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Abstract
Németh, B. 2019. The birth of the hydrogenase. Studying the mechanism of [FeFe]
hydrogenase maturation. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 1856. 78 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-0754-1.

The [FeFe] hydrogenases are ancient metalloenzymes that catalyse the reversible
interconversion between protons, electrons and molecular hydrogen. Despite the large structural
variability within the [FeFe] hydrogenase family, the active site, the so called “H-cluster” is
present in every representative. The H-cluster is composed by a four cysteine coordinated
[4Fe4S] cluster, ligated via a shared cysteine to a biologically unique [2Fe] subsite decorated
with CO and CN ligands and an azadithiolate bridging ligand. The biosynthesis of the [2Fe]
subsite requires a maturation machinery, composed of at least three maturase enzymes, denoted
HydG, HydE, and HydF. HydE and HydG are members of the radical SAM enzyme family,
and are responsible for the construction of a pre-catalyst on HydF. This pre-catalyst is finally
transferred from HydF to HydA, where it becomes part of the H-cluster.

Recently, a pioneer study combined synthetic chemistry and biochemistry in order to create
semi-synthetic HydF proteins. Synthetic mimics of the [2Fe] subsite were introduced to HydF,
and this resulting semi-synthetic HydF was used to activate the unmatured hydrogenase (apo-
HydA). This technique ushered in a new era in [FeFe] hydrogenase research.

This thesis work is devoted to a deeper understanding of H-cluster formation and [FeFe]
hydrogenase maturation, and this process is studied using standard molecular biological
and biochemical techniques, and EPR, FTIR, XAS and GEMMA spectroscopic techniques
combined with this new type of chemistry mentioned above. EPR spectroscopy was employed
to verify the construction of a semi-synthetic [FeFe] hydrogenase inside living cells. The
addition of a synthetic complex to cell cultures expressing apo-HydA resulted in a rhombic
EPR signal, attributable to an Hox-like species. Moreover, the assembly mechanism of the
H-cluster was probed in vitro using XAS, EPR, and FTIR spectroscopy. We verified with
all three techniques that the Hox-CO state is formed on a time-scale of seconds, and this
state slowly turns into the catalytically active Hox via release of a CO ligand. Furthermore, a
semi-synthetic form of the HydF protein from Clostridium acetobutylicum was prepared
and characterized in order to prove that such semi-synthetic forms of HydF are biologically
relevant. Finally,GEMMA measurements were performed to elucidate the quaternary structure
of the HydF-HydA interaction, revealing that dimeric HydF is interacting with a monomeric
HydA. However, mutant HydF proteins were prepared, lacking the dimerization (as well as
its GTPase) domain, and these severely truncated forms of HydF was found to still retain
the capacity to both harbor the pre-catalyst as well as transferring it to apo-HydA. These
observations highlight the multi-functionality of HydF, where different domains are critical in
different steps of the maturation, that is the dimerization and GTPase domain are rather involved
in pre-catalyst assembly rather than its transfer to apo-HydA.
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[2Fe]adt [Fe2(adt)(CO)4(CN)2]2− 
[2Fe]pdt [Fe2(pdt)(CO)4(CN)2]2− 
[4Fe4S] Four iron four sulfur cluster 
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CaHydF HydF from Clostridium acetobutylicum 
CN Cyanide  
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CpI HydA from Clostridium pasteruianum 
HydA1 HydA from Chlamydomonas reinhardtii 
CW-EPR Continuous Wave Electron Paramagnetic Resonance 
E. coli Escherichia coli  
EDTA ethylenediaminetetraacetic acid, common metal chelator 
EPR Electron Paramagnetic Resonance 
EXAFS Extended X-Ray Absorption Fine Structure 
FTIR Fourier Transform Infrared Spectroscopy 
GDP Guanosine diphosphate 
GEMMA Gas-phase Electrophoretic Molecular Mobility Analysis 
GTP Guanosine triphosphate 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
holo-HydA Matured, H-cluster carrying hydrogenase 
holo-HydF Matured, pre-catalyst carrying HydF 
HydA [FeFe] hydrogenase 
HydE Radical SAM enzyme, part of the maturation machinery  
HydF Scaffold protein, part of the maturation machinery  
HydG Radical SAM enzyme, part of the maturation machinery  
LB Luria-Bertani medium 
M9 Minimal medium 
MBP Maltose Binding Protein  



 

MeHydA HydA from Megasphera elsdenii 
pdt Propanedithiolate, -SCH2CH2CH2S- 
SAM S-adenosyl-L-methionine 
SEC Size Exclusion Chromatography  
TmHydF HydF from Thermotoga maritima  
TRIS 2-Amino-2-(hydroxymethyl)propane-1,3-diol 
UV-Vis Ultraviolet–visible spectroscopy 
XANES X-ray Absorption near edge structure 
XAS X-ray Absorption Spectroscopy 
ΔD TmHydF mutant, lacking in the dimerization domain 
ΔGD TmHydF mutant, lacking in the dimerization and GTPase 

domain, fused N-terminally with MBP 
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1. Introduction 

Enzymes are fascinating creatures. Enzymes are the so called “biocatalysts”, 
the catalysts of Nature. Enzymes are not able to change the thermodynamic 
nature of the reactions but they are able to accelerate reactions. It means that 
enzymes cannot turn a thermodynamically uphill reaction into a downhill re-
action but they can make things happen faster which would not happen spon-
taneously. For instance, at room temperature a stressed PhD student is rather 
playing with video games than writing her thesis. The latter process has a 
higher activation barrier. In this case the supervisor acts as a catalyst and ac-
celerates the reaction towards the writing direction. Understanding how an 
enzyme works is crucial in order to be able to take full advantage of their 
incredible abilities. Why do we care? Because the products of the catalysis are 
important for us and it is difficult to make them without catalysts, no matter if 
the product of interest is fixed CO2 from the atmosphere as isopropanol pro-
duced by living cells, a doctoral thesis produced by a PhD student and a su-
pervisor on the topic of biofuels or hydrogen produced by a molecular proton 
reduction catalyst - all these three are goals and results of artificial photosyn-
thesis research in academia. These reactions always require reactants (or what 
the biochemist calls “substrates”), which the catalyst can turn into product. To 
the naked eye, proton reduction is a trivial reaction, since the reactants are 
“just” protons and electrons. While the proton reduction reaction seems simple 
on paper, it requires a well-designed catalyst. This thesis is dedicated to con-
tribute to a deeper understanding of the construction of the best molecular 
proton reduction catalyst in Nature. This construction process is referred to as 
the maturation of [FeFe] hydrogenases.  

1.1 [FeFe] hydrogenases 
Nature has developed one of the best molecular proton reduction catalysts, the 
[FeFe] hydrogenases (HydAs). These enzymes are able to catalyze the reversi-
ble interconversion of protons and electrons to molecular hydrogen with high 
turnover numbers and turnover frequencies, and they work at ambient temper-
atures, neutral pH and atmospheric pressure, which makes them excellent can-
didates for solar fuel production.[1] The [FeFe] hydrogenase family has a 
large diversity with regards to function as well as structure, that is number of 
subunits, domains and cofactors. [2] What is common in every family member 
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is the so called “H-domain”, which contains the active site. The simplest mon-
omeric [FeFe] hydrogenases – as exemplified by the HydA1 enzyme from the 
green algae Chlamydomonas reinhardtii (HydA1) – feature only this domain. 
The H-domain has a “channel” like structure, which is most likely involved in 
the maturation process. [3] This channel appears to be open in the crystal 
structure of the unmatured, apo-enzyme and it appears to be closed in the crys-
tal structure of the matured, holo-enzyme. [4] [5] This channel leads directly 
to the active site of the [FeFe] hydrogenase, the H-cluster (Figure 1). The H-
cluster is composed by a canonical 4 cysteine coordinated [4Fe4S] cluster cou-
pled to a unique [2Fe] subsite decorated with carbonyl and cyanide ligands 
and an azadithiolate bridging ligand. Furthermore, one of the cysteines also 
provides a bridging thiolate ligand, linking the [4Fe4S] cluster and the [2Fe] 
subsite together. [5-7]  
 

