided. Therefore, only prominent tendencies in activities which can differ by factor up to 

10000 are discussed.     

The activity of HydA1-1b is strongly dependent on the maturation conditions. Activation 

using standard conditions (25 mM Tris/HCl, pH 8.0, 25 mM KCl and 2 mM NaDT, protein 

concentration of ≈5 µM) leads to large variations in activity which can end up to be a factor of 

100 lower than under optimized conditions (25 mM Tris/HCl, pH 8.0, 25 mM KCl and 

10 mM NaDT, protein concentration of ≈40 µM). This suggests that during activation in 
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aqueous buffer HydA1-1b is more sensitive to oxidation than HydA1-1a and that the insertion 

reaction is less favored. 

All activities in this study were measured after 1 h incubation time (Figure 4). Therefore, they 

do not contain the information on how much of the protein was maturated. This was 

separately tested using iron quantification. Unmaturated HydA1 contained 2.3 ± 0.1 iron per 

protein, corresponding to 55–60 % of protein containing the [4Fe-4S]-cluster. Figure S2 

shows how much of this “competent” fraction was maturated with the binuclear [2Fe]-subsite 

mimic. The degree of maturation varies between 25% and 80%. HydA1-1a and HydA1-1b 

both are maturated (on average) close to 80%. Therefore the quoted activities need not be 

corrected. Although there are variations in the degree of maturation (especially low for 

HydA1-2a and high for HydA1-1a, HydA1-1b and HydA1-3a), the overall orders of 

magnitudes in which the activities of HydA1-x are discussed remain unaffected. HydA1-2a 

was shown before to have a low maturation degree using spin counting.3  

 

Figure S2. Degree of maturation for all HydA1-x after 1 h incubation time of unmaturated HydA1 and 5-fold 

excess of synthetic complex. Excess complex was removed using PD10 desalting columns (GE Healthcare) as 

described in Materials and Methods. The iron content of each sample was determined in triplicates for three 

different protein concentrations. The shown values are mean values of all 9 measurements ± standard deviation.
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Synthesis of [(NEt4)2][Fe2(pdt)(CO)4(CN)2] and [NEt4][Fe2(pdt)(CO)5(CN)] 

The procedure described in the following for 2a was carried out analogously for 1a, 3a, 4, 5 

and 6. 

[(NEt4)2][Fe2(pdt)(CO)4(CN)2]: [Fe2(pdt)(CO)6] (0.11 g, 0.27 mmol) was dissolved in 

acetonitrile (4 ml) and [NEt4][CN] (0.09 g, 0.56 mmol) was added as a solid at room 

temperature. After gas evolution stopped, the reaction mixture was stirred for 2 h. The product 

was precipitated by addition of 8 ml of Et2O and recrystallized from a dichloromethane 

solution with n-hexane at −40 °C. The product was isolated as a deep red crystalline solid 

(0.13 g, 69%) and verified by 1H-NMR and FTIR-spectra in agreement with published 

results.4-6  

The procedure described in the following for 2b was carried out analogously for 1b and 3b. 

[NEt4][Fe2(pdt)(CO)5(CN)]: [Fe2(pdt)(CO)6] (0.05 g, 0.13 mmol) was dissolved in acetonitrile 

(2 ml) and Me3NO (0.01 g, 0.13 mmol) was added as a solid. The solution was then cooled to 

−40 °C and treated with a solution of [NEt4][CN] (0.02 g, 0.13 mmol) in 1 ml acetonitrile. 

The reaction mixture was allowed to warm up to room temperature and was stirred for 2 h. 

The solvent was removed under reduced pressure; the residue was washed with 5 ml Et2O and 

then recrystallized from a THF solution with n-hexane at −40 °C. The product was isolated as 

a red crystalline solid (0.04 g, 58%) and verified by 1H-NMR and FTIR spectra in agreement 

with published results.7 

 

 

Computational methods 

All calculations reported in this paper were performed using the ORCA program package 

(Program Version 3.0.2).8 Geometry optimizations and frequency calculations were carried 

out at DFT level, using the BP86 GGA functional in conjunction with the RI 

approximation.9-13 The recontracted scalar-relativistic TZVP basis set was used.14 To fit the 

BP86/RI/TZVP calculated CN and CO frequencies a calibration according to Yu et al.15 was 

used: ν(CNScal) = 0.990*ν(CNCal); ν(COScal) = 1.023*ν(COCal) – 49. Calculated models and 

vibration modes were visualized using the program ChemCraft (Version 1.7).  
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Stretching modes of [Fe2(xdt)(CO)4(CN)2]2− 

 

Figure S3. General shape of the FTIR spectrum of [Fe2(xdt)(CO)4(CN)2]2−. Shown here is the measured 
spectrum of [Fe2(pdt)(CO)4(CN)2]2− (see also Figure 2) and the corresponding symmetrical and antisymmetrical 
stretching modes of the CO and CN ligands including the calculated wavenumbers. The stretching modes and 
wavenumbers were calculated for [Fe2(pdt)(CO)4(CN)2]2− using the ORCA program as described above. These 
are comparable to [Fe2(adt)(CO)4(CN)2]2− with a maximum shift of 6 cm−1. The direction of the arrows indicates 
whether the stretching is in phase or out of phase; the length shows the approximate amplitude of the vibration. 
As starting structure, the coordinates of the crystal structure from [(Et4N)2][Fe2(pdt)(CO)4(CN)2] were used7 for 
geometry optimization on DFT level. The cations were removed for the calculation. Stationary points were 
confirmed to be minima by the absence of imaginary frequencies. The stretching modes of the CN ligands were 
calculated to be at 2068 cm−1 and 2049 cm−1, whereas stretching modes of the CO ligands are between 1937 
cm−1 and 1850 cm−1 and clearly shifted to lower wavenumbers of ≈50 cm−1 as compared to the measured FTIR 
spectrum. At 1937 cmv1, all CO ligand stretching vibrations are in phase. 
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Stretching modes of HydA1-Hox 

 

Figure S4. The FTIR spectrum of HydA1-Hox is taken from Adamska-Venkatesh et al., 2014.16 The 
corresponding symmetrical and antisymmetrical stretching modes and wavenumbers of the CO and CN ligands 
were calculated for [Fe2(adt)(CO)4(CN)2]2− using the ORCA program for the shown model. The direction of the 
arrows indicates whether the stretching is in phase, the length shows the approximate size of the elongation. The 
stretching modes of the CN ligands were calculated to be at 2081 cm−1 and 2073 cm−1. The signal at 1961 cm−1 
corresponds to a symmetrical stretching for all CO ligands, whereas the signal at 1935 cm−1 shows 
antisymmetrical stretching as indicated. The signal at 1827 cm−1 results mainly from the bridging CO ligand.   
* peak of CO-inhibited state 
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Stretching modes of [Fe2(xdt)(CO)5(CN)]− 

 

Figure S5. General shape of the FTIR spectrum of [Fe2(xdt)(CO)5(CN)] −. Shown here is the measured spectrum 
of [Fe2(pdt)(CO)5(CN)]− (see also Figure 3). The corresponding symmetrical and antisymmetrical stretching 
modes of the CO and CN ligands including the calculated wavenumbers were calculated for 
[Fe2(pdt)(CO)5(CN)] − using the ORCA program. They are the same for [Fe2(adt)(CO)5(CN)] −. The direction of 
the arrows indicates whether the stretching is in phase, the length shows the approximate size of the elongation. 
As starting structure, the coordinates of optimized structure [Fe2(pdt)(CO)4(CN)2]2− (Figure S3) were used and 
modified to [Fe2(pdt)(CO)5(CN)] −. Geometry optimization was performed on DFT level. The CN stretching 
mode was calculated to be at 2070 cm−1; in addition there are five signals from CO ligand stretching. The signal 
with highest energy at 2003 cm− corresponds to a stretching of all CO ligands in phase.   
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Further insertion attempts: mono-nuclear iron, all-carbonyl and additional 

di-cyanide compounds 

Compound 8 is purple in color and turns black upon water exposure, indicating 

decomposition. Compound 9 is less polar as compared to all other variants and not fully 

soluble in DMSO. As a slightly less polar and water mixable solvent acetone was used. 

However, only a diluted solution of 9 could be made. A mixture of unmaturated HydA1 and 9 

turned yellowish-milky, indicating water insolubility. The same phenomenon was observed 

for a mixture of unmaturated HydA1 and 1c as well as 10b dissolved in DMSO.    

HydA1-7 did not show any hydrogen production or oxidation activity. Figure S6 shows the 

FTIR spectrum of compound 7 in free and HydA1-bound form.  

 

Figure S6. FTIR spectra of Fe(CN)2(CO)3
2− in aqueous solution and inserted into unmaturated HydA1. Spectra 

were measured at 15 °C in 25 mM Tris/HCl, pH 8.0, 25 mM KCl (and 2 mM NaDT in case of HydA1-7). The 
spectrum on the right is rescaled to the same amplitude.    
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HydA1-2a, HydA1-3a, HydA1-4 and HydA1-5 

Table S2. Vibrational frequencies for C.r. HydA1 Hox, HydA1-x, D.d. Htrans, D.d. Hinact and 
HydA1-xc. 

c = computed 

Blue: The FTIR spectra of HydA1-2a, -3a and -5 resemble the Hox state of C.r. HydA1.  

Yellow: In HydA1-4, especially the vibrational modes of the CO ligands are shifted to higher 

wavenumbers. This is also seen in Htrans and Hinact of D.d. HydA1.  

