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Abstract  

[NiFe]-hydrogenases are metalloenzymes catalyzing the reversible cleavage of H2 into two H+ 

and two e–. They are particularly interesting for clean and sustainable H2-based energy 

conversion approaches or the H2-driven regeneration of nucleotide cofactors. Their active site 

consists of a NiFe(CN)2(CO) moiety coordinated to the protein by four strictly conserved 

cysteine residues. Two of them serve as terminal ligands to the Ni and two are bridging ligands 

coordinating both, the Ni and Fe. The Fe is additionally equipped with one carbon monoxide 

(CO) and two cyanide (CN–) ligands. The maturation of the NiFe(CN)2(CO) active site involves 

at least six auxiliary proteins, namely HypA-F. A seventh Hyp protein, HypX, is required for 

aerobic CO ligand biosynthesis. Although, the biosynthesis of [NiFe]-hydrogenases has been 

studied extensively, many details of their maturation still remain elusive. 

Because of its O2-tolerance and thermostability, the soluble, NAD+-reducing [NiFe]-

hydrogenases from Hydrogenophilus thermoluteolus (HtSH) is of special biotechnological 

interest. Previous studies unveiled unusual structural and spectroscopic properties of the 

oxidized enzyme. Here, we present evidence by protein biochemistry in combination with 

infrared spectroscopy that the peculiar active site structure is causative for the unusual 

spectroscopic properties and probably related to a novel O2 protection mechanism. 

The second part of this thesis focused on the maturation of [NiFe]-hydrogenases, especially the 

assembly of the Fe(CN)2(CO) moiety. Therefore, purified HypCD was biochemically and 

spectroscopically investigated and apo-HypCD was used in in vitro maturation experiments. 

The preliminary results presented here, help to address open questions regarding the 

Fe(CN)2(CO) moiety assembly process, the order of ligand attachment as well as the 

coordination and characterization of the Fe(CN)2(CO) moiety and its transfer to the 

hydrogenase apo-large subunit.  

Furthermore, a comprehensive biochemical characterization of HypX revealed detailed insight 

into the mechanism of aerobic CO ligand synthesis. In the proposed mechanism, the formyl 

group of N10-formyl-THF is first transferred to Coenzyme A (CoA) producing formyl-CoA, 

which, in the second step, becomes decarbonylated to form CoA and CO. 



 

 

 

Zusammenfassung 

[NiFe]-Hydrogenasen sind Metalloenzyme, welche die reversible Umwandlung von H2 in zwei 

H+ und zwei e– katalysieren. Dies macht sie besonders interessant für saubere und nachhaltige 

H2-basierte Energieumwandlungsansätze oder die H2-getriebene Regeneration von Nukleotid-

Cofaktoren. Ihr aktives Zentrum besteht aus einem NiFe(CN)2(CO) Cofaktor, der über vier 

strikt konservierte Cysteinreste an das Protein koordiniert ist. Zwei von ihnen dienen als 

terminale Liganden des Ni und die anderen beiden sind verbrückende Liganden, die sowohl das 

Ni als auch das Fe koordinieren. Das Fe ist zusätzlich mit einem Kohlenstoffmonoxid- (CO) 

und zwei Cyanid-Liganden ausgestattet. An der Reifung des NiFe(CN)2(CO) Zentrums sind 

mindestens sechs Hilfsproteine beteiligt, die Proteine HypA-F. Ein siebtes Hyp-Protein, HypX, 

wird für die aerobe Synthese des CO Liganden benötigt. Obwohl die Reifung der [NiFe]-

Hydrogenasen intensiv untersucht wird, sind viele Details noch nicht bekannt.   

Aufgrund ihrer O2-Toleranz und ihrer Thermostabilität ist die lösliche, NAD+-reduzierende 

[NiFe]-Hydrogenase aus Hydrogenophilus thermoluteolus (HtSH) von besonderem 

biotechnologischen Interesse. Frühere Studien zeigten ungewöhnliche strukturelle und 

spektroskopische Eigenschaften des oxidierten Enzyms. Hier präsentieren wir Beweise dafür, 

dass sowohl die ungewöhnliche Struktur des aktiven Zentrums als auch das beispiellose 

spektroskopische Merkmal demselben Zustand entsprechen, der einen neuartigen O2-

Schutzmechanismus darstellen könnte. 

Der zweite Teil der Arbeit befasste sich mit der Reifung der [NiFe]-Hydrogenasen, 

insbesondere mit der Assemblierung der Fe(CN)2(CO) Einheit. Hierfür wurde gereinigtes 

HypCD biochemisch und spektroskopisch untersucht und apo-HypCD wurde für in vitro 

Maturationsversuche verwendet. Die hier gezeigten vorläufigen Ergebnisse helfen bei der 

Beantwortung offener Fragen bezüglich des Mechanismus und der Reihenfolge der 

Ligandenbindung, der Koordination und Charakterisierung des Vorläufer-Fe und der 

Fe(CN)2(CO) Einheit und dessen Transfer in die große Untereinheit der Hydrogenase.  

Darüber hinaus ergab eine umfassende biochemische Charakterisierung von HypX detaillierte 

Einblicke in den Mechanismus der aeroben CO-Ligandensynthese. Bei dem vorgeschlagenen 

Mechanismus wird die Formylgruppe von N10-Formyl-THF zuerst auf Coenzym A (CoA) 

übertragen, wodurch Formyl-CoA erzeugt wird, das in einem zweiten Schritt unter Bildung von 

CoA und CO decarbonyliert wird. 
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Abbreviation 
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µ micro (10–6) 
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A Ampere 
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APS ammonium peroxodisulfate 

ATP adenosine triphosphate 
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Da Dalton 
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dNTPs deoxyribose nucleoside triphosphate 

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid) 

DTT dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

EPR electron paramagnetic resonance 

F Faraday 

FDH N10-formyl-THF dehydrogenases 

FGN fructose-glycerol minimal medium 

FMN flavin mononucleotide 

FN fructose minimal medium 
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HbCO carboxyhemoglobin 
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IR infrared 

ITC isothermal titration calorimetry 

K Kelvin 
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LDH lactate dehydrogenase 

m milli (10–3) 

M  molar  (mol/L) 
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MBP maltose binding protein 

MCT  mercury cadmium telluride  

min minute 

MOPS 3-(N-morpholino)propanesulfonic acid 
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NADP/NADPH nicotinamide adenine dinucleotide phosphate 

NaDT sodium dithionite 
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Ni-NTA Ni-nitrilotriacetic acid 
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1. Introduction 

Hydrogenases are a diverse group of biotechnologically relevant metalloenzymes catalyzing 

the reversible cleavage of molecular hydrogen into two protons and two electrons according to 

the following reaction:  

H2  ⇌ H+ + H–  ⇌ 2H+ + 2e–  

H2 production and H2 consumption processes catalyzed by hydrogenases play a key role in the 

global hydrogen cycle and are intimately linked to nitrogen and carbon cycles (Schwartz et al. 

2013). Hydrogenases are found in a wide variety of microorganisms, including archaea and 

bacteria and some lower eukaryotes (Vignais and Billoud 2007; Vignais et al. 2001; Tamagnini 

et al. 2002; Thauer et al. 2010; Tamagnini et al. 2007). Their primary functions are to generate 

cellular energy by H2 oxidation or to dispose excess reducing equivalents by H2 production. 

According to their metal content in the active site, they are grouped into the three 

phylogenetically unrelated classes of [Fe]-, [FeFe]- and [NiFe]-hydrogenases. Interestingly, the 

function of all three enzymes does not rely on just the metal atoms embedded in a protein shell. 

They require unprecedented, diatomic, Fe ligands for catalysis. The mono-iron site of [Fe]-

hydrogenase is equipped with two carbon monoxide (CO) ligands, while the di-iron site of 

[FeFe]-hydrogenases carries three CO and two cyanide (CN–) groups. The active site Fe of 

[NiFe]-hydrogenases also ligates two CN– ligands but only one CO ligand. All three active sites 

have an open coordination site at which binding and activation of H2 take place (Figure 1) 

(Lubitz et al. 2014; Böck et al. 2006). 

 

Figure 1. Schematic representation of the active sites of [NiFe]-, [FeFe]- and [Fe]-hydrogenase. The dashed circle 

indicates the open coordination site. GMP stands for guanosine monophosphate.  

 

Fe

S

S

S

Fe
Fe

Fe

S

S

Fe

Cys

S

Fe
CN

S

NH

CO

NC
C
O

CO

S

Ni

S

Cys

Cys S

Fe

S

CN

CN

CO

Cys
Cys

N

O
GMP

OH

Fe

C
O

OC

OC

S Cys

[NiFe]-hydrogenase [FeFe]-hydrogenase [Fe]-hydrogenase



Introduction 

10 

 

While hydrogenases of the [Fe] and [FeFe] class are synthesized exclusively under strictly 

anoxic conditions, several [NiFe]-hydrogenases are synthesized under oxic conditions and, 

moreover, are able to sustain H2 oxidation activity in the presence of O2 (Cammack et al. 2001).  

 

1.1.  [NiFe]-hydrogenases 

1.1.1. Classification  

The class of [NiFe]-hydrogenases is further divided into four groups depending on the 

phylogeny, biochemical characteristics, function and cellular localization of the enzyme 

(Vignais and Billoud 2007; Constant et al. 2011; Greening et al. 2015).  

Group 1 contains membrane-associated H2 uptake hydrogenases. These membrane-bound 

hydrogenases (MBH) are attached to either the cytoplasmic or the periplasmic side of the 

cytoplasmic membrane. They are linked to the quinone pool of the respiratory chain via specific 

electron-acceptors (e.g. cytochrome b) anchored in the membrane. Electrons derived from the 

oxidation of H2 are used to generate a proton-motive force to produce energy. Terminal electron 

acceptors can be , e.g., CO2, SO4
2–, NO3

–, Fe(III) oxides, and O2 (Vignais and Billoud 2007; 

Lukey et al. 2010; Pandelia et al. 2012; Laurinavichene and Tsygankov 2001). 

Group 2 contains cytoplasmic hydrogenases and is sub-divided into two subgroups. Group 2a 

includes, among others, cyanobacterial uptake hydrogenases that oxidize H2
 endogenously 

produced by N2 fixation. Group 2b contains H2-sensing regulatory hydrogenases (RHs). They 

regulate the gene expression of energy-conserving hydrogenases in response to the availability 

of H2.  

Group 3 comprises bidirectional heteromultimeric cytoplamic hydrogenases. Hydrogenases of 

this group possess, in addition to the heterodimeric hydrogenase module (see below), further 

subunits able to bind cofactors, such as F420, NAD+ or NADP+. Group 3 hydrogenases are 

further divided into four subgroups: group 3a – F420-reducing hydrogenases, group 3b – 

bifunctional (NADPH-coupled) hydrogenases, group 3c – methyl-viologen-reducing 

hydrogenases, group 3d – bidirectional NAD(P)-linked hydrogenases. Hydrogenases of group 

3d consist of the heterodimeric hydrogenase module and a NAD(P)+-reductase module that 

binds NAD(P)+/NAD(P)H. They couple H2 oxidation or proton reduction with the reduction of 

NAD(P)+ or oxidation of NAD(P)H, respectively. One recently characterized member of this 
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group, which was used in this study, is the NAD+-reducing soluble [NiFe]-hydrogenase from 

Hydrogenophilus thermoluteolus TH-1 (HtSH) (Preissler et al. 2018b; Shomura et al. 2017). 

Membrane-bound, H2-evolving hydrogenases make up the group 4 of [NiFe]-hydrogenases. 

They display a complex architecture and reduce protons to dispose reducing equivalents 

generated by the anaerobic oxidation of C1 compounds, such as CO or formate.  

 

1.1.2. Active site 

[NiFe]-hydrogenases are modular enzymes with a catalytic hydrogenase module comprising a 

large subunit, hosting the bimetallic active site, and a small subunit, harboring one or more FeS 

clusters. The architecture of the active site is almost identical among [NiFe]-hydrogenases 

(Lubitz et al. 2014). The catalytic center is deeply buried in the large subunit and coordinated 

to the protein via four invariant cysteine residues. Two of them serve as terminal ligands 

coordinating the Ni ion and two are bridging ligands coordinating both the Ni and the Fe ion. 

A third coordination site in the bridging position between Ni and Fe serves as substrate binding 

site. The Fe ion is additionally equipped with one CO and two CN– ligands (Figure 1). They 

stabilize the Fe ion in a low-spin Fe(II) state (Kubas 2007) and presumably facilitate the 

activation of H2 at the Ni ion (Bruschi et al. 2014). The presence of the CO and CN– ligands 

was first revealed by IR spectroscopic studies (Happe et al. 1997; Bagley et al. 1995; Pierik et 

al. 1999; Bagley et al. 1994; Volbeda et al. 1996).  

 

1.1.3. Catalytic cycle 

During H2 conversion, the active site passes through several intermediate states. They mainly 

differ by the nature of the third bridging ligand and the oxidation state of the Ni ion while the 

Fe ion maintains the Fe(II) oxidation state throughout the catalytic cycle. Furthermore, the 

protein matrix shows no significant conformational changes, which is in accord with a high 

turnover frequency. To understand the mechanism of [NiFe]-hydrogenases it is important to 

gain detailed information about the intermediate states. The investigation of these intermediate 

states via X-ray crystallography is very challenging due to the difficulty to detect hydrogen 

species. However, they can be observed using spectroscopic methods, such as infrared (IR) and 

electron paramagnetic resonance (EPR) spectroscopy. 
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EPR spectroscopy can be used to detect the FeS clusters of [NiFe]-hydrogenases as well as the 

bimetallic active site. However, only paramagnetic states are EPR-active and give a signal. 

During catalysis, the Fe ion remains in an EPR-silent, low-spin Fe(II)state, whereas the Ni ion 

changes between EPR-active (paramagnetic) and EPR-silent (diamagnetic) states. The 

oxidation states Ni(I) and Ni(III) are EPR-active, Ni(II) is EPR-silent. 

In addition to EPR, IR spectroscopy plays a central role in the characterization of the NiFe 

active site. It is used to monitor the stretching vibrations of the CO and CN– ligands, which 

appear in an otherwise featureless region of the IR spectrum of proteins. Signals in the range 

of 2040 – 2100 cm–1 correspond to CN– ligands and signals in the range of 1900 – 1970 cm–1 

typically correspond to CO ligands. The frequencies of these bands are very sensitive to redox 

changes and therefore can be used to determine the intermediate state of the active site.  
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Figure 2. Catalytic cycle of [NiFe]-hydrogenases. Highlighted in blue are the proposed intermediate states of the 

catalytic cycle. Additionally, two inactive states, Nir-SI and Nir-B are shown.  

 

A scheme of the currently proposed catalytic cycle of [NiFe]-hydrogenases is shown in Figure 

2. Concerning the direction of H2 oxidation, the cycle starts with the Nia-SI state in which a 

bridging position between Ni and Fe is vacant. This state is proposed to bind the substrate H2. 

Cleavage of H2 leads to the Nia-SR state with a hydride (H–) in the bridging position and a 

protonated (H+) sulfur of a terminal cysteine ligand. Both, the bridging H– and the protonated 

cysteine have been identified in the crystal structure of the [NiFe]-hydrogenase of 

Desulfovibrio vulgaris Miyazaki at 0.89 Å resolution (Ogata et al. 2015b). The bridging H– 

was also observed by nuclear resonance vibrational spectroscopy (NRVS) (Ogata et al. 2015a). 

S

Ni2+

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

S+

Ni +

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

S+

Ni 2+

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

H-

H

S

Ni 3+

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

H-

H

H2

H+, e-

H+, e-

H+, e-

H2O

S

Ni3+

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

H
O

Nir-B

Ni-L

Nia-SI

Nia-SR

Nia-C

H2 oxidation

direction

S

Ni2+

S

Cys

Cys S

Fe2+

S

CN

CN

CO

Cys
Cys

H
O

Nir-SI

e-



Introduction 

14 

 

Removal of one H+ and one e– leads to the oxidation to Ni(III) in the EPR-active Nia-C state, 

while the H– remains as bridging ligand. H+ and e– rearrangements lead to the conversion of 

Nia-C to Nia-L. In the Nia-L state, Ni is reduced to the EPR-active Ni(I), and the H– is oxidized 

to a H+ which becomes attached to the terminal cysteine, as recently verified by Fourier 

transform infrared (FTIR) spectroscopy (Tai et al. 2019). Subsequent removal of one H+ and 

one e– leads then to the formation of Nia-SI (Fig. 2).  

Beside the catalytically active states, there are three prominent inactive states, named Niu-A, 

Nir-B and Nir-SI, which are observed under oxidizing conditions. In the Nir-SI state, an OH– 

ligand occupies the bridging position, and Ni resides in the Ni(II) state. The Niu-A and Nir-B 

harbor a Ni(III) species and are therefore detectable by EPR spectroscopy. Although 

hydrogenases in the “resting” states are catalytically inactive, they be reactivated by chemical 

reduction or reduction with H2, resulting in the formation of the Nia-SI state. Activation of the 

Niu-A state requires longer activation times, whereas the Nir-B and Nir-SI states are activated 

within seconds. Furthermore, the Niu-A state is usually absent in O2-tolerant [NiFe]-

hydrogenases (Pandelia et al. 2010; Saggu et al. 2009; Saggu et al. 2010; Guiral M. et al. 2006).  

 

1.1.4. Substrate and product transport 

The oxidation of H2 leads to the production of two H+ and two e–, which need to be transferred 

to the protein surface via dedicated pathways. The substrate, H2, is transported to the active site 

through hydrophobic gas channels. Several gas channels leading to the active site have been 

identified experimentally with xenon-, krypton- and oxygen-derivatized structures (Fontecilla-

Camps et al. 2009; Montet et al. 1997; Kalms et al. 2018; Kalms et al. 2016). Electron transfer 

is facilitated by a chain of FeS clusters with inter-cluster distances of approximately 12 Å 

(Lubitz et al. 2014). The proton transfer pathway has not been fully elucidated yet. Several 

conserved amino acid residues are discussed as primary proton acceptors: a terminal cysteine 

of the Ni in addition to a nearby glutamate residue (Cys-Glu pathway), and an arginine in the 

canopy region of the active site (Arg pathway). Site-specific exchanges of the glutamate as 

well as the arginine residue resulted in substantially diminished or completely abolished 

catalytic activity (Dementin et al. 2004; Adamson et al. 2017b; Evans et al. 2016; Evans et al. 

2018; Greene et al. 2016; Gebler et al. 2007). In the proposed Cys-Glu pathway, the protons 

are further transferred from the glutamate to the protein surface through a chain of glutamate 
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residues (Galván et al. 2008; Teixeira et al. 2008). The proposed Arg pathway leads to the 

protein surface via a histidine-rich motif (Szőri-Dorogházi et al. 2012). 

 

1.1.5. NAD+-reducing soluble hydrogenase from H. thermoluteolus  

Hydrogenophilus thermoluteolus TH-1 is an aerobic, facultative chemolithoautotrophic, H2-

oxidizing β-proteobacterium (Hayashi et al. 1999). It is moderate thermophilic with optimal 

chemolithoautotrophic growth at a temperature of 52 °C (Goto et al. 1978). It possesses an O2-

tolerant NAD+-reducing soluble hydrogenase (HtSH), which catalyzes the reversible electron 

transfer from H2 to NAD+ producing NADH and two H+ (Preissler et al. 2018b). Because of its 

O2-tolerance and thermostability the HtSH is an attractive candidate for H2-driven NAD(P)H 

cofactor regeneration in biotechnological applications (Lauterbach et al. 2013). It is composed 

of four subunits, HoxFUYH, which form two catalytic units – a hydrogenase unit and a NAD+ 

reductase unit (Figure 3). The hydrogenase unit consists of the large subunit HoxH, carrying 

the NiFe active site and the small subunit HoxY harboring one [4Fe-4S] cluster. The NAD+ 

reductase unit consists of HoxU which harbors one [2Fe-2S] and two [4Fe-4S] clusters and 

HoxF carrying one [4Fe-4S] cluster and the NAD+ reductase active site with one flavin 

mononucleotide (FMN) molecule. The hydrogenase unit catalyzes the reversible cleavage of 

H2 into two H+ and two e–, while the NAD+ reductase module catalyzes the reversible 

conversion of NAD+ into NADH. Electron transfer between the two active sites is mediated by 

the five FeS clusters.  
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Figure 3. Subunit and cofactor composition of HtSH. HoxH and HoxY form the hydrogenase module, HoxF and 

HoxU form the NAD+ reductase module. The large hydrogenase subunit HoxH harbors the NiFe active site. HoxF 

harbors the FMN-based NAD(H)-binding site. Both catalytic sites are connected via a chain of FeS clusters. The 

C-terminal region of HoxF (small yellow box) changes between an oxidized and a reduced conformation. In the 

oxidized conformation it reaches to the NAD+/NADH binding site (dotted line), in the reduced conformation it 

aligns with the HoxY subunit (bold line). 

 

Recent IR and EPR spectroscopic analysis of HtSH lead to the assignment of the catalytically 

active Nia-SR, Nia-C and Nia-SI states. Under oxidizing conditions, three different active site 

states have been observed, two of them correspond to the Nir-SI and Nir-B-like states, which 

are EPR-silent. The third oxidized state could not be assigned to any known state. The IR signal 

of this state exhibits an extremely high CO stretching vibration at 1993 cm–1 (Figure 4). Such 

a high CO stretching frequency has not been observed for any other [NiFe]-hydrogenase so far 

and may reflect an unusual active site configuration (Preissler et al. 2018b).   
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Figure 4. IR spectra of HtSH recorded under different redox conditions. The spectrum of as-isolated HtSH under 

oxidizing conditions is shown in gray, the spectrum of HtSH reduced with TCEP, NADH and H2 is shown in red. 

The different active site states are color-coded as follows: Nir-SI = light blue, Nir-B-like = yellow, not assigned 

(n.a.) = purple, Nia-SR = grey, Nia-SR´ and Nia-SR´´ = blue, Nia-C = green. Overlapping peaks are labeled in 

multiple colors corresponding to the represented states.  

 

The crystal structure of HtSH isolated from its native host has been published in the air-

oxidized and H2-reduced states (Shomura et al. 2017). The oxidized structure of the NiFe active 

site reveals an unprecedented coordination geometry (Figure 5). The Ni ion is six-coordinated 

by three bridging cysteines, one terminal cysteine and the carboxyl group of Glu32 serving as 

bidentate ligand. In the reduced state, the NiFe active site shows the standard conformation 

with two bridging cysteines and two terminal cysteines  (Shomura et al. 2017). 

Besides the NiFe active site, differences in the overall structure of the oxidized and the reduced 

state were observed. In the oxidized state, the very C-terminal end of HoxF gets into contact 

with the NAD+/NADH binding site of HoxF. Upon reduction with H2, the C-terminal region 

flips over to the HoxY subunit (Figure 3) and FMN appears to dissociate.  
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Figure 5. Structure of the NiFe active site of HtSH. (A) Oxidized state at 2.58 Å resolution (PDB: 5XF9), (B) H2-

reduced state at 2.70 Å resolution (PDB: 5XFA). The coordinating cysteine residues and the Glu32 residue are 

shown as stick models. Iron and nickel are depicted by orange and green spheres, respectively. Dotted lines 

represent the ligand bonding between the metals and the amino acid residues. 

 

1.2.  Maturation of [NiFe]-hydrogenases 

Biosynthesis of [NiFe]-hydrogenases including the assembly of the NiFe(CN)2(CO) moiety is 

a complex process that requires a sophisticated maturation machinery involving at least six 

auxiliary proteins, named HypA-F (Böck et al. 2006). According to the current model (Figure 

6) (Böck et al. 2006; Forzi et al. 2007; Watanabe et al. 2012b), a complex of HypC and HypD 

serves as scaffold for the assembly of the Fe(CN)2(CO) moiety (Bürstel et al. 2012). The CN– 

and CO ligands are proposed to be attached to a single Fe, which is jointly coordinated by both 

proteins. Because of their toxicity in living organisms, the biosynthesis of the CO and CN– 

ligands is of particular interest. While crucial steps of the assembly of the catalytic center of 

[Fe]-hydrogenase have been elucidated, the origin of the CO ligands remains unknown (Bai et 

al. 2017). In the case of [FeFe]-hydrogenase, both CO and CN– originate from tyrosine, which 

is converted by the maturase HydG into p-cresol and dehydroglycine in a radical-SAM 

reaction. Dehydroglycine is then decomposed into one CO and one CN– ligand (Kuchenreuther 

et al. 2013). In [NiFe]-hydrogenases synthesis of the two CN– ligands is catalyzed by the two 

maturases HypF and HypE using carbamoyl phosphate as substrate (Reissmann et al. 2003). 

The cyanide group is transferred from HypE to the Fe coordinated by HypCD. The pathway 

for anaerobic CO ligand synthesis remains unclear. However, under aerobic conditions an 

additional maturation protein, designated HypX, which occurs exclusively in microorganisms 

synthesizing [NiFe]-hydrogenases under oxic conditions is required for CO ligand synthesis 

(Buhrke and Friedrich 1998; Bürstel et al. 2016).  
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Upon completion, the Fe(CN)2(CO) moiety is transferred from HypCD to the apo-form of the 

[NiFe]-hydrogenase large subunit (Bürstel et al. 2012; Stripp et al. 2013). Subsequently, the Ni 

ion is incorporated in a process that is facilitated by the metal chaperones HypA and HypB 

(Lubitz et al. 2014; Khorasani-Motlagh et al. 2019). In E. coli HypC and HypA are required 

for the maturation of hydrogenase 3 and functionally replaced by HybG and HybF, 

respectively, for the synthesis of hydrogense 1 and 2 (Blokesch et al. 2001a; Hube et al. 2002).  

Finally, most but not all hydrogenases undergo proteolytic cleavage of the C-terminus of the 

large subunit, which is mediated by a specific endopeptidase (Thiemermann et al. 1996; Binder 

et al. 1996). The maturation of the [NiFe]-hydrogenase is completed by the binding of the small 

subunit.  

Although the maturation of [NiFe]-hydrogenases and the assembly of the NiFe(CN)2(CO) 

moiety are intensively studied and crystal structures of all individual Hyp proteins and of the 

transient HypCD, HypCDE and HypEF complexes are available, the detailed maturation 

mechanism is not yet fully unraveled.  
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Figure 6. Model of the assembly of the NiFe(CN)2(CO) active site in [NiFe]-hydrogenases under aerobic 

conditions. The HypCD complex (orange) serves as scaffold for the assembly of the Fe(CN)2(CO) moiety. HypE 

and HypF (blue) provide the two CN– ligands. HypX (yellow) synthesizes the CO ligand under aerobic conditions. 

The Fe(CN)2(CO) complex is transferred from the HypCD complex to the apo-form of the hydrogenase large 

subunit (blue, C-shaped). HypA and HypB (green) insert the Ni ion.  

 

1.2.1. HypCD serves as scaffold for the Fe(CN)2(CO) synthesis 

Among the Hyp proteins, HypD is the only member carrying an FeS cluster (Blokesch and 

Böck 2006; Blokesch et al. 2004b). The cubane-type [4Fe-4S] cluster is coordinated to the 

protein by four conserved cysteine residues that are arranged in an unique CX14CX6CX16CX 

coordination motif (Blokesch et al. 2004b; Watanabe et al. 2007; Blokesch and Böck 2006). 

Its function is still under debate (see below).  