Figure 1. – Left: [FeFe] hydrogenase from Clostridium pasteurianum featuring the 
H-domain as well as the auxiliary FeS cluster containing F domain; Right: the H-
cluster. Color coding: Gold: sulfur, brown: iron, blue: nitrogen, grey: carbon, red: 
oxygen  (PBD: 4XDC) [8]  
 
It is on this, in biology completely unique, [2Fe] subsite that H2 bond for-
mation and bond breaking happens. Many people tend to fall into the illusion 
of Nature and assume that as the catalysis occurs only on the [2Fe] subsite, 
the rest of the protein and the rest of the H-cluster is not involved. The beauty 
of the smart design of Nature shows up when we have a closer look at the 
functions required for the proton reduction reaction. In a nutshell, to design a 
good proton reduction catalyst, we need to think about gas channels, proton 
relays and electron relays. If we look closer, above the [2Fe] subsite we can 
see that in the hydrogenase enzyme the [4Fe4S] cluster of the H-cluster func-
tions as an electron relay. In most hydrogenases this electron relay is even 
more extended, involving numerous FeS clusters, which are not part of the H-
cluster. The amino acids of the protein backbone as well as the nitrogen 
bridgehead of the [2Fe] subsite are acting as proton relays. The gas channels 
are also provided by the protein backbone, ensuring a good flow of hydrogen 
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gas, and providing a barrier for potentially damaging gases like carbon-mon-
oxide or oxygen. [9, 10] 

1.2. The catalytic cycle of the [FeFe] hydrogenases  
The catalytic cycle of the [FeFe] hydrogenases is a puzzle. As a matter of fact, 
there are several models and ideas about the catalytic cycle of the [FeFe] hy-
drogenases. These models are not necessary excluding each other, but cer-
tainly not all of them are in complete agreement about what the catalytically 
relevant species are. These species are specific redox states and catalytic in-
termediates of the H-cluster. Each and every intermediate state can be ex-
pected to have its own spectroscopic fingerprint. However, certain redox states 
can be short lived or difficult to populate, so there is a high possibility that 
there are still unknown, catalytically relevant redox states. This thesis will 
only discuss the redox states, that are the most relevant to know in order to 
understand this thesis, based mainly on the so called “Mülheim model” of the 
[FeFe] hydrogenase mechanism, proposed by Lubitz and co-workers (Figure 
2). However, it is very important to emphasize that other mechanistic models 
also exist, like the “Berlin model”, proposed by Stripp, Haumann and co-
workers. [11] 
 
The resting state of the [FeFe] hydrogenase is Hox, where the oxidation state 
of the [4Fe4S] cluster is 2+ and the [2Fe] subsite’s oxidation state is FeIFeII. 
Since the [4Fe4S] cluster is diamagnetic and the [2Fe] subsite is paramagnetic, 
this species gives rise to a rhombic S=1/2 EPR signal. One electron reduction 
leads one step forward to the Hred (sometimes called Hred’) state. In this state, 
both the [4Fe4S] cluster and the [2Fe] subsite are paramagnetic. Since the 
[4Fe4S] cluster and the [2Fe] subsite are strongly coupled, the two paramag-
netic centers cancel each other, leading to a S=0 spin state, which results in 
loss of the EPR signal. The protonation of the bridgehead creates an electron 
hole on the proximal Fe of the [2Fe] subsite – proximal as closer to the [4Fe4S] 
cluster of the H-cluster – where the electron is tunneling from the [4Fe4S] 
cluster. The resulting state is called HredH+.  



 14 

 

 
Figure 2. The author’s sketch of the catalytic cycle of the [FeFe] hydrogenases 
adapted from [12]. The diamond is representing the [4Fe4S] cluster of the H-cluster, 
and the numbers are referring to its oxidation state. The square bracket symbolizes 
the open coordination site of the [2Fe] subsite. The states are following the order: 
Hox, Hred, HredH+, HsredH+, Hhyd, HhydH+, Hox(H2).  
 
In this case the oxidation state of the [4Fe4S] cluster is 2+, which is diamag-
netic and the subsite’s oxidation state is FeIFeI, which is also diamagnetic. 
Thus, species is also EPR silent. Further reduction by one more electron re-
sults in the “super reduced” (Hsred) state. The [4Fe4S] cluster with oxidation 
state 1+ gives a paramagnetic center, while the oxidation state of the [2Fe] 
subsite remains as FeIFeI. Therefore, this redox state is also EPR active, and it 
gives rise to a S=1/2 rhombic EPR signal. From a practical point of view, these 
are the redox species that can be easily populated. However, very recently 
several research groups were able to populate and capture less stable redox 
species like the hydride state, where the [4Fe4S] cluster is reduced, the oxida-
tion state of the [2Fe] subsite is FeIIFeII and an terminal hydride can be ob-
served. [13] Furthermore, there are catalytically inactive redox species, like 
the CO inhibited states (Hox-CO, Hred-CO) where the redox states are identical 
to their non-inhibited forms, but they coordinate a fourth CO ligand. Hence, 



 15

Hox-CO is paramagnetic, but in contrast to the rhombic EPR signal of Hox, the 
Hox-CO state gives rise to an axial EPR signal.  

1.3. The [FeFe] hydrogenase maturation  
If we want to understand the [FeFe] hydrogenase construction process, we 
need to think in precursors, reactants and building blocks that can be found or 
made in the organism or in its surroundings. The only solvent of the living 
cells is water, not acetonitrile or hexane. Thus the intermediates of the catalyst 
synthesis process has to be stable in water. To construct a functional hydro-
genase, first of all we need a protein backbone. The protein backbone and the 
[4Fe4S] cluster are household building blocks of the hydrogenase enzyme; 
every living cell is able to perform the synthesis of these. The protein back-
bone will protect the catalytic cofactor and it will provide gas channels and 
proton channels as well as binding sites for electron relays to the active site. 
Furthermore, four conserved cysteines - which are located close to the active 
site - will coordinate the [4Fe4S] cluster. The [4Fe4S] cluster synthesis re-
quires low valent iron, which is also not too challenging since iron is an earth 
abundant metal and the cytoplasmic environment of the bacterial cell is rela-
tively reducing. The source of the sulfur in the [4Fe4S] cluster is acid labile 
sulfide which can be produced by the cleavage of cysteine to alanine and sul-
fide by the Isc enzyme family, but other FeS cluster biosynthesis enzymes 
have been identified as well, like the Nif and Suf enzymes families. [14] Since 
the FeS clusters are common cofactors, the rather unusual part of the H-cluster 
synthesis is of course the [2Fe] subsite. In living cells, a whole maturation 
machinery is dedicated to the synthesis of this cofactor. This machinery con-
sists of at least three maturase enzymes, HydG, HydE and HydF (Figure 3). 
[15] 
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Figure 3. The [FeFe] hydrogenase maturation scheme based on [1, 8, 16-19]. The 
protein structures are corresponding to HydG (yellow, PBD: 4WCX), HydE (blue, 
PBD: 3CIW), HydF (grey, PBD: 5KH0), HydA (pink, PBD: 5LA3). The black lines 
represent the sequence of the maturation (discussed in detail in later subchapters), 
the red dashed lines indicate the metal-cofactors highlighted by the magnifying 
glasses. The bubbles represent hydrogen gas produced by the activated [FeFe] hy-
drogenase.  

1.3.1. HydG 
HydG belongs to the radical SAM enzyme super family. [20] Radical SAM 
enzymes are known for their three cysteine coordinated [4Fe4S] cluster that 
plays a key role in the generation of the 5′-deoxyadenosyl radical. In general, 
the resulting radical can be used to catalyze a diverse set of reactions. In the 
case of HydG, this radical will be used later on for the generation of CO and 
CN from tyrosine (Figure 4). [19] The CO and CN production are catalytically 
different events and the locations of the reactions are also different. [21, 22] 
The final product of HydG is a mononuclear iron complex with one CN and 
two CO ligands, coordinated by a cysteine. [17, 22] [23, 24] [25] 
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Figure 4. The maturase enzymes: HydG [17] (yellow, PBD: 4WCX), HydE [16] (blue, 
PBD: 3CIW) and HydF [18] (grey, PBD: 5KH0). The figure was prepared by the 
author based on published crystal structures (protein structures), and spectroscopic 
data. [7] 

1.3.2. HydE 
HydE also belongs to the radical SAM enzyme super family and is able to 
coordinate two [4Fe4S] clusters. Mutagenesis studies have shown that one of 
the clusters is involved in the radical generation, but the mutation of the other 
cluster has not shown a phenotype. Hence its role in the catalysis is unclear, 
and it seems this second cluster is not essential. [16] HydE is most likely in-
volved in the azadithiolate bridging ligand synthesis, but the substrates, the 
products and the exact reaction mechanism are still unknown (Figure 4). [26, 
27] 
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1.3.3. HydF 
HydF acts like a scaffold protein, carrying the pre-catalyst, which is synthe-
tized by HydG and HydE, which will be transferred to the [FeFe] hydrogenase 
(HydA) to become part of the H-cluster. [28] 

Figure 5. HydF timeline based on [7, 12, 15, 29-33] articles. The timeline represents 
the main findings of the HydF literature that inspired this thesis.  
 