Green: Computed FTIR spectra. The calculated spectra of HydA1-4 with the ligands H2 

(HydA1-4-H2
c) and H2O (HydA1-4-H2Oc) on the distal iron do not show a big effect on the 

peak positions. Protonation of the bridgehead oxygen with the proton equatorial 

(HydA1-4-Heq
c) leads to a shift to higher wavenumbers for all peaks, especially drastic for the 

CO bands, whereas axial protonation (HydA1-4-Hax
c) leads to a complete change in the peak 

pattern.15 From these data, it seems rather unlikely that HydA1-4 as observed in FTIR has an 

H2 or H2O ligand on the distal iron or is protonated on the bridgehead. Compared to HydA1-

 ν(CN) (cm−1) ν(CO) (cm−1) ν(µ-CO) 
(cm−1) Ref. 

C.r. Hox 2083 2070 1964 1940 1800 17 

HydA1-2a 2085 2065 1963 1934 1798 18 

HydA1-3a 2084 2061 1960 1932 1788 this study 

HydA1-5 2089 2069 1971 1944 1804 this study 

HydA1-4 2090 2075 1980 1962 1867 18 

D.d. Htrans 2100 2075 1983 1977 1836 19 

D.d. Hinact 2106 2087 2007 1983 1848 19 

HydA1-1ac 2085 2076 1969 1944 1833 15 

HydA1-2ac 2088 2074 1970 1946 1825 15 

HydA1-4c 2091 2083 1980 1953 1838 15 

HydA1-4-H2
c 2104 2087 1983 1955 1835 15 

HydA1-4-H2Oc 2084 2082 1978 1946 1820 15 

HydA1-4-Heq
c 2108 2097 2021 1991 1889 15 

HydA1-4-Hax
c 2113 2006 1994 1978 1872 15 
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1ac and HydA1-2ac, the frequencies of HydA1-4c are slightly shifted to higher wavenumbers, 

following the trend observed experimentally.  

 

Looking closely at HydA1-5, there is an additional component in the spectrum similar to the 

one obtained for HydA1-4, probably indicating a second, very minor species that has a similar 

structure as HydA1-4 (Figure S7).  

 

Figure S7. FTIR spectra of HydA1-4 and HydA1-5 as shown in Figure 2. Very small peaks in HydA1-5 which 
resemble the peaks in HydA1-4 are marked in red. They indicate that in the spectrum of HydA1-5, a species 
similar in structure to HydA1-4 is found.  
[a] 18 [b] this work  
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HydA1 mono-cyanide variants 

The complex FTIR spectra of HydA1-2b and HydA1-3b (Figure 3) cannot be explained by 

the occurrence of multiple redox states due to catalytic activity as for HydA1-1a and 

HydA1-1b. For all HydA1 mono-cyanide variants, there can be two different orientations 

with the CN− ligand on the same side as the [4Fe-4S]-cluster or on the opposite side 

(Figure S8). The position of the CN− ligand affects the vibrational modes in the FTIR (see 

Table S3). Based on DFT calculations, it seems likely that the spectra of HydA1-2b and 

HydA1-3b have signals from the binuclear [2Fe]-subsite in the oxidation states FeIFeII and 

FeIFeI (see below, Figure S9). Interactions of the bridgehead with the protein surrounding 

also have an effect on the CO and CN vibrational modes since the spectra of HydA1-2b and 

HydA1-3b are not identical. 

 

Figure S8. Possible conformations of HydA1 mono-cyanide variants. a) The CN− ligand and the 
[4Fe-4S]-cluster (here as CH3SH-group) are on opposite sides. b) The [4Fe-4S]-cluster and the CN− ligand are 
on the same side. 

 

Geometry optimization has been performed on DFT level for HydA1-2b in the two 

orientations of the CN− ligand (Figure S8) in the redox states FeIFeII or FeIFeI and the FTIR 

spectra were predicted (Table S3). For comparison, geometry optimization has also been 

made for HydA1-2a in the redox state FeIFeII. 
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As seen in Figure S9a, the peaks of FTIR spectra of [Fe2(xdt)(CO)4(CN)2]2− shift to higher 

values for [Fe2(xdt)(CO)5(CN)]− (indicated by arrows, shown for [Fe2(pdt)(CO)4(CN)2]2− 2). 

This is caused by the reduced negative charge of the complex due to the lacking CN− ligand in 

[Fe2(xdt)(CO)5(CN)]–: the electron density on the irons is lower and less electron density can 

be donated to the CO ligands via π-back-bonding overall, leading to comparably stronger 

C≡O bonds. 

Figure S9b shows the experimental FTIR spectra of HydA1-2a and HydA1-2b. In HydA1-2a, 

the vibrations of the CO ligands are found at 1963 cm−1 and 1934 cm−1 (area shown in pink), 

whereas in HydA1-2b, we observe peaks above (orange) and below (yellow) that region. 

Assuming the same structure including a bridging CO as observed, peaks in the orange region 

can be explained by the general shift to higher wavenumbers from a more to a less electron 

rich complex as explained above. In this case, the oxidation state must remain constant (i.e. 

FeIFeII). Peaks in the yellow region can only be explained by a lowering of the oxidation state, 

presumably to FeIFeI. The electron for the reduction could come from the reduced 

[4Fe-4S]-cluster. Compared to di-cyanide variants, the mono-cyanide variants have less 

electron density on the [2Fe]-subsite and should therefore be easier to reduce. As shown in 

HydA1-2ac ν(CN) (cm−1) ν(CO) (cm−1) 

FeIFeII 2082 2071 1961 1936 1825 

HydA1-2bc ν(CN) 
(cm−1) ν(CO) (cm−1) 

FeIFeII (o) 2073 2027 1999 1961 1940 

FeIFeII (s) * 2110 2031 1990 1980 1868[a] 

FeIFeI (o) 2089 1969 1941 1905 1895 

FeIFeI (s) * 2077 1961 1923 1903 1822[a] 
c = computed 
[a] bridging CO 
s: CN− ligand and CH3SH-group point to the same side 
o: CN− ligand and CH3SH-group point to the opposite sides 
* shown in Figure S9c 
           ν(CN) 
           ν(CO) shifted to higher wavenumbers compared to HydA1-2ac     
           ν(CO) in the same region as HydA1-2ac        
           ν(CO) shifted to lower wavenumbers compared to HydA1-2ac     
           ν(µ-CO)                      

Table S3. Computed vibrational frequencies for HydA1-2ac and HydA1-2bc. 
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our recent paper on HydA1-1a and HydA1-2a3, slight modifications in the [2Fe]-subsite have 

relatively strong effects on the redox potentials. 

 

Figure S9. a) Spectra of the free complexes [Fe2(pdt)(CO)4(CN)2]2− and [Fe2(pdt)(CO)5(CN)]− in solution with 
shift of frequencies. b) Illustration of the origin of the peaks in HydA1-2b. The FTIR spectrum of HydA1-2a is 
shown on the top and of HydA1-2b at the bottom. c) Calculated spectra of HydA1-2ac in the oxidation state 
FeIFeII (top) and of HydA1-2bc in the oxidation states FeIFeII and FeIFeI. The color coding corresponds to Table 
S3.  
[a] 18 [b] this work 

Figure S9c shows the calculated spectra HydA1-2ac, HydA1-2bc (FeIFeII) and HydA1-2bc 

(FeIFeI). In HydA1-2bc (FeIFeII), the peaks are shifted to higher wavenumbers (orange region) 

compared to HydA1-2ac, whereas the peaks of HydA1-2bc (FeIFeI) are shifted to lower 

wavenumbers (yellow region). This confirms the assumption made for the experimental 

spectrum. Peaks of bridging CO ligands (green area) and peaks in the pink region as seen in 

the experimental spectrum of HydA1-2b originate from both oxidation states according to 

DFT calculations (Table S3, highlighted in the respective color). It is shown here for 

HydA1-2b and was chosen as an example for a HydA1 mono-cyanide variant. For the reasons 

explained above, it seems likely that we observe peaks from the oxidations states FeIFeII and 

FeIFeI in the FTIR spectrum of HydA1-2b and HydA1-3b. 
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HydA1-6 

The FTIR spectrum of the HydA1-6 is very different from HydA1-1a-Hox, HydA1-2a, -3a, -4 

and -5. There are various peaks between 2102 cm−1 and 1907 cm−1 and no clear peaks can be 

observed in the region of the bridging CO (1750–1850 cm−1). Additionally, there are several 

peaks in the region where none could be observed for HydA1-1a-Hox and HydA1-2a, -3a, -4 

and -5 (2051–1987 cm−1 and 1907 cm−1). In summary, this indicates that the electronic 

structure of HydA1-6 is very different from HydA1-1a-Hox and HydA1-2–5 and that we 

observe more than one state. This is likely because 6 in contrast to 1–5 has two diastereomers, 

depending on the orientation of the methyl groups: the d,l-isomer (Figure S10a) and the 

meso-isomer. In the latter the methyl groups can be either diequatorial (Figure S10b) or 

diaxial (Figure S10c). The additional steric bulk of the methyl groups might also contribute to 

differences in the electronic structure as compared to HydA1-2–5.  