HypD and HypC form a tight complex, which according to the current model, is the central 

construction site in the biosynthesis of the Fe(CN)2(CO) moiety. It interacts with HypE, which 

is involved in CN– ligand synthesis and HypX, which is required for aerobic CO ligand 

synthesis (Muraki et al. 2019; Blokesch et al. 2004b; Watanabe et al. 2012a; Jones et al. 2004). 
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The presence of the Fe(CN)2(CO) moiety on HypCD was demonstrated by IR spectroscopic 

analysis of purified HypCD complexes from R. eutropha and E. coli (Bürstel et al. 2012; Soboh 

et al. 2012). IR analysis of isolated E. coli HypD in the absence of HypC revealed the same 

spectral pattern with the characteristic CO and CN– signatures as the HypCD complex, whereas 

isolated HypC shows no absorption bands in the CO/CN– region, which has been interpreted 

as that HypD alone might serve as scaffold for the assembly of the Fe(CN)2(CO) moiety (Stripp 

et al. 2013). However, in in vitro transfer assays, the radioactively labeled CN– group was 

transferred from HypE to the HypCD complex, but not to HypD alone (Blokesch et al. 2004). 

The Fe(CN)2(CO) moiety is presumably coordinated to the HypCD complex via two conserved 

cysteine residues; Cys2 in the N-terminal domain of HypC and Cys41 in HypD (E. coli 

numbering) (Figure 7). The functional importance of these two cysteine residues was shown 

in several studies. Amino acid exchanges of each cysteine residue abolished complex 

formation, hydrogenase maturation, and H2 production (Blokesch and Böck 2006, 2002; 

Magalon and Böck 2000; Soboh et al. 2012; Bürstel et al. 2012). IR spectroscopic analysis of 

an E. coli HypC-HypD(C41A) variant revealed an IR spectrum lacking the absorption bands 

characteristic for the CN– and CO ligands, indicating that Cys41 in HypD is required to 

coordinate the Fe(CN)2(CO) moiety (Soboh et al. 2012). Crystal structures of the T. 

kodakarensis HypCD and the HypCDE complex support the role of the two conserved cysteine 

residues as Fe binding site, as they are in close proximity to each other and to the cyanide group 

on HypE (Watanabe et al. 2012a; Watanabe et al. 2007). Unfortunately, a crystal structure of 

the HypCD complex carrying the additional iron is not available. Hence, the precise details of 

the coordination of the Fe(CN)2(CO) moiety remain elusive. Coordination of the Fe(CN)2(CO) 

moiety to the HypCD complex by two cysteine residues would yield a stable 5-fold 

coordination of the Fe (Figure 7 A). In case of the precursor Fe, additional residues or other 

ligands might be involved since an initial twofold coordination of the Fe is very unlikely. In 

close proximity of the putative Fe-binding site in T. kodakarensis HypCD, two conserved 

histidine residues His41 and His202 (H44 and H201, E. coli numbering) have been identified 

that might be (temporarily) involved in Fe binding (Figure 7 B) (Watanabe et al. 2007; 

Albareda et al. 2013), although exchanges of these histidine residues did not affect hydrogenase 

maturation in E. coli (Blokesch and Böck 2006). Based on the structural similarity of the HypD 

α/β domains to sugar-binding proteins, Watanabe and coworkers proposed that a sugar 

molecule or a carbonate might be additionally involved in Fe binding by the HypCD complex 

(Watanabe et al. 2012a).  
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Figure 7. Model of the Fe binding site of HypCD. (A) Fe(CN)2(CO) binding, (B) binding of the precursor Fe. 

Amino acid numbering refers to the HypC and HypD proteins of T. kodakarensis, based on the crystal structure 

of T. kodakarensis HypCD (PDB: 3VYR). 

 

During the maturation process, the precursor Fe is supposed to receive the CN– and CO ligands. 

The CN– ligands are synthesized by HypE and HypF and transferred from HypE to HypCD via 

a yet unknown mechanism (see chapter 1.2.2). CO ligand synthesis under aerobic conditions 

requires HypX (see chapter 1.2.3). The pathway for anaerobic CO ligand synthesis is still not 

clear. It is under debate whether the [4Fe-4S] cluster in HypCD plays a role in anaerobic CO 

ligand synthesis by reduction of CO2, or in the CN– ligand transfer from HypE (Watanabe et 

al. 2007; Watanabe et al. 2012a; Soboh et al. 2013). The order of CN– and CO attachment to 

the precursor Fe is still under debate. Indication that CN– loading is a prerequisite for the 

addition of CO was obtained by IR spectroscopic analysis. HypCD, purified from cells in which 

the CN– but not the CO biosynthesis pathway is disrupted, revealed an IR spectrum lacking the 

absorption bands for both the CN– and CO ligands (Bürstel et al. 2012). However, the 

observation of an additional CO band in the IR spectrum of purified HypCD, which was 

assigned as Fe(I)-CO species suggests the opposite order of ligand attachment (Stripp et al. 

2014). 

After assembly, the Fe(CN)2(CO) moiety needs to be delivered to the hydrogenase large 

subunit. Since it has been shown that HypC forms a complex with the apo-large subunit it was 

proposed that it is involved in the transfer of the Fe(CN)2(CO) moiety (Drapal and Böck 1998; 

Blokesch and Böck 2002). Complex formation of HypC with the apo-large subunit depends on 

the conserved C-terminal Cys2 residue, suggesting that it also plays a role in the Fe(CN)2(CO) 

delivery (Blokesch et al. 2001a; Magalon and Böck 2000). 
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Interestingly, it was recently discovered that purified E. coli HypCD as well as the individual 

HypD and HypC/HybG proteins display an ATPase activity (Nutschan et al. 2019). The 

function of the ATPase activity is yet unknown.  

  

1.2.2. Cyanide ligand synthesis and transfer 

CN– ligand synthesis is catalyzed from carbamoyl phosphate by a complex of HypF and HypE. 

First, HypF catalyzes the carbamoylation of a conserved C-terminal cysteine residue of HypE 

producing HypE-thiocarbamate (Blokesch et al. 2004c; Reissmann et al. 2003). Based on 

structural analysis on HypF, three catalytic sites have been identified catalyzing three 

consecutive reactions (Figure 8). Each catalytic site is connected by protein channels, 

suggesting that the consecutive reactions occur without the release of the intermediates 

(Shomura and Higuchi 2012; Petkun et al. 2011). The first reaction is the dephosphorylation 

of carbamoyl phosphate to carbamate, which then reacts at the second catalytic site with ATP 

to cabamoyladenylate and pyrophosphate (PPi). Finally, the carbamoyl group is transferred to 

the C-terminal cysteine residue of HypE while AMP is released (Rangarajan et al. 2008; 

Shomura and Higuchi 2012; Petkun et al. 2011). The C-terminal tail of HypE is flexible and 

can adopt an inward or an outward conformation. To receive the carbamoyl group, the C-

terminal tail assumes the outward conformation to get in close contact with HypF (Rangarajan 

et al. 2008; Shomura and Higuchi 2012; Shomura et al. 2007). Upon ATP binding to HypE the 

C-terminal tail adopts the inward conformation. In an internal ATP-dependent dehydration 

reaction, HypE converts the protein-bound thiocarbamate into thiocyanate (Figure 8) 

(Blokesch et al. 2004c; Reissmann et al. 2003; Rangarajan et al. 2008; Watanabe et al. 2007; 

Shomura et al. 2007). IR Spectroscopic analysis of HypE and HypEF suggested the presence 

of a protein-bound isothiocyanate on HypE instead thiocyanate group (Stripp et al. 2015). 
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Figure 8. CN– ligand synthesis catalyzed by HypF and HypE. HypF catalyzes the carbamoylation of the C-

terminal cysteine residue of HypE in three steps: (1) dephospharylation of carbamoyl phosphate to carbamate, (2) 

addition of carbamate to AMP forming carbamoyladenylate, (3) transfer of the carbamoyl group to HypE. HypE 

catalyzes the dehydration of HypE-bound thiocarbamate into thiocyanate (4).  

 

After dehydration of the HypE-bound thiocarbamate into thiocyanate, the HypEF complex 

dissociates and HypE forms a complex with HypCD. Complex formation with HypCD induces 

conformational changes of the C-terminal tail of HypE resulting in the outward conformation 

to facilitate the delivery of the CN– group to the precursor Fe of HypCD (Watanabe et al. 

2012a). In this conformation, the cyanated C-terminal cysteine residue is in close proximity to 

conserved motifs in HypD, which are proposed to be involved in CN– transfer. In the crystal 

structure of T. kodakarensis HypD, two pairs of cysteine residues (Cys66 and Cys69, Cys325 

and Cys354) are located next to the Fe-binding site. They are linked to the [4Fe-4S] cluster of 

HypD and form a putative ferredoxin:thioredoxin reductase (FTR)-like redox cascade 

(Watanabe et al. 2007; Watanabe et al. 2012b). In the proposed cyanation mechanism, Cys66 

attacks the HypE-Cys338-thiocyanate leading to the transfer of the first CN– group to the 

HypCD-bound Fe (Figure 9, steps 1 and 2). The resulting heterodisulfide bond between HypD-

Cys66 and HypE-Cys338 can be continuously reduced by the thiol redox cascade (Figure 9, 

steps 2 – 5), thereby regenerating HypD-Cys66 for the second CN– ligand transfer. Reduction 

of the disulfide bonds of the two cysteine pairs after the second transfer may be mediated by 

the [4Fe-4S] cluster in an FTR-like manner (Watanabe et al. 2012a; Watanabe et al. 2007). The 

proposed cyanide mechanism is supported by the observation that chemical modification of the 

free thiols inhibits CN– ligand transfer (Blokesch and Böck 2006). 
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Figure 9. Proposed cyanation mechanism in the HypCDE complex. Amino acid numbering refers to the HypC 

HypD, and HypE proteins of T. kodakarensis. C66 attacks the HypE-C338-thiocyanate leading to the transfer of 

the first CN– group to the HypCD-bound Fe (steps 1 and 2). The resulting heterodisulfide bond between HypD-

C66 and HypE-C338 is continuously reduced by the thiol redox cascade and HypE is released (steps 2 – 5). A 

second HypE protein binds to HypCD and the second CN– ligand is transferred in the same way (steps 5 and 6). 

 

Not all HypD proteins contain these two cysteine pairs. Of 448 analyzed HypD isoforms, 63 % 

contained two cysteine pairs, whereas 37 % contained only one pair of cysteine residues 

(Bürstel et al. 2012). For example, E. coli HypD possess only one cysteine pair, whereas R. 

eutropha HypD has two pairs. Mutant analysis of R. eutropha HypD revealed, that the pair of 

cysteine residues proximal to the FeS cluster are dispensable for HypD function, while 

exchanges in the distal cysteine pair almost abolished HypD function (Bürstel et al. 2012). 

 

1.2.3. HypX – CO ligand synthesis under aerobic conditions 

At least two different pathways for CO ligand synthesis have been proposed for [NiFe]-

hydrogenase (Bürstel et al. 2011). One is functional during hydrogenase biosynthesis under 

anaerobic and microaerobic conditions and proposed to convert CO2 reductively into CO 

(Soboh et al. 2013; Soboh et al. 2012). The other is functional under aerobic conditions and 

responsible for CO ligand insertion into [NiFe]-hydrogenases that are assembled and functional 

under aerobic conditions (Lenz et al. 2015). Aerobic CO biosynthesis involves an additional 

maturation protein, designated HypX, which occurs exclusively in microorganisms 
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synthesizing [NiFe]-hydrogenases under oxic conditions (Buhrke and Friedrich 1998; Bürstel 

et al. 2016). First evidence for HypX-mediated CO synthesis was obtained by hydrogenase 

maturation studies on the aerobic H2-oxidizing proteobacterium R. eutropha. Compared to the 

wild type strain R. eutropha H16, HypX-deficient R. eutropha strains showed a considerable 

growth delay when cultivated with a gas mixture containing H2, CO2 and 15% O2. Wild type-

like growth could be restored by addition of external CO gas (Bürstel et al. 2016). Members of 

the HypX family show a bipartite structure with an N-terminal and a C-terminal module with 

similarities to N10-formyltetrahydrofolate (N10-formyl-THF) transferases and enoyl-CoA 

hydratases/isomerases of the crotonase superfamily, respectively (Rey et al. 1996). These 

similarities suggest that HypX proteins catalyze two different consecutive reactions: the 

transfer of the formyl group of N10-formyl-THF to an unknown substrate and a reaction 

involving oxyanion-based chemistry on a Coenzyme A (CoA) derivative. In fact, it has been 

shown in in vivo experiments that the 13C-labelled formyl group of N10-formyl-THF ends up as 

Fe-bound active site 13CO ligand of the regulatory hydrogenase (RH) of R. eutropha. Isotopic 

labeling of the CO ligand was not observed in mutant strains lacking functional HypX protein 

(Bürstel et al. 2016).  

 

1.3. Aim of the study 

One topic of this study is the investigation of the [NiFe]-hydrogenase maturation process, with 

a particular focus on the assembly and delivery of the Fe(CN)2(CO) unit involving the HypCD 

complex and the aerobic CO ligand synthesis catalyzed by HypX. 

The biosynthesis of the NiFe active site has been intensively studied using biochemical, 

spectroscopic and structural methods (see reviews (Lacasse and Zamble 2016; Watanabe et al. 

2012b)). According to the current knowledge, the HypCD complex serves as a scaffold for the 

assembly of the Fe(CN)2(CO) unit. Two CN– ligands and one CO ligand are supposed to be 

attached to an Fe ion jointly coordinated by HypC and HypD. Besides the order of ligand 

binding, the origin of the precursor Fe and its coordination to the HypCD complex remain 

elusive. It is also not clear how the precise stoichiometry of one CO and two CN– ligands is 

maintained. Upon assembly of the Fe(CN)2(CO) unit on HypCD, this synthon becomes 

delivered to the hydrogenase apo-large subunit. How this is achieved by HypC, HypD or both 

is not yet understood.  
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Synthesis of the CN– ligands is catalyzed by the maturases HypE and HypF. For CO ligand 

biosynthesis at least two different pathways have been proposed. Little is known so far about 

the pathway which is active under anaerobic or microaerobic conditions. Under aerobic 

conditions an additional maturation protein, HypX, uses N10- formyl-THF to synthesize the CO 

ligand of the hydrogenase active site (Bürstel et al. 2016). The exact reaction mechanism, 

however, remains unclear. 

To obtain a better understanding of the maturation process, purified E. coli HypCD was 

investigated using different spectroscopic techniques including Resonance Raman and IR 

spectroscopy. Apo-HypCD complex was used for in vitro maturation experiments.  

To gain insight into the reaction mechanism by which HypX converts N10-formyl-THF into 

CO, purified R. eutropha HypX protein was subjected to a comprehensive biochemical 

analysis. HypX-mediated CO production was monitored spectrophotometrically via the 

formation of carboxyhemoglobin (HbCO).   

The second part of this study focusses on the detailed investigation of the thermostable HtSH. 

The first IR spectroscopic analysis of HtSH revealed a unique spectral pattern. It exhibits a 

band at 1993 cm–1 which could be assigned to a CO stretching mode. Such a high CO stretching 

frequency is very uncommon and might represent an unusual active site configuration 

(Preissler et al. 2018b). Prior to the first spectroscopic characterization, the first crystal 

structures of HtSH were obtained. In the oxidized state, the structure revealed an unprecedented 

conformation of the active site with a glutamate residue as bidentate Ni ligand in addition to 

three bridging cysteines and one terminal cysteine yielding in a six-fold coordination of the Ni 

(Shomura et al. 2017). To combine the structural and the IR spectroscopic findings, different 

HtSH variants carrying exchanges for the glutamate residue were generated and analyzed 

biochemically and spectroscopically.  
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2. Materials and Methods 

2.1. Strains, plasmids, and oligonucleotides  

The bacterial strains, plasmids and oligonucleotides used in this study are listed in Table 1, 

Table 2 and Table 3.  

 

Table 1. Bacterial strains used in this study. 

Strains  Characteristics* Reference 

R. eutropha   

HF469 MBH+ SH+ RH+, HoxJG422S, hypX∆2 (Buhrke and 

Friedrich 1998) 

H16 MBH+ SH+ RH+, HoxJG422S DSM 428, ATCC 

17699 

HF1054 ∆hoxG, ∆hoxFUYHW, ∆hoxI (330-bp NarI/MroI deletion) (Preissler et al. 

2018b) 

HF497 ∆hypD, ∆hoxG, ∆hoxH Lenz lab 

HP73 HF469 carrying pTS1 (malE-hypX) this study 

HP74 HF469 carrying pTS2 (hypX) this study 

HP77 HF469 pEDY309 this study 

HP75 HF469 carrying pTS3  this study 

HP76 HF469 carrying pTS4 this study 

HP86 HF1054 carrying pTS10  this study 

HP87 HF1054 carrying pTS11  this study 

HP88 HF1054 carrying pTS12  this study 

HF497 ∆hypD, ∆hoxG, ∆hoxH Lenz lab 

HP68 HF497 carrying GC50 Giorgio Caserta, 

unpublished 

E. coli   

Rosetta™(DE3) F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE (CamR) Novagen, 

Germany 

NEB 10-beta Δ(ara-leu) 7697 araD139  fhuA ΔlacX74 galK16 galE15 

e14-  ϕ80dlacZΔM15  recA1 relA1 endA1 nupG  rpsL (StrR) rph 

spoT1 Δ(mrr-hsdRMS-mcrBC)  

NEB, Germany 

JM109 recA1 endA1 supE44 gyrA96 thi hsdR17(rK - mK +) 

relA1 ∆(lac-proAB) e14- mcrB+ F‘[traD36 proAB+ lacq 

lacZ∆M15] 

(Yanisch-Perron 

et al. 1985) 
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Strains  Characteristics* Reference 

S17-1  Tra+ recA, pro thi, hsdR chr:RP4-2 (Simon et al. 

1983) 

AK2473 Rosetta™(DE3) carrying pCH631 this study 

AK2502 Rosetta™(DE3) carrying pThypDCstrep this study 

AK2503 Rosetta™(DE3) carrying pTDEFCstrep this study 

AK2480 Rosetta™(DE3) carrying pTS5  this study 

AK2481 Rosetta™(DE3) carrying pTS6  this study 

AK2482 Rosetta™(DE3) carrying pTS7 this study 

AK2483 Rosetta™(DE3) carrying pTS8 this study 

AK2504 Rosetta™(DE3) carrying pTS9 this study 

AK2505 Rosetta™(DE3) carrying pTS13 this study 

AK2506 Rosetta™(DE3) carrying pTS14 this study 

AK2507 Rosetta™(DE3) carrying pTS15 this study 

AK2508 Rosetta™(DE3) carrying pTS16 this study 

*Plasmids are described in Table 2 

 

Table 2. Plasmids used in this study. 

Plasmids Characteristic Reference 

pCH631 hypX fused at 5’ end to malE in pMal-c2, encoding MBP-HypX (Bürstel et al. 

2016) 

pTS1 3.5 kb PvuII fragment from pCH631 containing Ptac-malE-hypX in 

SwaI-cut pEDY309 

this study 

pTS2 XbaI digested 1.9 kb PCR product carrying Ptac-hypX amplified with 

primers 1 and 2 using pCH631 as template in XbaI-cut pEDY309 

this study 

pTS3 3.5 kb PvuII fragment from pCH631 carrying Ptac malE-hypX in 

Eco53kI-cut pCM62 

this study 

pTS4 XbaI-cut 1.9 kb PCR product carrying Ptac-hypX amplified with primers 

1 and 2 using pCH631 as template in XbaI-cut pCM62 

this study 

pTS5 pMal-c2 carrying Ptac malE-HthypX encoding MBP-HtHypX, created 

by Gibson assembly, 6.7 kb PCR product amplified with Primers 5 and 

6 using pCH631 as template, 1.7 kb PCR product amplified with 

primers 3 and 4 using genomic DNA of H. thermoluteolus as template 

this study 

pTS6 pMal-c2 carrying Ptac strepHthypX with a Strep-tag II coding sequence 

fused to the 5’ end of HthypX, created by Gibson assembly, 5.6 kb PCR 

this study 
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Plasmids Characteristic Reference 

product amplified with primers 5 and 8 using pCH631 as template, 1.8 

kb PCR product amplified with primers 7 and 4 using pTS5 as template 

pTS7 MBP-HypX S448A, QuikChange site-directed mutagenesis using 

primers 9 and 10 with pCH631 as template 

this study 

pTS8 MBP-HypX Y439F, Q5® site-directed mutagenesis with primers 11 and 

12 using pCH631 as template 

this study 

pTS9 MBP-HypX E449Q, site-directed mutagenesis via Gibson assembly, 2 

kb PCR product amplified with primers 13 and 14 using pCH631 as 

template, 6.5 kb PCR product amplified with primers 15 and 16 using 

pCH631 as template 

This study 

pTS10 HtSH HoxH E32Q, mutagenesis via Gibson assembly, 3.6 kb PCR 

product amplified with primers 17 and 18 using pLL2000 as template, 

2.1 kb PCR product amplified with primers 19 and 20 using pLL2000 

as template, XbaI-, Eco53kI-cut pEDY309 

this study 

pTS11 HtSH HoxH E32A, mutagenesis via Gibson assembly, 3.6 kb PCR 

product amplified with primers 17 and 21 using pLL2000 as template, 

2.1 kb PCR product amplified with primers 22 and 20 using pLL2000 

as template, XbaI-, Eco53kI-cut pEDY309 

this study 

pTS12 HtSH HoxH E32D, mutagenesis via Gibson assembly, 3.6 kb PCR 

product amplified with primers 17 and 23 using pLL2000 as template, 

2.1 kb PCR product amplified with primers 24 and 20 using pLL2000 

as template, XbaI-, Eco53kI-cut pEDY309 

this study 

pTS13 hypE fused at 5’ end to a hexa-His-tag coding sequence in a modified 

pET15b, created by Gibson assembly, 5.7 kb PCR product amplified 

with primers 25 and 26 using FolD-pET15bTEV as template, 1.1 kb 

PCR product amplified using primers 29 and 30 with pThypDEFCstrep 

as template 

This study 

pTS14 hypF fused at 5´ end to a hexa-His-tag coding sequence in pET15b, 

created by Gibson assembly, 5.7 kb PCR product amplified with 

primers 25 and 26 using FolD-pET15bTEV as template, 2.3 kb PCR 

product amplified using primers 27 and 28 with pThypDEFCstrep as 

template 

This study 

pTS15 pT7-7, hypD, hypE, hypCHis, hypF, hexa-His tag sequence fused at the 

5´ end of hypC introduced via Gibson assembly using primer pairs 14, 

31 and 32, 33 with template pThypDEFCstrep 

This study 

pTS16 pT7-7, hypD ,hypCHis, hexa-His tag sequence fused at the 5´ end of hypC 

introduced via Gibson assembly using primer pairs 15, 34 and 14, 33 

with template pThypDCstrep 

This study 

GC50 hoxG with C-terminal extension and with a Strep-tag II coding sequence 

fused to the 5´ end of hoxG in pEDY309 

Giorgio 

Caserta, 

unpublished 

pJP09 pEDY309 carrying PSH HthoxstrepFUYHW with a Strep-tag II coding 

sequence fused to the 5’ end of hoxF 

(Preissler et al. 

2018b) 
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Plasmids Characteristic Reference 

pLL2000 KmR, ColE1 ori, M13 ori, PSH-HthoxStrepFUYHW in pGE837 (Preissler et al. 

2018b) 

pEDY309 TetR , RK2 ori, Mob+ (Kleihues et al. 

2000) 

pCM62 TetR, Plac , ColE1 ori, oriV, oriT (Marx and 

Lidstrom 

2001) 

FolD-

pET15bTEV 

P. aeruginosa folD ligated into a modified pET15b vector containing a 

Tobacco Etch Virus (TEV) protease recognition sequence in place of 

thrombin  

(Eadsforth et 

al. 2012) 

pThypDCstrep pT7-7, hypD, hypCStrep, AmpR (Blokesch et 

al. 2004b) 

pThypDEFCstrep pT7-7, hypD, hypE, hypCStrep, hypF, AmpR (Blokesch et 

al. 2004b) 

 

Table 3. Oligonucleotides used in this study. 

No Name Sequence 

1 Ptac_hypX fwd ctctagatgttgacaattaatcatcggctcgtataatgtgtcaaggaccatagattatgcgcatattgctcctc

acc 

2 Ptac_hypX rev cagatcttcaagatcgtttccccgcaag 

3 Ht_hypX for aataacaacaacctcgggatcgagggaaggatgcgtatcctgcttttggtccatgcg 

4 Ht_hypX rev aagaacagtggcctgcttgtcagacatggcttacacctccatgaagagcgattgccgc 

5 pMal-for gccatgtctgacaagcaggccactgttctt 

6 pMal-rev ccttccctcgatcccgaggttgttgttatt 

7 Strep-HtHypX-for atgtggagccacccgcagttcgaaaaagctggcatgcgtatcctgcttttggtccatgc 

8 pMal-rev-strep gccagctttttcgaactgcgggtggctccacataatctatggtccttgttggtgaagtgctcg 

9 MBP-HypX.S448A-for gggcaatctgtatggtgcggaatactggacctatc 

10 MBP-HypX.S448A-rev gataggtccagtattccgcaccatacagattgccc 

11 Y439F_Q5_F aatccgcacttcaagaacatggg 

12 Y439F_Q5_R cacgagtacaccttcgcg 

13 1_E449 for caatctgtatggttcgcaatac 

14 2_Amp rev gataccgcgagacccac 

15 3_Amp for gataaatctggagccggtg 

16 4_E449 rev caacagataggtccagtattgcg 
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No Name Sequence 

17 1_pEDY XbaI pLL2000 ctaactagttcgaagcttgtgagatctcctctagaaccggtgacgtcaccatgggaag 

18 2_HoxH E32Q cttgccatggccttggacgcgggagag 

19 3_HoxH E32Q for ctctcccgcgtccaaggccatggcaag 

20 4_pLL2000 Eco53kI pE

DY 

ggcaaaagctcatttaaatcagtctcggtacccggggatccatgctacc 

21 2_HoxH E32A cttgccatggcctgcgacgcgggagag 

22 3_HoxH E32A for ctctcccgcgtcgcaggccatggcaag 

23 2_HoxH E32D cttgccatggccgtcgacgcgggagag 

24 3_HoxH E32D for ctctcccgcgtcgacggccatggcaag 

25 pET15b rev gccgctgctgtgatgatgatg 

26 pET15b for tcgaggatccggctgctaac 

27 HypF N-term catcatcatcacagcagcggcatggcaaaaaacacatcttg 

28 HypF C-term gttagcagccggatcctcgattatccgttctggacttcac 

29 HypE N-term catcatcatcacagcagcggcgtgaataatatccaactcgcccacgg 

30 HypE C-term gttagcagccggatcctcgattagcatatacgcggaagcgg 

31 hypD rev ggcattgatgcggcttac 

32 Seq hypD ggtgaggtattaacgggc 

33 His HypCD rev_2 ttagtgatgatgatgatgatggccgctgcttttttcctcgccatacaacagc 

34 His HypCD for_2 agcagcggccatcatcatcatcatcactaaggggatcctctagagtcgac 

 

2.2. Bacterial cultivation conditions 

2.2.1.  R. eutropha 

R. eutropha strains were cultivated in mineral salts medium (Table 4) (Schlegel et al. 1961; 

Friedrich 1982). The medium is based on a phosphate buffer (H16 buffer) with a pH value of 

7. Minerals and NH4Cl as nitrogen source were added as listed in Table 4. Depending on the 

growth conditions different carbon sources were used. For heterotrophic growth fructose (FN 

medium) or a mix of fructose and glycerol (FGNmod medium) were added. Lithoautotrophic 

cultures were grown without any organic carbon source in a desiccator filled with 10 % CO2 

as carbon source, 4 % H2 as energy source, 15 % O2, and 71 % N2. Solid media contained 1.5 % 

(w/v) agar. Antibiotics were added as listed in Table 5. 
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Table 4. Mineral salts medium for cultivation of R. eutropha. 