1.3.3.1. The structure of HydF 
On a tertiary structural level, HydF has three distinct domains: Domain I is the 
GTPase domain, Domain II is the dimerization domain, and Domain III is the 
iron-sulfur cluster domain. The dimerization domain exhibits a very hydro-
phobic surface which leads to dimerization in solution. However, in both crys-
tal structures, tetramers were observed. [18, 34] Due to the fact that HydF is 
able to form both dimers and tetramers, the “active” quaternary structure of 
HydF is unclear. 
 
The GTPase domain exhibits GTPase activity in isolation – isolated from the 
other two domains – both under aerobic and anaerobic conditions. [35] Certain 
HydF proteins’ GTPase activity can be inhibited by monovalent cations like 
Na+. [32] The GTPase domain is involved in the interaction with the other 
maturase enzymes. The interactions between the scaffold protein and the other 
two maturase enzymes are so strong that the dissociation requires high energy, 
which is gained from GTP hydrolysis. [36] 
 



 19

The iron-sulfur cluster domain contains 3 conserved cysteines, which are able 
to coordinate a redox-active [4Fe4S] cluster. The cluster can be reconstituted 
in vitro, and its presence has no effect on the GTP hydrolysis. [29] The fourth 
ligand of the [4Fe4S] cluster is a glutamate or an aspartate. [18] However, this 
latter ligand is labile, and it can be exchanged to a water or an imidazole lig-
and. [37, 38] 

1.3.3.2. The pre-catalyst on HydF 
HydF was biochemically and spectroscopically characterized first as apo-
HydF, obtained from heterologous overexpression in the absence of HydE and 
HydG. [29] The in vitro reconstituted [4Fe4S] cluster containing form of this 
protein is referred to as “apo-HydF”, meanwhile the form, which was ex-
pressed together with HydG and HydE carries not just a [4Fe4S] cluster, but 
also a so called “pre-catalyst”. This form is referred to as “holo-HydF”. The 
nature of the pre-catalyst has remained a subject of speculation. The first in-
sights into this species was published in 2010. Almost at the same time, two 
studies showed that in the Fourier Transformed Infrared Spectroscopy (FTIR) 
spectrum of holo-HydF, iron-carbonyl and iron-cyanide vibrations can be 
identified. [31, 32] Soon thereafter an X-ray absorption spectroscopy (XAS) 
study showed that the pre-catalyst probably is a binuclear iron complex. [33] 
In combination the FTIR and the XAS studies proposed that the pre-catalyst 
on HydF is probably a binuclear iron complex, similar to the [2Fe] subsite of 
the H-cluster (Figure 6). The presence of the [4Fe4S] cluster and the binuclear 
iron complex with cyanide and carbonyl ligands raises the question whether 
the whole complex is being transferred to HydA, or only the [2Fe] subsite. 
Mulder and co-workers demonstrated that a pre-formed [4Fe4S] cluster is 
needed on HydA in order to get an active hydrogenase, which means that only 
the pre-catalyst is transferred. [39]  
 

 
Figure 6. The proposed structure of the pre-catalyst on HydF based on [7, 31-33] 
Other models also exist, including a model with bridging carbonyl ligand between the 
two irons of the pre-catalyst [31]and a model which is suggesting that the cyanide 
ligand bridging the [4Fe4S] cluster and the pre-catalyst is binding to the [4Fe4S] 
cluster via the nitrogen of the cyanide ligand not the carbon. [40]remove bracket ox-
idation state 
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1.4. The artificial maturation  
Ever since the crystal structure of the [FeFe] hydrogenase from Clostridium 
pasteurianum was published [5], numerous synthetic chemists have been in-
spired to prepare synthetic organometallic complexes that mimick the [2Fe] 
subsite of the H-cluster. [41, 42] These biomimetic complexes are mostly poor 
proton reduction catalysts, but it turned out that they can be introduced into 
the [FeFe] hydrogenase enzyme. One specific variant, with 4 carbonyl, 2 cy-
anide, and a briding azadithiolate ligand ([2Fe]adt) is able to form an H-cluster 
which is biochemically and spectroscopically indistinguishable from the nat-
urally constructed H-cluster. Other variants with different ligands, different 
metals and different bridgeheads provide a great tool to explore the function 
of the different parts of this organometallic active site via “chemical mutagen-
esis”. [12, 43-45] This has led to a new chapter in [FeFe] hydrogenase re-
search. The semi-synthetic or semi-artificial approach to [FeFe] hydrogenase 
maturation means that a synthetic complex can be introduced into a biologi-
cally produced protein. In our research group these semi-synthetic proteins are 
not considered as artificial enzymes, because the H-cluster itself is still resem-
bling the naturally constructed H-cluster with minor modifications in some 
cases. Thus, also according to the author’s personal opinion, these semi-syn-
thetic forms should rather be considered as organometallic mutants than arti-
ficial enzymes.  

1.4.1. Artificially matured HydA proteins  
[FeFe] hydrogenase (HydA) enzymes from different organisms have been 
used to create large quantities of active HydA proteins with the artificial mat-
uration method. HydA1 from the microalgae Chlamydomonas reinhardtii, 
was the first artificially matured HydA ([2Fe]adt-HydA1) together with the 
clostridial CpI from Clostridium pasteurianum.[7, 43] These HydA proteins 
were known as typical models for [FeFe] hydrogenase studies, because of the 
well-established sample preparation. The comparative spectroscopic and bio-
chemical analysis of the artificial forms of these HydA proteins has led to the 
conclusion that the artificial maturation results in a semi-synthetic HydA pro-
tein indistinguishable from the naturally matured form. It is noteworthy that 
these synthetic binuclear iron complexes are catalytically inactive in solution, 
but become remarkably active catalysts upon incorporation into the enzyme. 
This underscores the importance of the protein environment and the presence 
of the [4Fe4S] cluster for efficient catalysis.  
 
The HydA protein from Megasphaera elsdenii has been characterized in apo 
form [46] and in semi-synthetic holo-form [47] but the naturally matured form 
has not been characterized yet. In contrast to HydA1 and CpI, this semi-syn-
thetic MeHydA was a new representative from a previously uncharacterized 
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subclass of the monomeric [FeFe] hydrogenases. This has inspired researchers 
to explore other unknown hydrogenases with the artificial maturation tech-
nique. It is important to mention, that recently a heterodimeric hydrogenase 
was also activated and characterized, as well as a sensory hydrogenase. [48, 
49] 

1.4.2. Artificially matured HydF proteins 
Since 2013, the preparation of large quantities of high quality [FeFe] hydro-
genases can be a relatively inexpensive process with the “semi-synthetic” or 
“semi-artificial” approach, compared to the standard “biological” approach. 
These synthetic binuclear iron complexes can also be introduced into apo-
HydF, creating a semi-artificial or semi-synthetic form of holo-HydF. [7, 18] 
Such semi-synthetic holo-HydF proteins have been spectroscopically charac-
terized and compared to biologically matured holo-HydF proteins. The results 
were supporting the notion that the semi-synthetic holo-HydF proteins are 
similar to the biologically matured ones. Moreover, we know, that if we use 
this semi-synthetic holo-HydF protein to activate an apo-HydA protein, the 
resulting holo-HydA is biochemically and spectroscopically indistinguishable 
from the naturally matured ones. [7] However, it is very important to point out 
that the biological references were from different organisms than the HydF 
proteins that were used to prepare the semi-synthetic HydF proteins., the lack 
of biological controls from the same origin made the biological relevance of 
these semi-synthetic forms questionable.  
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2. Aims 

There are many potential research topics/questions related to [FeFe] hydro-
genases that can be addressed. The main motivation of this work was to con-
tribute to [FeFe] hydrogenase research by studying how this fascinating cata-
lyst is constructed. In this thesis, I review the results of my research done in 
projects devoted to the understanding of H-cluster formation, also known as 
the birth of the hydrogenase.  
 