 

Figure S10. a–c) Isomers of the synthetic complexes [Fe2(dime-adt)(CO)4(CN)2]2−. a) The d,l-isomer. b) The 

meso-diequatorial diastereomer. c) The meso-diaxial diastereomer where the bridge from the meso-diequatorial 

is flipped. 
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4.2.2 Supporting information 

 
Enhancing hydrogen production of microalgae by redirecting electrons from 

photosystem I to hydrogenase  

Sigrun Rumpel, Judith F. Siebel, Christophe Farès, Jifu Duan, Edward Reijerse, Thomas 

Happe, Wolfgang Lubitz, Martin Winkler  

 

Abbreviations 

PETFox: oxidized PETF 

PETFred: reduced PETF 

 

S1 Materials and Methods 

Protein preparation 

All FeS-cluster containing proteins were heterologously expressed in E. coli 

BL21(DE3)ΔiscR. 1 Recombinant HYDA1 holoprotein and PETF from C. reinhardtii were 

expressed and prepared as described earlier.2,3 Site directed exchanges were introduced 

following the QuikChange procedure described for the site-directed mutagenesis kit from 

Stratagene (Agilent Technologies). Introduced mutations were confirmed by DNA sequencing 

(3130x Genetic Analyzer, Applied Biosystems). The fnr cDNA of C. reinhardtii was 

amplified excluding the N-terminal sequence part that covers the chloroplast transit peptide4 

and cloned behind the Strep-tag II sequence of expression vector pASK-IBA7 (IBA GmbH, 

Goettingen). FNR was expressed in E. coli BL21(DE3)pLysS using lysogeny broth (LB) 

medium and purified analogously to PETF. Protein purity was verified via SDS-PAGE and 

Coomassie staining (Fig. S6).   

Samples for NMR spectroscopy were expressed using E. coli codon optimized genes of 

C. reinhardtii PETF and HYDA1 inserted into pET21b. The expression plasmid for PETF 

contained a C-terminal TEV cleavage site preceded by a Strep-tag II and the expression 

plasmid for HYDA1 contained a N-terminal TEV cleavage site followed by a Strep-tag II. To 

prepare 15N- and 13C/15N-labeled samples, E. coli cells were grown in M9-based minimal 

medium containing 15NH4Cl and/or 13C6-glucose. For purification, following affinity 
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chromatography, the protein was incubated with TEV protease at a ratio of 1:1 (w/w) 

overnight at room temperature to remove the Strep-tag. The plasmid for expressing TEV 

protease was a gift of the Arrowsmith lab. The His6-tagged TEV protease was removed with 

Talon beads (Clontech) and PETF was further purified by gel filtration using a Superdex 75 

16/60 (GE Healthcare). Recombinant apo-HYDA1 was activated by adding of 

[Fe2(CO)4(CN)2[(SCH2)2NH]]2-.  

NMR spectroscopy 

NMR samples contained 0.1-1 mM PETF in 50 mM potassium phosphate pH 6.8, 50 mM 

NaCl and 10% D2O (v/v). All NMR experiments were acquired at 298 K on a Bruker 

AVANCE 600 spectrometer equipped with a cryogenic probehead. The 3D spectra employed 

a non-uniform sampling scheme in the indirect dimension und were reconstructed by the 

multi-dimensional decomposition software MDDNMR5 interfaced with the MDDGUI6 and 

NMRPipe/NMRDraw.7 Backbone assignments were obtained using standard triple resonance 

experiments.8 All spectra were analyzed using Sparky (T. D. Goddard and D. G. Kneller, 

University of California, San Francisco).  

NMR titration experiments 

PETF complex formation with HYDA1 and FNR was monitored by recording a series of 2D 
1H-15N-TROSY-HSQC experiments of a 100 µM 15N-labeled PETF solution with binding 

partner at a molar ratio of 1:0, 1:1, 1:2, 1:5, 1:10 and 1:15. Weighted averages of the 1H and 
15N backbone chemical shift changes of a particular residue were calculated according to the 

equation ΔδHN = [(ΔδH
2 + 0.2ΔδN

2)/2]1/2. 

Measurement of light-driven hydrogen production and competition assay  

To determine the light-driven H2 production, 50 nM HYDA1 was combined with wild type 

(wt) or mutant forms of 20 µM PETF. The total volume of 200 µl contained 40 mM  EDTA 

(ethylenediaminetetraacetic acid) as sacrificial electron donor and 200 µM proflavine 

(acridine-3,6-diamine) as a photosensitizer in 100 mM potassium phosphate pH 6.8, 

supplemented with 1 mM sodium dithionite and 3 mM NaNO3.  

To determine the H2-production efficiency of HYDA1 under competitive conditions, 50 nM 

FNR and 2 mM NADP+ were added. For stabilizing the level of NADP+ and thus the 

competitive efficiency of the FNR during the H2-production period, 0.36 U of nitrate 
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reductase from Aspergillus niger (Sigma-Aldrich) was further included. Compound 

concentrations were adjusted for optimal H2-production efficiency (Fig. S7). 

PSI-dependent H2-photoproduction was measured as described earlier.2 The assay comprised 

5 mM sodium ascorbate, 0.6 mM DCPIP (2,6-Dichlorphenol-indophenol), 30 µM 

plastocyanin, 20 µM PETF, 50 nM HYDA1 in 20 mM Tris pH 7.4, 20 mM MgCl2, 0.03% 

ß-DM, 1 mM sodium dithionite and 3 mM NaNO3. PSI was added corresponding to the 

amount of 5 µg chlorophyll (Chl). For determining the PSI-dependent HYDA1-activity under 

competitive conditions 50 nM FNR, 2 mM NADP+ and 0.036 U nitrate reductase were added. 

All reaction samples were prepared under anoxic conditions in 2 ml Eppendorf tubes and 

sealed with Suba-Seal stoppers (size 13, Sigma-Aldrich). After sparging the reaction mixture 

with argon for 5 min, the reaction tubes were light-exposed (1200 µmol photons m−2 s−1) 

under constant shaking at 37 °C. H2-production was determined after 30 min by analyzing 

400 µl of the head-space via gas chromatography (GC-2010, Shimadzu). 

 

S2 Identification of PetF-residues involved in complex formation with 

HydA1 

Titration experiments were performed with both PETFox and PETFred as well as fully active 

HYDA1 and apo-HYDA1 containing only the [4Fe-4S]-part of the H-cluster (Fig. 1 in the 

main text and Figs. S1-S3).3,9  Since, not unexpectedly, the titration of PETFred with active 

HYDA1 was virtually identical to that of apo-HYDA1 (Fig. S1), only the apo-HYDA1 results 

are discussed in the main text. Both PETFred and PETFox titrations with HYDA1 and FNR 

confirmed the previously identified binding surfaces (Table S1). Interestingly, ∆δHN for 

PETFred were increased about 4-fold compared to PETFox and almost unchanged at a 3-times 

lower excess of HYDA1 (Fig. 1 in the main text and Fig. S2b) indicating a higher affinity of 

PETFred than PETFox for HYDA1. For PETFred, the additionally significant ∆δHN for residues 

47-49, 71 and 78 are probably secondary effects due to a conformational change in the 

neighboring regions (35-45 and 73-76) that coordinate the [2Fe-2S]-cluster. This 

conformational change is most likely related to electron transfer from PETFred to HYDA1. 

Surprisingly, the larger difference in the observed ∆δHN for D19 and D58 is more pronounced 

for PETFox than for PETFred although PETFred forms the reactive electron transfer complex 

(Fig. S3). 
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Table S1. Summary of the largest chemical shift perturbations of PETF upon FNR and 
HYDA1 addition and shortest intermolecular distance for the PETF/FNR complex structure 
1GAQ. PETF residues identified as important for protein binding are labeled by gray 
background. 

abased on the X-ray structure for the PETF/FNR complex from maize leaf (1GAQ). 
bE19 is the N-terminal residue of FNR in 1GAQ. 18 N-terminal residues are missing in the X-ray structure. 
  

PETF  
PETF/FNR complexa 

∆δHN (ppm) upon 
HYDA1-binding residue ∆δHN (ppm) upon 

FNR-binding 
residue(s) closest to the 

PETF residue 
minimum distance 

(Å) 
0.003 D19 0.055 E19c 11.9 
0.004 Y21 0.025 K153 5.4 
0.007 L233 0.016 E154 6.1 
0.014 D242 0.014 E154 6.5 
0.009 A2510 0.019 K301 6.9 
0.013 E272 0.01 K301, K304 3.4, 3.1 
0.009 E282 0.013 K301, R305 1.7, 3.8 
0.005 A2910 0.008 K301 3.8 
0.001 G3010,11 0.014 K301, F297 4.2, 5 
0.007 L31 0.01 K301 6.3 
0.005 D32 0.011 F297 3.8 
0.006 V54 0.014 K35 13.8 
0.005 D55 0.019 K33 10.4 
0.002 Q56 0.025 K33 7.2 
0.003 S5710 0.007 K33 4.5 
0.006 D582,10 0.042 N30, K33, K153 3.1, 3.4, 4.9 
0.012 Q5910 0.015 K35, K33 2.8, 3.8 

disappeared S602 disappeared N30, K33, P34 2.5, 3.2, 2.3 
disappeared F612 disappeared V92 2.2 

0.034 L6210,11 0.034 K91, K35 4.3, 4.9 
0.013 D632,10 0.02 K91 2 
0.02 D6410 0.017 K88 2.6 

0.021 A6510 0.017 K88 5.1 
0.03 Q66 0.018 K91 2.9 

0.006 Y78 0.015 K153 8.3 
0.006 H883 0.011 K275 7.8 
0.01 Q893 0.01 K275 10.2 
0.02 E902 0.011 K88, K91 7.2, 7.2 

0.004 E912 0.007 K88 7.2 
0.005 A92 0.027 R93, Y120 7.6, 7.2 
0.062 L93 0.046 K85 4.9 
0.04 Y9410,11 0.041 N86 5.8 
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Figure S1. (a,b) Overlay of 1H-15N TROSY-HSQC spectra of PETFred with binding partner at ratios of 1:0 (red), 
1:1 (orange) and 1:5 (cyan) shown for PETFred:apo-HYDA1 (a) and PETFred: active HYDA1 (b). (c) Weighted 
averages of the 1H and 15N backbone chemical shift changes plotted versus the residue number at a 5-fold excess 
of apo-HYDA1 (blue line) and active HYDA1 (magenta bars) upon binding to PETFred. 
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Figure S2. (a) Overlay of 1H-15N TROSY-HSQC spectra of 15N-labeled PETFred in the absence (red) and 
presence (blue) of HYDA1 at a 1:1 molar ratio. (b) Amide backbone chemical shift changes of PETFox and 
PETFred upon HYDA1-binding. Weighted averages of the 1H and 15N backbone chemical shift changes plotted 
versus the residue number at a 15-fold excess of HYDA1 for PETFox (bars) and a 5-fold excess of HYDA1 for 
PETFred (blue line). The coloured bars correspond to Fig. 3.  