Ingredients  Final concentration 

10x H16 buffer   

90 g  Na2HPO4 x 12 H2O 25 mM 

15 g  KH2PO4 11 mM 

ad 1 L H2O, adjust to pH 7 at RT, autoclave 

Additives (added sterile to 1 L 1x H16 buffer)  

10 ml  NH4Cl, 20% (w/v), autoclave  37.4 mM 

1 ml  MgSO4 x 7 H2O, 20 % (w/v), autoclave  0.81 mM 

1 ml  CaCl2 x 2 H2O, 1% (w/v), autoclave 0.068 mM 

1 ml  FeCl3 x 6 H2O, 0.5 % (w/v) in 0.1 M HCl, sterile 

filtration 

18 mM 

1 ml  NiCl2 x 6 H2O, autoclave 0.001 mM 

FN medium (added to H16 buffer with additives)  

10 ml  Fructose, 40 % (w/v), sterile filtration 0.4 % 

FGNmod medium (added to H16 buffer with additives)  

1.25 ml  Fructose, 40 % (w/v), sterile filtration 0.05 % 

10 ml  Glycerol, 40 % (w/v), autoclave 0.4 % 

 

Table 5. Antibiotics used for cultivation. 

Antibiotic Stock solution Final concentration 

Carbenicillin  100 mg/ml in H2O 100 µg/ml 

Tetracycline  10 mg/ml in 80 % Ethanol 10 µg/ml 

Chloramphenicol  34 mg/ml in 100 % Ethanol 34 µg/ml 

Kanamycin 50 mg/ml in H2O 50 µg/ml 

 

Expression of genes under the control of the SH (PSH) and MBH (PMBH) promoters is regulated 

by the available carbon source and the temperature. Expression is induced in the absence of 

fructose when grown with glycerol or CO2 as carbon source and at 30 °C. Molecular hydrogen 

is not required for expression. Growth at 37 °C or with fructose as carbon source represses 

gene expression (Friedrich et al. 1981; Friedrich and Friedrich 1983). Therefore, pre-cultures 

were grown in FN medium supplemented with 1 % LB medium at 37 °C overnight. Main 
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cultures for protein production under the control of the SH promoter were grown in FGNmod 

medium at 30 °C. Cultures were inoculated with 1 % of an overnight pre-culture and grown in 

4 L Erlenmeyer flasks filled to 80 % until an OD436 > 10 was reached (after 7-10 days). Cells 

were harvested by centrifugation (11500 x g, 4 °C, 15 min). If not used immediately, the cell 

pellet was frozen in liquid nitrogen and stored at -80 °C.  

For in vivo complementation studies, main cultures were inoculated to an OD436 of 0.1 and 

grown lithoautotrophically in mineral salts medium with CO2 as carbon source at 30 °C. Gene 

expression was regulated by the tac promoter (Ptac), which is a constitutive promoter in R. 

eutropha (Nakamura et al. 2000). Thus, no inducer of gene expression was added to the 

medium. All cultures were incubated in a shaker at 120 rpm. Growth was monitored by 

measuring the OD at 436 nm.  

 

2.2.2.  E. coli 

E. coli strains were cultivated in LB medium (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract) 

or TGYEP medium ((Begg et al. 1977) modified: (w/v) tryptone 1 %, 0.5 % (w/v) yeast extract, 

0.8 % (w/v) glucose, 0.1 M potassium phosphate buffer pH 6.5). Antibiotics were added in the 

concentrations listed in Table 5.  

For aerobic protein production, pre-cultures were grown overnight at 37 °C in LB medium 

while shaking at 120 rpm. Main cultures were inoculated with 1 % of the respective pre-culture 

and grown at 37 °C until an OD600 of 0.4 – 0.8 was reached and gene expression was induced 

with 0.2 – 0.5 mM IPTG. After induction, cells were incubated overnight at 16 °C in LB 

medium and harvested by centrifugation (11500 x g, 4 °C, 15 min). Cell pellets were frozen in 

liquid nitrogen and stored at –80 °C. 

Anaerobic cultures were grown in TGYEP medium in rubber stopper sealed serum bottles. 

Main cultures were inoculated with the respective aerobic overnight pre-cultures grown in LB 

medium at 37 °C. Anaerobiosis of the main culture was accomplished by O2 consumption by 

the growing cells during the first hour of cultivation. Gene expression was induced with 

0.2 – 0.5 mM IPTG at an OD600 of 0.4 – 0.8. Cells were incubated overnight at 16 °C and 

harvested by centrifugation. When not used immediately, cell pellets were frozen in liquid 

nitrogen and stored at –80 °C.  
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2.2.3.  Conservation of bacterial strains 

Bacterial strains grown on agar plates were stored at 4 °C up to a few weeks. For long-term 

storage, glycerol stocks were prepared. Therefore, cultures were freshly grown in LB medium 

(E. coli) or FN medium (R. eutropha) with the respective antibiotics and sterile glycerol was 

added at a final concentration of 22 % (v/v). The glycerol stocks were frozen in liquid nitrogen 

and stored at -80 °C. For reactivation, cells of the frozen glycerol stock were scratched off with 

a sterile pipette and transferred to the appropriate medium.  

 

2.3. Polymerase chain reaction (PCR) 

PCR was performed using the following polymerases according to the supplier’s protocols: 

Q5® High-Fidelity DNA polymerase (NEB, Germany), Phusion® High-Fidelity polymerase 

(NEB, Germany), LongAmp® Taq polymerase (NEB, Germany) and Taq polymerase (NEB, 

Germany). Oligonucleotides used in this study are listed in Table 3.  

Colony-PCR: Colony-PCR was performed to screen for the successful integration of insert 

DNA into a plasmid after ligation or Gibson assembly. To determine whether the insert DNA 

has the correct size, primers binding to the vector DNA in the flanking region of the insert 

DNA were used. Colony material of individual transformants was directly added to the PCR 

reaction and lysed while the initial heating step. The released plasmid DNA served as template 

for the amplification. Taq or LongAmp® polymerases (NEB, Germany) were used with a 

modified PCR protocol where the initial heating step was increased to 5 min.  

 

2.4. Determination of DNA concentrations 

DNA concentrations were determined photometrically by measuring the extinction at 260 nm 

on a Nanophotometer P330 (Implen GmbH, Germany) or estimated by comparison with a DNA 

standard (2-log DNA ladder, NEB, Germany) after agarose gel electrophoresis. 

 

2.5. Agarose gel electrophoresis 

DNA fragments were separated by size using agarose gel electrophoresis. 0.8 – 2 % (w/v) 

agarose powder was dissolved in TPE buffer (80 mM Tris-H3PO4 (pH 7.6), 8 mM EDTA) by 

heating. Midori Green Advance (Nippon Genetics, Germany) was added for DNA staining. 
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The melted agarose gel was casted in horizontal gel chambers. A comb was placed in the liquid 

gel to create wells for loading the samples. Once the gel has set, the comb was removed, and 

the gel was covered with TPE buffer. Samples were prepared by adding gel loading dye (6x) 

(NEB, Germany) and loaded into the wells. 2-log DNA ladder (NEB, Germany) was run as 

standard. Electrophoresis was performed at 90 V and 400 mA for about 45 min. The gel was 

analyzed using an UV-transilluminator (UVT-28S, Herolab, Germany).  

For the isolation of DNA fragments from agarose gels, the respective DNA fragments were 

first cut out from the gel with a scalpel, followed by DNA extraction using AgaroseOut Gel-

Extraction DNA Kit (Roboklon GmbH, Germany) according to the manufacturer’s protocol.  

 

2.6. Restriction of DNA 

The amounts of enzyme, buffer and DNA were used as recommended by the supplier (NEB, 

Germany). Incubation time was typically 1 h. If necessary, the incubation time was increased 

up to 16 h. The resulting fragments were separated by agarose gel electrophoresis and extracted 

as described in section 2.5.  

 

2.7. Dephosphorylation and Phosphorylation of DNA fragments 

Self-ligation of linearized vector DNA was prevented by dephosphorylation of the 3’ and 5’ 

ends of vector DNA by calf intestinal alkaline phosphatase (CIP, NEB, Germany). 1 U of CIP 

was added directly into the digestion reaction. 

Blunt end PCR products were 5’ phosphorylated prior ligation. T4 polynucleotide kinase and 

the respective T4 polynucleotide kinase reaction buffer (NEB, Germany) and ATP were 

incubated with the PCR product according to the manufacturer’s protocol. 

 

2.8. Ligation of DNA fragments 

DNA fragments were ligated using T4 DNA ligase with the respective T4 DNA ligase reaction 

buffer (NEB, Germany). Vector DNA and Insert DNA were used in a ratio of 1:3 to 1:5. For 

difficult ligations, 10 % PEG 8000 was added. The reaction mix was incubated at 16 °C 

overnight or at room temperature for about 20 min.  
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2.9. Gibson assembly 

Gibson assembly was used to insert one or more DNA fragments into a vector and for site-

directed mutagenesis (Gibson et al. 2009).  Vector DNA can either be linearized by restriction 

or synthesized by PCR. Adjacent DNA fragments require a 20 to 40 bp sequence overlap for 

successful assembly. The overlap was typically created by PCR. For site-directed mutagenesis, 

the mutation was inserted into the overlap region. In a 20 µl reaction mix approximately 10 – 

100 ng of each DNA fragment were added in equimolar amounts to 15 µl assembly master mix 

(Table 6) and incubated at 50 °C for 1 h.  

 

Table 6. Composition of the assembly master mix for Gibson assembly. 

Volume/amount Stock solution Final concentration 

5x ISO reaction buffer   

1.5 g PEG 8000 25 % (w/v) PEG 8000 

3000 µl 1 M Tris-HCl pH 7.5 500 mM Tris-HCl pH 7.5 

150 µl 2 M MgCl2 50 mM MgCl2 

300 µl 1 M DTT 50 mM DTT 

300 µl 100 mM NAD+ 5 mM NAD+ 

Fill up with H2O to 6000 µl 

Assembly master mix 

32 µl 5x ISO reaction buffer 1x ISO reaction buffer 

0.64 µl T5 exonuclease (10 U/µl) 0.04 U/µl 

2 µl Phusion® DNA polymerase (2 U/µl) 0.025 U/µl 

16 µl Taq DNA ligase (40 U/µl) 4 U/µl 

48 µl 10 mM dNTPs (2.5 mM each)  3 mM 

Fill up with H2O to 120 µl, prepare 15 µl aliquots 

 

2.10. Site-directed mutagenesis 

Site-directed mutagenesis was either achieved by Gibson assembly, introducing the mutation 

with primers carrying the mutation in the overlapping region of two adjacent DNA fragments, 

by using the Q5® site-directed mutagenesis kit (NEB, Germany) following the manufacturer’s 
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protocol or by the QuikChange method using two complementary primers carrying the desired 

mutation. After the PCR reaction, remaining template DNA was removed by DpnI digestion.  

 

2.11. DNA sequencing 

DNA sequencing was performed by the company Microsynth Seqlab, Germany, using the 

chain-termination method (Sanger et al. 1977).  

 

2.12. Plasmid preparation 

Depending on the size and the copy number of the plasmid (low copy or high copy plasmids) 

different kits were used for mini or midi preparations.  

For smaller plasmids with a high copy number one of the following kits was used according to 

the manufacturer’s protocol: Monarch® Plasmid Miniprep Kit (NEB, Germany), Plasmid 

Miniprep DNA Kit (Roboklon, Germany). 

For large plasmids or low copy plasmids like pEDY309 the QIAGEN Plasmid Midi Kit 

(Qiagen, Germany) was used according to the manufacturer’s protocol.  

 

2.13. Plasmid transfer 

2.13.1. Preparation of competent cells 

Electrocompetent cells: For preparation of electrocompetent cells, 500 ml LB medium were 

inoculated with 1 ml overnight culture of the respective E. coli strain and incubated on a shaker 

at 120 rpm and 37 °C. The culture was grown until an OD600 of 0.4 – 0.7 was reached. Cells 

were harvested at 3000 x g for 10 min at 4 °C. All following steps were performed on ice. The 

cell pellet was resuspended in 100 ml ice-cold H2O and pelleted again. After washing three 

times the pellet was resuspended in 2 – 5 ml ice-cold 10 % glycerol (v/v). Aliquots of 50 µl 

cell suspension were frozen in liquid nitrogen and stored at –80 °C. 

Chemically competent cells: For preparation of chemically competent cells, 100 ml LB 

medium were inoculated with 2 ml of the respective E. coli overnight culture and incubated in 

a shaker at 120 rpm at 37 °C for about 2 h until an OD600 of 0.5 – 1.0 was reached. Cells were 

harvested at 4 °C, 4000 x g for 10 min. The cell pellet was resuspended in ice-cold TFB 1 

buffer (100 mM RbCl, 50 mM MnCl2, 30 mM K-acetate, 10 mM CaCl2, 15 % glycerol (v/v), 

pH 5.8, adjusted with acetic acid; the buffer was sterilized by filtration) and the cell suspension 

was incubated on ice for 90 min. The cells were centrifuged again and the pellet was 
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resuspended in 4 ml of TFB 2 buffer (10 mM MOPS (pH 6.8, adjusted with NaOH), 10 mM 

RbCl, 75 mM CaCl2, 15 % glycerol (v/v)) per 100 ml culture. Aliquots of 100 µl cell 

suspension were immediately frozen in liquid nitrogen and stored at –80 °C. 

 

2.13.2. Transformation  

Plasmid DNA was transferred into E. coli via electroporation or heat shock transformation. E. 

coli strains JM109 and NEB 10 beta were used for cloning, E. coli S17-1 was used for 

conjugation and E. coli Rosetta™(DE3) was used for protein production.  

Electroporation: For transformation via electroporation, electrocompetent cells were thawed 

on ice and 1-5 µl of plasmid DNA, ligation reaction or Gibson assembly reaction were added 

to the cells. Cells and DNA were mixed by gently flicking the tube and the mixture was 

transferred to a pre-chilled electroporation cuvette. Electroporation was performed at 2500 V, 

25 µF and 200 Ω using an EasyjecT Prima electroporator (EquiBio Ltd, UK). Immediately 

after electroporation, 900 µl of 37 °C warm SOC medium (2 % tryptone (w/v), 0.5 % yeast 

extract (w/v), 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose, pH 7) were added and cells were 

shaken at 37 °C for 1 h before they were plated on LB plates with the respective antibiotic and 

incubated overnight at 37 °C.  

Heat shock: For heat shock transformation, chemically competent cells were thawed on ice. 

1-10 µl of plasmid DNA, ligation reaction or Gibson assembly reaction were added to the cells 

and the tube was carefully flicked to mix the DNA and the cells. The mixture was incubated 

on ice for 30 min and subsequently heat shocked at 42 °C for 30 s and then incubated on ice 

for 5 min. After adding 900 µl of warm SOC medium, cells were shaken for 1 h at 37 °C. 

Finally, 100 – 1000 µl sample were plated on selection plates with the respective antibiotic and 

incubated overnight at 37 °C.  

 

2.13.3. Conjugation  

For the transfer of plasmids from the donor strain E. coli S17-1 into R. eutropha recipient 

strains, the agar spot mating technique was used. Therefore, both donor and recipient strain 

were cultivated overnight at 37 °C. E. coli strains were cultivated in 10 ml LB medium and R. 

eutropha strains were cultivated in 10 ml NB medium (0.3 % (w/v) beef extract, 0.5 % (w/v) 
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peptone, pH 6.8). Cells were harvested at 4000 x g, 4 °C for 5 min and washed with 5 ml H16 

buffer and centrifuged again. The resulting pellets were resuspended in 200 µl H16 buffer and 

100 µl of each cell suspension was mixed and streaked on LB plates without antibiotics and 

incubated at 37 °C until a thick layer of cells was visible. Cell material was scratched off the 

plate, washed in H16 buffer, and resuspended in 1 ml H16 buffer. 100 µl of diluted cell 

suspensions (10–1 – 10–3) were plated on FN plates with the respective antibiotic and incubated 

at 37 °C for 2 to 3 days until colonies were visible. Single colonies were streaked again on 

fresh plates to gain a pure culture. 

 

2.14.  Protein purification 

All purification steps were performed on ice or at 4 °C. Purity of the protein preparations was 

checked by SDS-PAGE (see chapter 2.16). Purified proteins were frozen in liquid nitrogen and 

either stored in liquid nitrogen or at –80 °C.  

 

2.14.1.  HypX 

The following HypX proteins were overproduced in E. coli and purified by affinity 

chromatography: MBP-HypX from R. eutropha, MBP-HtHypX from H. thermoluteolus and 

Strep-HtHypX from H. thermoluteolus. Cell pellets were resuspended in 2 – 3 ml/g cells 

resuspension buffer (50 mM Tris-HCl pH 7.4 at 4 °C, 200 mM NaCl, 0.1 mM DTT) containing 

protease inhibitor cocktail (one tablet in 50 ml solution, Complete EDTA-Free, Roche) and 

DNaseI (tip of a spatula, Roche). Resuspended cells were disrupted in a French pressure cell 

at a pressure of 125 MPa. Soluble extract was obtained by ultracentrifugation (45 min, 4 °C, 

100,000 x g) and loaded onto an Amylose Resin High Flow column (NEB, Germany) in case 

of MBP-HypX and MBP-HtHypX or a Strep-Tactin high capacity column (IBA, Germany) for 

Strep-HtHypX. After the columns were washed with 10 bed volumes (BV) washing buffer (50 

mM Tris-HCl, pH 7.4 at 4 °C, 200 mM NaCl, 0.1 mM dithiothreitol (DTT)), the protein was 

eluted with 5 BV washing buffer containing either 10 mM maltose (MBP-HypX, MBP-

HtHypX) or 5 mM desthiobiotin (Strep-HypX). Eluted protein was concentrated by 

centrifugation using Ultra Centrifugal Filter Units (Amicon Ultra Ultracel 50K for MBP-HypX 

and MBPHtHypX and 30K for Strep-HtHypX, Millipore). 
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For crystallization screenings, purified and concentrated Strep-HtHypX was further purified 

by size exclusion chromatography using a Superdex 200 10/30 GL column (GE healthcare, 

Germany) equilibrated with crystallization buffer (20 mM Tris-HCl pH 7.4 at 4 °C, 150 mM 

NaCl, 0.05 mM CoA) with the ÄKTA pure system (GE healthcare, Germany) at a flow rate of 

0.4 ml/min. The eluate was collected in 0.3 ml fractions. Elution of the protein was monitored 

at 280 nm. Fractions containing monomeric Strep-HtHypX were pooled and concentrated. 

 

2.14.2.  HtSH 

Purification of HtSH and HtSH variants was carried out as described before (Preissler et al. 

2018b; Preissler 2018a). Before resuspension, the buffer and the frozen cell pellet were made 

anaerobic by gassing with argon for 20 min. Cells were resuspended in 2 ml resuspension 

buffer per 1 g cells. The purification buffer contained 50 mM KPO4, pH 7.2, 15 % glycerol 

(v/v), 5 mM MgCl2 and 0.5 mM NiCl2. The resuspension buffer contained additionally 5 mM 

NAD+, protease inhibitor cocktail (Complete EDTA-Free, Roche) and DNaseI (Roche). NAD+ 

was added to keep the HtSH oxidized to prevent oxidative damage. Cells were disrupted by 

two passages through a chilled french pressure cell at a pressure of 125 MPa. To keep micro-

aerobic/anoxic conditions the ultracentrifuge tubes were gassed with argon before being filled 

with cell extract. Soluble extract was obtained by ultracentrifugation (45 min, 4 °C, 

100,000 x g) and loaded onto a Strep-Tactin high capacity column (IBA, Germany). The 

column was previously equilibrated with purification buffer supplemented with 5 mM NAD+. 

After washing with two BV of purification buffer with 5 mM NAD+ and four BV purification 

buffer without NAD+ the protein was eluted with 5 BV purification buffer containing 5 mM 

desthiobiotin. Eluted protein was concentrated using Ultra Centrifugal Filter Units (Amicon 

Ultra Ultracel 100K, Millipore).  

To obtain HtSH protein with homogeneous subunit stoichiometry, the concentrated protein was 

further purified by size-exclusion chromatography. A maximum amount of 10 mg of protein 

was loaded on a Superdex 200 10/30 GL column (GE healthcare, Germany) equilibrated with 

purification buffer. Size exclusion chromatography was performed with ÄKTA pure system at 

a flow rate of 0.3 ml/min. Elution of the protein was monitored at 280 nm. Additionally 

absorbance at 420 nm was monitored, which is specific for FeS cluster containing proteins. 

The eluate was collected in 0.4-ml fractions. Fractions containing HtSH protein with an 
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apparent subunit stoichiometry of about 1:1:1:1, visualized by SDS-PAGE, and highest activity 

were pooled and concentrated. 

 

2.14.3.  HypCD 

Overproduction of HypCD took place in E. coli Rosetta™(DE3) transformed with plasmid 

pThypDCstrep or pThypDChis, encoding apo-HypCD, or pThypDEFCstrep or 

pThypDEFChis, encoding holo-HypCD. Cell pellets of aerobic or anaerobic grown cells were 

resuspended in 2-3 ml per 1 g cells of washing buffer (100 mM Tris-HCl pH 8 at 4 °C, 100 mM 

NaCl, (±) 0.1 mM DTT) containing protease inhibitor cocktail and DNaseI. Cell disruption and 

preparation of soluble extract were performed as described in chapter 2.14.1. Strep-tagged 

proteins were purified via a Strep-Tactin high capacity column (IBA, Germany). Soluble 

extract was loaded on a column equilibrated with washing buffer. After washing with 5 BV of 

washing buffer the protein was eluted with 5 BV washing buffer containing 5 mM 

desthiobiotin. His-tagged proteins were purified via a Ni-NTA superflow column (IBA, 

Germany). Before loading the soluble extract, the column was equilibrated with washing 

buffer. After the soluble extract was applied, the column was washed with two BV washing 

buffer, three BV washing buffer containing 10 mM imidazole and three BV washing buffer 

containing 20 mM imidazole. The protein was eluted with 5 BV washing buffer containing 

250 mM imidazole. Purified proteins were concentrated by centrifugation using Ultra 

Centrifugal Filter Units (Amicon Ultra Ultracel 10K, Millipore). To reduce the imidazole 

concentration, concentrated His-tagged proteins were washed three times with washing buffer 

without imidazole and concentrated again. All purified proteins were flash frozen and stored 

in liquid nitrogen.  

 

2.14.4.  HypE and HypF 

His-tagged HypE and HypF proteins were purified from aerobically grown E. coli 

Rosetta™(DE3) cells. Cell pellets were resuspended in washing buffer containing protease 

inhibitor cocktail (one tablet in 50 ml solution, Complete EDTA-Free, Roche) and DNaseI (tip 

of a spatula, Roche). HypE washing buffer contained 50 mM Tris-HCl, pH 7.5 at 4 °C, 50 mM 

NaCl, 10 mM Mg acetate, 0.1 mM DTT. HypF washing buffer contained 50 mM Tris-HCl pH 

7.5 at 4 °Cm 50 mM KCl, 10 mM MgCl2, 1 mM DTT. Cell disruption and preparation of the 
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soluble extract was done as described in chapter 2.14.1. Soluble extracts were loaded on Ni-

NTA superflow columns (IBA, Germany) equilibrated with the respective washing buffer. 

Column washing and elution of the protein was done as described in chapter 2.14.3. Eluted 

HypE protein was concentrated by centrifugation using a 10K concentrator (Amicon Ultra 

Ultracel, Millipore), HypF protein was concentrated using a 30K concentrator (Amicon Ultra 

Ultracel, Millipore). Concentrated proteins were washed three times to reduce the imidazole 

concentration.  

 

2.15. Determination of protein concentrations 

Protein concentrations were determined using the PierceTM BCA Protein Assay Kit (Thermo 

Scientific, Germany) using Bovine serum albumin as standard.  

 

2.16. SDS-PAGE 

SDS-PAGE was used for separation of proteins by their molecular weight under denaturing 

conditions. For preparation of SDS gels the Mini-PROTEAN® Tetra Handcast System (BIO-

RAD, Germany) was used. The composition of the two-layered gel is listed in Table 7. In the 

last step, the catalyst TEMED and the radical initiator ammonium peroxodisulfate (APS) were 

added to start the polymerization reaction.  

 

Table 7. Composition of a denaturing SDS gel. Volumes are for the preparation of one mini gel. 

component Separating gel 12.5 % Stacking gel 

Rotiphorese® Gel 30 (37.5 :1) 4.2 ml 1.0 ml 

1.5 M Tris-HCl pH 8.8 5.0 ml - 

0.5 M Tris-HCl pH 6.8 - 2.5 ml 

H2O 675 µl 1.5 ml 

10 % (w/v) SDS 100 µl 50 µl 

10 % (w/v) APS  100 µl 50 µl 

TEMED 5 µl 10 µl 

 



Materials and Methods 

45 

 

Protein samples for SDS-PAGE were mixed with 4 x SDS sample buffer (250 mM Tris-HCl, 

pH 6.8, 8 % (w/v) SDS, 40 % (w/v) glycerol, 20 % (w/v) beta-mercaptoethanol, 0.016 (w/v) 

bromphenol blue) and heated to 95 °C for 5 to 10 min. After denaturation samples were spun 

down and loaded on the SDS gel together with 5 µl of Precision Plus Protein™ Dual Color 

Standards (10-250 kDa, BIO-RAD, Germany) as molecular mass size marker. 

Electrophoresis was performed in running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% 

(w/v) SDS) at 40 mA until the buffer front, visible as colored band, reached the end of the gel. 

Subsequently, the gel was either stained with Coomassie Brilliant Blue to visualize the protein 

bands, or used for Western blotting.  

 

2.17.  Coomassie staining 

SDS gels were stained in a Coomassie staining solution that was prepared as follows: 60-80 mg 

Coomassie Brilliant Blue G-250 (Serva, Germany) were first dissolved in 1 L H2O and stirred 

for 2 – 3 h at room temperature. Then HCl was added to a final concentration of 35 mM. Before 

adding the staining solution, the SDS gel was washed three times for 2-5 min in H2O. Before 

every washing step the H2O-rinsed gel was warmed up for 30 s (without boiling!) in the 

microwave oven. The gel was covered with staining solution and warmed up in the microwave 

oven for 10 s followed by a 10-15 min incubation while gently shaking until the protein bands 

were visible. Finally, the Coomassie solution was removed and the gel was destained in water 

to improve the contrast between protein bands and background.  

 

2.18. Western blot 

Western blotting was used to identify proteins using polyclonal antibodies raised against the 

target protein. Proteins were separated via SDS-PAGE followed by an electrophoretic transfer 

onto a nitrocellulose membrane and an immunostaining procedure to visualize the protein band 

on the membrane.  

Before protein transfer, the SDS gel was rinsed with water and washed twice for 10 min in 

Tris/glycine buffer (25 mM Tris, 192 mM glycine). The nitrocellulose membrane (BioTrace™, 

Pall Corporation, Germany) and blotting papers were soaked in buffer and stacked together 

with the gel in the following order from anode to cathode: blotting paper, membrane, gel and 

again blotting paper. The electrophoretic transfer was performed at 1.3 A, 25 V for 7 min at 
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room temperature using Trans-Blot®Turbo™ Transfer System (Bio-Rad, Germany). To check 

if the protein transfer was successful, the membrane was transiently stained with Ponceau S 

solution (0.2 % in 3 % TCA, Serva, Germany).  

To avoid non-specific binding of the antibodies, the membrane was first shaked gently for 1 h 

in TBST buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.05% (v/v) Tween 20) containing 

5 % skim milk powder (Fluka, Germany). After washing three times with TBST buffer, the 

membrane was incubated for 1 h with the primary antibody (Table 8). Afterwards, the 

membrane was washed again three times for 5 min and incubated for 1 h with the secondary 

antibody (Table 8). To remove unbound secondary antibody, the membrane was washed three 

times for 5 min in TBST buffer and once in TBS buffer (TBST buffer without Tween 20). To 

detect Strep tag II fusion proteins, a Strep Tactin alkaline phosphatase conjugate (1:2000 in 

TBST, IBA, Germany) was used instead of primary and secondary antibodies. For the staining 

reaction 90 µl BCIP (5-bromo-4-chloro-3-indolyl phosphate (Roth, Germany), 50 mg/ml in 

100 % DMSO) and 70 µl NBT (p-nitrotetrazolium blue chloride (AppliChem, Germany), 

50 mg/ml in 70 % DMSO) were freshly diluted in 20 ml developing buffer (100 mM Tris-HCl 

(pH 9.5), 100 mM NaCl, 5 mM MgCl2). The membrane was incubated in the BCIP/NBT 

developing buffer in the dark without shaking until the protein bands were clearly visible. The 

reaction was stopped by rinsing the membrane with H2O. 