On a societal level we of course also have to ask the question what can we use 
hydrogenases for? Biofuel production? Solar fuel production? In order to be 
able to take full advantage of them, we need to know how they are assembled 
so we can introduce the optimized machinery into suitable host organisms, 
which we can use in biotechnological applications.  
 
More specifically, the aims of this research were:  

 
- To prove that the semi-synthetic forms of holo-HydF are biologically 

relevant model systems. 
 
- To identify the minimal composition of the HydF protein needed to 

bind the pre-catalyst and to activate HydA. 
 
- Examine the quaternary structure of the HydF-HydA interaction. 

 
- To get a molecular level insight into the mechanism H-cluster assem-

bly.  
 

- Develop a method for following the maturation of [FeFe] hydrogen-
ases spectroscopically in vivo. 
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3. In vivo activation of the [FeFe] hydrogenase 
with biomimetic complexes (Paper I) 

3.1. Motivation and strategy 
It has recently been shown that the [FeFe] hydrogenase from Chlamydomonas 
reinhardtii (HydA1) can be heterologously expressed in apo form in both E. 
coli and cyanobacteria, and activated in vivo via the addition of the synthetic 
[2Fe]adt complex in complete absence of the three maturase enzymes. [50, 51] 
Successful enzyme activation was shown via hydrogen production rates, 
which were significantly above the hydrogen production of the negative con-
trols in both cases. However, there was a complete lack of spectroscopic evi-
dence that the hydrogenase is synthetically activated in the living cells.  
 
The motivation was to develop a model system that can be used to monitor the 
[FeFe] hydrogenase in “living” cells. If possible, this could open a whole new 
chapter in the literature. On one hand, new redox states (both catalytically rel-
evant and not relevant) could be identified. This would clarify the in vivo rel-
evance of certain inactive states. On the other hand, imagine, how many puta-
tive [FeFe] hydrogenase has been identified over two decades, but still only a 
few of them have been purified and spectroscopically characterized. [2] To 
study and characterize unknown hydrogenase enzymes they need to be iso-
lated in soluble form, which can be challenging in E. coli even in apo-form, 
and to co-express with the maturase enzymes is even more challenging. The 
idea would be to express unknown [FeFe] hydrogenases in E. coli and use the 
artificial maturation technique (hydrogen evolution assays and spectroscopy) 
as a screening method.  
 
The strategy with the primary model system was very simple. We choose E. 
coli as a host organism to express HydA1, because activity assays have shown 
that we can activate large quantities of HydA1 with the [2Fe]adt complex. The 
two most commonly used spectroscopic techniques to characterize [FeFe] hy-
drogenases are FTIR and low temperature CW-EPR. This is because FTIR can 
detect the diatomic ligand vibrations, while low-temperature CW-EPR can de-
tect the unpaired electrons. As discussed briefly in Chapter 1, certain redox 
states are EPR silent. Consequently, with low-temperature CW-EPR we are 
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practically half blind.  because of the lack of EPR active catalytic intermedi-
ates that can be easily populated. Nevertheless, the first spectroscopic tool was 
low temperature CW-EPR above FTIR because EPR has a much higher sen-
sitivity than standard transmission FTIR. Moreover, the sample preparation is 
straight-forward and the samples can be stored on liquid nitrogen for long 
term. In order to avoid the loss of the signal due to the catalytic activity, the 
choice of biomimetic complex was the [2Fe]pdt complex. The [2Fe]pdt complex 
has a propane-dithiolate bridging ligand (pdt) instead of an azadithiolate 
bridging ligand (adt). This small structural difference leads to a very interest-
ing phenomenon. In the case of [2Fe]pdt complex matured HydA1 ([2Fe]pdt-
HydA1), the H-cluster is either locked in the Hox or in the Hred state because 
the carbon bridgehead cannot be protonated in contrast to the nitrogen bridge-
head. [52, 53] This Hox or sometimes called “Hox-like” state gives rise to a 
rhombic EPR signal.  

3.2. Sample preparation   
The sample preparation needed to be improved compared to the first attempts, 
where HydA1 was expressed in Luria-Bertani medium (LB medium). LB is a 
complex, undefined medium, full of transition metals like Fe, Cu, Mn. Our 
model organism, E. coli tends to accumulate Mn ions, which show up in the 
EPR spectra of the HydA1 expressing E. coli cells as a “six line” Mn signal 
that correspond to the free Mn ions in E. coli. In order to eliminate the man-
ganese lines from the EPR spectra, we changed the medium from the unde-
fined LB to M9 minimal medium. The cells growing in the M9 minimal me-
dium showed practically no “six line” Mn signal (Figure 7, a).  

3.3. In vivo activation of the HydA1 

3.3.1. The identification of the EPR signal 
The over expression of apo-HydA1 in M9 minimal medium by E. coli BL21 
cells was followed by harvest and transfer of the cells to EPR tubes. We com-
pared the EPR spectra of the HydA1 overexpressing E. coli cells to the cells 
that were lacking the plasmid with the HydA1 encoding gene. We observed 
minor differences, but we could not capture any EPR signal that would clearly 
correspond to the reduced [4Fe4S] cluster of the non-activated apo-HydA1. 
Although, in the g=1.9 region we observed signals which may correspond to 
the reduced [4Fe4S] cluster proteins of E. coli.  
 



 25

 
Figure 7. The low temperature CW-EPR spectra of the apo-HydA1 overexpressing E. 
coli cells (a), the [2Fe]pdt complex treated E. coli cells expressing apo-HydA1 (b), the 
difference spectrum of the treated and non-treated cells (c) Spectrum (a) subtracted 
from spectrum (b), (d) and purified HydA1 treated with [2Fe]pdt complex. Dashed 
lines represent simulated spectra.  
 
In order to form [2Fe]pdt-HydA1, the apo-HydA1 expressing E. coli cells were 
treated with [2Fe]pdt complex. The resulting cell paste was analyzed by low 
temperature CW-EPR spectroscopy. The [2Fe]pdt complex treated cells exhib-
ited a rhombic EPR signal where the g-values were identical to the g-values 
of the purified form of the [2Fe]pdt-HydA1 enzyme (Figure 7). [53] This signal 
was not visible in apo-HydA1 expressing E. coli cells before addition of 
[2Fe]pdt, nor in the [2Fe]pdt complex treated E. coli cells, which were not ex-
pressing apo-HydA1. These observations underscore the successful formation 
of a semi-synthetic H-cluster under in vivo conditions.  

3.3.2. The time dependence of the activation  
Spin quantification studies combined with standard in vitro enzymatic assays 
showed that we were able to activate 25% of the total hydrogenase population 
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of the cells. This result combined with the time dependence study is suggest-
ing that the activation process was not completed after one hour (Figure 8). 
To see the rate of incorporation, we incubated the cells together with the 
[2Fe]pdt cofactor for various times between 0 and 12 hours.  
 

Figure 8. Low temperature CW-EPR spectra of the time dependence of the In vivo 
activation of HydA1 with the [2Fe]pdt complex. In the inset red circles are indicating 
the intensity of the peak at g=2.100 and while red circles are indicating the relative 
intensity at g=2.009 
 
In the time dependence data set we can see that the rhombic Hox-like signal is 
rising rapidly from the first time point (zero hours) up to 2 hours and then it 
reaches a plateau. This suggests that the activation is practically done after 2 
hours. It raises the question why the activation is so slow compared to a stand-
ard in vitro activation on purified protein that can be carried out on minute 
time scale – which will be demonstrated in the next chapters – rather than hour 
time scale. [54] To answer this question, we need to take into consideration 
that the [2Fe]pdt complex has to pass the capsule, the cell wall and the plasma 
membrane of the E. coli cell. An interesting fact is that in order to activate the 
HydA1 population within the cell, we need to use 100 times more from the 
[2Fe]pdt or [2Fe]adt complex in the in vivo activation assay – where the biolog-
ical barriers are present – than in the in vitro activation assay – where the 
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complex can easily get into contact with the hydrogenase enzyme because of 
the lack of the biological barriers. [50] It has been suggested during scientific 
discussions - based on these results - that the uptake of the complex happens 
with active transport, but in my opinion this data suggests that the uptake of 
the complex happens either with a passive transport (like facilitated; carrier or 
channel mediated diffusion) or a “hijacked” active transport. My reasoning 
behind this is the fact that living bacteria cells cannot have a specialized trans-
porter for a synthetic binuclear iron complex such as our [2Fe]pdt or [2Fe]adt 
complex.  
 