JOURNAL ARTICLES  

88 

 

Figure S3. Differences between HYDA1- and FNR-binding to PETFred and PETFox. Weighted averages of 
the amide backbone 1H and 15N chemical shift changes (ΔδHN) upon protein binding are plotted versus the 
residue number for PETFred (a,c) and for PETFox (b,d). (a,b) Chemical shift changes between free and bound 
PETF are calculated for a 5- and 15-fold excess of binding partner, respectively. Bars indicating the results for 
HYDA1 are colored blue and green lines indicate results obtained with FNR. (c,d) Differences of the average 
chemical shift changes for FNR- and HYDA1-binding were determined as ΔδHN(HYDA1)-ΔδHN(FNR) and 
residues with larger chemical shift changes for HYDA1 are shown as blue bars and as green bars for FNR. 
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Figure S4. Schematic representation of the PETF/HYDA1 (a) and the PETF/FNR complex (b). 
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Figure S5. Sequence alignment of different plant-type ferredoxins.  PETF sequences of different 
photosynthetic organisms are compared comprising representative species from algae, higher plants and 
cyanobacteria. N-terminal sequences parts have been trimmed in reference to the sequence homology to mature 
PETFCr excluding the chloroplast transit peptide. Positions D19 and D58 of PETFCr which promote selective 
recognition of FNR are indicated by a red background color. A yellow background marks cysteine residues that 
participate in the ligation of the [2Fe-2S]-cluster. Other parts with strict sequence conservation are indicated by a 
gray background color. PETFCr: ferredoxin I of C. reinhardtii (protein ID: XP_001692808), FDX Vc: 
ferredoxin I of Volvox carteri f. nagariensis (protein ID: XP_002958725), FDX Cf: Ferredoxin  of Chlorella 
fusca (protein ID: P56408), FDX Ds: ferredoxin I of Dunaliella salina (protein ID: P00239), FDX At: ferredoxin 
I of Arabidopsis thaliana (protein ID: NP_172565), FDX Zm: ferredoxin 1 of Zea mays (protein ID: 
NP_001105345),  FDX Ps: ferredoxin I of Pisum sativum (protein ID: P09911), FDX S: ferredoxin I of 
Synecocystis sp. PCC 6803 (protein ID: NP_442127), FDX N: ferredoxin I of Nostoc sp. PCC 7120 (protein ID: 
NP_488188), FDX Te : ferredoxin I of  Thermosynechococcus elongatus BP-1 (protein ID: NP_681799). 

 

 

 

 

 

Figure S6. Analysis of purified proteins by SDS–PAGE visualized by Coomassie staining. 1: 30 µg 
HYDA1; 2: 25 µg FNR-wt; 3: 25 µg FNR-K83L; 4: 25 µg FNR-K89L; 5: 7 µg PETF-wt; 6: 7 µg PETF-D58A; 
7: 7 µg PETF-D19A/D58A; 8: 5 µg PETF-D19A. 

  

PETFCr YKVTL--KTPSGDKTIECPADTYILDAAEEAGLDLPYSCRAGACSSCAGKVAAGTVDQSDQSFLDDAQMGNGFVLTCVAYPTSDCTIQTHQEEALY–
FDX Vc YKVTF--KTPSGDKVVEVADDVYLLDAAEEAGMDLPYSCRAGACSSCAGKIVSGTVDQSDQSFLDDKQMEAGFVLTCVAYATSDLVILTNQEEGLY–
FDX Cf YKVTL--KTPSGEETIECPEDTYILDAAEEAGLDLPYSCRAGACSSCAGKVESGEVDQSDQSFLDDAQMGKGFVLTCVAYPTSDVTILTHQEAALY–
FDX Ds YMVTL--KTPSGEQKVEVSPDSYILDAAEEAGVDLPYSCRAGSCSSCAGKVESGTVDQSDQSFLDDDQMDSGFVLTCVAYATSDCTIVTHQEENLY–
FDX At YKVKFI--TPEGEQEVECEEDVYVLDAAEEAGLDLPYSCRAGSCSSCAGKVVSGSIDQSDQSFLDDEQMSEGYVLTCVAYPTSDVVIETHKEEAIM–
FDX Zm YNVKLI--TPEGEVELQVPDDVYILDQAEEDGIDLPYSCRAGSCSSCAGKVVSGSVDQSDQSYLDDGQIADGWVLTCHAYPTSDVVIETHKEEELTGA 
FDX Ps YKVKLV--TPDGTQEFECPSDVYILDHAEEVGIDLPYSCRAGSCSSCAGKVVGGEVDQSDGSFLDDEQIEAGFVLTCVAYPTSDVVIETHKEEDLTA-
FDX S YTVKLI--TPDGESSIECSDDTYILDAAEEAGLDLPYSCRAGACSTCAGKITAGSVDQSDQSFLDDDQIEAGYVLTCVAYPTSDCTIETHKEEDLY–
FDX N FKVTLINEAEGTKHEIEVPDDEYILDAAEEQGYDLPFSCRAGACSTCAGKLVSGTVDQSDQSFLDDDQIEAGYVLTCVAYPTSDVVIQTHKEEDLY–
FDX Te YKVTLV-RPDGSETTIDVPEDEYILDVAEEQGLDLPFSCRAGACSTCAGKLLEGEVDQSDQSFLDDDQIEKGFVLTCVAYPRSDCKILTNQEEELY--

D19 D58

85kDa- 

50kDa- 

20kDa- 

 5     6      7      8 

25kDa- 
35kDa- 

-85kDa 
-50kDa 

-20kDa 
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Figure S7. Adjustment of compound concentrations of the proflavine dependent in vitro assay for light 
driven H2-production. Test series with increasing concentrations of EDTA, PF and PETF were screened for the 
highest yield of photoproduced H2. The indicated concentrations (red framed bars) were chosen as standard 
system parameters for all PF-dependent measurements.   
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4.3.2 Supporting information 

 
Structural insight into the complex of ferredoxin and [FeFe] hydrogenase from 

Chlamydomonas reinhardtii  

Sigrun Rumpel, Judith F. Siebel, Mamou Diallo, Christophe Farès, Edward J. Reijerse, 

Wolfgang Lubitz 

 

Solution structure and dynamics of PetF  

Table S1. NMR and refinement statistics for oxidized PetF. 

 Oxidized PetF 
NMR distance and dihedral constraints  
Distance constraints  
    Total NOE 1412 
    Intra-residue 574 
    Inter-residue 838 
      Sequential (|i – j| = 1) 288 
      Medium-range (|i – j| < 4) 158 
      Long-range (|i – j| > 5) 392 
    Hydrogen bonds 5 
Total dihedral angle restraints 148 
    φ 74 
    ψ 74 
Structure statistics  
Violations (mean and s.d.)  
    Distance constraints (Å)     0.061 ± 0.006 
    Dihedral angle constraints (º) 1.143 ± 0.057 
    Max. dihedral angle violation (º)     2.333 
    Max. distance constraint violation (Å)  1.239 
Deviations from idealized geometry  
    Bond lengths (Å)     0.0054 ± 0.0016 
    Bond angles (º) 0.674 ± 0.020 
    Impropers (º) 1.862 ± 0.077 
Average pairwise r.m.s. deviation** (Å)      
    Heavy      0.60 ± 0.13  
    Backbone   1.16 ± 0.16 
Ramachandran plot statistics  
    Residues in most-favored region (%) 73.9 
    Residues in additionally allowed region (%) 23.9 
    Residues in generously allowed region (%)     2.3 
    Residues in disfavored region (%) 0 
  

**Pairwise r.m.s. deviation was calculated among 15 refined structures for residues 1-94. 
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   1        10        20        30        40        50        60        70        80        90 
Cr YKVTLKTPSGDKTIECPADTYILDAAEEAGLDLPYSCRAGACSSCAGKVAAGTVDQSDQSFLDDAQMGNGFVLTCVAYPTSDCTIQTHQEEALY 
Cf YKVTLKTPSGEETIECPEDTYILDAAEEAGLDLPYSCRAGACSSCAGKVESGEVDQSDQSFLDDAQMGKGFVLTCVAYPTSDVTILTHQEAALY 
   **********::***** ******************************* :* ***************:************* ** **** *** 

Figure S1. Sequence alignment of residues 1 to 94 of PetF from C. reinhardtii (Cr) and of the ferredoxin of 
Chlorella fusca (Cf) with the pdb-code 1AWD. Cysteines ligating the [2Fe-2S] cluster are highlighted by a 
yellow background. The line below the two ferredoxin sequences indicates identical residues by * and conserved 
residues by :. 
 