 

Table 8. Antibodies used in this study 

Primary antibody Dilution in TBST Secondary antibody 

α-HypC 1:5000 α-rabbit (1:10000) 

α-HypD 1:5000 α-rabbit (1:10000) 

α-Strep 1:1000 α-mouse (1:10000) 

Strep Tactin alkaline phosphatase conjugate 1:2000 no secondary antibody 

 

2.19. Metal determination 

Metal determination of protein samples was performed in cooperation with Jasmin Kurtzke 

from the group of Prof. Dr. Silke Leimkühler (Universität Potsdam). The metal content of 

different HypX and HypCD preparations was quantified by ICP-OES. 500 µl protein solution 

(10 µM) and 500 µl of the respective buffer were each mixed with 500 µl nitric acid (65 % 
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(v/v)) and incinerated over night at 100 °C. Subsequently, the samples were filled up to 5 ml 

with ultrapure H2O and measured in an Optima 2100DV ICP-OES (Perkin-Elmer). Samples 

were measured in triplicates and analyzed for Fe, Co and Zn in case of HypX and Fe in case of 

HypCD. The metal concentration was determined by measuring the element-specific emission 

at different wavelengths. Fe was measured at 238.204, 239.562 and 259.939 nm, Co was 

measured at 228.616 and 230.786 nm and Zn was measured at 206.200 and 213.857 nm. 

 

2.20. Determination of HypX activity 

HypX-dependent CO production was determined using deoxyhemoglobin as reporter. The CO-

mediated conversion of deoxyhemoglobin (deoxyHb) to carboxyhemoglobin (HbCO) was 

detected spectrophotometrically using a Cary®50 UV-Vis spectrophotometer (Varian, Agilent, 

California, USA). The reaction was carried out at 30 °C in 50 mM MOPS pH 7.9, 0.5 mM N10-

formyl-THF, 1.25 µM deoxyHb and 0.25 mM sodium dithionite (NaDT). CoA was added to a 

final concentration of 50 µM. To avoid formation of oxyhemoglobin (Soret band at 415 nm), 

assays were set up in an anaerobic workstation (Don Whitley Scientific, UK). The reaction 

took place in 1 ml-cuvettes which were sealed with rubber stoppers before being discharged 

from the anaerobic workstation for UV-Vis analysis. For kinetic measurements, the absorbance 

was followed at 419 nm. Activities were calculated using the molar extinction coefficient of 

HbCO of 192 mM-1 cm–1 (Antonini and Brunori 1971). Additionally, UV-Vis spectra were 

recorded before and after the addition of HypX to verify the formation of HbCO by the shift of 

the Soret band from 430 nm to 419 nm and the splitting of the signal at 555 nm.  

In case of the E449Q variant of MBP-HypX, 10 mg/ml (final concentration) of BSA were 

added to the activity assay to prevent precipitation. A control experiment showed that native 

MBP-HypX showed no significant change in activity in the presence of BSA. 

 

2.21. Determination of HtSH activity 

HtSH H2 oxidation activity was determined spectrophotometrically by measuring the H2-driven 

reduction of NAD+ to NADH. The reaction was carried out in 50 mM Bis-Tris, pH 6.5, 0.5 mM 

NiCl2, 5 mM MgSO4, with 0.75 mM TCEP, 2 µM FMN and 1 mM NAD+ at 50 °C.  Before the 

reaction was set up, the reaction buffer was saturated with H2 for at least 30 min at 50 °C. 

1.9 ml H2-saturated buffer were transferred into a 3ml cuvette. NAD+, TCEP and FMN were 
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added and the cuvette was sealed with a rubber septum and flushed with H2 for at least 1 min. 

The reaction was initiated by addition of an HtSH sample and the formation of NADH was 

followed in a Cary®50 UV-Vis spectrophotometer (Varian, Agilent, USA) at 365 nm. 

Activities were calculated using a molar extinction coefficient of 3.4 mM-1 cm–1 (Bergmeyer 

1975). 

 

2.22. Chemical synthesis of formyl-CoA 

Synthesis of formyl-CoA was performed in cooperation with Phillip Pommerening in the group 

of Martin Oestreich at TU Berlin. Formyl-CoA was synthesized in two consecutive reactions. 

Product formation and purity of both products was verified by NMR spectroscopy (Figure S1-

S3 in chapter 8 Appendix). 1H and 13C NMR spectra were recorded in CDCl3 or D2O on Bruker 

AV500 and Bruker AV700 instruments. Chemical shifts are reported in parts per million (ppm) 

and are referenced to the residual solvent resonance as the internal standard (CHCl3: δ = 7.26 

ppm for 1H NMR and CDCl3: δ = 77.16 ppm for 13C NMR and HDO: δ = 4.79 ppm for 1H 

NMR). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, m = multiplet), coupling constant (Hz), and integration. 

The product of the first reaction, S-phenyl methanethioate, was synthesized by dissolving 

formic acid (500 mg, 10.9 mmol, 1.20 equiv.) and thiophenol (996 mg, 9.04 mmol, 1.00 equiv.) 

in anhydrous CH2Cl2 (25 mL). After cooling down the mixture to 0 °C, a solution of 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride salt (EDC·HCl 2.08 g, 10.9 mmol, 

1.20 equiv.) in CH2Cl2 (25 mL) was added dropwise at 0 °C over a period of 1 h. The solution 

was then slowly warmed up to room temperature and stirred for 30 h. The reaction was 

quenched by evaporation of volatiles under reduced pressure. The resulting residue was 

purified by flash column chromatography on silica gel using cyclohexane/tert-butylmethyl 

ether = 20/1 as eluent affording S-phenyl methanethioate (0.46 g, 3.33 mmol, 37 %) as a 

yellowish oil.  

1H NMR (500 MHz, CDCl3): δ/ppm = 7.43–7.52 (m, 5H), 10.24 (s, 1H). 13C{1H} NMR (126 

MHz): δ/ppm = 126.3, 129.8, 130.1, 134.4, 190.1. 

In the second reaction, CoA (20 mg, 0.026 mmol, 1.0 equiv.) was dissolved in an aqueous 

solution of NaHCO3 (0.1 M, 10 mL) under a nitrogen atmosphere and cooled down to 0 °C. S-

phenyl methanethioate was added in a 5 – 10-fold excess, and the reaction was stirred for 3 h 
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at 0 °C. The reaction was quenched by adding HCl (1M in H2O) until a pH of approx. 5 was 

reached. The mixture was washed with Et2O (3 x 20 mL), and the aqueous phase freeze-dried 

to yield formyl-CoA (5.2 mg, 0.0018 mmol, 25 %) as a white solid.  

1H NMR (700 MHz, D2O): δ/ppm = 0.85 (s, 3H), 0.97 (s, 3H), 2.49 (t, J = 6.5 Hz, 1H), 2.52 

(t, J = 6.6 Hz, 1H), 2.65 (t, J = 6.6 Hz, 1H), 3.16 (t, J = 6.5 Hz, 1H), 3.36 (t, J = 6.6 Hz, 1H), 

3.42 (t, J = 6.5 Hz, 1H), 3.48–3.54 (m, 2H), 3.63 (dd, J = 9.7 Hz, J = 4.3 Hz, 1H), 3.89 (dd, J = 

9.7 Hz, J = 4.5 Hz, 1H), 4.06 (s, 1H), 4.25–4.35 (m, 2H), 4.64 (s, 1H), 4.87–4.94 (m, 2H), 6.27 

(d, J = 5.8 Hz, 1H), 8.49 (s, 1H), 8.72 (s, 1H), 10.19 (s, 1H). The N–H and O–H signals could 

not be detected. 

 

2.23. Quantification of CoA and formyl-CoA  

The CoA content of purified MBP-HypX was determined using a CoA Assay Kit (Sigma-

Aldrich) specific for free CoA. Protein samples were heat-precipitated for 10 min at 70 °C. 

After centrifugation, the concentration of free CoA in the supernatant was determined 

spectrophotometrically by following the protocol provided by the manufacturer. For 

quantification of formyl-CoA in a mixture composed of formyl-CoA and free CoA, we 

measured spectrophotometrically the absorbance at 260 nm with an extinction coefficient of 

12.7 mM-1 cm–1. The extinction coefficient was previously determined by measuring the 

absorbance at 260 nm of solutions with different CoA concentrations (0.01 – 1.00 mM). The 

concentration of formyl-CoA was calculated by subtracting the concentration of free CoA from 

the total CoA concentration.  

Another, less specific method to quantify the CoA content of purified HypX is Ellman’s test. 

Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic acid) or DTNB) reacts with free thiols 

producing 2-nitro-5-thiobenzoate (TNB−). In neutral and alkaline pH, TNB− deprotonates to 

TNB2− which has a yellow color and can be spectrophotometrically quantified by measuring 

the absorbance at 412 nm. The extinction coefficient at 412 nm of 10.1 mM-1 cm–1 was 

determined by measuring solutions with different CoA concentrations (0.01 – 1.00 mM). 

180 µl reaction buffer (100 mM Tris-HCl, pH 8.0 at RT containing 0.2 mM DTNB) were 

mixed with 20 µl sample or CoA standard and incubated for 15 min at RT. Purified MBP-

HypX was denatured and the CoA content of the supernatant was determined.  
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2.24. Fourier-transform infrared spectroscopy (FTIR) 

FTIR was performed in cooperation with Catharina Kulka who is member of the group of Ingo 

Zebger and Peter Hildebrandt (TU Berlin) and Giorgio Caserta from our group. FTIR spectra 

were recorded with a resolution of 2 cm–1 on a Bruker Tensor 27 FTIR spectrometer (Bruker 

Optik GmbH, Germany) equipped with a liquid nitrogen-cooled mercury cadmium telluride 

(MCT) detector. Protein samples of a minimum concentration of 200 µM were loaded into a 

gas-tight IR cell (volume ⁓ 7 µl, path length: 50 µm) equipped with CaF2 windows. After 

installing the IR cell in the FTIR spectrometer, the sample compartment was purged with dried 

air. Spectra were taken at 10 °C. For every measurement, a reference spectrum with the 

respective buffer was taken and subtracted from the spectrum of the sample. Spectra analysis 

was performed using the Bruker OPUS software. Spectra are either displayed as baseline-

corrected absorbance spectra or second derivative spectra, where the maximum of an 

absorption band appears as a sharp negative peak.  

 

2.25. Resonance Raman Spectroscopy 

Resonance Raman (RR) spectroscopy was performed in cooperation with Catharina Kulka who 

is member of the group of Ingo Zebger and Peter Hildebrandt (TU Berlin). RR spectra were 

recorded with a spectral resolution of 2 cm−1 using a confocal Raman spectrometer (Lab Ram 

HR-800, Jobin Yvon) equipped with liquid-nitrogen and Peltier-element cooled charge coupled 

device (CCD) cameras. Spectra were probed with excitation line of 458 nm using Argon and 

Krypton ion continuous wave lasers. The laser power was set to 1 – 4 mW, focused on a spot 

of ca. 2 μm in diameter. The temperature of the sample was set to 80 K throughout the 

measurement using a Linkam Cryostage THMS600 cryostat. 

 

2.26. UV-Vis spectroscopy 

UV-Vis spectra were recorded at room temperature using a Cary®300 UV-Vis 

spectrophotometer (Varian, Agilent, USA).  
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2.27. Crystallization trials with Strep-HtHypX 

To determine the structure of a protein by X-ray diffraction the protein of interest needs to form 

high-quality crystals suitable for X-ray diffraction analysis. For transformation from the 

soluble into the crystalline phase, the solubility of the protein will be decreased by increasing 

the protein concentration or by increasing the concentration of a precipitant. For this purpose 

the sitting-drop vapor diffusion method was used (Benvenuti and Mangani 2007). In this study, 

we aimed at determining the structure of Strep-HtHypX. Crystallization screenings were 

performed in cooperation with Holger Dobbek and Berta Martins at Humboldt-Universität zu 

Berlin. Strep-HtHypX was purified via affinity chromatography and subsequent size-exclusion 

chromatography. Freshly prepared protein was used in concentrations ranging between 8 to 

18 mg/ml. The following kits were used to test more than 700 different conditions in 96-well 

crystallization plates, each at 18 and 10 °C: ProPlex HT-96 (moleculardimensions.com), 

JCSG-plus™ HT-96 (moleculardimensions.com), PACT premier™ HT96 

(moleculardimensions.com), MemGold HT-96 (moleculardimensions.com), Structure Screen 

1 & 2 HT-96 (moleculardimensions.com), Wizard CRYO 1 & 2 (Rigaku), The Stura Footprint 

Screen™ + MacroSol™ HT-96 (moleculardimensions.com), SaltRX HT™ (Hampton 

Research). None of the chosen conditions resulted in crystal growth.  

 

2.28. Cleavage of MBP-HtHypX fusion protein with factor Xa 

Factor Xa cleavage of MBP-HtHypX fusion protein was carried out in 100 mM Tris-HCl, pH 

8.0 at 25 °C, 500 mM NaCl, 10 mM CaCl2. 50 µg of MBP-HtHypX were mixed with 1 µg 

factor Xa and incubated at RT for up to several days. To increase the rate of cleavage, the 

amount of factor Xa was increased to a ratio of 4 % (w/w) the amount of fusion protein, SDS 

was added at concentrations of 0.005, 0.025 and 0.05 % and the reaction mix was incubated at 

30 and 37 °C. Cleavage of the fusion protein was checked by SDS-PAGE.  

 

2.29. Determination of ATPase activity of HypE, HypF and HypCD 

ATPase activity of HypE, HypF and HypCD was tested in a coupled assay using pyruvate 

kinase (PK) and lactate dehydrogenase (LDH) by following the conversion NADH to NAD+.  

ADP, the product of the ATP hydrolysis catalyzed by HypE, HypF or HypCD (reaction 1), is 

used by PK together with phosphoenyl pyruvate (PEP) to form pyruvate and ATP (reaction 2). 
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The resulting pyruvate is used in a third reaction by LDH forming lactate, while converting 

NADH to NAD+ (reaction 3). The oxidation of NADH was monitored spectrophotometrically 

as a decrease in absorbance at 340 nm using a Cary®50 UV-Vis spectrophotometer (Varian, 

Agilent, California, USA).  

(1) HypE/F/CD ATP → ADP + Pi 

(2) PK  ADP + PEP → pyruvate + ATP 

(3) LDH  pyruvate + NADH + H+ → lactate + NAD+ 

The reaction was carried out at 25 °C in 100 mM Tris-HCl pH 7.5 at 25 °C, 2.5 mM MgCl, 

1 mM PEP, 0.3 mM NADH. PK and LDH were added in a final amount of 4 U PK and 3 U 

LDH. To test the coupled activity of PK-LDH, 1 mM ADP was added as substrate for PK and 

the NADH to NAD+ conversion, catalyzed by LDH, was followed at 340 nm. Activities were 

calculated using a molar extinction coefficient of 6.3 mM-1 cm–1 (Bergmeyer 1975). To test the 

ATPase activities of HypE, HypF, and HypCD, the assay contained 1 mM ATP and no ADP. 

Before HypE, HypF or HypCD were added to the reaction, an unspecific activity due to 

contamination of ADP in the ATP solution was observed. After the unspecific reaction was 

ceased, the Hyp proteins were added. HypE and HypF activity was tested in the absence and 

presence of 1 mM carbamoyl phosphate.  

 

2.30. Reconstitution of HypCD with (PPh4)[Fe(CO)2(CN)2(μ-pdt)K] 

complex 

To test whether apo-HypCD accepts a chemical mimic of the Fe(CN)2(CO) moiety, it was 

reconstituted with (PPh4)[Fe(CO)2(CN)2(μ-pdt)K] complex.  The complex was synthesized by 

Siad Wolff in the group of Christian Limberg at HU Berlin. All reconstitution steps were 

carried out under anoxic conditions in an anaerobic workstation (Don Whitley Scientific, UK). 

The reconstitution protocol was adopted from an established reconstitution protocol (Sven 

Hartmann, personal communication). Therefore, the purification protocol of apo-HypCD was 

modified; 50 mM KPO4, pH 7.3, 150 mM NaCl was used as purification buffer (see chapter 

2.14.3). Approximately 3 mg purified apo-HypCD were incubated with 2 mM NaDT for 15 

min. The synthetic complex was dissolved in DMSO and added to the reduced apo-HypCD 

protein in a 10-fold molar excess. After 1 h incubation, the reconstitution mix was loaded on 

an illustra™ NAP-5 column packed with a Sephadex™ G-25 resin (GE healthcare, Germany) 
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to remove unbound synthetic complex. The eluted protein was concentrated using Ultra 

Centrifugal Filter Units (Amicon Ultra Ultracel 10K, Millipore) and subjected to IR 

spectroscopic analysis.  

 

2.31. Reconstitution of HypCD with Fe 

Since as-purified apo-HypCD presumably does not contain the precursor Fe necessary for 

Fe(CN)2(CO) assembly, it was reconstituted with Fe. Reconstitution of apo-HypCD was carried 

out in an anaerobic workstation (Don Whitley Scientific, UK). 2 – 7 mg of HypCD were 

incubated with 5-fold molar excess of Fe(II)(NH4)2(SO4)2 in the presence of 50-fold molar 

excess of DTT for 1.5 – 2 h. Following the reconstitution, the mixture was centrifuged, and the 

supernatant was run on a Superdex 200 Increase 10/300 GL column to remove excess Fe. The 

column was equilibrated and run with 100 mM Tris-HCl, pH 8 at 4 °C, 100 mM NaCl. Size-

exclusion chromatography was carried out with an ÄKTA pure system (GE healthcare, 

Germany) at a flow rate of 0.5 ml/min. Eluted protein was collected in 0.4 ml fractions. Elution 

of the protein was monitored at 280 nm and 420 nm at which the [4Fe-4S] cluster of HypD 

absorbs. Fractions containing HypCD were pooled and concentrated by centrifugation using 

Ultra Centrifugal Filter Units (Amicon Ultra Ultracel 10K, Millipore). To confirm the 

successful reconstitution of HypCD, the Fe contend of as-purified and reconstituted HypCD 

was determined via ICP-OES (see chapter 2.19).  

 

2.32. Chemical in vitro assembly of the Fe(CN)2(CO) moiety with KCN 

and CO 

For the chemical in vitro assembly assay of the Fe(CN)2(CO) moiety, Fe-reconstituted apo-

HypCDstrep was used as basis for the addition of CN– and CO ligands derived from KCN and 

CO gas. The assembly assay was performed under anoxic conditions in an anaerobic 

workstation (Don Whitley Scientific, UK). Apo-HypCDstrep(Fe) was incubated for 30 min with 

10-fold molar excess of NaDT and 10-fold molar excess of KCN. The sample was loaded into 

an IR cell and the IR spectrum was recorded (see chapter 2.24). As controls, non-reconstituted 

apo-HypCD, BSA, and the buffer were treated in the same way and IR spectra were recorded.  

For the addition of the CO ligand, a highly concentrated sample (~ 0.8 mM) of apo-

HypCDstrep(Fe) was reduced with a 10-fold molar excess of NaDT under anoxic conditions 

inside an anaerobic workstation. The sample was sealed with a gas-tight rubber septum and 
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removed from the anaerobic workstation where it was purged for 30 min with CO gas before 

it was 1:2 diluted with CO-saturated buffer. Under constant CO gas flow, the sample was 

loaded into the IR cell. 
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3. Results 

3.1. HtSH – a thermostable NAD+-reducing [NiFe]-hydrogenase from 

H. thermoluteolus 

Recent IR spectroscopic investigation of as-isolated, aerobically- and NAD+-oxidized HtSH 

revealed an exceptional spectral pattern that is remarkably different from those of other NAD+-

reducing [NiFe]-hydrogenases (Preissler et al. 2018b). The spectrum showed three distinct CO 

stretching vibrations separated by approximately 30 cm–1, whereas the closely related enzyme 

from R. eutropha (ReSH), for example, exhibited just one intense CO stretching band in 

addition to a weak stretching band at a distance of 15 cm–1 (Horch et al. 2015b; Happe et al. 

2000; van der Linden et al. 2006). Two of the CO stretching bands in the HtSH spectrum were 

assigned to a Nir-B-like state and the Nir-SI state that are also observed in ReSH and other 

NAD(P)+-reducing [NiFe]-hydrogenases (Horch et al. 2012; van der Linden et al. 2006; Horch 

et al. 2010; Germer et al. 2009; Horch et al. 2015b; Greene et al. 2015). The third CO band was 

found at an exceptionally high stretching frequency at 1993 cm–1, which has not been observed 

for any other [NiFe]-hydrogenase. It is proposed to correspond to an unusual active site 

geometry or coordination (Preissler et al. 2018b). Interestingly, in the oxidized state, the crystal 

structure of the HtSH revealed an unprecedented coordination geometry of the active site. The 

Ni is coordinated by three cysteines – all of which bridging the Ni and Fe – in addition to one 

terminal cysteine and the carboxy group of Glu32 acting as bidentate ligand (Shomura et al. 

2017). In the reduced state, however, the [NiFe] active site shows the standard configuration 

with Ni being coordinated by two bridging and two terminal cysteines (see chapter 1.1.5). 

By poising HtSH to different defined redox conditions, we aimed to elucidate the state 

represented by the CO stretching band at 1993 cm–1 in more detail. Furthermore, to combine 

previous structural and spectroscopic findings and to investigate whether the unusually high 

CO stretching vibration at 1993 cm–1 corresponds to the active site configuration with Glu32 

coordinating the Ni, different variants carrying amino acid exchanges for Glu32 were generated 

and investigated biochemically and spectroscopically. IR spectroscopic measurements and 

corresponding data analysis were carried out by Catharina Kulka from the group of Ingo 

Zebger.  
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3.1.1. The oxidized active site species at 1993 cm–1 accumulates upon 

O2 exposure 

HtSH was heterologously produced in R. eutropha and purified via Strep-Tactin affinity 

chromatography and subsequent size-exclusion chromatography as described previously 

(Preissler et al. 2018b). Size-exclusion chromatography was performed to obtain homogeneous 

protein preparations with high purity, optimized subunit stoichiometry, and high activity 

suitable for spectroscopic characterization. Purity and subunit stoichiometry were estimated by 

SDS-PAGE and activity assays. A typical SDS-PAGE gel of purified HtSH after size-exclusion 

chromatography is shown in Figure 10. Fractions 14 – 16 showed the highest activity and were 

pooled and subjected to spectroscopic analysis. The average specific activity for HtSH purified 

via affinity chromatography is (14.4 ± 3.0) U/mg which could be increased up to 

(42.3 ± 22.1) U/mg after size-exclusion chromatography. 

 

 

Figure 10. SDS gel of HtSH purified via size-exclusion chromatography. A volume of 10 µl of each fraction were 

separated on a 12.5 % SDS gel, which was subsequently stained with Coomassie brilliant blue. The fraction 

numbers are indicated on top of each lane. The four HtSH subunits HoxF (64 kDa), HoxH (57 kDa), HoxU (26 

kDa) and HoxY (21 kDa) are indicated by arrows. Lane M contains a protein standard with the corresponding 

molecular masses indicated on the left-hand side. Fractions 14 – 16 (red frame) were pooled and used for 

subsequent IR spectroscopic analysis. 

 

It has been shown previously that the oxidized species reflected by the 1993 cm–1 band can be 

activated under reducing conditions indicating that it is not related to irreversible oxidative 

damage (Preissler et al. 2018b).  To gain detailed information on the reversibility of the 

1993 cm–1 species, we followed the slow aerobic oxidation of previously reduced HtSH by IR 

spectroscopy (Figure 11). Therefore, a NADH/TCEP/H2-reduced sample was placed in the IR 

cell and aerobically oxidized by letting air diffusing slowly into the IR cell. The setup allowed 
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us to follow time-dependent redox changes over several hours. The resulting spectra are shown 

as second derivatives, where an absorbance maximum appears as sharp negative peak. The 

starting point was the IR spectrum of freshly reduced HtSH. It exhibited four fairly well-

separated CO stretching bands at 1934, 1943, 1958 and 1971 cm–1, corresponding to the 

catalytically active Nia-SR´´, Nia-SR´, Nia-SR and Nia-C states, respectively (Preissler et al. 

2018b). With continuing O2 exposure, these bands disappeared, and new ones emerged. After 

11 h, a band at 1951 cm–1 appeared temporarily, which was assigned to the Nia-SI state 

(Preissler et al. 2018b). After 20 h, three bands including the high frequency band at 1993 cm–

1 are developed that were also observed in the as-isolated HtSH spectrum. The two bands at 

1936 and 1966 cm–1 (in the as-isolated spectrum at 1964 cm–1) were assigned to the 

catalytically inactive Nir-SI and Nir-B-like resting states (Preissler et al. 2018b). Upon further 

O2 exposure, the ratio of the intensity of the peaks changed, and the 1993 cm–1 band became 

the dominant species while the band at 1936 cm–1 decreased. This indicates that the active site 

modification resulting in the unusually high frequency at 1993 cm–1 can be produced upon 

aerobic oxidation. Furthermore, it has been shown that anaerobic oxidation with [Fe(CN)6]
3- of 

HtSH purified from its natural host, H. thermoluteolus, did not result in the formation of the 

1993 cm–1 species whereas aerobic oxidation with O2 does (Catharina Kulka and Charlotte 

Wiemann, personal communication), supporting the assumption that the 1993 cm–1 species is 

formed upon aerobic but not anaerobic oxidation. It is likely that the structural modification 

reflected by the 1993 cm–1 band corresponds to the active site configuration observed in the 

crystal structure of HtSH with Glu32 coordinating the Ni. This unprecedented coordination 

was only observed in air-oxidized crystals, which would be in line with the conclusion that the 

1993 cm–1 species is induced upon O2 exposure. 

Noticeably, the signal intensity of the active site-realted IR bands decreased over time while 

the protein concentration – according to the intensity of the amide II band – remained the same, 

indicating that the NiFe(CN)2(CO) moiety is not stable over longer time under these conditions.  
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Figure 11. Aerobic oxidation of reduced HtSH over time. The incubation time is indicated on the left of each 

spectrum and increases from top to bottom. Starting point was the spectrum of HtSH reduced with TCEP, NADH 

and H2. Slow aerobic oxidation was achieved by diffusion of air into the IR cell while continously recording 

spectra. Spectra are normalized to the protein concentration and shown as second derivative.   

 

3.1.2. The CO stretching frequency at 1993 cm–1 reflects an active site 

configuration with Glu32 coordinating the Ni  

To test whether the 1993 cm–1 species can be assigned to the active site configuration where 

Glu coordinates the Ni, three HtSH variants were created by exchanging Glu32 for Gln, Ala 

and Asp in the large subunit HoxH. The respective mutations were introduced by site-directed 

mutagenesis using plasmid pLL2000, encoding Strep-tagged native HtSH as template 

(Preissler et al. 2018b). R. eutropha strain HF1054 was used for heterologous overproduction, 

in which the native SH genes hoxFUYHWI and hoxG, encoding the large subunit of membrane-

bound hydrogenase (MBH), were deleted (Preissler et al. 2018b). HtSH variants were purified 
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by Strep-Tactin affinity chromatography, and the purity was checked by SDS-PAGE (Figure 

12).  

 

 

Figure 12. SDS-PAGE gel of purified HtSH variants E32D, E32A and E32Q. 12 µg µg of each HtSH variant 

were separated on a 15 % SDS gel and visualized by Coomassie staining. Lane M contains a protein standard with 

the corresponding molecular masses indicated on the left-hand side. The four subunits HoxF, HoxH, HoxU and 

HoxY are indicated with arrows. 