A carrier or channel mediated passive transport would require a higher con-
centration of complex outside than inside, so in principle a channel or carrier 
can recognize the complex as something “useful” and let it in. The other option 
would be a “hijacked” active transport. This would mean that a symporter (like 
a Na-glucose symporter or something similar) would misrecognize the biomi-
metic [2Fe] complexes, and the transport would  then be glucose dependent. 
It is an interesting fact that we indeed need to use glucose for the in vivo acti-
vation. [50] In principle, a patch-clamp method could be used to identify the 
nature of the channel or carrier in order to clarify this question.  

3.3.2. The power saturation behavior in vivo 
We carried out power saturation studies (Table 1) to examine the behavior of 
the [2Fe]pdt H-cluster in a more natural environment. The idea behind this was 
the observation that all the spectroscopic characterization of HydA1 was so 
far carried out at neutral pH (pH 7-8) in artificial (Tris or HEPES) buffers with 
well-defined salts and salt concentrations. Our concern was that the protein 
and the H-cluster could behave differently in their “natural” environment, 
where the buffering compounds are intracellular metabolites, which are low 
molecular weight organic acids (e.g. citric acid), in short: in a more physio-
logical (albeit not native) environment. However, the power saturation studies 
on the purified protein control and the [2Fe]pdt treated whole cells showed that 
the relaxation properties of the H-cluster is not affected by the cellular envi-
ronment.  
 

Table1. The power saturation studies of the in vivo activated HydA1 compared to the 
purified protein control.  
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This is attributable to the fact that the H-cluster in HydA1 is buried and most 
probably the H-cluster is not affected by the solvent environment. Strongly 
coupled magnetic centers can cancel each other – for example the [4Fe4S] 
cluster and the [2Fe] subsite in the H-cluster in the case of the Hred state are 
both paramagnetic, but because of the physical proximity and coupling the 
species becomes EPR silent. Meanwhile, weakly coupled species like the 
[4Fe4S] clusters in the F domain [49] of the sensory hydrogenase from Ther-
motoga maritima or the electron transport chain [4Fe4S] clusters in the small 
subunit of the uptake NiFe hydrogenase from Nostoc punctiforme [55] can be 
EPR active, and can take more microwave power than species with only one 
magnetic center. As a matter of fact, the protein shell is protecting the H-clus-
ter from any other magnetic interaction, not just with other activated HydA1 
proteins, but also the other magnetic centers coming from the housekeeping 
proteins of E. coli. This could explain why we have not observed differences 
in power saturation between the in vivo and in vitro examined samples.  
 
In parallel to power saturation behavior, EPR is sensitive to structural changes 
as well. Note for example the difference between the Hox and Hox-CO signal, 
where the oxidation states are identical ([4Fe4S]2+ and FeIFeII on the [2Fe] 
subsite in both cases) and the difference is an extra carbonyl ligand on the 
[2Fe] subsite. While Hox gives rise to a rhombic signal, Hox-CO gives rise to 
an axial EPR signal. [56] Despite the fact that EPR is sensitive also for small 
structural changes, we have not observed any difference between the in vivo 
and in vitro examined samples.  
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3.5 Summary and Discussion 
 
In conclusion this study established a method to follow the [FeFe] hydrogen-
ase maturation spectroscopically in vivo. We have not observed any difference 
between the isolated and the in vivo captured [FeFe] hydrogenase samples. 
Still, this finding underscores the possibility of in vivo spectroscopic studies 
of [FeFe] hydrogenases. This can be a new powerful tool in the future to fol-
low the catalytic cycle, maybe even to identify new redox species in vivo, 
which could not be identified or populated in vitro. Also, this method could 
be used to examine new [FeFe] hydrogenases which are challenging to isolate. 
Although, it is very important to point out that the primary characterization of 
a new, unknown hydrogenase in vivo must be followed by proper isolation 
and spectroscopic characterization, but this method is a great tool for screen-
ing. The mechanism of the cofactor uptake remains unclear, however we must 
take it into consideration that E. coli is very efficient from a survival and eco-
logical niche point of view. E. coli can adapt easily, it can live under various 
conditions (deprivations, temperature differences, presence or absence of ox-
ygen, various carbon sources) and it can be easily transformed with foreign 
DNA. This biochemical flexibility can lead to the recognition that E. coli is 
not a “picky eater”, rather just a microbiological “horder” – which includes 
the uptake of everything that is in the surroundings and accumulate it, regard-
less of the presence or the absence of metabolic relevance. Another illustrative 
example of this is the uptake of a synthetic lanthanoid complex, reported in 
collaboration with our group. [57] The synthetic lanthanoid complex is cer-
tainly not even close to something found in nature. This supports the idea that 
there should be a generalized “foraging” pathway in E. coli.  
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4. Monitoring the H-cluster formation using a 
synthetic binuclear iron complex (Paper II) 

4.1. Motivation and strategy 
As introduced in Chapter 1, the H-domain has a channel-like structure, which 
appears to be open in the crystal structure of the unmatured, apo-enzyme, and 
it appears to be closed in the matured, holo-enzyme.[4, 5] Recent studies have 
shown that this channel is directly involved in the pre-catalyst integration pro-
cess. [3] Our motivation was to provide a deeper insight into this cofactor in-
tegration and more specifically the H-cluster formation process.  
 
During the natural H-cluster formation there are several steps that must hap-
pen. These steps are: HydF docking to HydA, release of the pre-catalyst from 
HydF, pre-catalyst transfer to the active site through the channel, pre-catalyst 
fusion with the [4Fe4S] cluster of HydA. In addition, protein film electro-
chemistry studies have shown that the reaction has a potential dependence. 
[58] Under reducing conditions, the fusion between the [4Fe4S] cluster and 
the pre-catalyst does not occur, rather the pre-catalyst becomes immobilized 
in the channel. This intermediate was named “intermediate P”, but has so far 
not been spectroscopically detected. Likewise, there is a complete lack of in-
formation about the intermediates occurring between the fusion and the for-
mation of the catalytically active H-cluster.  
 
In this chapter the focus is on the last steps of the maturation events (Figure 
9), so for the sake of simplicity we used the synthetic [2Fe]adt pre-catalyst in-
stead of holo-HydF. As will be discussed in the next chapter, the [2Fe]adt pre-
catalyst in solution is, if not identical, at least strikingly similar, to the pre-
catalyst on both the naturally matured holo-HydF and the semi-synthetic holo-
HydF. [54] Thus this study is arguably biologically relevant.  
 
We probed the reaction using X-ray Absorption Spectroscopy (XAS), FTIR 
spectroscopy and EPR spectroscopy. XAS is a very powerful spectroscopic 
technique, which gives local information about the distances to the nearest 
neighboring atoms, redox states and coordination geometry, of the element 
under study. More specifically, the XAS spectrum has two main parts, the 
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XANES and the EXAFS. The XANES (X-ray Absorption Near Edge Struc-
ture) has two main features, these are the pre-edge and the edge. The pre-edge 
can give us information about the coordination geometry, while the edge can 
provide information about oxidation states. The EXAFS (Extended X-ray Ab-
sorption Fine Structure) is informative about the number of bonds and bond 
lengths. The EPR spectroscopic fingerprints of the catalytic species are 
unique, but several redox states, including reduced species are EPR silent. 
FTIR can give us information about the diatomic ligand vibrations, which re-
port on, for example, the electron density of the Fe atoms. These techniques 
complement each other, and together can provide a better insight into the H-
cluster formation reaction.  

4.2. Sample preparation  
Freeze-quench measurements were carried out in the case of XAS and EPR, 
while the FTIR measurements were carried out in real time. 