 
 
Highest root-mean-square deviation (RMSD) values within the ensemble of NMR structures 

were found for residues 35 to 46 and 73 to 76 (regions lacking experimental restraints) as well 

as for the C-terminus (Figure 1). Those regions show also the highest RMSD to the X-ray 

structure 1AWD, which has an average backbone RMSD (residues 1-94) to the mean NMR-

structure of 1.71 Å. Differences within the NMR ensemble and with respect to the X-ray 

structure are in the same range with the exception of residues 26 to 32, which precede the 

long iron-sulfur cluster coordinating loop (Figure S2). 

 

Figure S2. Backbone RMSD per residue within the ensemble of 10 solution NMR structures (red line) and 
between mean solution NMR structure and the X-ray structure 1AWD of the related ferredoxin from the green 
alga Chlorella fusca (black line).  
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Most residues of PetF exhibit steady-state 15N-1H-NOE values above 0.75 that indicate a lack 

of internal motions on the nanosecond timescale (Figure S3). However, there are four flexible 

regions as indicated by NOE values below 0.75: (I) residues 23-26 of helix α1, (II) residues 

31-33 of the loop following helix α1, (III) residues 59-63 of the loop preceding helix α2 and 

(IV) the C-terminal helix α4 (residues 90-94). These four regions surround the [2Fe-2S] 

cluster protruding in three directions. A detailed analysis of the B-factors of the X-ray 

structures of plant-type ferredoxins has revealed the same regions as flexible and important 

for protein-protein complex formation. This study also revealed residues 7 to 10 connecting 

the first two β-strands as an additional flexible region.1 However, this loop is located at the 

opposite site of the [2Fe-2S] cluster and thus unlikely to be important for the recognition of 

HydA1 and other PetF-dependent enzymes. 

 

Figure S3. 15N-1H steady-state heteronuclear NOE of oxidized PetF plotted against the residue number with the 
native amino acid sequence of PetF indicated above the plot. The heteronuclear NOE value of 0.75 is indicated 
by the dashed line. Flexible regions I-IV with heteronuclear NOE values below 0.75 are shaded in gray. 
Residues 35-46 and 73-76 close to the [2Fe-2S] cluster are invisible in the NMR-spectra and are underlined in 
the amino acid sequence. 
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Gallium-substituted PetF 

 

Figure S4. Absorption spectra of [2Fe-2S] PetF (black line) and Ga-PetF (red line). The characteristic absorption 
maxima of [2Fe-2S] ferredoxin at 330 nm, 422 nm and 465 nm disappear upon gallium substitution, confirming 
the absence of the [2Fe-2S] cluster. The spectra are normalized to the same absorption maximum at 276 nm. 
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Figure S5. Overlay of the 15N-1H HSQC spectra of native, oxidized PetF (black) and Ga-PetF (red). 
Assignments of the peaks observed only for the Ga(III)-substituted protein are indicated. This figure is identical 
to Figure 2 except for the color of Ga-PetF. 
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HADDOCK model of the PetF/HydA1 complex 

Table S2. Active and passive residues used in the definition of the ambiguous distance 
restraints (AIRs). Solvent accessible residues experimentally identified as involved in the 
interaction are termed “active” and solvent accessible residues neighboring active residues are 
termed “passive”. 

PetF   
Active residuesa D24, A25, E28, Y35-C45, Q59-66, H88-E90, 

L93-Y94  
Passive residuesc E27, P34, A46, D58, M67, E91-A92 
 
HydA1 

 

Active residuesb R56, K139, R187, K356-K357, K393 
Passive residuesc S140, T186, T360, D392, A394 
aDerived from the average chemical shift perturbation observed for Ga(III) substituted PetF when titrated with 
HydA1.  
bDetermined by site-directed mutagenesis.2  
cDefined according to the HADDOCK protocol.3 

 
 
 

 

Figure S6. Intermolecular non-bonded energy of the 200 HADDOCK solutions for the PetF/HydA1 complex as 
a function of the backbone RMSD from the lowest energy structure for the docked structures. The cluster 
averages are indicated by red circles with error bars, which represent the standard deviation from the mean for 
the four lowest-energy structures of each cluster. The numbering of clusters corresponds to column 1 of Table 
S3. 
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Table S3. Structural statistics of the four best docking structures of each cluster. The clusters 
are sorted according to an increasing HADDOCK score and the best cluster is highlighted in 
bold. 

 Na HAD-
DOCK 
score 

Einter
b Enb

c Evdw
d Eelec

e EAIR
f BSAg Fe-Fe 

distanceh  

1 56 -91.94 -505.27 -711.4 -47.66 -663.74 206.13 1923.08 11.6 

3 11 -65.99 -352.33 -566 -41.55 -524.45 213.67 1711.55 18.6 

7 5 -62.33 -226.57 -474.97 -58.65 -416.32 248.4 2016.17 11.1 

2 15 -46.47 -277.27 -513.71 -33.18 -480.54 236.44 1651.27 11.9 

8 5 -29.75 -193.16 -414.93 -40.34 -374.59 221.77 1616.49 16 

5 6 -29.71 -206.13 -414.25 -36.1 378.15 208.12 1331.98 18.2 

4 8 -26.37 -205.69 -377.62 -27.89 -349.74 171.93 1224.86 13.5 

6 6 -24.48 -168.93 -384.14 -42.24 -341.89 215.21 1477.05 12.9 

10 4 -22.62 -234.58 -480.85 -33.09 -447.76 246.27 1416.70 21.9 

11 4 -14.54 -174.36 -388.77 -28.90 -359.8 214.4 1391.55 12.6 

12 4 -10.88 -161.07 -392.12 -31.96 -360.16 231.05 1244.28 11 

9 5 -0.72 -139.73 320.29 -26.71 -293.58 180.56 1387.22 16.5 

aNumber of structures per cluster  
bEinter (kcal/mol) – intermolecular total energy (Evdw+Eelec+EAIR)  
cEnb (kcal/mol) – intermolecular non-bonded energy  
dEvdw (kcal/mol) – intermolecular van der Waals energy  
eEelec (kcal/mol) – intermolecular electrostatic energy 
fEAIR (kcal/mol) – ambiguous intermolecular restraints (AIRs) energy  
gBSA (Å2) – buried surface area  
hFe-Fe distance (Å) – average intermolecular distance from Fe1 of PetF to the closest Fe of HydA1 
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Table S4. Possible intermolecular H-bond and salt bridge contacts with distances smaller than 
3 Å of the PetF/HydA1 complex structure model. Contacts between R187 of HydA1 and E90 
of PetF are highlighted bold and by a gray background. 

HydA1 PetF  
residue # residue type atom 1 residue # residue 

type 
atom 2 distance 

(Å) 
132 GLY HA1 94 TYR OH 2.72 
139 LYS HZ3 94 TYR O 2.99 
186 THR HG1 90 GLU OE2 1.7 
186 THR OG1 90 GLU HE2 2.23 
187 ARG HD2 94 TYR OH 2.59 
187 ARG HE 90 GLU OE1 2.37 
187 ARG HE 90 GLU OE2 1.89 
187 ARG HH11 94 TYR OH 2.03 
187 ARG HH12 43 SER OG 2.66 
187 ARG NH2 43 SER OG 2.84 
187 ARG NH2 90 GLU OE1 2.63 
187 ARG HH21 90 GLU OE1 1.64 
187 ARG HH22 43 SER OG 1.85 
187 ARG NE 90 GLU HE2 2.44 
187 ARG NH1 94 TYR OH 2.85 
187 ARG NH2 43 SER OG 2.84 
187 ARG NH2 90 GLU OE1 2.63 
285 ASP OD1 39 ALA HB2 2.69 
351 GLY HA1 41 ALA O 2.88 
352 LEU HD12 43 SER OG 2.6 
352 LEU N 41 ALA O 2.81 
352 LEU N 41 ALA O 2.81 
352 LEU HN 41 ALA O 2.03 
353 GLY HN 41 ALA O 2.54 
353 GLY HA1 59 GLN O 2.9 
353 GLY HA2 40 GLY O 2.46 
353 GLY HA2 60 SER OG 3 
356 LYS HD2 60 SER O 2.48 
356 LYS HD3 59 GLN O 2.65 
356 LYS NZ 59 GLN HE22 2.94 
356 LYS NZ 59 GLN OE1 2.69 
356 LYS NZ 63 ASP HD2 1.7 
356 LYS NZ 63 ASP OD2 2.63 
356 LYS HZ1 59 GLN OE1 2.99 
356 LYS HZ1 63 ASP OD1 2.87 
356 LYS HZ1 63 ASP OD2 1.68 
356 LYS HZ2 63 ASP OD1 2.84 
356 LYS HZ2 63 ASP OD2 2.89 
356 LYS HZ3 59 GLN OE1 1.72 
357 LYS HD3 58 ASP OD2 2.38 
357 LYS HZ2 58 ASP OD1 1.73 
357 LYS HZ2 58 ASP OD2 2 