 

First, the HtSH variants were analyzed by IR spectroscopy. If the coordination of Ni with the 

Glu32 carboxyl group as ligand results in the 1993 cm–1 CO stretching band, the IR spectra of 

the variants E32A and E32Q, should lack the 1993 cm–1 band because they lack a carboxyl  

group side chain. Aspartate, with its carboxyl group side chain might be able to restore the Ni 

coordination similar to the native glutamate residue, resulting in a high CO stretching 

frequency. All spectra were recorded in the as-isolated, NAD+-oxidized state because the Glu-

Ni coordination and the 1993 cm–1 band were only observed in an oxidized state. The variants 

E32A and E32Q exhibited similar spectra that, however, were completely different compared 

to the spectrum of native HtSH (Figure 13), indicating that their corresponding active site 

geometries deviated considerably from to that of native HtSH. Moreover, there is no high 

frequency CO signal in the 2000 cm–1 region indicating that the coordination of Ni by the 

Glu32 carboxyl side chain indeed results in the 1993 cm–1 band. However, the spectrum of the 

variant E32D showed three bands, including one at 1998 cm–1, which are comparable to the 

frequencies of the signals in native HtSH. This suggests that the active site architecture and 

redox state varied only slightly to that of native HtSH. The exchange of Glu for Asp resulted 

in a shortening of the side chain but might still enabled coordination of the Ni by the carboxyl 

group. These results point out, that the signal at 1993 cm–1 indeed reflects an active site 
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geometry with the Glu32 carboxyl group coordinating Ni. Interestingly, when normalized to 

the protein concentration, all three variants showed decreased intensities of the CO and CN 

bands in the absorbance spectrum when compared to those of native HtSH. This observation 

has been reported before and might point out a role of the conserved E32 in the assembly or 

incorporation of the NiFe(CN)2(CO) active site (Greene et al. 2016).  

 

Figure 13. IR spectra of native HtSH (red) and HtSH variants E32D (blue), E32A (green) and E32Q (grey). All 

spectra are recorded in the as-isolated oxidized state and are shown as second derivative. 

 

Next, the H2 oxidation activity of the HtSH variants was measured as the H2-driven reduction 

of NAD+ to NADH at 50 °C (Figure 14). All three variants showed drastically reduced 

activities ranging between 0.4 to 10 % of that of native HtSH (Table 9). Glu32 is highly 

conserved in [NiFe]-hydrogenases and is proposed to be involved in H+ transfer from the active 

1974

1960

1941
2081

2067

2060
2092

2100

2054
2100

2067
2079

2091 1959

1970 1941

2066

1993

2097

2100 2050 2000 1950 1900

S
e
c
o
n

d
 d

e
ri

v
a
ti
v
e
 

Wavenumber (cm-1) 

1964
1936

2071

20822090

1998

1970 19432094 2075
2086

native

E32D

E32A

E32Q

n (CN) n  (CO)



Results 

61 

 

site to the protein surface. In the course of H2 oxidation the terminal, Ni-coordinating cysteine 

close to Glu32 accepts an H+, which, in the next step is transferred to Glu32. Exchanges of this 

conserved glutamate residue interrupts H+ transfer and results in a reduced or abolished enzyme 

activity as shown previously for other [NiFe]-hydrogenases (Dementin et al. 2004; Adamson 

et al. 2017b; Greene et al. 2016; Gebler et al. 2007). Among the three HtSH variants, E32D 

showed the highest activity. Both, aspartate and glutamate have an acidic side chain that can 

be protonated/deprotonated and therefore participate in H+ transfer. Due to the shorter side 

chain of aspartate, the exchange of glutamate against aspartate might result in a reduced H+ 

transfer and a lower H2 oxidation activity of the E32D variant. Since the side chains of alanine 

and glutamine cannot be protonated, they cannot mediate H+ transfer. However, the activity of 

the E32A variant is still 10-times higher compared to the one of the variant E32Q. The small 

side chain of alanine might leave enough space for a water molecule to act as alternative proton 

acceptor. Glutamine, on the other hand, has a side chain similar in size to that of glutamate, 

leaving no space for a water molecule to participate in H+ transfer. It must be noted, that the 

reduced NiFe(CN)2(CO) moiety loading of the variants, deduced from the IR spectra, may also 

account for the reduced enzymatic activity of the variants.  

 

Figure 14. H2-oxidation activity of Glu32 variants. The H2-dependent reduction of NAD+ to NADH was measured 

at 50 °C in H2-saturated buffer. (A) Activity of native HtSH and variants E32Q, E32A and E32D, (B) activity of 

variants E32Q, E32A and E32D. A specific activity of 14.4 ± 3.0 U/mg measured for native HtSH corresponds to 

100 %. 
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Table 9. H2-oxidation activities of HtSH variants carrying exchanges for Glu32 in the large subunit HoxH.  

Sample Specific activity (U/mg) Relative activity (%) 

native 14.4 ± 3.0 100.0 ± 20.9 

E32Q 0.06 ± 0.02 0.4 ± 0.1 

E32A 0.61 ± 0.30 4.3 ± 2.1 

E32D 1.47 ± 0.92 10.2 ± 6.4 
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3.2. HypCD – the central scaffold for Fe(CN)2(CO) moiety assembly 

According to the current model, the HypCD complex is the central construction site for the 

assembly of the Fe(CN)2(CO) moiety. The CO and CN– ligands are supposed to be attached to 

an Fe jointly coordinated by HypC and HypD (Blokesch et al. 2004b; Watanabe et al. 2007). 

Little is known so far about the detailed mechanism and the order of ligand attachment. It is 

also unknown how the precise stoichiometry of two CN– and one CO ligand is maintained. 

Furthermore, the origin of the precursor Fe and its coordination to the HypCD complex, as well 

as the coordination of the assembled Fe(CN)2(CO) moiety, are not entirely unraveled. The final 

transfer of the Fe(CN)2(CO) moiety into the hydrogenase apo-large subunit is another process 

that is not yet fully understood.   

To obtain a better understanding of the HypCD-dependent maturation process, purified E. coli 

HypCD was analyzed using different spectroscopic techniques. Various maturation 

experiments were performed using Fe-reconstituted apo-HypCD to study the ligand 

attachment. HypE and HypF were purified and tested for their functionality, for their future use 

in enzymatic in vitro reconstitution assays. Apo-HypCD was reconstituted with a synthetic 

Fe(CN)2(CO) moiety mimic and the first preliminary studies for the transfer of the 

Fe(CN)2(CO) moiety to the apo-large hydrogenase subunit were performed. The results 

presented in this chapter are preliminary and form the basis for following investigations. 

 

3.2.1. Spectroscopic characterization of E. coli HypCD 

The  HypCD complex from E. coli was homologously produced in E. coli Rosetta™(DE3) 

transformed with the already established plasmids pThypDEFCstrep and pThypDCstrep 

(Blokesch et al. 2004b). It was shown previously, that co-expression of hypCD together with 

hypEF from plasmid pThypDEFCstrep leads to the formation of holo-HypCD complex, 

carrying the Fe(CN)2(CO) moiety, whereas expression of hypCD alone (pThypDCstrep) results 

in the accumulation of apo-HypCD, free of diatomic ligands (Bürstel et al. 2012; Soboh et al. 

2012). A Strep-tag II C-terminally fused to HypC enabled purification of HypCDstrep via Strep-

Tactin affinity chromatography. To find the best conditions for protein production, cell culture 

and protein expression were tested under aerobic and anaerobic conditions. No substantial 

difference in purity (Figure 15 A, B) or protein yield was observed between proteins purified 

from aerobically or anaerobically cultivated cells. An amount of 1 g of cells (wet weight) 

yielded in average (0.38 ± 0.29) mg or (0.30 ± 0.20) mg protein for anaerobically or 

aerobically cultivated cells, respectively. However, protein yield could be significantly 
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increased up to (2.67 ± 0.81) mg per 1 g of cells (wet weight) when changing from standard 

Strep-Tactin Superflow to Strep-Tactin Superflow high capacity columns (IBA, Germany). 

Holo-HypCDstrep purified from cells expressing pThypDEFCstrep under anaerobic and aerobic 

conditions contained substoichiometric amounts of HypE which is reasonable as it forms a 

ternary complex with HypCD to transfer the CN– ligands (Blokesch et al. 2004b; Jones et al. 

2004). The identity of HypC and HypD was verified using specific antibodies raised against 

HypC or HypD (Figure 15 C). 

Since aerobic cultivation was easier to handle and yielded more cells and therefore more 

protein, all further experiments were performed with HypCDstrep purified from aerobically 

cultivated cells. 

 

Figure 15. SDS-PAGE analysis and immunological detection of apo-HypCD and holo-HypCD purified from 

aerobically or anaerobically grown recombinant E. coli cells harboring plasmids pThypDCstrep or 

pThypDEFCstrep. (A) 4 µg of each, apo- and holo-HypCD purified from aerobically cultivated cells and (B) 3 µg 

each, apo- and holo-HypCD purified from anaerobically cultivated cells were separated on a 12.5 % SDS gel and 

stained with Coomassie brilliant blue. (C) 3 µg each, apo- and holo-HypCD purified from anaerobically cultivated 

cells were separated on a 12.5 % SDS gel and detected by specific antibodies against HypD and HypC (C). Lanes 

containing apo-HypCDstrep are labeled “apo”, lanes containing holo-HypCDstrep are labeled “holo”. Lane M 

contains a protein standard with the corresponding molecular masses on the left-hand side. The arrows indicate 

the position of HypD, HypE and HypCstrep with theoretical molecular masses of 41 kDa, 35 kDa and 11 kDa 

(including Strep-Tag), respectively.  

 

IR spectroscopy. Apo- and holo-HypCDstrep purified from aerobically cultivated cells were 

analyzed by IR spectroscopy to check for the absence or presence of the Fe(CN)2(CO) moiety 

(Figure 16). The absorbance spectrum of holo-HypCDstrep showed four major bands. Two of 

them appeared in the CN– region at 2099 and 2074 cm–1. The other two bands appeared at 1961 

and 1952 cm–1 and correspond to CO stretching vibrations. These were similar band positions 

as previously reported for holo-HypCD purified from cells cultivated under aerobic and as well 

anaerobic conditions (Bürstel et al. 2012; Soboh et al. 2012). The presence of two CO peaks 
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might be explained by the formation or cleavage of disulfide bonds close to the Fe(CN)2(CO) 

moiety binding site which might affect the electronic properties of the Fe(CN)2(CO) moiety 

resulting in different CO stretching vibrations (Bürstel et al. 2012). The spectra of apo-

HypCDstrep ,in contrast, exhibited no CO or CN– signals (Figure 16).  

To test the effect of NaDT on the Fe(CN)2(CO) moiety, holo-HypCDstrep was incubated with a 

10-fold molar excess of NaDT. No changes in the IR spectrum were observed (Figure 16), 

indicating that the Fe of the Fe(CN)2(CO) moiety cannot be reduced and might persist in the 

Fe(II) state, as it has been described for the NiFe(CN)2(CO) moiety in the active site of [NiFe]-

hydrogenases (Caserta et al. 2020).  

 

Figure 16. IR spectra of apo-HypCD (red spectrum), holo-HypCD (grey spectrum) and holo-HypCD treated with 

NaDT (blue spectrum). Spectra are normalized to the protein concentration.  

 

UV-Vis spectroscopy. To confirm the presence of the [4Fe-4S] cluster in HypD, holo-

HypCDstrep and apo-HypCDstrep were analyzed by UV-Vis spectroscopy (Figure 17). The 

spectra of both samples showed a broad maximum at 405 – 410 nm characteristic for [4Fe-4S] 

clusters demonstrating that the [4Fe-4S] cluster was present in the preparations. The intensity 
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of the maximum at 405 – 410 nm, however, was higher in the spectrum of holo-HypCDstrep. 

This might indicate a greater population of reduced [4Fe-4S] clusters in the apo-HypCDstrep 

preparation compared to the holo-HypCDstrep preparation. It must be noted, that both proteins 

were purified via affinity chromatography which did not reveal stoichiometric HypCD complex 

but also free HypC protein, since the Strep-tag was fused to the C-terminal end of HypC. Thus, 

the observed differences in the intensity of the absorbance corresponding to the [4Fe-4S] 

cluster might be due to different HypCD ratios in the preparations. Interestingly, the spectrum 

of holo-HypCDstrep showed a higher absorbance in the region between 350 – 400 nm than that 

of apo-HypCDstrep. This additional absorbance feature in holo-HypCD has already been 

described previously (Soboh et al. 2012). This might be due to a second chromophore in 

addition to the [4Fe-4S] cluster which is only present in holo-HypCDstrep, that is the 

Fe(CN)2(CO) moiety. Recently, the UV-Vis spectroscopic signature for the NiFe(CN)2(CO) 

moiety has been detected for the first time in an isolated large subunit (Caserta et al. 2020). It 

showed an absorbance maximum in the region between 360 – 400 nm, which supports the 

assignment of the absorbance feature between 350 – 400 nm in holo-HypCDstrep to the 

Fe(CN)2(CO) moiety.  

 

Figure 17. UV-Vis spectra of holo- and apo-HypCDstrep. 40 µM each of apo- (red line) and holo-HypCDstrep (black 

line) purified via affinity chromatography recorded in 100 mM Tris-HCl, pH 8 at 4 °C, 100 mM NaCl. B shows 

an enlargement of the spectra shown in A in the region between 290 and 800 nm.   

 

Metal determination via ICP-OES. To investigate whether apo-HypCDstrep contains the 

precursor Fe and to check if the [4Fe-4S] cluster is fully assembled, the Fe content of purified 

HypCDstrep was determined by ICP-OES (Table 10). The expected amount of Fe per protein is 

five, corresponding to four Fe of the [4Fe-4S] cluster in HypD and one Fe, which in case of 
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holo-HypCDstrep stems from the Fe(CN)2(CO) moiety. In an IR spectroscopic control 

experiment, we showed that HypC alone does not carry the Fe(CN)2(CO) cofactor (Figure 18 

D).  In case of apo-HypCDstrep one would also expect five Fe, but the precursor Fe should lack 

the CN– and CO ligands. Samples purified via affinity chromatography contained only 

substoichiometric amounts of Fe. Since the Strep-tag is fused to HypC, purified protein after 

affinity chromatography contained an excess of dimeric HypC. To obtain a pure preparation 

with an apparent 1:1 stoichiometry of HypC and HypD, an additional purification step via size-

exclusion chromatography was added. The chromatograms of the size-exclusion 

chromatography runs of apo-HypCDstrep and holo-HypCDstrep are shown in Figure 18 A and 

B. Elution of the protein was monitored at 280 and additionally at 420 nm, at which the [4Fe-

4S] cluster of HypD absorbs. The peak assignment is based on the comparison to a calibration 

curve (Figure 18 C). The chromatogram of holo-HypCDstrep showed an additional peak around 

12.4 ml which presumably corresponded to a dimer of the HypCDE complex. Dimerization of 

the HypCDE complex has also been observed in the crystal structure of the HypCDE complex 

from T. kodakarensis (Watanabe et al. 2012a). By collecting only the fractions containing pure 

HypCDstrep, the Fe content was increased to (6.64 ± 0.09) Fe/protein for holo-HypCDstrep and 

(5.37 ± 0.06) Fe/protein for apo-HypCDstrep. Similar values have been previously reported for 

holo-HypCD (Soboh et al. 2012). Strikingly, apo-HypCDstrep contains one Fe less compared to 

holo-HypCDstrep purified in the same way. This indicates, that apo-HypCDstrep carries the [4Fe-

4S] cluster while lacking the precursor Fe. 

 



Results 

68 

 

 

Figure 18. Size-exclusion chromatography of apo-HypCDstrep. Size-exclusion chromatography was performed in 

100 mM Tris-HCl, pH 8 at 4 °C, 100 mM NaCl. Elution of the protein was monitored at 280 nm (grey) and 420 nm 

(red). (A) Chromatogram of 2.4 mg apo-HypCDstrep. Samples corresponding to HypCD and dimeric HypC were 

separated on a 12.5 % SDS gel and subsequently stained with Coomassie brilliant blue. The left lane contains a 

protein standard with the corresponding molecular masses indicated on the left-hand side. Lanes containing 

HypCD and HypC dimer are indicated with arrows. (B) Chromatogramm of 2.0 mg holo-HypCDstrep. (C) 

Calibration curve of seven standard proteins with molecular masses between 12 – 670 kDa. Samples are plotted 

with the expected sizes of HypCDE dimer (▼ 174 kDa), HypCD (● 52 kDa), and HypC dimer (■ 22 kDa) against 

the corresponding elution volume. (D) IR spectra of dimeric HypC collected after Size-exclusion (blue) compared 

to holo-HypCDstrep purified via affinity chromatography (red). Spectra are normalized to the protein concentration 

(see amide II region). The CN/CO region of both spectra is additionally 50-times magnified (dark blue and dark 

red traces). 
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Table 10. Metal determination via ICP-OES of apo- and holo-HypCDstrep. Samples were either purified only via 

affinity chromatography (AC) or additionally by size-exclusion chromatography (AC/SEC). The metal content is 

given in Fe/protein. The metal content of one biological replicate each was measured in triplicates. 

Sample AC AC/SEC 

apo-HypCDstrep 2.77 ± 0.03 5.37 ± 0.06 

holo-HypCDstrep 3.72 ± 0.01 6.64 ± 0.09 

 

Resonance Raman (RR) spectroscopy. To gain further information about the metal cofactors 

in HypCD, holo- and apo-HypCDstrep were analyzed by resonance Raman (RR) spectroscopy. 

RR spectroscopy detects metal-ligand vibrations, such as Fe-CN, Fe-CO and Fe-S, Fe-N or Fe-

O modes, thus providing information on structural and redox properties of metal cofactors. 

Previous measurements conducted on different [NiFe]-hydrogenases have shown that signals 

in the range of 400 – 600 cm–1 of the RR spectrum reflect Fe-CN/CO modes, while signals 

below 400 nm–1 correspond to Fe-S modes. Excitation with different wavelengths enables 

signal enhancement of various cofactors. Excitation with 458 nm results in an enhancement of 

FeS cluster signals, whereas Fe-CO/CN signals are best observed at 514 nm (Siebert et al. 

2013; Horch et al. 2014; Horch et al. 2015a). 

Samples of holo- and apo-HypCDstrep were measured with an excitation wavelength of 458 nm 

(Figure 19), at which signals of Fe-S stretching modes are enhanced. The spectra were 

normalized to the protein concentration. Holo-HypCDstrep was measured in the as-isolated, 

oxidized state and after reduction with a 10-fold molar excess of NaDT to reduce the [4Fe-4S] 

cluster. In the reduced state, the [4Fe-4S] cluster would be Raman-silent, which was supposed 

to enable a better detection of features derived from the redox-inactive Fe(CN)2(CO) moiety 

(see Figure 16). Apo-HypCDstrep was measured in the as-isolated state. No signals 

corresponding to Fe-CN or Fe-CO modes were observed in any of the spectra. However, the 

spectrum of as-isolated, aerobically oxidized holo-HypCDstrep exhibited intense signals in the 

Fe-S region at 253, 285, 337, 363 and 403 cm–1. These stretching modes, and especially the 

frequency of the most intense band at 337 cm–1, are characteristic for [4Fe-4S] clusters 

(Todorovic and Teixeira 2018). The spectrum of reduced holo-HypCDstrep still exhibited the 

same Fe-S bands but with reduced intensity, indicating that the [4Fe-4S] cluster was not 

completely reduced. It has been described earlier, that HypD can only be partially reduced with 

NaDT (E°´ = – 660 mV) although the redox potential of the [4Fe-4S] cluster was determined 

to be E°´ = – 260 mV (Adamson et al. 2017a; Roseboom et al. 2005). Nevertheless, these 

results support the assignment of the observed Fe-S bands as [4Fe-4S] cluster signals. This 
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assumption can be further validated by comparison with apo-HypCDstrep, which lacks the 

Fe(CN)2(CO) moiety and exhibits the same bands in the Fe-S region.  

Figure 19. Resonance Raman spectra of holo- and apo-HypCD. Holo-HypCD was recorded in the as-isolated, 

oxidized state (grey spectrum) and in the reduced state (red spectrum) Apo-HypCD was recorded in the as-isolated 

state (blue spectrum).All spectra were recorded with 458 nm excitation. The spectra were normalized with respect 

to the phenylalanine band at 1003 cm–1.  

 

Interestingly, all of the bands in the NaDT-treated sample decreased in the same ratio, except 

for one broad band at 285 cm–1 of which the intensity decreased disproportionate (Figure 19, 

blue area). Possibly, this band at 285 cm–1 represents more than one Fe-S mode originating 

from the [4Fe-4S] cluster. It may contain a second species derived from another metal cofactor, 

whose signals disappeared completely upon reduction. Not only the [4Fe-4S] cluster, but also 

the cysteine-coordinated Fe(CN)2(CO) moiety would cause Fe-S signals in this region of the 

RR spectrum. However, as shown by IR analysis (see above), the Fe(CN)2(CO) moiety cannot 

be reduced with NaDT, so Fe-S signals corresponding to the cysteine-coordinated 

Fe(CN)2(CO) moiety would not disappear upon reduction. It is possible, that parts of the holo-

HypCDstrep preparation contain HypCD carrying the precursor Fe without CN– and CO ligands. 

Signals derived from the Fe-S stretching mode of the cysteine-bound precursor Fe might 

contribute to the wide signal at 285 cm–1. A precursor Fe in the Fe(III) state would be reduced 
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with NaDT, resulting in signal loss as observed for rubredoxins (Fe4S). In rubredoxins, which 

are RR active in the Fe(III) state and RR inactive in the Fe(II) state, however, the Fe is 

coordinated by four cysteine residues (Todorovic and Teixeira 2018). Since the two conserved 

cysteine residues of HypC and HypD would yield a twofold coordination of the precursor Fe, 

additional ligands might be temporarily involved. Based on the crystal structures and 

computational models, two conserved histidine residues are in close proximity to the 

Fe(CN)2(CO) moiety and could be involved in Fe binding (Watanabe et al. 2012a; Albareda et 

al. 2013). Fe-N(His) stretching vibrations are observed in the same region of the RR spectrum 

as Fe-S stretching vibrations. In RR spectra of Rieske proteins, which carry a [2Fe-2S] cluster 

coordinated by two Cys and two His residues, the Fe-N(His) stretching modes appear around 

270 cm–1 and disappear upon reduction (Todorovic and Teixeira 2018; Kuila et al. 1992). 

Hence, the broad signal at 285 cm–1 could be caused partially by Fe-N(His) stretching modes 

overlapping with a Fe-S stretching mode from the 4Fe4S cluster.   

To verify these assumptions, additional experiments are required, such as analysis of Fe-

reconstituted apo-HypCD, which would carry exclusively the precursor Fe devoid of any 

CO/CN– lignads. In Rieske proteins, the Fe-N(His) stretching mode is pH-sensitive depending 

on the imidazole protonation state (Todorovic and Teixeira 2018; Kuila et al. 1992). RR spectra 

taken at different pH could help to identify possible Fe-N(His) stretching vibrations in HypCD.  

 

3.2.2. ATPase activity of HypCD 

Recently, the HypCD complex has been shown to have an ATPase activity, whose function is 

so far unknown (Nutschan et al. 2019). To gain more information, we tested therefore the 

ATPase activities of purified apo- and holo-HypCDstrep cultivated and purified under different 

conditions (Figure 20). 

For the detection of the ATPase activity, a reporter system comprising pyruvate kinase (PK) 

and lactate dehydrogenase (LDH) was used. In the presence of phosphoenolpyruvate (PEP), 

PK converts ADP produced by HypCD into ATP and pyruvate. In the second LDH-catalyzed 

reaction pyruvate is converted to lactate with the concomitant oxidation of NADH to NAD+. 

Changes in the NADH content in the assay can easily be monitored spectrophotometrically at 

340 nm. 
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Production of HypCDstrep under anaerobic conditions and its subsequent purification in the 

absence of DTT resulted in an ATPase activity comparable to the activity of HypCDstrep 

purified from aerobically grown cells, indicating that the cultivation conditions have no effect 

on the ATPase activity. HypCDstrep from anaerobically grown cells, purified in the presence of 

0.1 mM DTT, however, revealed the highest activity. Thus, purification under reducing 

conditions seems to result into highest ATPase activity. Notably, there was no significant 

difference in ATPase activity between apo- and holo-HypCDstrep preparations. Hence, the 

ATPase activity of HypCD seems to be independent of the presence or absence of the 

Fe(CN)2(CO) moiety.  

Surprisingly, even the highest ATPase activity determined with the PK-LDH system was 

approximately 100-times lower than that previously reported, which was about 1 U/mg 

(Nutschan et al. 2019). In the study of Nutschan et al., however, the HypCD complex was 

purified under anaerobic conditions and in the presence of NaDT and the activity was 

determined in an HPLC-based assay under different conditions.  

 

Figure 20. ATPase activity of different HypCDstrep preparations.  ATPase activity of HypCDstrep cultivated under 

aerobic or anaerobic conditions and prepared in the absence or presence of 0.1 mM DTT as indicated below the 

columns. Apo-HypCDstrep is colored in grey, holo-HypCDstrep is colored in white.  
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3.2.3. Chemical maturation of HypCD 

3.2.3.1. Reconstitution of apo-HypCD with Fe 

Since apo-HypCDstrep seems to lack the precursor Fe, we aimed to reconstitute it with Fe. The 

reconstitution reaction with apo-HypCDstrep was performed under anaerobic, reducing 

conditions in the presence of DTT and Fe(SO4)2(NH4)2 as described in materials and methods 

(see chapter 2.31). After the reconstitution reaction, the excess of Fe was removed by size-

exclusion chromatography. Finally, the Fe content of reconstituted apo-HypCDstrep 

(apoHypCDstrep(Fe)) was determined by ICP-OES. As additional control, holo-HypCDstrep was 

treated in the same way and the Fe content was also determined. The Fe content of both 

reconstituted samples in comparison to non-reconstituted apo- and holo-HypCD is listed in 

Table 11. The Fe content of non-reconstituted and reconstituted holo-HypCDstrep remained the 

same, whereas the reconstituted apo-HypCDstrep(Fe) contains one Fe per protein more than non-

reconstituted apo-HypCDstrep indicating, that the reconstitution was successful.  

 

Table 11. Metal determination via ICP-OES of Fe-reconstituted (Fe) apo- and holo-HypCDstrep.  

 apoHypCDstrep apoHypCDstrep(Fe) holo-HypCDstrep holo-HypCDstrep(Fe) 

Fe/protein 5.37 ± 0.06 6.39 ± 0.06 6.64 ± 0.09 6.53 ± 0.08 

 

3.2.3.2. Treatment of apo-HypCD(Fe) with KCN and CO gas 

After successful reconstitution of apo-HypCDstrep with Fe, we aimed to develop an in vitro 

assembly system to reconstitute the entire Fe(CN)2(CO) moiety. In this chemical assembly 

assay, apo-HypCDstrep(Fe) served as the basis, which was incubated with KCN and CO gas as 

possible sources for the CN– and CO ligands. Ligand attachment was monitored by IR 

spectroscopy. 

First, we tested the attachment of CO to Fe-reconstituted apo-HypCDstrep. Therefore, a highly 

concentrated sample (~ 0.8 mM) of apo-HypCDstrep(Fe) was reduced with a 10-fold molar 

excess of NaDT under anoxic conditions inside an anaerobic workstation. The sample was 

sealed with a gas-tight rubber septum and removed from the anaerobic workstation where it 

was purged for 30 min with CO gas before it was 1:2 diluted with CO-saturated buffer. Under 

constant CO gas flow, the sample was loaded into the IR cell. The corresponding IR spectrum 
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showed no CO stretching vibrations (Figure 21), indicating that CO did not bind to the 

precursor Fe.  