 
The XAS and EPR samples were prepared in a very similar way. In the case 
of the XAS samples, the unmatured, [4Fe4S] cluster coordinating form of 
HydA (apo-HydA1) and [2Fe]adt solutions were mixed in 1:1 volume ratio. 
The mixing was ensured by some gentle pipetting before the sample was in-
jected into XAS sample holders and flash frozen immediately or after a certain 
incubation time. In the case of the EPR samples the mixing happened inside 
the EPR tube and this let us gain a higher time resolution. With the XAS sam-
ples, this kind of mixing was nearly impossible to carry out, as the small vol-
ume of the XAS cell, and the high concentration of the protein was leading to 
foaming, which is problematic because the bubbles are interfering with the 
XAS measurement. In both cases, the captured time points had biological rep-
licates (two biological replicates in two series of samples in the case of the 
XAS and three biological replicate series with three technical repeats in each 
series in the case of EPR) and the samples were stored in liquid nitrogen until 
further use.  
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Figure 9. A schematic representation of the proposed mechanism of the last steps of 
the H-cluster formation based on [54] and [58].  
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4.3. X-ray absorption spectroscopy at the Fe K-edge 
The XAS and the data analysis was performed by Dr. Michael Haumann and 
Dr. Stefan Mebs, at the Free University of Berlin in Germany, the samples 
were prepared at Uppsala University by the author.  

4.3.1. The Fe XANES data analysis  
As discussed above, the XANES data can provide information about oxidation 
states and coordination geometry. The XANES spectra (Figure 10) of apo-
HydA1 and the [2Fe]adt complex were clearly different from each other, but 
both the apo-HydA1 and the [2Fe]adt complex spectra matched previous stud-
ies. [59-61] The fact that the spectra of the starting materials were in good 
agreement with previous datasets was a verification of the quality. The sharp 
differences in K-edge energy between the apo-HydA1 and [2Fe]adt is attribut-
able to the different oxidation states of their iron atoms, the oxidation state of 
the irons in the [2Fe]adt complex are FeIFeI, while in the [4Fe4S] cluster it is 
FeII-FeIII-FeII-FeIII when the cluster is in it’s  “oxidized”  [4Fe4S]2+ state. The 
first time point (30 sec) of the apo-HydA1 and [2Fe]adt complex mixtures was 
clearly different from the digital sum of the apo-HydA1 and [2Fe]adt cofactor 
spectra. Assuming that the electronic structure of intermediate P is highly sim-
ilar to the [2Fe]adt complex, we can exclude the possibility that the first spec-
trum was representative of intermediate P. This data suggested that already 30 
second was enough for the [2Fe]adt cofactor to enter into the channel and to 
form a new species. In short, the XANES spectra revealed an oxidation of one 
of the six irons. This could be attributable to Hox or potentially Hox-CO state.  
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Figure 10. Fe-XANES data. (A) Top: spectra of apo-HydA1 protein and [2Fe]adt com-
plex solutions, the stoichiometric sum (4 x apo-HydA1 + 2x [2Fe]adt) / 6, and the apo-
HydA1 + [2Fe]adt mixture after a mean incubation period of 32 s. Bottom: spectra of 
apo-HydA1 / [2Fe]adt mixtures after indicated mean incubation periods. The insets 
show the pre-edge feature (left panel, asterisks) and the edge half-height (right panel, 
dashed lines) in magnification. (B) K-edge energies (at 50 % XANES amplitude) and 
pre-edge amplitudes (at ~7113.5 eV). Black open squares and triangles denote data 
from two series of samples. (A) colored solid circles denote data for respective mean 
spectra. The lines in the main and inset panels show kinetic simulations (For details, 
see Paper2). 
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4.3.1. The Fe EXAFS data analysis  
The structural changes were addressed by Fe K-edge EXAFS data analysis 
(Figure 11). In the EXAFS part of the spectrum we can identify a sum of many 
different oscillations. These oscillations are not coming from one single spe-
cies, hence in order to identify the species which are giving rise to the unique 
oscillation, we need to simulate the oscillation of each bond until we get a 
good fit. The best fit tells us which are the bonds and bond lengths we have in 
the sample. In the apo-HydA1 spectrum the Fe-S bond lengths and the Fe-Fe 
bond distances were in good agreement with previous studies. Similarly, the 
EXAFS spectrum of the [2Fe]adt solution shows the expected number of lig-
ands and iron-iron bond length. In conclusion we can say that both starting 
components were intact. [8, 61-63]  

 
In the apo-HydA1 and [2Fe]adt complex mixtures, differences compared to the 
digital sum of the starting materials spectra were identified. Based on the Fe-
S bond lengths and the Fe-Fe distances, the Hox state can be detected, which 
is in good agreement with previous EXAFS studies and crystal structures. The 
main mean of the Fe-Fe distances and Fe-S bonds remained unchanged for 
longer mixing periods than 75 seconds, while the Fe-Fe distance correspond-
ing to the Fe-Fe distance in the [2Fe] subsite became shorter. Furthermore, an 
additional Fe-C(N/O) bond was formed up to 75 seconds, which was followed 
by a decrease in the number of Fe-C(N/O) bonds for longer mixing periods. 
This additional Fe-C(N/O) bond is attributed to the bridging CO ligand of the 
Hox-CO state. Moreover, the later decrease in the number of Fe-C(N/O) bonds 
can be attributed to the release of the fourth CO ligand resulting in the Hox 
state after extended incubation time. [64, 65] 
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Figure 11. EXAFS analysis. (A) Fourier-transforms (FTs) of EXAFS oscillations in 
the inset of apo-HydA1 protein and [2Fe]adt complex solutions, the stoichiometric 
sum, and the apo-HydA1 + [2Fe]adt mixtures (mean spectrum over data for all incu-
bation periods. Inset: black lines, experimental data; colored lines, simulations with 
parameters in. (B) FTs in the left panel of EXAFS oscillations in the right panel for 
indicated mean apo-HydA1/adt mixing periods. (For details see Paper2) 
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4.4. EPR spectroscopy  
The low temperature CW-EPR spectroscopy and the data analysis were per-
formed by the author at Uppsala University in Sweden.  

The XAS showed that upon mixing of apo-HydA1 and the [2Fe]adt complex, 
the Hox-CO state can be detected, which turns into Hox after extended incuba-
tion time. Both Hox and Hox-CO are paramagnetic S=1/2 species which can be 
easily detected with EPR. In the low temperature CW-EPR spectrum of oxi-
dized holo-HydA1 samples a mixture of two features, an axial and a rhombic 
EPR signal can be identified. For demonstration purposes, the author used one 
of her experimental datasets to deconvolute the Hox/Hox-CO mixtures (Figure 
12). The axial signal (g-values g║ = 2.052  and g┴ = 2.007) is attributable to the 
Hox-CO state, meanwhile the rhombic signal (g-values gx=2.10, gy=2.037, 
gz=1.996) is corresponding to Hox state. [56]  

Figure 12. Simulation of Hox and Hox-CO states based on low temperature CW-EPR 
spectrum of an Hox/Hox-CO mixture. The author used the published g-values and her 
experimental spectrum for the simulation. The simulation was carried out in MATLAB 
programing environment with EasySpin expansion.  
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Fig.13. Low temperature CW-EPR spectra of the captured time points, bottom to top: 
5, 10, 15, 30, 60, 100, 200 and 300 seconds. The spectra were recorded with 1 mW 
microwavepower, 15 Gauss modulation amplitude, at 10 K. The microwave frequency 
was 9.38 GHz. Each time point has three technical replicates shown as individual 
spectra, two scans were accumulated and averaged.  
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The EPR spectra were recorded at 10 K, 1 mW microwave power on 24 sam-
ples, which represent eight time points with three technical repeats (Figure 
13). In isolation, both apo-HydA1 and the [2Fe]adt complex were in their ex-
pected, EPR silent states. In contrast, the mixtures gave rise to identifiable 
EPR signals in every spectrum of the time series. In the first time points (5-10 
seconds) we were able to identify only the axial EPR signal, corresponding to 
the Hox-CO state. In later time points (15-300 seconds) we can also observe 
the rise of part of the rhombic EPR signal, attributable to the Hox state. The 
Hox-CO signal shows a quick rise up to 100 seconds, then it reaches a plateau 
followed by a weak decrease. Meanwhile, the Hox signal starts to be detectable 
from 15 seconds and it becomes more and more clear and dominant with in-
creased incubation times. Furthermore, a rise of a reduced [4Fe4S] cluster sig-
nal can be identified after 60 seconds (this is indicated with an asterisk in Fig-
ure 13). The parallel g-value is not visible but the perpendicular g-value 
(g=1.91) is suggesting that this signal is coming from the reduced [4Fe4S] 
cluster of HydA1. [39]  

 
The results of the EPR spectroscopy confirms the oxidation of the [2Fe]adt pre-
catalyst upon H-cluster formation. Furthermore, the delayed appearance of Hox 
supports the initial formation of Hox-CO followed by the transition into Hox. 
The continuous increase of both Hox-CO and Hox could be explained in two 
ways. It is possible, that the first form is an EPR silent species, like Hred-CO 
which slowly converts into Hox-CO. The other option would be slow cofactor 
insertion.  