JOURNAL ARTICLES  

109 

357 LYS HZ3 39 ALA O 2.18 
357 LYS HZ3 58 ASP OD1 2.82 
357 LYS NZ 58 ASP OD1 2.67 
357 LYS NZ 58 ASP OD2 2.89 
376 ALA O 42 CYS HB3 2.95 
378 PRO HB3 Cluster [2Fe-2S] Fe1 2.83 
378 PRO HB3 37 CYS SG 2.42 
389 ARG HD2 32 ASP OD2 2.84 
389 ARG HD3 32 ASP OD1 2.62 
389 ARG HG3 32 ASP OD2 2.88 
390 SER O 35 TYR HH 2.81 
392 ASP HN 35 TYR OH 2.62 
392 ASP O 35 TYR HE1 2.87 
393 LYS HA 35 TYR O 2.81 
393 LYS N 35 TYR HE1 2.6 
393 LYS HD3 27 GLU OE1 2.65 
393 LYS HE2 27 GLU OE2 2.61 
393 LYS HZ1 28 GLU OE2 1.82 
393 LYS NZ 28 GLU OE2 2.84 
393 LYS HZ2 27 GLU OE1 1.58 
393 LYS HZ2 27 GLU OE2 2.42 
393 LYS HZ3 24 ASP OD1 2.86 
393 LYS HZ3 24 ASP OD2 2.73 
393 LYS NZ 27 GLU HE2 2.44 
393 LYS NZ 27 GLU OE1 2.61 
393 LYS NZ 28 GLU HE2 2.67 
393 LYS O 36 SER HA 2.36 
393 LYS O 36 SER HG 2.52 
396 THR HG1 36 SER OG 2.45 
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Figure S7. Zoom in of the best HADDOCK model of the PetF/HydA1 complex structure presented in Figure 4. 
The ribbon representation of HydA1 and PetF is shown in cyan and grey, respectively. Side chains of residues 
defined as ambiguous interface restraints for protein-protein docking are shown in blue for HydA1 and as in 
Figure 3 and 4 for PetF. The FeS-clusters are displayed as spheres with Fe colored orange and S colored yellow. 
The orientation of the complex corresponds to Figure 1 in (A) and is rotated 90° about its y- and -10° about its 
x-axis in (B). 
 

 

References 

[1] H. Kameda, K. Hirabayashi, K. Wada, K. Fukuyama, PLoS One 2011, 6, e21947. 

[2] a) M. Winkler, S. Kuhlgert, M. Hippler, T. Happe, J. Biol. Chem. 2009, 284, 36620-

36627; b) K. Sybirna, P. Ezanno, C. Baffert, C. Léger, H. Bottin, Int. J. Hydrogen 

Energy 2013, 38, 2998-3002. 

[3] C. Dominguez, R. Boelens, A. M. J. J. Bonvin, J. Am. Chem. Soc. 2003, 125, 1731-

1737. 

 
 
 
 
  



JOURNAL ARTICLES  

111 

4.4 Paper IV 

 
 

Spectroscopic investigations of [FeFe] hydrogenase  

maturated with [57Fe2(adt)(CN)2(CO)4]2−   

 

Ryan Gilbert-Wilson, Judith F. Siebel, Agnieszka Adamska-Venkatesh, Cindy C. Pham, 

Edward Reijerse, Hongxin Wang, Stephen P. Cramer, Wolfgang Lubitz, Thomas B. 

Rauchfuss  

 

Reproduced with permission from J. Am. Chem. Soc. 2015, accepted manuscript. Copyright © 

2015 American Chemical Society.  

DOI: 10.1021/jacs.5b03270 

 

Journal name:   Journal of the American Chemical Society 

Impact factor:   12.113 (in 2014) 

Author:   joint first authors (shared equally with R. Gilbert-Wilson) 

Contribution: – 35 % 

 – I established the reconstitution reaction 

 – I made all biological samples 

 – I analyzed the Mössbauer spectra 

 – I was involved in the production of the manuscript 

R. Gilbert-Wilson performed the synthetic work leading to the 57Fe labeled complex, 

A. Adamska-Venkatesh performed the EPR measurements and analyses, C. Pham and 

H. Wang made the NRVS measurements and analyses.  

http://pubs.acs.org/doi/abs/10.1021/jacs.5b03270


JOURNAL ARTICLES  

112 

4.4.1 Journal article 

  



JOURNAL ARTICLES  

113 

 

 
 
  



JOURNAL ARTICLES  

114 

 

 
 
  



JOURNAL ARTICLES  

115 

 

 
 
  



JOURNAL ARTICLES  

116 

 

 
 
  



JOURNAL ARTICLES  

117 

 

 
 
  



JOURNAL ARTICLES  

118 

 

 
 
  



JOURNAL ARTICLES  

119 

 

 
 
  



JOURNAL ARTICLES  

120 

4.4.2 Supporting information  

 
Spectroscopic investigations of [FeFe] hydrogenase maturated with 

[57Fe2(adt)(CN)2(CO)4]2- 

Ryan Gilbert-Wilson, Judith F. Siebel, Agnieszka Adamska-Venkatesh, Cindy C. Pham,  

Edward Reijerse, Hongxin Wang, Stephen P. Cramer, Wolfgang Lubitz, Thomas B. 

Rauchfuss 

 

Experimental details  

General considerations. Unless otherwise indicated, reactions were conducted using 

standard Schlenk techniques or in a glovebox under an N2 atmosphere at room temperature 

with stirring.  Elemental sulfur, 37% solution of formaldehyde, potassium metal, anthracene, 

tetraethyl ammonium cyanide and ammonium chloride were obtained from Aldrich and used 

as received. Cylinders of carbon monoxide were obtained from SJ Smith and used as 

received. 57Fe metal powder was purchased from Isoflex and used as received. 13C 

(150.6 MHz) spectra were acquired in a Varian UNITY Inova 600. ESI-MS data for 

compounds were acquired using a Waters Micromass Quattro II spectrometer. 

Synthesis of 57FeBr2: 57FeBr2 was synthesized by modification of a literature procedure for 

FeBr2 synthesis.1 57Fe metal (501 mg, 8.80 mmol) and a small stirrer bar were transferred to a 

Schlenk flask under an argon atmosphere. A septa and a needle with attached bubbler were 

attached to the flask. Fresh concentrated hydrobromic acid (48%, 2.5 mL) was then 

transferred to the flask by syringe resulting in hydrogen evolution. Once hydrogen evolution 

had slowed the septa was replaced with a glass stopper and the flask was heated to 80 °C with 

stirring for 2 hours. The solution was then allowed to cool to room temperature and methanol 

(5 mL) was added. The solvents were then removed under vacuum. The remaining 

white/yellow solid was heated at 100 °C under a vacuum of 10 torr for 4 hours, with the end 

point identified as the point when a piece of dry ice applied to the side of the flask did not 

condense any methanol. Note: Previous tests with FeBr2 indicated increased temperatures or 

stronger vacuum led to sublimation of FeBr2 out of the flask into the attached trap. The flask 

was allowed to cool to room temperature under vacuum and then moved to the glovebox 

where the pale yellow solid was collected to yield 57FeBr2 (1.82 g, 8.40 mmol, 95% yield). 
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Synthesis of 57Fe2S2(CO)6: Description in the main text. 

Synthesis of 57Fe2(adt)(CO)6: 57Fe2(adt)(CO)6 was synthesized by modification of a literature 

procedure for Fe2(adt)(CO)6 synthesis.2  

(a) Aminomethylation reagent. Aminomethylation reagent was prepared fresh before use. 

Ammonium carbonate (450 mg, 4.68 mmol) was placed under an argon atmosphere, followed 

by the addition of THF (6 mL). The resulting suspension was stirred and heated to 60 °C, at 

which point a septa and needle with bubbler were attached to the flask and a 37% solution of 

formaldehyde was added (5.0 mL, 67 mmol) resulting in significant gas evolution. The 

resulting clear solution was stirred at 60 °C and then allowed to cool to room temperature. 

(b) 57Fe2(adt)(CO)6. 57Fe2S2(CO)6 (180 mg, 0.524 mmol) in THF (10 mL) was cooled 

to -77 °C. 1.07 mL of a 1 M solution of LiBEt3H (1.07 mmol) was then added dropwise, 

inducing a color change to brown and eventually green. The solution was then allowed to 

warm to -40 °C and stirred at -40 °C causing a color change to brown/red. The solution was 

then cooled back to -77 °C and CF3COOH (85 µL, 1.14 mmol) was added dropwise over a 

period of 10 minutes resulting in a color change to a lighter red. The solution was then 

allowed to warm to room temperature and was then cannula transferred into the 

aminomethylation solution which had been pre-chilled to 0 °C, causing a color change to 

darker red. The solution was allowed to slowly warm to room temperature and stirred for 12 

hours. The solvent was then removed under vacuum to leave a red and white residue. The 

flask was refilled with argon and dichloromethane (10 mL) was added. From this point 

manipulations were performed in air. The mixture was sonicated and the red solution 

decanted. The residue was extracted again with dichloromethane (2 x 10 mL) and all extracts 

were combined and filtered through celite. The solution was then evaporated under reduced 

pressure to leave a bright red residue, which was subsequently extracted with a 4:1 mixture of 

hexane:dichloromethane (3 x 2 mL) and chromatographed on a 2 x 30 cm silica gel column. 