 

Figure 21. Treatment of apo-HypCD(Fe) with CO gas. Apo-HypCDstrep(Fe) was incubated with a 10-fold molar 

excess of NaDT and subsequently purged with CO gas and diluted with CO saturated buffer. IR absorbance spectra 

are shown in the following colors: as-isolated holo-HypCDstrep (grey), as-isolated apo-HypCDstrep (red), apo-

HypCD(Fe) treated with CO (blue).  

 

Next, Fe-reconstituted apo-HypCDstrep was incubated with KCN under anoxic, reducing 

conditions and analyzed by IR spectroscopy (Figure 22, Table 12). The IR spectrum of KCN-

treated apo-HypCDstrep(Fe) exhibited five signals in the CN region at 2040, 2080, 2093, 2114 

and 2124 cm–1. The signals at 2080 and 2093 cm–1 correspond to aqueous CN– and HCN, 

respectively (Ciaccafava et al. 2016). The assignment of the signal to 2093 cm–1 as dissolved 

HCN was verified by IR analysis of the reconstitution buffer containing KCN (Figure 22 A, 

purple trace). Control experiments using KCN-treated apo-HypCD and BSA were performed 

in order to assign the remaining bands at 2040, 2114 and 2124 cm–1. The signal at 2124 cm–1 

was also observed in the spectra of non-reconstituted apo-HypCDstrep and BSA and, hence, 

does not represent an Fe-bound CN species. It probably represents CN bound to a cysteine 

residue since HypCD and BSA both possess several solvent-exposed cysteine residues. The 

broad signal at 2039/40 cm–1, however, was HypCD-specific and appeared only in the spectra 

of KCN-treated Fe-reconstituted and non-reconstituted apo-HypCD. The second derivative 

spectrum of KCN-treated apo-HypCD(Fe) revealed that this band was composed of two 

overlapping bands at 2038 and 2044 cm–1 (Figure 22 B). Based on the comparison to the 
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second derivative spectrum of [Fe(II)(CN)6]
4– which exhibits one sharp band at 2037 cm– 1 

(Figure 22 B), signals in this region might be assigned to Fe(II)-bound CN stretching 

vibrations. Since the 2040 cm–1 band was also present in non-reconstituted apo-HypCD it 

probably derived from interaction of CN with the [4Fe-4S] cluster. However, CN binding to 

the precursor Fe would possibly result in a similar stretching frequency and therefore could not 

be distinguished from Fe(II)-CN species derived from the [4Fe-4S] cluster. It must be noted, 

that the band intensities of the Fe-reconstituted and non-reconstituted apo-HypCD in Figure 

22 A cannot be compared since Fe-reconstituted apo-HypCD was additionally purified by size-

exclusion chromatography resulting in a higher Fe per protein content, whereas non-

reconstituted apo-HypCD was only purified by affinity chromatography. Finally, the weak 

signal at 2114 cm–1 observed in the spectrum of KCN-treated apo-HypCDstrep(Fe) might 

correspond to CN bound to an Fe(III) species as it is almost at the same positions as the CN 

stretching of [Fe(III)(CN)6]
3– (Figure 22 B). 

To remove nonspecifically protein-bound CN and the excess of free CN, KCN-treated apo-

HypCD and apo-HypCD(Fe) were buffer exchanged using a desalting column. The eluted 

samples were again concentrated and subjected to IR analysis. To be able to compare the 

intensities of the CN bands, both samples were also purified by size-exclusion chromatography. 

As observed before (Ciaccafava et al. 2016), the signals at 2080 and 2124 cm–1 corresponding 

to aqueous CN– and protein-bound CN, respectively, vanished after buffer exchange (Figure 

22 C). The band at 2093 cm–1 corresponding to HCN significantly decreased. Surprisingly, also 

the band at 2039/40 cm–1 corresponding to an Fe(II)-bound CN species decreased drastically 

and the band position shifted by a few wavenumber indicating that the main Fe(II)-bound CN 

species contributing to the 2039/40 cm–1 band is not tightly bound to the protein. Possibly, this 

species is [Fe(II)(CN)6]
4– complex which was formed in a reaction with free Fe released from 

the [4Fe-4S] cluster upon incubation with KCN. The degradation of FeS clusters and the release 

of free Fe upon KCN treatment followed by the formation of [Fe(II)(CN)6]
4– has also been 

observed for HydSL [NiFe]-hydrogenase from Thiocapsa roseopersicina (Zorin et al. 2017).  
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Figure 22. Treatment of apo-HypCD(Fe) with KCN. (A) IR absorbance spectra are shown in the following colors: 

as-isolated holo-HypCDstrep (grey), as-isolated apo-HypCDstrep (red), the following samples were treated with 5 – 

10 fold excess of KCN: apo-HypCDstrep(Fe) (green), apo-HypCDstrep (yellow), BSA (blue), and buffer 100 mM 

Tris pH 8.0 at 4 °C, 100 mM NaCl (purple); (B) second derivative spectra are color-coded as follows: KCN-

treated apo-HypCDstrep(Fe) (green), KCN-treated apo-HypCDstrep (yellow), [Fe(CN)6]4– (cyan) and [Fe(CN)6]3– 

(brown); (C) absorbance spectra normalized to the protein concentration of as-isolated holo-HypCD (grey), KCN-

treated apo-HypCD(Fe) (green), KCN-treated samples after buffer exchange via desalting column: apo-

HypCD(Fe) (dark green), apo-HypCD (orange). 
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The remaining bands at 2045/2046 cm–1 and 2113 cm–1 presumably represent CN binding to a 

protein-bound Fe, possibly the precursor Fe. If this is the case, the peak integral of these bands 

and therefore the amount of protein-bound Fe-CN species should be higher in Fe-reconstituted 

apo-HypCD compared to non-reconstituted apo-HypCD. Indeed, the peak integral of non-

reconstituted apo-HypCD was about 57 % compared to that of reconstituted apo-HypCD. Non-

reconstituted apo-HypCD might also be partially equipped with the precursor Fe which can 

bind CN explaining the Fe-CN species produced in KCN-treated apo-HypCD. These results 

indicate that Fe-reconstituted apo-HypCD, and in a lower amount also non-reconstituted apo-

HypCD, carries the precursor Fe for the assembly of the Fe(CN)2(CO) moiety and that it can 

be chemically reconstituted with CN– ligands. However, the comparison of the CN band 

intensities in KCN-treated apo-HyoCD(Fe) and holo-HypCD showed that the in vitro CN 

attachment was rather inefficient. Based on the high amount of [Fe(II)(CN)6]
4–  that was 

removed after buffer exchange, a significant portion of the [4Fe-4S] cluster seems to be 

damaged, which might hinder CN attachment to the precursor Fe. Further optimization of the 

assay, such as an optimized KCN concentration to avoid excessive damage of the [4Fe-4S] 

cluster, are necessary.  

The next step in the complete assembly of the Fe(CN)2(CO) cofactor would be the addition of 

CO gas to apo-HyoCD(Fe) equipped with CN– ligands.   

 

Table 12. CN stretching frequencies of KCN-treated HypCD and controls. Samples were treated with KCN and 

either immediately analyzed by IR (+KCN) or after an additional buffer exchange step using a desalting column 

(+KCN + desalting). Stretching frequencies are given in cm–1.   

Treatment Sample CN– HCN Protein-

bound CN 

Fe(II)-CN Fe(III)-CN 

 [Fe(CN)6]4–    2037  

 [Fe(CN)6]3–     2115 

+ KCN 

buffer  2093    

BSA  2093 2124   

apo-HypCD(Fe) 2080 2093 2124 2040 2114 

apo-HypCD  2093 2124 2039  

+ KCN  

+ desalting 

apo-HypCD(Fe)  2095  2045 2113 

apo-HypCD  2095  2046 2113 
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3.2.3.3. Reconstitution of apo-HypCD with a chemical mimic of 

the Fe(CN)2(CO) complex 

To investigate whether apo-HypCD accepts a chemical mimic of the Fe(CN)2(CO) complex, it 

was reconstituted with the synthetic (PPh4)[Fe(CO)2(CN)2(μ-pdt)K] complex (Li et al. 2005). 

The complex was synthesized by Siad Wolff, a member of the group of Christian Limberg at 

HU Berlin. For the reconstitution, apo-HypCDstrep was first reduced with NaDT followed by 

incubation with the synthetic Fe complex. To remove unbound Fe complex, the reconstitution 

mix was loaded on a Sephadex™ desalting column (see Materials and Methods chapter 2.30). 

Finally, the eluted HypCD protein was concentrated and subjected to IR spectroscopy. All steps 

were performed under anoxic conditions. The IR spectrum of the free complex showed two 

CN stretching vibrations at 2104 and 2083 cm–1, and two CO stretching vibrations at 2034 and 

1984 cm–1 (Figure 23). The IR spectrum of apo-HypCDstrep reconstituted with the Fe complex 

(HypCDstrep(mimic)) exhibited a completely different spectrum with just three bands similar to 

the spectrum of holo-HypCD. Two broad bands at 2098 and 2073 cm–1 represent CN stretching 

vibrations, and were shifted by just one wavenumber compared to the corresponding bands in 

the spectrum of holo-HypCDstrep. There was only one broad band in the CO region at 1973 cm–

1, whereas holo-HypCDstrep showed two CO bands at 1961 and 1952 cm–1 (Figure 23). Minor 

differences in the band positons might be explained by slightly different conformations of the 

Fe(CN)2(CO) moiety in HypCDstrep(mimic) compared to holo-HypCDstrep. Such differences 

have also been observed for synthetically reconstituted HydF maturase, which delivers the 

[2Fe] sub-cluster to the apo-form of [FeFe]-hydrogenase (Berggren et al. 2013). Thus, these 

results indicate that the synthetic Fe complex was successfully integrated into apo-HypCDstrep. 

This conclusion was supported by an enhanced stability of the HypCD-bound Fe-complex 

compared to the free complex. The IR spectrum of HypCDstrep(mimic) remained unchanged 

after freezing and thawing and after exposure to O2, whereas the free complex is very unstable 

and immediately damaged upon O2 exposure. Comparison of the CN and CO peak integrals of 

spectra normalized to the protein concentration indicates a cofactor loading of 

HypCDstrep(mimic) of about 65 % compared to native holo-HypCDstrep. One possible 

explanation for only sub-stoichiometric cofactor loading would be that, apo-HypCD is not 

completely free of the precursor Fe and thus cannot be fully reconstituted with the synthetic Fe 

complex.  
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Figure 23. Reconstitution of apo-HypCDstrep with a synthetic Fe(CN)2(CO) moiety mimic. IR spectra of the free 

complex (green), holo-HypCDstrep (grey), HypCDstrep(mimic) directly after reconstitution (red), 

HypCDstrep(mimic) after freezing and thawing (blue) and HypCDstrep(mimic) after O2 exposure (yellow). Spectra 

(except for the free complex) are normalized to the protein concentration. 

 

3.2.4. Enzymatic in vitro assembly of the Fe(CN)2(CO) moiety  

An alternative to the chemical maturation of the Fe(CN)2(CO) moiety is an enzymatic in vitro 

assembly assay using purified HypE, HypF and HypX for the synthesis of the CN– and CO 

ligands and their transfer to Fe-reconstituted apo-HypCDstrep. An advantage of the enzymatic 

assembly assay might be a higher specificity and efficiency of the enzyme-catalyzed ligand 

synthesis and attachment compared to the chemical assembly assay.  
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3.2.4.1. Purification of functional active HypE and HypF 

To enable isolation of HypCDstrep from an assembly mix containing HypEF and HypX, 

different affinity tags were used for their purification. While the purification and an activity 

assay for R. eutropha MBP-HypX are described in chapter 3.3.2, purification protocols and 

activity assays for HypE and HypF first had to be established in our group. Therefore, a hexa-

histidine tag was fused N-terminally to both HypE and HypF of  E. coli  and the fusion proteins 

were purified via Ni-NTA affinity chromatography (Figure 24). The purification protocols 

were based on previous published protocols (Blokesch et al. 2004c) and modified as described 

in Materials and Methods, chapter 2.14.4.  

 

Figure 24. SDS-PAGE gel of HypF and HypE. Purified HypF and HypE were separated on a 12.5 % SDS gel 

and stained with Coomassie brilliant blue. Lane 1 contains 2 µg HypF with a theoretical molecular mass of 

82 kDa, lane 2 contains 2 µg HypE with a theoretical molecular mass of 35 kDa, lane M contains a protein 

standard. The corresponding molecular masses are indicated.  

 

To probe the functionality of purified HypF and HypE, an activity assay was developed probing 

the ATP-dependent dehydratase reaction of HypE in a coupled assay with HypF. The PK-LDH 

couple was used as reporter system (Figure 25), and the oxidation of NADH to NAD+ was 

followed at 340 nm.  
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Figure 25. Coupled assay of HypF and HypE to test the ATP-dependent dehydration reaction of HypE. Pyruvate 

kinase (PK) and lactate dehydrogenase (LDH) are used as reporter system. PK uses ADP produced by HypE and 

phosphoenolpyruvate (PEP) as substrates to form pyruvate and ATP. LDH uses pyruvate and NADH to produce 

lactate and NAD+.  

 

First, the HypE-dependent ATPase activity without HypF was measured (Figure 26, Table 

13). It has been shown earlier, that HypE alone hydrolyses ATP to ADP and Pi without any 

other substrate with a rate of (0.10 ± 0.01) min-1 (Blokesch et al. 2004c). The ATPase activity 

of HypE measured with the PK-LDH assay revealed a rate of 1.09 min-1, which is 

approximately ten times higher than the one previously reported. This discrepancy might be 

explained by different experimental set ups and conditions. As described earlier, HypE activity 

was independent of the presence of carbamoyl phosphate, which is the substrate of HypF 

(Blokesch 2004a). As the dehydration of thiocarbamate to thiocyanate is ATP-dependent 

(Reissmann et al. 2003), we expected that the ATPase activity would strictly depend on the 

presence of the protein-bound thiocarbamate modification as the substrate. If all as-purified 

HypE molecules carry the thiocarbamate modification, the reaction should stop just after one 

turnover. This was not the case; in fact, the reaction was continuing in the same rate over many 

turnovers. Thus, the ATPase activity of HypE does not rely on the presence of the 

thiocarbamate modification. The reason for this unspecific ATPase activity remains elusive. 
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Figure 26. ATPase activity of HypE and HypF measured with the PK-LDH assay. Activities of HypE and HypF 

alone were tested with carbamoyl phosphate (+ CP) or without carbamoyl phosphate (– CP) in the assay. Activities 

in coupled assays with HypE and HypF were determined as described in the text. Columns on the left-hand side 

represent HypE activities indicated below. Columns on the right-hand side correspond to HypF activities as 

indicated below.  

 

Next, HypF activity alone was tested with the PK-LDH assay. Even though HypF also 

catalyzes an ATP-dependent reaction, no activity should be detected with the PK-LDH system, 

since it is reported that HypF does not produce ADP, but cleaves ATP into AMP and PPi 

(Reissmann et al. 2003; Paschos et al. 2002b). Surprisingly, purified HypF alone revealed an 

ATPase activity with a rate of 1.54 min-1 in the presence of its substrate carbamoyl phosphate. 

Even without carbamoyl phosphate a residual ATPase activity of about 40 % was measured 

(Table 13, Figure 26).  

Hints for the HypF-catalyzed hydrolysis of ATP to ADP have already been obtained from 

crystal structures of truncated E. coli HypF and full-lenght Caldanaerobacter subterraneus 

HypF. Crystals soaked with an ATP derivative revealed ADP binding in one of the two 

nucleotide binding sites of HypF (Petkun et al. 2011; Shomura and Higuchi 2012). Moreover, 

traces of ADP have also been observed by thin layer chromatography after the reaction of HypF 

with labeled α-32P-ATP and carbamoyl phosphate (Paschos 2002a). However, compared to the 

HypF-dependent ATP to AMP hydrolysis which was determined with a rate of 90 min–1 

(Paschos 2002a) the ATP to ADP hydrolysis was approximately 60-fold lower (1.54 min–1) 
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and seems to be a side reaction as it is also detectable without the substrate carbamoyl 

phosphate. 

 

Table 13. ATPase activities of HypE and HypF measured with the PK-LDH assay. Activities of HypE and HypF 

alone were tested with carbamoyl phosphate (+ CP) or without carbamoyl phosphate (– CP) in the assay. Activities 

in coupled assays with HypE and HypF were estimated as described in the text. Relative HypE activities were 

calculated in relation to the HypE activity without carbamoyl phosphate. Relative HypF activities were calculated 

in relation to the HypF activity with carbamoyl phosphate.   

  Relative activity Specific activity (mU/mg) kcat (min-1) 

H
y

p
E

 

– CP 1.0 31.3 1.09 

+ CP  0.9 27.8 0.97 

+ HypF 1.7 53.6 1.88 

+ HypF – CP 1.2 37.2 1.30 

H
y

p
F

 

+ CP 1.0 18.0 1.54 

– CP 0.4 7.1 0.58 

+ HypE 1.4 27.1 2.22 

+ HypE – CP 0.6 10.8 0.89 

 

Finally, the HypE and HypF activities were measured in a coupled reaction in the presence and 

absence of carbamoyl phosphate (Figure 26, Table 13). To calculate the HypE activity, the 

slope of HypF alone was subtracted from the slope of the coupled reaction of HypE and HypF. 

Conversely, the activity of HypF was calculated by abstracting the slope of HypE alone from 

the combined slope of the coupled reaction.   

Both the HypE and the HypF activity increased when both proteins were present in the assay, 

even in the absence of carbamoyl phosphate. This suggests that just complex formation of 

HypE and HypF has a beneficial effect on activity. In the presence of carbamoyl phosphate, 

however, the activity increase of HypE and HypF was even higher. In summary, the 

measurements demonstrate that purified HypF and HypE are active and can be employed in 

the future in an enzymatic in vitro assay to assemble the Fe(CN)2(CO) cofactor on Fe-

reconstituted apo-HypCD. 
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3.2.5. Transfer of the Fe(CN)2(CO) moiety to the [NiFe]-hydrogenase 

large subunit  

One crucial step in maturation is the transfer of the Fe(CN)2(CO) complex from HypCD to the 

apo-form of the [NiFe]-hydrogenase large subunit. To investigate this process in detail, we 

developed an in vitro transfer assay using E. coli holo-HypCD and the R. eutropha MBH large 

subunit, HoxG. Purification of isolated HoxG has recently been established in our group, and 

the maturation intermediate, apo-HoxG, lacking the Fe(CN)2(CO) moiety, has already been 

characterized (Hartmann et al. 2018). For the transfer assay we used, however, a modified 

version of apo-HoxG carrying a Strep-tag on its N-terminus instead of the C-terminus. The 

corresponding protein was encoded on pGC50. Plasmid pGC50 was transferred to R. eutropha 

HF497, which carries inframe deletions in hypD, hoxH and hoxG. This resulted in the apo-

HoxG production strain R. eutropha HP68. The absence of the NiFe(CN)2(CO) moiety, in 

purified apo-HoxG was verified by IR spectroscopy (Figure 27 A and B). To enable separation 

of apo-HoxG from a transfer reaction mix with HypCD, holo-HypCD and for future chemical 

reconstitution experiments also apo-HypCD were equipped with a hexa-His tag at the C-

terminus of HypC (see Materials and Methods, Table 2) and both forms were purified via Ni-

NTA affinity chromatography (Figure 27 A). The presence or absence of the Fe(CN)2(CO) 

moiety in His-tagged HypCD was confirmed by IR spectroscopy (Figure 27 B). The transfer 

assay was set up under anaerobic conditions in an anaerobic workstation. Apo-HoxG was pre-

incubated with NaDT before a 5-fold molar excess of holo-HypCDHis was added. The transfer 

mix was incubated for 1 h and subsequently purified via Strep-Tactin affinity chromatography. 

Apo-HoxG harbored a Strep-tag and remained on the column while His-tagged holo-HypCD 

did not bind to the Strep-Tactin column and was washed off. In this way, the flow through and 

washing fractions contained HypCD, whereas the elution fraction contained just apo-HoxG 

which was verified by SDS-PAGE (Figure 27 C and D). Eluted apo-HoxG was then 

concentrated and subjected to IR analysis. The IR spectrum lacks the characteristic CN/CO 

bands, showing that the Fe(CN)2(CO) moiety was not transferred. Additionally, the SDS gel 

shows no HypC co-eluted with apo-HoxG indicating that there was no stable complex 

formation between E. coli HypC and R. eutropha HoxG. The same has also been observed for 

R. eutropha HypC which did not form a stable complex with R. eutropha pre-HoxG (Ludwig 

et al. 2009). Different transfer conditions were tested, none of them were so far successful.  
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Figure 27.  Transfer assay of the Fe(CN)2(CO) moiety from holo-HypCDHis to apo-HoxG. (A) SDS-PAGE gels 

of purified apo-HypCDHis (4 µg, lane 1), holo-HypCDHis (3 µg, lane 3) and apo-HoxG (2 µg, lane 2) before the 

transfer. (B) IR spectra of holo-HypCDHis (grey) and apo-HypCDHis (red) before the transfer, (C) cartoon of the 

isolation procedure of apo-HoxG, (D) SDS-PAGE gel of holo-HypCDHis (lane 1) and apo-HoxG (lane 2) after the 

transfer reaction. All SDS gels were composed of 12.5 % Acrylamide and stained with Coomassie brilliant blue. 

Lane M contains a protein standard.  The corresponding molecular masses are indicated.  
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3.3. HypX synthesizes the active site CO ligand in O2-tolerant [NiFe]-

hydrogenases 

Assembly of the NiFe(CN)2(CO) active site in [NiFe]-hydrogenases requires the activity of at 

least six maturation proteins, named HypA-F (Böck et al. 2006). An additional seventh 

maturation protein, HypX, occurs exclusively in microorganisms synthesizing [NiFe]-

hydrogenases under oxic conditions (Buhrke and Friedrich 1998). Previous studies in our group 

showed that HypX catalyzes the aerobic CO ligand biosynthesis using N10-formyl-THF as 

substrate (Bürstel et al. 2016). To obtain detailed insight into the reaction mechanism, purified 

R. eutropha HypX protein was subjected to a comprehensive biochemical analysis in this study. 

Additionally, thermostable HypX protein from the thermophilic strain Hydrogenophlius 

thermoluteolus was investigated with the aim of protein crystallization. 

  

3.3.1. MBP-HypX is functional in vivo 

It was shown previously, that HypX from R. eutropha can be heterologously produced in E. 

coli. Fusion of a maltose binding protein (MBP) to the N-terminal end of HypX allowed 

purification of MBP-HypX protein from the soluble cell extract (Bürstel et al. 2016).  

The functionality of the MBP-HypX fusion protein was confirmed in in vivo growth 

experiments (Figure 28). Plasmid pTS1 containing malE-hypX, encoding MBP-HypX, was 

transferred into the HypX-deficient mutant strain R. eutropha HF469 (Buhrke and Friedrich 

1998). Deletion of hypX resulted in a considerable growth delay of the mutant strain HF469 

compared to the wild type R. eutropha H16 when grown lithoautotrophically on H2 and at high 

O2 concentrations at which hydrogenase biosynthesis requires HypX for CO ligand synthesis 

(Bürstel et al. 2016). Therefore, the MBP-HypX fusion protein, encoded on plasmid pTS1, was 

tested for its ability to restore wild type-like growth of the hypX deletion strain under high O2 

concentrations. The strains, R. eutropha HP77, carrying the plasmid pEDY309, and R. 

eutropha HP74, carrying plasmid pTS2 encoding untagged HypX, served as controls. Cultures 

were grown under a gas mixture composed of 4 % H2, 15 % O2, 10 % CO2 and 71 % N2.  Both 

hypX mutant strains, R. eutropha HF469 and HP77, showed a considerable lag phase when 

compared to wild-type R. eutropha H16. The presence of plasmid pTS1, encoding MBP-HypX, 

in the hypX deletion strain (R. eutropha HP73) significantly reduced the growth delay. 
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Restoration of wild type-like growth was also observed for strain R. eutropha HP74, expressing 

untagged hypX. These results demonstrated that MBP-HypX is functionally active in vivo. 

 

 
 

Figure 28. MBP-HypX is functional in vivo. The ∆hypX strain R. eutropha HF469 was complemented with 

plasmids carrying malE-hypX (pTS1) and native hypX (pTS2). Lithoautotrophic growth of wild-type R. eutropha 

H16, and the recombinant strains HF469 (∆hypX), HP74 (HF469(pTS2)), HP73 (HF469(pTS1)), and HP77 

(HF469(pEDY309)). Main cultures were inoculated to an OD436 of 0.1 and then grown in minimal medium under 

a gas mixture composed of 4 % H2, 15 % O2, 10 % CO2 and 71 % N2. 

 

3.3.2. MBP-HypX produces CO in vitro 

Since MBP-HypX was functional in vivo, we next sought to analyze the protein in vitro. MBP-

HypX was purified to homogeneity via affinity chromatography (Figure 29). Because purified 

MBP-HypX showed a slightly brownish color indicating the presence of Fe, the metal content 

of MBP-HypX was determined by ICP-OES. In contrast to previous results (Bürstel et al. 

2016), the new results identified MBP-HypX as a metal-free enzyme (Table 14).  
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Figure 29. Purification of MBP-HypX visualized on an SDS-PAGE gel. Samples of different purification steps 

were separated on a 12.5 % SDS-gel, which was stained with Coomassie Brilliant Blue. Samples: 1 µl soluble 

extract (lane 1), 1 µl flow through (lane 2), 10 µl washing fraction (lane 3) and 6 µg of the elution fraction after 

affinity chromatography (lane 4). Lane M contains a protein standard with the corresponding molecular masses 

indicated. MBP-HypX with a molecular mass of 110 k Da is indicated by an arrow. Impurities at a height of about 

44 kDa might correspond to free MBP.  

 

Table 14. Metal content of purified MBP-HypX determined via ICP-OES. 

Metal µM Metal per protein 

Co 0.072 ± 0.022 0.007 ± 0.002 

Zn 0.849 ± 0.003 0.085 ± 0.000 

Fe 0.482 ± 0.015 0.048 ± 0.001 

 

According to previous in vivo studies, HypX converts the formyl group of N10-formyl-THF 

into CO (Bürstel et al. 2016). CO production can be monitored spectrophotometrically using 

deoxyhemoglobin (deoxyHb) as reporter compound (Shepard et al. 2010; Esselborn et al. 

2013). DeoxyHb binds CO with high affinity yielding carboxyhemoglobin (HbCO). Formation 

of HbCO leads to a specific shift of the heme Soret band from 430 nm (deoxyHb) to 419 nm 

and a corresponding splitting of the absorbance maximum at 555 nm. CO formation by purified 

HypX was measured as an increase of the absorbance at 419 nm over time. Sequence similarity 

of the C-terminal HypX module to enoyl-CoA hydratases/isomerases suggested that CoA may 

be involved in the reaction, which is why HypX activity was tested in the presence and the 

absence of CoA (Figure 30). 
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Figure 30. HypX-dependent CO formation in vitro. (A) Single-wavelength kinetics at 419 nm showing HbCO 

formation over time in the presence (solid line) and absence of CoA (dashed line). HbCO formation in the presence 

(B) and the absence (C) of additional CoA was also verified by the shift of the Soret band from 430 to 419 nm 

and the splitting of the signal at 555 nm. Black traces, absorption spectra before initiation of the reaction; red 

traces, absorption spectra after completion of the reaction. The inset in panel B provides a detailed view of the 

spectra around 550 nm.  
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In the presence of CoA, single-wavelength kinetics at 419 nm revealed linear HbCO formation 

with a kcat = (1.85 ± 0.12) h-1 (Table 15, Figure 30 A). The corresponding KM value determined 

for the substrate N10-formyl-THF was (185 ± 35) µM (Figure 31). The steady state reaction 

proceeded until the deoxyHb in the assay was fully converted into HbCO. UV-Vis spectra taken 

before and after the reaction revealed a distinct shift of the Soret band and the specific splitting 

of the 555 nm signal, verifying the formation of HbCO (Figure 30 B). Notably, 

supplementation of the reaction with reductant in the form of mercaptoethanol or dithiothreitol 

did not affect the CO-releasing activity of HypX (not shown). 