4.4. FTIR spectroscopy  
The ATR-FTIR spectroscopy and the data analysis was performed by Dr. Sven 
Stripp and Dr. Moritz Senger at the Free Univeristy of Berlin in Germany.  

 
In contrast to the XAS and low temperature CW-EPR experiments, the ATR-
FTIR spectroscopy was performed at room temperature under nitrogen atmos-
phere. Furthermore, in the XAS and low temperature CW-EPR experiments 
the representative “captured” timepoints were individual samples with biolog-
ical replicates, in contrast to the ATR-FTIR spectroscopy, where the reaction 
was followed continuously. The ATR-FTIR experiment was performed on a 
semi-dry film of apo-HydA1.  
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The reaction was initiated by the addition of the [2Fe]adt complex to the thin 
film, so this time point should be considered as t0. In the plotted datapoints of 
the ATR-FTIR dataset we can observe an immediate rise of Hox-CO, followed 
by the rise of Hox approximately 100-200 seconds later. In addition, two re-
duces species, Hred and HredH+ also grow into the spectrum upon extended in-
cubation time. The latter two are EPR silent species, but they can be readily 
identified with FTIR from their characteristic wavenumbers. The FTIR data is 
in good agreement with the low-temperature CW-EPR data in the sense of the 
initial formation of Hox-CO followed by a slow transition into Hox (Figure 14). 

Figure 14. Bottom: The absorbances corresponding to Hox and Hox-CO states plotted 
as a function of time. Top: the raw data set. Please note that in the figure Hred refers 
to HredH+ and Hred’ refers to Hred.  

In the ATR-FTIR spectra we were not able to identify the vibrations which 
would correspond to Hred-CO state. This finding argues against the possibility 
of a reduced species, not detected by EPR or XAS, accumulating in the early 
stages of the reaction.  
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4.5 Summary and discussion  
In this study we employed three spectroscopic techniques namely XAS, low 
temperature CW-EPR and ATR-FTIR, in order to gain a better insight into the 
final steps of the H-cluster formation.  
 
As introduced in Chapter 1 and in the beginning of this chapter, a channel-like 
structure in the protein backbone of the [FeFe] hydrogenase is most likely di-
rectly involved in the maturation of the [FeFe] hydrogenases. The existence 
of an intermediate P has been proposed, but so far it has not been identified 
spectroscopically, however this intermediate is stable under reducing condi-
tions according to electrochemical studies. [58] 

 
Despite the different experimental conditions – room temperature vs. cryo-
genic temperatures, solution vs. film – these three different spectroscopic tech-
niques are reaching towards the same conclusions. In combination with the 
aforementioned electrochemistry study our new results allow us to outline a 
reaction sequence of H-cluster formation. This sequence involves at least three 
intermediates: 1) The formation of a so-far spectroscopically unidentified in-
termediate, 2) formation of the Hox-CO state, and 3) Hox formation.  
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5. Monitoring the H-cluster formation using a 
semi-synthetic HydF protein (Paper III)  

5.1. Motivation and strategy  
In 2013, a new era began in the history and literature of the [FeFe] hydrogen-
ases. A biomimetic complex ([2Fe]adt) was introduced into an in vitro enzy-
matically reconstituted HydF protein (Figure 15). [7] This “semi-synthetic” 
HydF protein from Thermotoga maritima, was characterized by CW-EPR, 
pulsed-EPR, FTIR, UV-Vis spectroscopic techniques and biochemical assays 
such as iron and sulfur quantification. These semi-synthetic HydF proteins 
were also tested for HydA activation. The HydA protein - which was activated 
by this semi synthetic form of HydF – is biochemically and spectroscopically 
indistinguishable from the naturally matured ones.  
 
The FTIR spectrum this semi-synthetic HydF exhibits peaks, attributable to 
metal-carbonyl and metal-cyanide vibrations. The FTIR characteristics – the 
peaks corresponding to Fe-CO and Fe-CN vibrations – were very similar to 
the previously published FTIR spectra of biologically matured CaHydF (HydF 
protein from Clostridium acetobutylicum) proteins [31, 32]. Still, the lack of 
the biological control – a biologically matured TmHydF protein – left the au-
thenticity, or biological relevance, of this form of HydF unanswered.  
 

Figure 15. The biomimetic approach in a nutshell. A- the [2Fe]adt biomimetic com-
plex, B-the [4Fe4S] cluster on HydF. X can indicate a glutamate, aspartate or a his-
tidine aminoacid ligand or it can be exchanged to imidazole or water as fourth lig-
and [18, 37, 38, 66]C- the proposed structure of the pre-catalyst on HydF based on 
spectroscopy studies. [7] 

 
Our motivation was to prove the biological relevance of these semi-synthetic 
HydF proteins by using the synthetic the binuclear iron complex [2Fe]adt to 
create a semi-synthetic holo-HydF protein, which we can directly compare to 
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previously characterized, naturally matured holo-HydF proteins. There are 
other HydF proteins with possible biological backgrounds to compare, [67, 
68] but our choice was to use HydF from Clostridium acetobutylicum as model 
system, since it is the most common biological model system for biochemical 
spectroscopic studies of HydF. [28, 31-33, 36, 40, 66] As a representative ex-
ample of HydA, our choice was the HydA1 protein from the micro algae Chla-
mydomonas reinhardtii, which is a biochemically, electrochemically and 
spectroscopically well-characterized [FeFe] hydrogenase, both in biological 
and semi-synthetic forms. [44, 56, 69-71] The expression and purification of 
HydA1 was carried out following  previously published protocols. [39] 

5.2. Sample preparation  
The HydF protein encoding gene from Clostridium acetobutylicum (CaHydF) 
construct was not codon optimized for E. coli. Hence in order to achieve suf-
ficient expression levels, the Rosetta(II) E. coli strain was employed, as this 
strain carries a rare codons encoding plasmid. Large scale (6-24 L) expression 
resulted in sufficient amounts (8 mg purified protein per OD600 per liter cul-
ture) of soluble dimeric CaHydF protein. In our hands, the [4Fe4S] cluster 
incorporation was very poor; the protein was often purified with minimal or 
no iron content at all. The residual iron was removed via chelation by EDTA 
in the precense of sodium dithionite (Na-DT). The chelation reaction was 
stopped by separating the resulting metal free proteins from the chelating rea-
gents using size exclusion chromatography (SEC). The CaHydF protein 
tended to form higher oligomeric forms which eluted in the void volume of 
the SEC column. This oligomerization was suppressed by slight changes in 
the expression and purification protocol following literature protocols. [72]  
 
The size exclusion chromatography was followed by in vitro enzymatic re-
constitution. The “as prepared” proteins more or less remained in their EPR 
silent state. However, a small fraction of reduced [4Fe4S] clusters gave  rise 
to an axial EPR signal.  
 
The reconstituted HydF protein was loaded with [2Fe]adt complex in order to 
form the semi-synthetic holo-HydF protein. This procedure followed the lit-
erature protocols for other, previously characterized and published semi-syn-
thetic HydF proteins. [7, 18] The incorporation of the [2Fe]adt complex was 
observable with UV-Vis spectroscopy by the appearance of a new peak at 350 
nm attributable to the metal-ligand charge transfer band in the [2Fe]adt com-
plex (Figure 16). The iron quantification upon maturation also showed an in-
crease in iron content as compared to the [4Fe4S] cluster form.  
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Figure 16. Monitoring holo-HydF formation by UV/Vis spectroscopy. The solid lines 
represent experimental data, while the dashed line represent a linear combination of 
two experimental spectra. 130 µM [4Fe4S]2+-CaHydF (solid black), 130 µM 
[2Fe]adt-CaHydF (solid blue line); 130 µM [2Fe]adt (solid red); A linear combina-
tion of 130 µM [2Fe]adt and 130 µM [4Fe4S]2+-CaHydF  spectrum (dashed blue). 
All spectra were recorded in 100 mM Tris-HCl pH 8.0, 300 mM KCl. The spectra 
were recorded with a l=0.2 cm cuvette. 