Elution with hexanes gave an orange first band which was identified by IR spectroscopy as 
57Fe2S2(CO)6 (5 mg). Increasing the polarity to 4:1 hexane:dichloromethane gave elution of a 

red second band which remains unidentified. A further slow shift in the polarity to an eventual 

concentration of 1:1 hexane:dichloromethane led to elution of a bright red third band which 

consisted of 57Fe2(adt)(CO)6 (58.0 mg, 0.149 mmol, 28% yield). IR (pentane): νC≡O = 2076 

(s), 2036 (s), 2008 (s), 1990 (s), 1980 (m); 13C NMR (600 MHz, d8-Toluene, 60 °C): δ 208.03 

(d, JC-Fe = 26.4 Hz, CO); 45.25 (s, CH2). 
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Synthesis of (Et4N)2[57Fe2(adt)(CN)2(CO)4]: (Et4N)2[57Fe2(adt)(CN)2(CO)4] was synthesized 

by modification of a literature procedure for (Et4N)2[Fe2(adt)(CN)2(CO)4].3 [NEt4][CN] 

(26.2 mg, 0.168 mmol) was dissolved in acetonitrile (1.5 mL) under a glove box atmosphere. 

A solution of 57Fe2(adt)(CO)6 (32.6 mg, 0.084 mmol) in acetonitrile (1.5 mL) was then added 

to the flask with stirring leading to a small amount of CO evolution, once this ceased the flask 

was sealed and allowed to stir for 10 hours. The solvent was removed under vacuum to give a 

bright red solid. THF (2 mL) was then added and the mixture thoroughly agitated. The red 

solid was then collected and washed again with THF (2 mL) and pentane (2 x 3 mL) before 

drying to yield (Et4N)2[57Fe2(adt)(CN)2(CO)4] (50.1 mg, 0.078 mmol, 93% yield). MS ESI- 

(m/z) 515.6 ((Et4N)[57Fe2(adt)(CN)2(CO)4]-) IR (acetonitrile): νC≡N = 2075 (m) νC≡O = 1968 

(s), 1924 (s), 1891 (s), 1873 (sh). 

 

 

Mass spectrometry  

 

Figure S1. Negative ion mass spectrometry plot of the (Et4N)[Fe2(adt)(CN)2(CO)4]- (blue) and 
(Et4N)[57Fe2(adt)(CN)2(CO)4]- (red) ions overlaid. 

Negative ion ESI mass spectrometry was used to confirm the successful incorporation of 57Fe 

into (Et4N)2[57Fe2(adt)(CN)2(CO)4]. This was achieved through a comparison with the 

unlabeled cluster (Et4N)2[Fe2(adt)(CN)2(CO)4]. The major ion detected was the 

tetraethylamine-cluster ion pair with a single negative charge. As can be observed in Figure 

S1 there is a clear 2 mass unit shift for the labeled cluster vs. the unlabeled cluster, 

505 510 515 520 525
Ion Mass (amu) 
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demonstrating the shift from a sample containing largely 56Fe versus the labeled spectra which 

contains 57Fe almost exclusively. 

 

 
13C NMR of 57Fe clusters  
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Chart S1. Iron sulfur carbonyl clusters synthesized with JC-Fe coupling constants. 
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Hox-CO state preparation 

FTIR spectroscopy was used to follow the preparation of the Hox-CO state of HydA1. FTIR 

measurements were carried out using a Bruker IFS 66v/s FTIR spectrometer equipped with a 

nitrogen cooled Bruker mercury cadmium telluride (MCT) detector. The spectra were 

accumulated in the double-sided, forward-backward mode with 1000 scans (14 min) and a 

resolution of 2 cm-1 at 15 °C. Data processing was facilitated by home written routines in the 

MATLAB™ programming environment. 

The FTIR spectrum obtained from freshly maturated HydA1 with [57Fe2(adt)(CN)2(CO)4]2- 

exhibits a mixture of signals originating from all active and CO inhibited redox states (Figure 

S2B). Upon oxidation of HydA1 with thionine (ratio 1:1) only a mixture of Hox and Hox-CO 

states is present (Figure S2C) that allows generating a pure Hox-CO state after flushing the 

sample for 20 minutes with CO gas (Figure S2D). 

 

Figure S2. Normalized FTIR spectra recorded for the (Et4N)2[57Fe2(adt)(CN)2(CO)4] precursor (A) and HydA1 
selectively labeled with 57Fe at the [2Fe]H subunit of the H-cluster (B-D) recorded at 15 °C. (B) as obtained from 
maturation, (C) oxidized with thionine, (D) oxidized with thionine and flushed with CO gas.   
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Selective 57Fe-labeling of the [4Fe-4S]H cluster  

For activity measurements, [Fe2(adt)(CN)2(CO)4]2- was added to reconstituted unmaturated 

HydA1 as described earlier.4 Reconstituted HydA1 maturated with [Fe2(adt)(CN)2(CO)4]2- 

showed an H2 oxidation activity of 136 ± 2 s-1 as observed before for as-isolated HydA1 

maturated with [Fe2(adt)(CN)2(CO)4]2-.4 Figure S3 shows the UV spectrum of as-isolated 

unmaturated HydA1 before any treatment (blue) and after unfolding (green). Unfolding leads 

to absence of the broad absorption shoulder from 300–550 nm, clearly showing the absence of 

any [4Fe-4S]H cluster. After reconstitution with 57FeCl3 and Na2S followed by desalting, the 

absorption of the [4Fe-4S]H cluster is re-established (red). As shown in the Figure S4 the EPR 

signal of as-isolated unmaturated HydA1 in the presence of sodium dithionate (blue) is 

characterized by the same g-values as reconstituted unmaturated HydA1 (red) under the same 

conditions. 

 

Figure S3. UV spectrum of as-isolated unmaturated HydA1 (blue), after treatment with 6 M guanidium chloride 
(green) and 57Fe-reconstituted unmaturated HydA1 (red). The spectra were measured in 100 mM Tris/HCl, pH 
8.0 and 150 mM NaCl at room temperature using an Ocean Optics USB2000+XR1-ES, equipped with a DH-
MINI Deuterium Tungsten Halogen Source. 
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Figure S4. X-band CW EPR spectra of as-isolated unmaturated HydA1 (blue) and reconstituted unmaturated 
HydA1 (both reduced with 10 mM sodium dithionate). The experimental conditions are as following: 40 dB 
attenuation, νmw 9.65 GHz, time constant 40.96 ms, conversion time 81.92 ms, modulation amplitude 0.5 mT, 
modulation frequency 100 kHz, temperature 10 K.  
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EPR spectroscopy  

Table S1. Principal values of the 57Fe hyperfine tensor of the H-cluster of [FeFe] hydrogenase 
in the Hox-CO state 

 
A1  

(MHz) 

A2 

(MHz) 

A3 

(MHz) 

│Aiso│ 

(MHz) 
α (°) β (°) γ (°) Ref. 

Fe1 2.2 5.5 5.5 4.4±0.3 0 0 0 

this work 

Fe2 -1.7 2.8 2.8 1.3±0.3 0 30 90 

Fe3 29.9 35.1 25.1 30.0±0.2 8 0 0 

Fe4 31.2 37.3 31.2 33.2±0.2 0 0 0 

Fe5 28.6 24.7 30.8 28.0±0.2 110 0 0 

Fe6 23.5 29.6 29.8 27.6±0.2 20 0 0 
         

Fep -2.2 -4.5 -5.3 4.0±0.1 110 25 44 

DdH5 

Fed -1.7 +2.1 +2.1 0.8±0.1 0 30 90 

Fe3 -30.4 -35.0 -35.4 33.6±0.15 90 185 0 

Fe4 -30.7 -38.4 -34.5 34.5±0.2 90 5 0 

Fe5 +30.3 +21.8 +27.8 26.7±0.2 6 110 0 

Fe6 +30.2 +23.8 +26.7 27.0±0.2 76 -93 0 
         

Fe1 -6.85 -6.85 -6.85 6.85±2    

D. 

vulgaris6 

Fe2 0 0 0 0    

Pair1 -30.95 -38.35 -32.19 33.8±2.7    

Pair2 +27.94 +29.45 +31.50 29.6±1.35    
         

Fe1+Fe2    (–)9.5     

Pair1    +25.3    CpI7 

Pair2    –28.3     

In this work the signs of the hyperfine couplings were not determined. Rows indicated in blue present values 
assigned to the [2Fe]H cluster and in green to the [4Fe-4S]H cluster. The most important parameter for 
comparison │Aiso│ is marked in orange. 
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Mössbauer spectroscopy 

When compared to simulation 1 (Figure 4B), simulation 2 (Figure S5) has more similar 

quadrupole splitting (ΔEQ2(1) = 0.77 mm/s, ΔEQ2(2) = 0.60 mm/s ) while the difference in 

isomer shifts (δ2(1) = 0.21 mm/s, δ2(2) = 0.04 mm/s) is larger. 