In the absence of CoA, only minor activity was detectable. The reaction stopped substantially 

earlier, and the spectra showed only a slight shift of the Soret peak at 430 nm (Figure 30 C). 

 

Table 15. KM and kcat values for N10-formyl-THF and Formyl-CoA 

 KM (µM) kcat (h-1) 

N10-formyl-THF 185 ± 35 1.85 ± 0.12 

Formyl-CoA 107 ± 17  3.56 ± 0.25 

 

 

Figure 31. Determination of the KM value for N10-formyl-THF. MBP-HypX-dependent CO production was 

measured in the presence of 50 µM CoA and 0.025 – 0.75 mM of N10-formyl-THF. The Michaelis constant and 

the vmax value were determined by non-linear regression. 
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3.3.3. Coenzyme A is required for HypX activity and HypX 

stabilization  

To test whether the residual activity observed in the assay without CoA (Figure 30 B) is due 

to CoA that was co-purified with HypX, the CoA content of the purified enzyme was quantified 

using a commercial CoA Assay kit specific for free CoA (CoA-SH). Purified HypX was heat-

precipitated, and the CoA concentration of the supernatant was determined. As-purified HypX 

contained (57 ± 5) % CoA, which explains the low activity measured in the absence of 

supplementary CoA. It does not explain, however, why the reaction stopped early (Figure 30 

A). Assuming that CoA is a required co-substrate, a decreased but continuous reaction would 

be expected. Strikingly, the HypX activity was not recovered just by adding CoA to the assay, 

indicating that CoA-depleted HypX loses activity irreversibly under these conditions. Thus, we 

tested whether CoA confers a stabilizing effect to HypX. As-purified enzyme was incubated at 

30 °C in buffer supplemented with either a 5-fold molar excess of CoA or without additional 

CoA. Samples were taken at different time points, and the CO release was measured in an assay 

containing 50 µM CoA. HypX incubated without supplementary CoA quickly lost activity, 

whereas the activity of HypX incubated with CoA remained constant over a period of 90 min 

(Figure 32).  

 

Figure 32. CoA stabilizes HypX. MBP-HypX was incubated at 30 °C without CoA (hatched bars) or with a 5-

fold molar excess of CoA (grey bars). The activity was determined at different time points in an activity assay 

containing 50 µM CoA.  
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3.3.4. Formyl-CoA is a reaction intermediate 

As mentioned above, the N- and C-terminal HypX modules share striking similarities with N10-

formyl-THF transferases and members of the enoyl-CoA hydratases/isomerases family, 

respectively. This fact in addition to the CoA dependence of the in vitro activity of HypX 

suggested a two-step reaction mechanism in which the formyl group of N10-formyl-THF is first 

transferred to CoA presumably resulting in formyl-CoA as a reaction intermediate. To 

investigate this hypothesis, we sought to use formyl-CoA as substrate for HypX. Since formyl-

CoA is not commercially available, we chemically synthesized formyl-CoA in cooperation with 

Phillip Pommerening from the group of Martin Oestreich at TU Berlin as described in the 

Materials and Methods chapter 2.22. Synthesized formyl-CoA was then used as the sole 

substrate for HypX in an activity assay with deoxyHb as reporter. CO was formed with a kcat 

of (3.56 ± 0.25) h-1 (Table 15). The KM for formyl-CoA was determined 

with (106.6 ± 16.8) µM (Table 15, Figure 33), demonstrating that formyl-CoA is indeed a true 

reaction intermediate in the conversion of N10-formyl-THF into CO.  

 

Figure 33. Determination of the KM value for formyl-CoA. MBP-HypX-dependent CO production was measured 

with 0.05 – 0.3 mM formyl-CoA. The Michaelis constant and the vmax value were determined by non-linear 

regression.  
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formyl-CoA concentration in the presence of various amounts of free CoA. Indeed, the HypX 

activity decreased with increasing CoA concentration demonstrating that free CoA confers an 

inhibitory effect on formyl-CoA conversion (Figure 34). Due to the high similarity of the two 

molecules, it can be assumed that formyl-CoA and free CoA both bind at the same site within 

the C-terminal HypX module. Thus, free CoA presumably competitively inhibits formyl-CoA 

conversion, resulting in an overstated KM value. Furthermore, due to the high content of free 

CoA in the formyl-CoA preparation, the true kcat is presumably higher than that determined 

with the “impure” formyl-CoA. Nonetheless, the apparent kcat and KM values determined with 

formyl-CoA are comparable to the corresponding values determined for N10-formyl-THF 

(Table 15). Furthermore, they are in the range of the rates reported for HydG-catalyzed CO 

production by the [FeFe]-hydrogenase maturation machinery (Shepard et al. 2010). 

 

Figure 34. Inhibition of formyl-CoA-dependent CO release by free CoA. Specific HypX activity was measured 

at constant formyl-CoA concentration (0.05 mM formyl-CoA containing 0.1 mM CoA) and varying CoA 

concentrations. CoA was added at concentrations between 0 – 0.5 mM resulting in a total CoA concentration of 

0.1 – 0.6 mM in the assay.  
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from different organism allowed the identification of invariant amino acids (Figure 35A). 

Based on the recently published crystal structure of HypX from A. aeolicus, the authors 

proposed that the conserved residues Tyr416 and Glu426 in the C-terminal module play an 
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proposal is consistent with previous observations that exchanges of the corresponding residues 

in R. eutropha HypX, Tyr439 and Glu449, confer a HypX– phenotype (Bürstel et al. 2016). 

Thus, the amino acid exchanges Y439F, and E449Q were introduced into MBP-HypX to test 

their effect on HypX activity in vitro. Furthermore, an S448A variant was constructed. Besides 

Y439 and E449, S448 is also highly conserved among HypX orthologues (Figure 35A), and 

its exchange revealed the HypX– phenotype (Bürstel et al. 2016).  

 

Figure 35. Sequence alignment and structure of the C-terminal Co-A binding region in HypX. (A) Sequence 

alignment of HypX homologues from the following organisms: Nitratiruptor sp. SB155-2, Sulfurovum sp. 
NBC37-1, Streptomyces avermitilis MA-4680, Aquifex aeolicus VF5, Hydrogenobacter thermophilus TK-6, 

Hydrogenophilus thermoluteolus TH-1, Rhizobium leguminosarum, Magnetospirillum gryphiswaldense MSR-1 

(Magnetospirillum), Magnetospirillum magneticum AMB-1 (Magentos.), Bradyrhizobium diazoefficiens, 

Cupriavidus metallidurans CH34, Stackebrandtia nassauensis DSM 44728, Chromobacterium violaceum, 
Pseudomonas fluorescens Pf-5. The amino acid numbering of each sequence is given after the organism name. 

Conserved amino acids Y439, S448 and E449 (R. eutropha numbering) are marked in yellow. (B) Structure of 

the CoA binding region in A. aeolicus HypX (PDB: 6J0P, (Muraki et al. 2019)), conserved amino acid residues 

E426, S425 and Y416 (E449, S448 and Y439 in R. eutropha numbering) are shown in yellow, CoA is shown with 

green-colored carbon atoms. The figure has been generated using The PyMOL Molecular Graphics System, 

Version 2.3.3 Schrödinger, LLC. 
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The three HypX variants were purified, and their CO-releasing activity was assayed with N10-

formyl-THF and formyl-CoA as the substrates (Figure 36). In case of the E449Q variant of 

MBP-HypX, BSA was added to the activity assay to prevent precipitation. As control 

experiment, the activity of native HypX was tested in the presence of BSA. No significant 

change in activity was observed. The variants Y439F and S448A showed significantly 

diminished activities for both substrates, ranging from 12 % to 28 % of those of native HypX 

(Table 16). Remarkably, the E449Q variant did not show any CO-releasing activity indicating 

that E449 is the key catalytic residue in CO synthesis from formyl-CoA.  

 

Figure 36. SDS-PAGE gel and CO-releasing activity of purified MBP-HypX variants Y439F, S448A and E449Q. 

(A) 3 µg of each MBP-HypX variant were separated on a 12.5 % SDS gel and visualized by Coomassie staining. 

Lane M contains a protein standard with the corresponding molecular masses indicated. The arrow indicates the 

position of MBP-HypX variants with a molecular mass of 110 kDa. (B) Activity was measured with the substrates 

N10-formyl-THF (left) and formyl-CoA (right) and compared to native HypX activity. The E449Q variant was 

inactive. Absolute activities are listed in Table 16. 

 

Table 16. Specific and relative activity of native MBP-HypX and different HypX variants with N10-formyl-THF 

and formyl-CoA as substrate. 

 N10-formyl-THF Formyl-CoA 

 Specific activity 

(mU/mg) 

Relative activity (%) Specific activity 

(mU/mg) 

Relative activity (%) 

Native  0.22 ± 0.01 100 ± 6 0.35 ± 0.14 100 ± 41 

Y439F 0.03 ± 0.01 12 ± 2 0.10 ± 0.02 28 ± 5 

S448A 0.04 ± 0.01 16 ± 2 0.08 ± 0.01 22 ± 2 

E449Q inactive inactive inactive inactive 
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Since the E449Q variant showed no C-terminal HypX activity, it might be used in future studies 

to accumulate formyl-CoA produced in the N-terminal module to additionally verify the 

proposed reaction mechanism. Formyl-CoA should be detectable by IR spectroscopy due to 

specific stretching vibration of the formyl-group. In a first trial, we analyzed the substrate N10-

formyl-THF by IR spectroscopy. In doing so, we recognized that very high concentrations in 

the mM range are required for its detection. We expect that similar concentrations are necessary 

for the detection of formyl-CoA, which, in turn, would require extremly high protein 

concentrations. This makes the IR-based experiment esesntially not feasible.  

 

3.3.6. Thermostable HypX from H. thermoluteolus (HtHypX) 

As mentioned before, only microorganisms synthesizing [NiFe]-hydrogenases under oxic 

conditions possess HypX as additional maturase for the aerobic CO ligand synthesis. Besides 

R. eutropha, the moderate thermophilic β-proteobacterium H. thermoluteolus harbors a hypX 

gene. The investigation of thermostable HypX from H. thermoluteolus (HtHypX) is of special 

interest for protein crystallization attemps. An important factor for protein crystallization is 

protein stability. Since proteins isolated form thermophilic organisms feature enhanced 

stability, they are often better suited for protein crystallization than their mesophilic 

counterparts. A second important factor for protein crystallization is the purity and the 

conformational homogeneity of the protein. With the aim of protein crystallization, HtHypX 

was purified in two different variants, which were characterized biochemically.  

HtHypX was heterologously produced in E. coli Rosetta™(DE3) carrying either plasmid pTS5 

or pTS6. On plasmid pTS5, the HthypX gene is fused to malE, encoding an MBP-HtHypX 

fusion protein analogous to MBP-HypX from R. eutropha. In plasmid pTS6, the malE sequence 

is replaced by a Strep-tag sequence encoding Strep-HtHypX with a Strep-tag fused to the N-

terminal end of HtHypX. Both HtHypX variants yielded soluble protein and were successfully 

purified via affinity chromatography (Figure 37). MBP-HtHypX has a theoretical molecular 

mass of 107 kDa. The SDS gel showed a main band at the corresponding height accompanied 

by few impurities, whereas the preparation of Strep-HtHypX had a higher purity. Only very 

few impurities were visible directly below the main band corresponding to Strep-HtHypX with 

a molecular mass of 67 kDa. 
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Figure 37. SDS-PAGE gel of purified MBP-HtHypX and Strep-HtHypX. MBP-HtHypX and Strep-HtHypX 

separated on a 12.5 % gel, visualized with Coomassie brilliant blue. Lane A contains 5 µg purified MBP-HtHypX 

with a theoretical molecular mass of 107 kDa, lane B contains 3 µg purified Strep-HtHypX with a theoretical 

molecular mass of 67 kDa, lane M contains a protein standard with the corresponding molecular masses indicated.  

 

The CO-releasing activities of each HtHypX variant were measured at 30 and 50 °C with N10-

formyl-THF as substrate and in the presence of CoA. Because the molecular masses of the two 

HtHypX variants differ considerably and the activity in mU/mg would hence not be 

comparable, the apparent kcat (kcat
app) was calculated to allow proper comparison of the 

respective CO-releasing activities. The average specific activities and the corresponding kcat
app 

are listed in Table 17.  

 

Table 17. Specific activity and kcat
app of MBP-HtHypX and Strep-HtHypX.  Activities were measured at 30 and 

50 °C with 0.5 mM N10-formyl-THF as substrate in the presence of 50 µM CoA. The kcat
app was calculated from 

the average specific activity. 

 MBP-HtHypX Strep-HtHypX  

Temperature Specific activity 

(mU/mg) 

kcat
app (h-1) Specific activity 

(mU/mg) 

kcat
app (h-1) kcat (h-1) 

30 °C 0.20 1.29 0.36 ± 0.06 1.45 ± 0.24  

50 °C 5.98 38.6 5.84 ± 0.34 23.52 ± 1.37 38.34 ± 0.88 

 

The kcat
app values for CO release of MBP-HtHypX and Strep-HtHypX were very similar to each 

other at both assay temperatures of 30 °C and 50 °C, indicating that the large MBP-tag 

(44 kDa) has no negative effect on the activity. This is in line with the results of the in vivo 

growth data with an R. eutropha ΔhypX strain, where the expression of R. eutropha hypX fused 

to malE, encoding MBP-HypX, restored a wild type-like phenotype (see chapter 3.3.1). 

Furthermore, the kcat
app values determined for MBP-HtHypX and Strep-HtHypX at 30 °C are 
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in the same range as the kcat for N10-formyl-THF determined for R. eutropha MBP-HypX 

((1.85 ± 0.12) h-1), see chapter 3.3.2). The kcat
app calculated from the average activity of R. 

eutropha MBP-HypX with 0.5 mM formyl-THF ((1.34  ± 0.07) h-1) is slightly lower than the 

actual kcat determined from vmax and is similar to the kcat
app of the thermostable HypX variants. 

For Strep-HtHypX, the kcat for N10-formyl-THF conversion at 50 °C was also deduced from 

non-linear regression. CO was formed with a maximum rate of (38.34 ± 0.88) h-1, which is 

about 60 % higher than the determined kcat
app (see Table 17). The corresponding KM value for 

N10-formyl-THF is (252 ± 17) µM (Figure 38), which is slightly higher that the corresponding 

KM of (185 ± 35) µM determined for R. eutropha MBP-HypX at 30 °C. The higher KM value 

of Strep-HtHypX might be due to the temperature difference at which the two KM values were 

determined, since the KM value increases at higher temperatures.  

 

Figure 38. Determination of the Strep-HtHypX KM value for N10-formyl-THF. Strep-HtHypX-dependent CO 

production was measured with 0.025 – 0.75 mM N10-formyl-THF at 50 °C. The Michaelis constant and the vmax 

value were determined by non-linear regression. One biological replicate with two technical replicates each were 

measured except for measurements with 0.025 and 0.375 mM N10-formyl-THF where only one technical replicate 

was measured. Values of the two replicates are shown with symbols + and x. 

 

Classically, fusion tags used for purification are removed by a specific endopeptidase prior to 

protein crystallization (Holcomb et al. 2017). MBP-HtHypX contains a recognition site for the 

endopeptidase Factor Xa in the linker region between the MBP-tag and HtHypX. It enables the 

specific cleavage of MBP and its subsequent removal in an additional purification step. 

Approximately 100 µg MBP-HtHypX were incubated at room temperature with 1 µg Factor 
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Xa. Samples were taken at different time points and analyzed by SDS-PAGE for cleavage into 

MBP and HtHypX (Figure 39 A). No significant cleavage was observed even after more than 

72 h of incubation. The resistance of some proteins to factor Xa is likely due to steric 

inaccessibility of the recognition site. In such cases, it is recommended to add 0.005 – 0.05 % 

(w/v) SDS to the reaction mix to relax the protein structure and make the cleavage site 

accessible for Factor Xa. SDS was added to the reaction mix in concentrations of 0.005, 0.025 

and 0.05 % (w/v) and samples were analyzed by SDS-PAGE after 2, 4, and 6 h and after 

incubation overnight (Figure 39 B). None of the conditions resulted in a sufficient cleavage of 

the MBP-tag. MBP-HtHypX was either cleaved unspecifically resulting in the appearance of 

many smaller bands on the SDS gel or it was not cleaved at all. 

Since Strep-fusion proteins are more commonly used for protein crystallization than MBP-

fusions, the subsequent characterization of HtHypX was only performed with the Strep-tagged 

version. 
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Figure 39. Purified MBP-HtHypX incubated with factor Xa. (A) Approximately 100 µg MBP-HtHypX protein 

were incubated at room temperature with 1 µg Factor Xa. Samples of 5 µl were taken every hour in the first six 

hours and after > 72 h and separated on a 12.5 % SDS gel and stained with Coomassie brilliant blue. The 

incubation time of each sample is indicated on top of each lane. (B) Modified Factor Xa digest of MBP-HtHypX 

with various SDS concentrations in the reaction mix in the range between 0.005 – 0.05 %. Samples of 5 µl of each 

digest were taken after 2, 4 and 6 h and overnight incubation and separated on a 12.5 % SDS gel, which was 

stained with Coomassie brilliant blue. The incubation time is indicated below the gels, SDS concentrations are 

indicated on top of each lane. As control MBP-HtHypX was incubated without factor Xa (lane –factor Xa). The 

arrows indicate the band corresponding to MBP-HtHypx, the lines indicate the height at which HtHypX and MBP 

are expected. Lane M contains a protein standard with the corresponding molecular masses indicated. 

 

To test the CoA dependence of Strep-HtHypX, its CO-releasing activity was measured in an 

assay with or without CoA (Figure 40, Table 18). The activity in the presence of CoA was set 
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as maximum activity of 100 %. In the absence of CoA, Strep-HtHypX showed diminished CO 

production with a rate of 45 %. To test whether the activity in the absence of CoA is due to 

CoA that was co-purified with HypX, as it was the case with R. eutropha HypX (see chapter 

3.3.3), the CoA content in as-purified Strep-HtHypX was determined. CoA quantification was 

performed using Ellman’s reagent (see Materials and Methods chapter 2.23) and revealed a 

CoA content of approximately 50 %, which correlates with the lower activity in the absence of 

CoA. In contrast to R. eutropha HypX, which is quickly inactivated in the absence of CoA, 

Strep-HtHypX stayed active and showed linear HbCO formation even in the absence of 

supplemental CoA. Thus, Strep-HtHypX seems to be more stable than R. eutropha HypX under 

these conditions.  

 

Figure 40. Strep-HtHypX-dependent CO formation. Single-wavelength kinetics at 419 nm of Strep-HtHypX 

showing CO formation over time at 30 °C. HypX-dependent CO production from N10- formyl-THF as substrate 

was measured with 50 µM CoA (black line) and without additional CoA (red line) in the assay.  

 

Table 18. Specific and relative activities of Strep-HtHypX. The Strep-HtHypX-dependent conversion of N10-

formyl-THF to CO was measured at 30 °C with 50 µM CoA (+CoA) or without CoA (– CoA) supplemented in 

the activity assay. 

 Specific activity (mU/mg) Relative activity (%) 

+ CoA 0.42 100 

– CoA 0.19 45 
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Since H. thermoluteolus is a moderate thermophile with an optimal growth temperature of 

52 °C (Goto et al. 1978), the temperature dependence of Strep-HtHypX was tested by 

measuring the CO release activity in the range of 30 – 65 °C (Figure 41). With N10-formyl-

THF as the substrate and in the presence of supplemental CoA, the highest activity was 

measured at 60 °C. It must be noted that the bovine hemoglobin used for CO detection starts 

to denature at 67 °C (Bull and Breese 1973) and is therefore suboptimal for measurements at 

high temperatures. Thus, the temperature optimum of HtHypX activity might be even higher 

than 60 °C as the temperature optimum for the thermostable SH from the same organism was 

at 80 °C (Preissler et al. 2018b).   

 

Figure 41. Temperature dependence of the CO-releasing activity of Strep-HtHypX.  The activites were measured 

with N10-formyl-THF as substrate and in the presence of 50 µM CoA.  

 

Besides protein stability, purity of the protein and conformational homogeneity are important 

factors affecting protein crystallization. For this reason, Strep-HtHypX was first isolated by 

Strep-Tactin affinity chromatography and further purified by size-exclusion chromatography 

(Figure 42 A). Size-exclusion chromatography was performed in CoA-containing buffer to 

obtain Strep-HtHypX in a homogeneous CoA-bound conformation, which might also enhance 

protein stability. Elution of the protein was followed at 280 nm in addition to 260 nm at which 

CoA has an absorbance maximum (note that also protein and DNA absorb at this wavelength). 

The chromatogram showed four absorbance maxima (Peaks 1 – 4, Figure 42, A). According 

to SDS-PAGE analysis, peaks 1 and 4 contained either no or little HtHypX and consequently 

showed no or only very low CO-releasing activity (Figure 42, D). However, peaks 2 and 3 

both contained HypX protein, of which peak 3 showed the highest CO-releasing activity that 
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was slightly higher (6.32 ± 0.12 mU/mg) than the initial activity after affinity chromatography 

(5.75 ± 0.36 mU/mg). By comparison with a calibration line, peak 2 and 3 could be identified 

as possible dimer and monomer of HtHypX, respectively (Figure 42, C). Dimeric Strep-

HtHypX has a theoretical molecular mass of 134 kDa. It elutes at 13.6 ml which, based on the 

calibration line, corresponds to a molecular mass of about 98 kDa. The monomeric form elutes 

after 15.4 ml, which corresponds to a molecular mass of 43 kDa. The theoretical molecular 

mass of monomeric Strep-HtHypX is 67 kDa (including the Strep-tag). Differences between 

the theoretical molecular mass and the experimentally determined mass calculated on basis of 

the elution volume might be explained by a non-globular shape of the protein, which is known 

to affect the elution properties of proteins. To test whether the monomeric, most active form of 

HtHypX represents a stable oligomerization state, elution fractions corresponding to peak 3 

were pooled and concentrated and rerun under identical conditions. Indeed, the chromatogram 

showed one main peak of monomeric HtHypX and almost no HtHypX dimer (Figure 42, B). 

Thus, size-exclusion chromatography provided homogeneous monomeric protein but, the 

purity could not be increased since the difference in size between the monomeric HypX protein 

and the contamination is too small to be separated by size-exclusion chromatography. The SDS 

gel still showed impurities right below the main band of Strep-HtHypX (Figure 42 D).  
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Figure 42. Size-exclusion chromatography (SEC) of Strep-HtHypX. SEC was performed in 20 mM Tris-HCl pH 

7.4 at 4 °C, 150 mM NaCl and 0.05 mM CoA. Elution of the protein was monitored at 280 nm (blue) and 260 nm 

(pink). (A) SEC chromatogram of Strep-HtHypx after purification via affinity chromatography, (B) rerun of peak 

3 containing monomeric Strep-HtHypX. (C) Calibration line of six standard proteins with molecular masses 

between 29 – 670 kDa. Peak 2 and 3 are plotted with the expected sizes of a dimer (■, 134 kDa) and a monomer 

(■, 67 kDa) against the corresponding elution volume of peak 2 and 3 (D) SDS-PAGE of Strep-HtHypX after 

size-exclusion chromatography. Line 1 – 4 correspond to peak 1 – 4. 3 µg of each sample were separated on a 

12.5 % SDS gel and stained with Coomassie brilliant blue. Lane M contains a protein standard with the 

corresponding molecular masses indicated. Specific activities measured at 50 °C with N10-formyl-THF as the 

substrate in the presence of CoA and at 50 °C are indicated below each lane. 

 

To test whether the impurities running right below the main band of Strep-HtHypX correspond 

to proteolytically degraded Strep-HtHypX, Western blot analysis was performed with 

antibodies raised against the Strep-tag (Figure 43). Two bands appeared, demonstrating that 

the impurities indeed originated from the degradation of Strep-HtHypX. Since the antibodies 

can still bind to the N-terminally fused Strep-tag, degradation of the protein must occur at its 

C-terminus. To inhibit proteolytic degradation, the amount of protease inhibitor cocktail that 

was added to the resuspension buffer during the purification was doubled and the protein was 
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purified via affinity chromatography and subsequent size-exclusion chromatography. Fractions 

including peak 3 were pooled, concentrated and checked for purity by SDS-PAGE (Figure 43, 

lane 3). Protein purified in this way had a higher purity and was used for crystallization trials, 

although proteolytic cleavage could not be prevented completely. 

 

Figure 43. SDS-PAGE gel and immunological detection of purified Strep-HtHypX. Protein was purified via 

affinity chromatography and subsequent size-exclusion chromatography. 3 µg of protein were separated on a 

12.5 % SDS gel and either stained with Coomassie brilliant blue (lane 1) or used for Western blotting with an 

anti-Strep antibody (lane 2). Lane 3 contains 3 µg purified Strep-HtHypX used for crystallization trials separated 

on a 12.5 % SDS-Gel. Lane M contains a protein standard with the corresponding molecular masses  

 

Crystallization screenings were performed in collaboration with Berta Martins from the group 

of Holger Dobbek at HU Berlin at 10 and 18 °C using freshly purified protein in concentrations 

between 8 and 18 mg/ml. More than 700 different conditions were tested (see Materials and 

Methods chapter 2.27), however, none of them resulted in crystal growth.  
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4. Discussion 

4.1. HtSH – a thermostable NAD+-reducing [NiFe]-hydrogenase 

4.1.1. The CO stretching vibration at 1993 cm–1 corresponds to an 

active site structure with the Glu32 carboxyl group coordinating 

the Ni 

Recently, a thermostable, O2-tolerant NAD+-reducing soluble hydrogenase from the 

thermophilic organism H. thermoluteolus (HtSH) has been for the first time biochemically and 

spectroscopically characterized (Preissler et al. 2018b). The IR spectroscopic analysis of HtSH 

in the oxidized state revealed a CO band with a very high stretching frequency at 1993 cm–1. 

Such a high CO stretching frequency has so far been unprecedented in [NiFe]-hydrogenases. 

Almost at the same time, the first crystal structure of HtSH was published (Shomura et al. 

2017). In the reduced state, the active site shows the standard configuration with Ni being 

coordinated by two terminal cysteines and two bridging cysteines. In the air-oxidized state, 

however, the active site of the HtSH large subunit HoxH shows an unusual coordination. The 

Ni is coordinated by three bridging cysteines and the carboxyl group of Glu32 binds to Ni as 

bidentate ligand, resulting in a six-fold coordination of the Ni.  

The observations of the unusual high CO stretching frequency in the IR spectrum and the 

unprecedented coordination of the active site in the crystal structure raised the question if they 

can be related to each other. Our results suggest that the 1993 cm–1 species indeed most likely 

corresponds to the active site configuration with Glu32 coordinating Ni. Furthermore, our 

results indicate that the bond formation between Glu-Ni is reversible and initiated upon O2 

exposure.  

Three HtSH variants, each of them carrying another amino acid exchange for Glu32 in HoxH, 

were investigated by IR spectroscopy with regard to the occurrence of the 1993 cm–1 species. 

Since this species is only formed in the oxidized state, all spectra discussed in the following 

were recorded in the as-isolated, aerobic and NAD+-oxidized state. The substitution of the 

Glu32 carboxyl side chain by a methyl or amide side chain of alanine (variant E32A) or 

glutamine (variant E32Q), respectively, resulted in an IR spectrum lacking the 1993 cm–1 CO 

band (Figure 13). The spectra of both variants were comparable among each other but differed 

markedly from the spectrum of native HtSH. An assignment of the observed bands based on 

the comparison to native HtSH is rather difficult, since it is possible that the exchange of Glu32 
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resulted in a significantly modified active site structure. However, the variant E32D, which 

also has a carboxyl group side chain, revealed a different spectrum compared to the variants 

E32A and E32Q. In fact, the spectral pattern of the E32D variant was similar to that of native 

HtSH including a high frequency CO band at 1998 cm–1. The band positions are only slightly 

shifted with regard to native HtSH, probably caused by the shorter side chain of Asp compared 

to Glu. These results suggest that the active sites in native HtSH and the E32D variant are very 

similar to each other. The presence of a carboxyl group of either glutamate (native HtSH) or 

aspartate (variant E32D) resulted in a high frequency CO stretching vibration around 1993 cm–

1, suggesting that the CO stretching frequency at 1993 cm–1 observed in native HtSH indeed 

corresponds to the Glu-Ni coordination.  