 
Table S2. Mössbauer parameters 

spectrum component δ (mm/s) ΔEQ 
(mm/s) 

linewidth 
(mm/s) 

relative 
intensity (%) 

Figure 4A. 
[457Fe-4S]H 

Hox-CO 

[4Fe-4S]H 0.42 1.04 0.57 64 

Fe(II) impurity 1.33 2.80 0.46 8 

FeS impurity 0.60 2.55 2.39 28 

Figure 4B. 
[257Fe]H 
Hox-CO 

simulation 1 

[2Fe]H Fe1 0.16 0.89 0.41 46 

[2Fe]H Fe2 0.08 0.55 0.31 46 

Fe(II) impurity 1.32 2.83 0.81 8 

Figure S5. 
[257Fe]H 
Hox-CO 

simulation 2 

[2Fe]H Fe1 0.21 0.77 0.40 45 

[2Fe]H Fe2 0.04 0.60 0.31 45 

Fe(II) impurity 1.15 3.18 0.71 10 

Figure 4C.  
simulations 
[257Fe]H + 

[457Fe-4S]H 
Hox-CO 

[2Fe]H Fe1 0.16 0.89 0.41 16 

[2Fe]H Fe2 0.08 0.55 0.31 16 

[4Fe-4S]H 0.42 1.04 0.57 68 

Pereira et al.6 
 [457Fe-4S]H + 

[257Fe]H 
Hox-CO 

[4Fe-4S]H 1 0.44 0.95   

[4Fe-4S]H 2 0.41 0.98   

[2Fe]H Fe1 0.17 0.70   

[2Fe]H Fe2 0.13 0.65   
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Figure S5. Mössbauer spectrum and simulation of Hox-CO HydA1 selectively labeled with 57Fe at the [2Fe]H 
subunit measured at 160 K. Shown here is the second possible simulation 2. Simulation 1 is shown in Figure 4B 
in the main text.  
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Nuclear resonance vibrational spectroscopy (NRVS)  

NRVS spectra are used to identify the vibrational modes associated with all 57Fe sites. Fe-CN 

modes are generally found in the 400–500 cm-1 region of a NRVS spectrum. The NRVS 

spectrum for (Et4N)2[57Fe2(adt)(CN)2(CO)4] displays two clear features in this region at 415 

and 434 cm-1, and the NRVS spectrum of [257Fe]H HydA1 Hox-CO displays two features at 

437 and 446 cm-1. These features are assigned as Fe-CN modes and are the contributions from 

Fe-CN stretches and Fe-C-N bends. The clear blue shift of the Fe-CN modes upon 

incorporation of the precursor into the enzyme is indicative of either a strengthened Fe-CN 

bond, which increases the Fe-CN stretch energy, or a contribution from a higher energy  

Fe-C-N bend. As the νC≡N for (Et4N)2[57Fe2(adt)(CN)2(CO)4] (2055 cm-1) is lower in  energy 

than the νC≡N for Hox-CO (2090 and 2082 cm-1, see Figure S2) the Fe-CN bond should be 

weaker when incorporated into the enzyme. This would be consistent with the one electron 

oxidation upon insertion resulting in less π back-bonding from the metal into the π* orbitals 

of the cyanide ligand. The higher Fe-CN mode energy must therefore be assigned to an 

increase in the energy of the Fe-C-N bends upon enzyme incorporation. The known hydrogen 

bonding of the cyanide ligands to the conserved lysine and serine residues in the enzyme 

active site (Lys358 and Ser232 in the [FeFe]-hydrogenase from Clostridium pasteurianum, 

CpI)8 would explain this restriction and hence the energy increase in the Fe-CN modes.  

Fe-CO modes are generally found in the 490–650 cm-1 region of an NRVS spectrum. The 

NRVS spectrum for (Et4N)2[57Fe2(adt)(CN)2(CO)4] displays six peaks in the region of 490–

650 cm-1 (at 516, 532, 576, 582, 603 and 653 cm-1 respectively). Fe-CO modes are at higher 

energy than the Fe-CN modes. This is as a result of strong π back-bonding from the iron to 

the π* orbital of the carbonyl ligand resulting in the Fe-CO having a more linear symmetry 

and hence higher energy.9 The NRVS spectrum of [257Fe]H HydA1 Hox-CO displays seven 

features in this region at 500, 530, 548, 557, 574, 587 and 603 cm-1. It is notable that the 

Fe-CO modes are (on average) red shifted upon incorporation of the precursor into the 

enzyme. This is consistent with a one electron oxidation of the [2Fe]H subcluster, which 

results in less π back-bonding from the metal into the π* orbitals of the carbonyl ligand. It 

should also be noted that the redox change also causes a change in structure and symmetry of 

the molecule, thus causing the Fe-CO modes to red shift in the Hox-CO spectra. This was also 

observed in Pyrococcus furiosus D14C ferredoxin.10 Thus, the lines in the 500–600 cm-1 

region correspond to symmetric and asymmetric stretching modes. The small features in the 

spectra at 557 and 587 cm-1 are representative of the in-plane and out-of-plane bending 

modes.  
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Fe-Fe (stretching and bending) bonds have previously been observed between 200–300 cm-1 

for Fe-Fe model complexes, and (Et4N)2[57Fe2(adt)(CN)2(CO)4] has a notable feature at 195 

cm-1. This feature is also observed in the [57Fe]H HydA1 Hox-CO enzyme at 197 cm-1.10 

Features below 100 cm-1 are indicative of the Fe-S cluster torsional modes.11  
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5 CONCLUSIONS & OUTLOOK 

In this work, the heterologous protein overexpression in E. coli of the hydrogenase HydA1 

and its natural electron donor PetF from Chlamydomonas reinhardtii were established and 

optimized for high yields. In the following, the proteins were investigated by different 

spectroscopic and biological methods.  

The concept of the direct artificial maturation,83 which was discovered in the period of this 

thesis, opens new possibilities to study [FeFe]-hydrogenases. For example, the incorporation 

of non-native cofactors into unmaturated HydA1 has been probed and the catalytic activity of 

the resulting artificial hydrogenases was determined with the aim to better understand the 

function of HydA1 (paper I).1 In this work, 15 different synthetic iron complexes were tested 

for incorporation of which 10 could be successfully inserted. It could clearly be shown that 

small changes in the active site, e.g. substitution of one single atom, lead to a dramatic 

decrease of the catalytic H2 conversion activity. It is concluded that by changing the binuclear 

[2Fe]-subsite, the perfect interplay between the cofactor and the protein surrounding is 

disrupted. Since the enzymes have developed and evolved over millions of years, this result is 

not surprising. Hence, engineering of the [2Fe]-subsite alone is not a promising approach for 

improving hydrogenase activity. Clearly, a concerted strategy changing the cofactor in 

combination with alterations of the amino acid surrounding is necessary.  

The direct artificial maturation also opens the possibility to produce native-like HydA1 

specifically isotope-labeled. The power of the method is shown in paper IV:4  incorporation of 

[57Fe2(adt)(CN)2(CO)4]2− into unmaturated HydA1 introduces 57Fe into the protein. The 

labeling allows investigations at the central nuclei by various spectroscopic techniques like 

Mössbauer, NRVS, ENDOR and HYSCORE. Furthermore, the second H-cluster component, 

the [4Fe-4S]-cluster, was successfully 57Fe-labeled. Paper IV4 demonstrates the selective 

labeling for one enzyme state, but it can be expanded to any other state. Apart from 
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57Fe labeling, it is possible to label the active site with 13C and 15N.96,113 These investigations 

help to yield better insight into the electronic structures of the catalytic intermediates.     

Paper II2 and III3 focus on in vivo engineering approaches to enhance H2 production activity 

in Chlamydomonas reinhardtii. In vivo, hydrogenase activity is diminished, because electrons, 

which are necessary for H2 production, are delivered from the natural electron donor PetF 

mainly to FNR, not to HydA1. Weakening the FNR-PetF interaction could lead to an 

increased H2 production of HydA1. Indeed, by identification and substitution of amino acid 

residues of PetF that are only important for FNR binding, an increased catalytic activity of 

HydA1 in the presence of FNR was achieved in a light-dependent H2 production assay 

(paper II).2 Due to a lack of crystal structures of C. reinhardtii PetF and the PetF-HydA1 

complex, other ways must be found to investigate the PetF-HydA1 interaction. Therefore, a 

PetF NMR solution structure was determined. Furthermore, by substitution of the 

paramagnetic irons in PetF, which impede NMR spectroscopic investigations, with 

diamagnetic gallium, the whole PetF-HydA1 interface was identified. This served as basis for 

the calculation of a PetF-HydA1 docking model (paper III).3 The results presented in paper II 

and paper III provide the possibility to a knowledge based amino acid substitution in PetF that 

lead to an increased in vivo H2 production rate of HydA1. Combined with other metabolic 

engineering approaches, e.g. modified C. reinhardtii strains, this knowledge can be used as 

basis for the design of H2-producing organisms. In principle, C. reinhardtii is a suitable 

choice for an H2-producing organisms since it photosynthetically produces H2 and since it is a 

widely used model organism53 of which the complete nuclear genome sequence is known.114 

However, a limiting factor is that C. reinhardtii remains a difficult platform for conducting 

genetic alterations, because there is still a lack of tools for targeted gene insertion in green 

algae.115 Therefore, further developments in the microbiological field are necessary in order to 

apply the gained knowledge to increase biological hydrogen production in C. reinhardtii.  
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In summary, engineering an H2-producing organism has the advantage over using the isolated 

hydrogenase as catalyst that improving the H2 production activity in vitro seems more 

difficult. Furthermore, the high oxygen sensitivity of the hydrogenase causes problems. Even 

though the hydrogenase within the organism is also oxygen sensitive, it is more protected than 

the isolated hydrogenase. Additionally, the isolated hydrogenase is irreversibly damaged by 

oxygen, whereas in the organism, there can be repair mechanisms or an upregulated 

hydrogenase production. On the other hand, systems can be developed that protect the isolated 

hydrogenase. In 2014, Plumeré et al. showed that a specifically designed viologen-based 

redox polymer can protect hydrogenases from oxygen damage.116 Based on the detailed 

enzymatic understanding of hydrogenases, another possibility for future H2 production is the 

development of chemical bioinspired models as catalysts.60,117  

Altogether, there has been good progress in understanding hydrogenases, but for a 

technological, large-scale application, still further development is necessary. 
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