In the Desulfovibrio fructosovorans hydrogenase, by contrast, the exchange of Glu with Gln 

resulted in an IR spectrum that was very similar to that of native enzyme, whereas the spectrum 

of a Glu-to-Asp variant was substantially changed (Dementin et al. 2004). A similar 

observation has been made for Pyrococcus furiosus SH where the exchange of Glu to Gln had 

no effect on the spectroscopic properties of the enzyme (recorded only in the reduced state) 

(Greene et al. 2016). These results are the exact opposite of what we observed for HtSH, 

highlighting the unique role of Glu32 in HtSH.  

 

4.1.2. The Ni-Glu configuration might represent a novel O2 protection 

mechanism 

What is the functional role of Glu32 in HtSH? Glu32 is strictly conserved in [NiFe]-

hydrogenases and located nearby one of the terminal cysteines (Cys462) coordinating the 

active site Ni. It is supposed to be involved in the H+ transport between active site and the 

protein surface. During catalysis, the terminal cysteine accepts a proton, which, in a subsequent 

step, is proposed to be transferred to the conserved glutamate residue. Evidence for its function 

in H+ transfer was obtained from mutational, kinetic and spectroscopic studies (Greene et al. 

2016; Dementin et al. 2004). The exchange of the corresponding glutamate residue in several 

[NiFe]-hydrogenases resulted in a diminished or completely abolished catalytic activity 

(Greene et al. 2016; Dementin et al. 2004; Gebler et al. 2007). The Glu-to-Gln variants of D. 

fructosovorans and P. furiosus hydrogenase, for example, showed a residual H2 oxidation 

activity of less than 0.1 % and 19 % compared to native enzyme activity, respectively (Greene 

et al. 2016; Dementin et al. 2004). Similar effects were observed in the present study for the 
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HtSH variants E32Q, E32A and E32D, which showed residual H2 oxidation activities of 

0.4 to 10 % compared to native HtSH activity pointing out the role of Glu32 as H+ acceptor. 

The residual activity of the variants also indicates the presence of a second H+ transfer pathway 

since the activity was not completely abolished. Besides the Cys-Glu pathway, a second H+ 

transfer pathway has been proposed, which involves a conserved arginine in the canopy region 

of the active site (Evans et al. 2016; Evans et al. 2018; Szőri-Dorogházi et al. 2012).  

A second function of Glu32 in HtSH was proposed by Shomura and co-workers. The authors 

suggest that the Glu-mediated coordination of Ni observed in the aerobically oxidized crystals 

is a protection mechanism against oxidative damage by preventing O2 from binding to the 

active site (Shomura et al. 2017). Since the 1993 cm–1 band is reversible and disappeared upon 

incubation with TCEP, NADH and H2, it is probably not related to (permanent) oxidative 

damage (Preissler et al. 2018b). The aerobic oxidation of reduced HtSH indicates that the 

1993 cm–1 band, and hence the Glu-Ni configuration of the active site, is induced upon O2 

exposure, whereas anaerobic oxidation of HtSH with [Fe(CN)6]
4– did not lead to the formation 

of the 1993 cm–1 species (personal communication Catharina Kulka, Charlotte Wiemann). In 

sum, these observations support the assumption of Shomura et al. that the reversible Ni-Glu 

coordination represents a novel protection mechanism against irreversibly oxidative 

inactivation (Figure 44). The 1993 cm–1 species might be produced form the Nir-SI or Nir-B-

like states in response to O2. The six-fold coordination of Ni might thereby prevent binding of 

O2 to the active site. This O2 protection mechanism differs from the strategies of certain O2-

tolerant energy-conserving [NiFe]-hydrogenases that are not based on the prevention of O2 to 

bind the active site but on its detoxification. R. eutropha MBH and closely related enzymes, 

for example, possess a novel [3Fe-4S] cluster, which enables O2 detoxification by suppling 

additional e– to the active site (Goris et al. 2011; Fritsch et al. 2011). The O2 detoxification 

mechanism of R. eutropha SH is proposed to involve the formation of sulfoxygenated active 

site species (Horch et al. 2015b). A similar mechanism to that of HtSH has been described for 

a [NiFeSe]-hydrogenase from Desulfovibrio vulgaris Hildenborough where the NiFeSe active 

site adopts a Ni-SeCys conformation hindering O2 to bind to the active site (Marques et al. 

2010; Marques et al. 2013) and for [FeFe]-hydrogenases from Desulfovibrio desulfuricans 

where the open coordination site is blocked by a sulfide bound to the distal Fe in the FeFe 

active site (Rodríguez-Maciá et al. 2020).  
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Figure 44. Proposed protection mechanism against irreversible oxidative inactivation of HtSH. Oxidation of 

HtSH leads to the formation of the Nir-SI state, the Nir-B-like state and the 1993 cm–1 species. The 1993 cm–1 

species is induced upon O2 exposure and might be formed by conversion of the Nir-SI state into the 1993 cm–1 

species. Interconversion between the 1993 cm–1 species and the Nir-B-like state might also be possible.  
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4.2. Synthesis of the Fe(CN)2(CO) moiety 

The second part of this thesis focuses on the maturation of [NiFe]-hydrogenases, especially the 

synthesis of the Fe(CN)2(CO) moiety. While the fundamental steps of the maturation and the 

assembly of the Fe(CN)2(CO) moiety have been identified, a detailed understanding about 

some of the key processes still remains elusive. This includes the mechanism of the CN– ligand 

transfer from HypE to HypCD, the order of ligand attachment and the transfer of the 

Fe(CN)2(CO) moiety from HypCD to the apo-large subunit. Additionally, it has recently been 

shown that HypCD possess an ATPase activity with a yet unknown function (Nutschan et al. 

2019).  

Only limited information is available about the CO ligand synthesis. At least two pathways are 

proposed of which one is functional under anaerobic or microaerobic conditions and the other 

one is functional under aerobic conditions (Bürstel et al. 2011). Aerobic CO ligand synthesis 

requires an additional Hyp protein, namely HypX. Evidence for HypX-mediated CO ligand 

synthesis from N10-formyl-THF as substrate was obtained by in vivo hydrogenase maturation 

and 13C-labeleing experiments (Bürstel et al. 2016). However, so far, no in vitro evidence for 

CO synthesis catalyzed by HypX has been shown. 

Here we present preliminary work that forms the basis for following experiments in order to 

provide a better understanding of the HypCD-dependent maturation processes. Therefore, apo- 

and holo-HypCD were biochemically and spectroscopically investigated. Assays for the 

enzymatic and chemical assembly of the Fe(CN)2(CO) moiety on the basis of apo-HypCD were 

designed. Apo-HypCD was reconstituted with a synthetic Fe(CN)2(CO) moiety mimic, 

yielding artificially matured holo-HypCD. 

Furthermore, we present in vitro evidence for HypX-mediated CO synthesis from N10-formyl-

THF as substrate with formyl-CoA as intermediate. Exchanges of conserved amino acid 

residues within the active site revealed a glutamate to be essential for catalysis. Bases on our 

results, the recently published crystal structure (Muraki et al. 2019) and sequence similarities 

of the two HypX modules to N10-formyltetrahydrofolate (N10-formyl-THF) transferases and 

enoyl-CoA hydratases/isomerases of the crotonase superfamily (Rey et al. 1996), we propose 

a two-step reaction mechanism.  
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4.2.1. HypCD - the scaffold for Fe(CN)2(CO) moiety synthesis 

The purification of E. coli apo- and holo-HypCD was performed as described previously 

(Blokesch et al. 2004b). IR spectroscopic analysis confirmed the absence of the Fe(CN)2(CO) 

moiety in apo-HypCD and its presence in holo-HypCD. The IR spectrum of holo-HypCD 

showed two CN bands and two CO bands at similar positions as reported earlier (Bürstel et al. 

2012; Soboh et al. 2012). UV-Vis spectroscopy revealed a broad maximum around 410 nm 

corresponding to the [4Fe-4S] cluster in HypD, which is consistent with previous observations 

(Soboh et al. 2012). For the first time, the [4Fe-4S] cluster was investigated by resonance 

Raman (RR) spectroscopy. By comparison of the RR spectra of holo- and apo-HypCD – the 

latter of which lacks the precursor Fe, as determined by ICP-OES – the observed Fe-S modes 

could be assigned to the [4Fe-4S] cluster. As already reported earlier (Roseboom et al. 2005), 

the [4Fe-4S] cluster was not fully reducible by an excess of NaDT (E°´ – 660 mV) although its 

redox potential was determined with E°´ – 260 mV (Adamson et al. 2017a). Signals attributable 

to the Fe(CN)2(CO) moiety were, however, were not observed. Measurements at different 

excitation wavelengths might reveal features of the Fe(CN)2(CO) moiety.  

 

4.2.1.1. Chemical maturation of apo-HypCD as a tool to 

investigate the Fe(CN)2(CO) moiety 

ICP-OES analysis of holo- and apo-HypCD revealed that as-purified apo-HypCD contains one 

Fe/protein less compared to holo-HypCD. Thus, apo-HypCD lacks presumably the precursor 

Fe. In order to obtain apo-HypCD carrying the precursor Fe, we reconstituted apo-HypCD with 

Fe. The successful reconstitution was verified by ICP-OES. Since the Fe content of holo-

HypCD was not increasing after Fe-reconstitution, we concluded that the additional Fe in apo-

HypCD after Fe-reconstitution is indeed the precursor Fe. 

The in vitro reconstitution of apo-HypCD with the precursor Fe, enables for the first time the 

spectroscopic investigation of the precursor Fe. Until now, there is no direct spectroscopic or 

structural evidence for the presence of the precursor Fe in HypCD. Isothermal titration 

calorimetry (ITC) analysis revealed only substoichiometric Fe binding to HypCD, but not 

HypD and HypC alone (Watanabe et al. 2012a). To investigate the coordination of the 

precursor Fe to HypCD, Resonance Raman spectroscopy could be used. Reconstitution with 

57Fe would enable the characterization via Mössbauer or nuclear resonance vibrational (NRV) 
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spectroscopy without disturbance by the [456Fe4S] cluster. Mössbauer Spectroscopy could be 

used to investigate the properties of the Fe species which might reveal valuable information 

about the chemistry of ligand attachment. Chemical modeling of the transfer of the CN moiety 

from a thiocyanate to an Fe revealed two possible mechanisms in which either a nucleophilic 

CN is transferred to an electrophilic Fe or an electrophilic CN is transferred to a nucleophilic 

Fe (Reissmann et al. 2003). Similar to resonance Raman spectroscopy, NRV spectroscopy 

could provide information about the coordination of the precursor Fe. These techniques do not 

only allow for the investigation of the precursor Fe but also of the Fe(CN)2(CO) moiety which, 

so far, has only been investigated by IR spectroscopy.  

To study the individual steps of Fe(CN)2(CO) moiety synthesis, we aimed to develop an in 

vitro assembly assay using Fe-reconstituted apo-HypCD as scaffold. Two assembly assays 

were designed using either KCN and CO gas as ligand sources or HypE, HypF and HypX for 

enzymatic ligand synthesis. Ligand attachment was monitored by IR spectroscopy. 

Until now, the enzymatic in vitro assembly assay was not tested but all required enzymes were 

successfully purified and checked for their functionality in vitro. Since E. coli does not possess 

HypX, R. eutropha HypX will be used. It has previously been shown that HypCD forms a 

complex with HypX (Muraki et al. 2019). To exclude compatibility problems, between E. coli 

HypCD and R. eutropha HypX, complex formation of the three proteins could be tested in 

advance. In the chemical assembly assay, KCN and CO gas were used as ligands. Fe-CN 

binding was observed, but the results are not yet conclusive. Incubation with CO gas did not 

lead to any observable CO binding to Fe-reconstituted apo-HypCD.   

Successful in vitro assembly of the Fe(CN)2(CO) moiety would allow for the detailed 

investigation of the ligand transfer to HypCD. By incubation of Fe-reconstituted apo-HypCD 

separately with HypEF or HypX, the order of ligand attachment could be unraveled. Strong 

indication that CN– ligation proceeds binding of CO derived from experiments with HypCD 

matured in vivo. Deletion of the CN– synthesis pathway resulted in apo-HypCD without CN– 

or CO ligands, although the CO pathway was not affected (Bürstel et al. 2012). The assumption 

that CO precedes CN– ligation is based on IR spectroscopic analysis of holo-HypCD displaying 

all “typical” CO and CN bands. From an additional CO band at 1927 cm–1, which was not 

accompanied with additional cyanide bands, the authors inferred that there was a portion of 

HypCD complex just equipped with CO. They interpreted this with CO being first attached to 

the complex (Stripp et al. 2014). It is important to mention, however, that until now, there is 
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no spectroscopic evidence for a “premature” HypCD complex carrying just CN or just CO. 

This observation and the fact that purified apo-HypCD lacks the precursor iron raises the 

question if the Fe(CN)2(CO) moiety is assembled at all on HypCD. Alternatively, HypCD 

could receive the fully assembled Fe(CN)2(CO) moiety and only serves as temporary carrier 

which delivers the Fe(CN)2(CO) moiety to the hydrogenase apo-large subunit. 

In the third assay, we used a synthetic Fe(CN)2(CO) moiety mimic for the reconstitution of 

apo-HypCD. The successful loading of the cofactor mimic on HypCD was verified by IR 

spectroscopy. To further investigate if this chemically matured HypCD is functional active, it 

would be interesting to test the transfer of the synthetic Fe(CN)2(CO) moiety from HypCD to 

the hydrogenase apo-large subunit.  

 

4.2.1.2. Transfer of the Fe(CN)2(CO) moiety 

The detailed mechanism of the Fe(CN)2(CO) moiety transfer from holo-HypCD to the 

hydrogenase apo-large subunit remains still elusive. So far, the in vitro transfer of the 

Fe(CN)2(CO) moiety to the large subunit was only performed in an assay containing all Hyp 

proteins in one reaction mix (Senger et al. 2017). A detailed investigation of the transfer 

reaction was not possible in this assay. Since it has been shown that HypC and HypC 

homologues form a complex with the apo-large subunit, they are supposed to be involved in 

the Fe(CN)2(CO) moiety transfer (Drapal and Böck 1998; Magalon and Böck 2000; Blokesch 

and Böck 2002; Blokesch et al. 2001b). 

Here, we tested the Fe(CN)2(CO) moiety transfer from holo-HypCD to the large subunit of R. 

eutropha MBH, HoxG. Apo-HoxG was chosen as recipient because its purification in the apo-

form without NiFe(CN)2(CO) unit was already established in our group (Hartmann et al. 2018). 

So far, the transfer was not successful. Since it cannot be excluded that the transfer failed due 

to compatibility problems between E. coli HypCD and R. eutropha HoxG, a homologous 

transfer from E. coli HypCD to an E. coli apo-large subunit might be a more promising 

approach. Furthermore, the MBH maturation machinery includes two additional maturases, 

HoxL and HoxV, which are supposed to be involved in the transfer of the Fe(CN)2(CO) moiety 

to HoxG (Ludwig et al. 2009).  
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4.2.1.3. The recently discovered ATPase activity is independent of 

the Fe(CN)2(CO) moiety and seems to depend on reducing 

purification conditions 

Recently, an ATPase activity of the HypCD complex was discovered and to lesser extent also 

of the individual proteins HypD and HypC as well as the HypC paralogue, HybG, (Nutschan 

et al. 2019). We observed that the ATPase activity was independent of the Fe(CN)2(CO) 

moiety, since apo- and holo-HypCD had the same activity. This is consistent with the results 

of Nutschan et al. where the ATPase activity of HypCD overproduced in wild-type E. coli 

strain was the same as that of HypCD purified from an E. coli ∆hypB-E mutant. (Nutschan et 

al. 2019). These results suggest that the ATPase activity is rather not required for the transfer 

of the Fe(CN)2(CO) moiety. Furthermore, the disassembly of the HypCD complex into its 

individual constituents, HypC and HypD, has never been observed (Nutschan et al. 2019).  

Nutschan et al. propose that the ATPase activity is involved in anaerobic CO ligand synthesis 

by reduction of CO2. ATP hydrolysis would provide the energy to reduce CO2, since the redox 

potential of FeS cluster is far too positive for CO2 reduction. However, the addition of CO2 

seems to have no effect on the ATPase activity (Nutschan et al. 2019). 

It is also possible that ATP hydrolysis is involved in the cyanation/carbonylation of HypCD or 

complex formation of HypCD with, e.g., HypE. Transfer of the CN– group from HypE to 

HypCD has first been demonstrated via in vitro 14C-labeling experiments (Blokesch et al. 

2004b). Interestingly, the transfer was only possible when HypCD was purified under reducing 

conditions in the presence of DTT (Blokesch et al. 2004b; Blokesch and Böck 2006). These 

were the same conditions at which the ATPase activity of HypCD was highest. To investigate 

whether the ATPase activity is required for the CN– ligand transfer, the transfer could be tested 

in vitro with purified HypCD, and HypE-CN in the absence or presence of ATP.  

 

4.2.2. HypX catalyzes the aerobic CO ligand synthesis 

Here we present in vitro evidence that HypX produces CO from N10-formyl-THF as the 

substrate. Formyl-CoA is formed as an intermediate. Based on our results, the HypX crystal 

structure (Muraki et al. 2019), and the similarities of the two HypX modules to N10-formyl-

THF transferases and enoyl-CoA hydratases/isomerases of the crotonase superfamily, we 

propose a two-step reaction mechanism.  
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The first step implies a transfer reaction analogous to that occurring in the N-terminal domain 

of N10-formyl-THF dehydrogenases (FDH) (Lin et al. 2015; Chumanevich et al. 2004). Full-

length FDH converts N10-formyl-THF into THF and CO2 in the presence of 4’-

phosphopantetheine (4’-PP). The CoA precursor 4’-PP is proposed to shuttle the formyl group 

of N10-formyl-THF between the two catalytic domains of FDH (Donato et al. 2007; Chang et 

al. 2010; Krupenko 2009). The isolated N-terminal FDH domain requires β-mercaptoethanol 

for activity and catalyzes the conversion of N10-formyl-THF into THF and formate (Schirch et 

al. 1994). Based on the crystal structures of the N-terminal domain of zebrafish FDH in 

complex with the substrate analogue 10-formyl-5,8-dideazafolate as well as with the reaction 

products THF and formate, a catalytic mechanism has been proposed where the formyl group 

of N10-formyl-THF is temporarily transferred to the thiol group of β-mercaptoethanol. This 

transfer process involves conserved His and Asp residues (Lin et al. 2015), which are also 

present in the N-terminal HypX module (His74 and Asp109), and were found to be functionally 

important (Bürstel et al. 2016; Buhrke 2002; Muraki et al. 2019).  

We propose a catalytic mechanism for HypX (Figure 45) where His74 positions the formyl 

group of N10-formyl-THF by establishing a hydrogen bond between Nδ of His74 and the formyl 

group oxygen, while Asp109 activates CoA for nucleophilic attack on the carbonyl C atom of 

the formyl group. This results in the formation of formyl-CoA and the concomitant release of 

THF (Figure 45, top). 
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Figure 45. Proposed two-step reaction mechanism catalyzed by HypX. The N-terminal module catalyzes the 

transfer of the formyl group of N10-formyl-THF to CoA, forming formyl-CoA. His74 positions the formyl group 

of N10-formyl-THF by hydrogen bonding. Asp109 activates CoA for nucleophilic attack on the carbonyl C of the 

formyl group, resulting in the formation of formyl-CoA. Formyl-CoA is converted within the C-terminal module 

to CoA and CO. The backbone amides of the conserved residues Ile363 and Gly416 polarize the formyl group of 

formyl-CoA, enabling proton abstraction by Glu449 and leading to the formation of CO and CoAS−. Protonated 

Glu449 then reprotonates CoAS−, regenerating CoA. 

 

In full-length FDH, the formylated 4’-PP moiety is supposed to swing between the two catalytic 

centers, thereby transferring the formyl group to the C-terminal dehydrogenase domain 

(Krupenko 2009). A similar flexibility has been observed for the pantetheine moiety of CoA 

(without formyl group), which was co-crystallized with A. aeolicus HypX (Muraki et al. 2019). 

Consequently, we propoose a role for CoA in transferring the formyl group from the N-terminal 

module to the C-terminal module of HypX, where the second reaction step is taking place. 

There, formyl-CoA is converted into CO and free CoA.  

The C-terminal module of HypX shares similarity with enzymes of the crotonase superfamily, 

which catalyze a wide range of reactions, but share common mechanistic features (Hamed et 

al. 2008). Two conserved backbone amides of the active site form an oxyanion hole, which 

polarizes the substrate carbonyl group of the CoA thioester. The corresponding oxyanion hole 

in HypX consists of the backbone amides of the residues Ile363 and Gly416 (Figure 45 bottom) 

(Bürstel et al. 2016). It presumably positions and polarizes the formyl-CoA-derived formyl 

group via hydrogen bonding. The polarization increases the acidity of the formyl group 

hydrogen. Many reactions of crotonase family members involve acid/base catalysis, which is 

usually facilitated by aspartate or glutamate residues located in the vicinity of the oxyanion 
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hole (Hamed et al. 2008). Indeed, HypX possesses a conserved glutamate, Glu449, which, in 

its deprotonated form, would enable abstraction of the polarized formyl group hydrogen 

resulting in the formation of CO and CoA. This is supported by the crystal structure of A. 

aeolicus HypX, where the corresponding Glu426 is located close to the thiol group of CoA 

(Muraki et al. 2019). In agreement with the importance of Glu449 for the in vivo function of R. 

eutropha HypX (Bürstel et al. 2016), our in vitro results revealed that the E449Q exchange 

actually liquidated the CO-releasing activity of HypX. An analogous mechanism has been 

described for ∆3-∆2-enoyl-CoA isomerases, where the carboxyl side group of a conserved 

glutamate acts as catalytic base abstracting a proton from the C2 carbon atom of the substrate 

3-enoyl-CoA and, subsequently, donates the proton back to the C4 carbon atom to form the 

product 2-enoyl-CoA (Mursula et al. 2001). 

To investigate whether the mechanism shown in Figure 45 is reasonable, preliminary quantum 

chemical calculations (Grimme et al. 2011; Stephens et al. 1994; Neese 2012) were performed 

in cooperation with Giovanni Bistoni and Frank Neese from Max Planck Institut für 

Kohlenforschung in Mülheim an der Ruhr (Schulz et al. 2020). While the reactions proposed 

for the N-terminal HypX module were energetically reasonable, the first CO-releasing reaction 

in the C-terminal module was found to be strongly uphill. However, subsequent high-level 

calculations (Riplinger et al. 2016) incorporating an approximated entropy contribution to the 

reaction resulted in a significant decrease of the energetics of the two last intermediates with 

respect to the first one. These results indicate that the predicted reactions catalyzed by the C-

terminal module are probably feasible from a thermodynamic point of view, provided that a 

significant entropic contribution is considered. In fact, such an entropic effect is rather likely 

because two products emerge from the reaction, one of which is gaseous. 

HypX catalyzed CO formation from N10-formyl-THF with a turnover rate of kcat = (1.85 ± 

0.07) h−1, which is similar to that of HydG ((4.10 ± 0.04) h−1), a radical-SAM-dependent 

tyrosine lyase responsible for CN– and CO synthesis of [FeFe]-hydrogenase. The turnover rates 

of both maturases are rather low. In case of HydG, however, it has been shown that its activity 

increases in the presence of the two other maturases and apo-enzyme of [FeFe]-hydrogenase 

(Kuchenreuther et al. 2012). We can therefore speculate that the HypX activity raises in a 

complex with the HypCD scaffold.  

HypX and HydG belong to the small and phylogenetically unrelated family of CO releasing 

enzymes (Xavier et al. 2018), which includes the acetyl-CoA synthase/CO dehydrogenase 

complex (Jeoung et al. 2014; Can et al. 2014), heme oxygenase (Kikuchi et al. 2005), several 
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dioxygenases (Oka and Simpson 1971; Bauer et al. 1994; Wray and Abeles 1993), certain 

enigmatic plant and algal aldehyde decarbonylases (Marsh and Waugh 2013), as well as 

phosphomethylpyrimidine synthase (Chatterjee et al. 2010). In contrast to all other CO-

releasing enzymes known so far, however, HypX represents the only catalyst that produces CO 

without the aid of transition metals. The overall reaction mechanism qualifies HypX as N10-

formyl-THF decarbonylase. The two catalytic centers, however, allow a more detailed 

description of the reaction. The N-terminal HypX module represents an N10-formyl-THF:CoA 

formyltransferase, while the C-terminal module acts as formyl-CoA decarbonylase belonging 

to the subfamily of carbon-sulfur lyases. 

It is worth to mention that the distribution of HypX is not restricted to prokaryotes synthesizing 

O2-tolerant [NiFe]-hydrogenases (Bürstel et al. 2016). According to a standard BLASTP search 

using R. eutropha HypX as the query (AAP85774.1) (Altschul et al. 1997), hundreds of HypX 

copies were identified in fungi including ascomycetes, basidiomycetes, rust fungi and smut 

fungi. Among them are pathogenic species such as Ustilago maydis, Puccina sorghi, 

Rhizzoctonia solani, and Fusarium oxysporum. It is conceivable that CO production is related 

to the pathogenicity of these fungi. Moreover, HypX with all its conserved amino acid residues 

proposed to be involved in catalysis is even encoded in the genomes of higher eukaryotes  

(Schulz et al. 2020). This includes the spreading earthmoss Physcomitrella patens – a model 

plant –, and the ubiquitous freshwater tardigrade Hypsibius dujardini, known for its ability to 

survive extreme conditions. In addition, there is a number of hypX-containing organisms 

thriving in sea water, such as, e.g., rotifiers (Brachionus plicatilis), sea cucumber 

(Apostichopus japonicus), and lancelets (Branchiostoma spec.), the latter are considered the 

most primitive chordates. HypX seems to be abundant in genomes of corals (Orbicella 

faveolata, Pocillopora damicornis, Dendronephthya gigantea), which belong to the phylum 

Cnidaria. Interestingly, CO makes up a significant proportion (up to 20 %) of the total gas 

volume in the floats of the Portuguese man-of-war (Physalia physalis), whose genome has not 

been sequenced so far. Deep sea siphonophores can even contain 90% of CO gas in their float 

(Pickwell et al. 1964). It has been shown that the CO is produced from L-serine in the gas gland 

of these cnidarians, which is actually rich in folic acid derivatives (Hahn and Eugene Copeland 

1966; Wittenberg 1960). Is HypX the responsible biocatalyst? 
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8. Appendix 

S-Phenyl methanethioate 

A   1H NMR (500 MHz, CDCl3): 

 

 

 

 

 

 

 

 

 

 

 

 

B   13C{1H} NMR (126 MHz, CDCl3):  

 

 

 

 

 

 

 

 

 

 

Figure A1. 1H NMR and 13C{1H} spectra of S-phenyl methanethioate. (A) 1H NMR (500 MHz, CDCl3) 

spectrum of S-phenyl methanethioate. (B) 13C{1H} NMR (126 MHz, CDCl3) spectrum of S-phenyl 

methanethioate.  
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Formyl-Coenzyme A  

1H NMR (700 MHz, D2O): 

 

 

 

 

 

 

 

 

Figure A2. 1H NMR (700 MHz, D2O) spectra of formyl-CoA. Product formation is evidenced by the proton 

signal of the formyl group at δ/ppm = 10.19. 
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