5.3. Basic spectroscopic characterization  
The previously characterized, biologically matured forms of CaHydF and the 
semi-synthetic forms of HydF [7, 18] were all exhibiting metal-carbonyl and 
metal-cyanide vibrations in the FTIR spectrum. However the wavenumbers 
corresponding to these vibrations were not in perfect agreement with each 
other. [7, 18, 31, 32] The reason for the differences could be structural differ-
ences between the model proteins from different organisms or redox differ-
ences due to different sample preparation conditions. Having a semi-synthetic 
holo-HydF protein, we were in the position to investigate the origin of these 
differences (Figure 17).  
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Consequently, as prepared, sodium-dithionite (Na-DT) reduced and thionine-
acetate oxidized proteins were examined by FTIR and CW-EPR spectroscopy. 
All these three forms of the semi-synthetic CaHydF exhibited four peaks at-
tributable to metal-carbonyl and two peaks attributable to metal-cyanide vi-
brations. Minor changes (±5) in wavenumbers (cm-1) can be observed in the 
FTIR spectra. Such differences are considered “small” changes. In general one 
electron reduction of the [2Fe] subsite usually results in a 10-20 wavenumber 
shift in the FTIR spectra of [FeFe] hydrogenases, and in model complexes 
these numbers are even larger. [47, 73] 

Figure 17.  Low temperature CW-EPR and FTIR spectroscopic characterization of 
artificially matured CaHydF, holo-CaHydF. Top left: EPR spectrum recorded on 
as-prepared holo-CaHydF (0.2 mM); bottom left FTIR spectrum recorded on as-
prepared holo-CaHydF (2.5 mM); top middle EPR spectrum recorded on Na-DT re-
duced holo-CaHydF (0.2 mM, 4 mM NaDT); bottom middle FTIR spectrum rec-
orded on NaDT reduced holo-CaHydF (2.5 mM, 50 mM NaDT); top right EPR 
spectrum recorded on thionine oxidized holo-CaHydF (0.25 mM, 2.5 mM thioinine); 
bottom right FTIR spectrum recorded on thionine oxidized holo-CaHydF (2.5 mM, 
25 mM thioinine). All samples were prepared in 25 mM Tris-HCl pH 8.0 50 mM 
KCl. EPR spectra were recorded at a microwave power of 1 mW, at 10 K, micro-
wave frequency: 9.28 GHz. 

 
As mentioned in the previous chapter, the oxidation state of the irons in the 
[2Fe]adt complex is FeI-FeI. The EPR spectrum shows no signal in the “as pre-
pared” and in the “thionine oxidized” forms which implies that both the 
[4Fe4S] cluster and the pre-catalyst stayed in their initial EPR silent state, at-
tributable to the [4Fe4S]2+ state in the case of the cluster and the FeI-FeI state 
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in the case of the [2Fe]adt pre-catalyst. The EPR spectrum of the reduced sam-
ple exhibits a typical axial signal attributable to the reduced [4Fe4S] cluster 
of CaHydF. However, the EPR signal of the reduced holo-HydF protein did 
not show notable differences in g-values, linewidth or lineshape compared to 
the apo form. The small changes in the wavenumbers and the lack of new 
features in the EPR spectra upon oxidation and reduction leads to the proposal 
that the pre-catalyst is weakly coupled to the [4Fe4S] cluster.  
 
All three FTIR spectra exhibited 4 Fe-CO peaks and 2 Fe-CN peaks, suggest-
ing that the pre-catalyst on HydF has 4 carbonyl and 2 cyanide ligands just 
like the synthetic [2Fe]adt complex. Upon oxidation and reduction of holo-
HydF, mild shifts in the wavenumbers was observable. Based on the compar-
ison of our new data set to previous studies on the biologically matured Ca-
HydF, it was clear that the semi-synthetic form of HydF is authentic and bio-
logically relevant, and the differences in wavenumbers in the previously re-
ported CaHydF FTIR spectra was most likely due to the differences in oxida-
tion states of the [4Fe4S] cluster. It was also clear that we are not able to 
reduce or oxidize the pre-catalyst on HydF, only the [4Fe4S] cluster is able to 
accept or donate electrons. 
 
In a functional, catalytically active [FeFe] hydrogenase the [2Fe] subsite fea-
tures three carbonyl ligands [5], in contrast to HydF, which carries a pre-cat-
alyst with four carbonyls instead.  

5.4. CO release 
To further support the FTIR spectroscopic data which suggest that the pre-
catalyst on HydF carries four carbonyl ligands, a hemoglobin based CO re-
lease detection was performed. Assuming that the pre-catalyst is a four car-
bonyl species and that the fourth CO is released, in principle, the hemoglobin 
assay would allow us to detect the CO released by HydA upon H-cluster for-
mation. The hemoglobin assay was performed based on previously published 
protocols [43, 74] with slight modifications. In our assay, it was not possible 
to do kinetic analysis due to the hemoglobin mediated decomposition of the 
pre-catalyst on HydF. Thus, HydF and HydA were incubated for various 
times, in various ratios at room temperature and in darkness. The incubation 
was followed by the addition of deoxyhemoglobin, and the mixture was gently 
mixed and incubated for 10-15 seconds, after which time UV-Vis spectra were 
recorded. The released CO was quantified by a home-written Excel script 
based on a two unknown equation system using the extinction coefficients of 
deoxyhemoglobin and carboxyhemoglobin at 419 and 430 nms. The extinc-
tion coefficients were calculated from experimental UV-Vis spectra and com-
pared to published values which were in good agreement. [24] 
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Figure 18. The activation of apo-HydA1 using holo-CaHydF probed by enzymatic 
assays and CO release. From left to right: H2 production assay, CO release- HydA1 
titration curve, Time dependence of CO release, CO release as a function of the rela-
tive ratio between apo-HydA1 and holo-CaHydF. 
 
In previous studies [7, 28, 31] it was already shown that a large excess of holo-
HydF (at least 10 fold molar excess relative to apo-HydA) is required in order 
to reach the maximal hydrogen evolution activity. The hydrogen evolution 
activity is directly proportional to the amount of active hydrogenase in solu-
tion, thus the maximum activity is corresponding to the complete activation 
of the hydrogenase population. This need for a large excess of holo-HydF is 
in contrast to the activation with only the biomimetic complex which can hap-
pen in 2:1 molar ratio of [2Fe]adt complex and HydA1. [43] It is very important 
to emphasize the difference between the hemoglobin assay and the hydrogen 
evolution assay. From the hemoglobin assay we get information about the H-
cluster formation from a structural point of view since the release of the CO 
is corresponding to a formed H-cluster, in contrast to the hydrogen evolution 
assay, where the detected hydrogen is the product of a working H-cluster.  
 
In our HydA maturation coupled hydrogen evolution assay we also needed to 
use an at least 10 fold molar excess of [2Fe]adt loaded forms of TmHydF or 
CaHydF (Figure 18). Similarly, the maximum CO release was also observed 
with at least 10 fold molar excess of [2Fe]adt loaded TmHydF or CaHydF pro-
teins. Interestingly, during the method optimization, it was observed that the 
length of the incubation times in a 5-50 minute interval did not affect signifi-
cantly the amount of released CO, neither with TmHydF nor with CaHydF in 
case we used 5:1 molar excess ratio of HydF to HydA. This 5:1 molar excess 
of HydF to HydA resulted in ~65% yield in CO release, where we considered 
100% to correspond to the CO release we observed with 10 and 15 fold molar 
excess of HydF to HydA. To further investigate the effect of the length of the 
incubation time, we used a 1:1 ratio of apo-HydA and holo-HydF in a 5-50 
minutes time interval. With this ratio, we have not observed the maximal 
amount of released CO in contrast to the experiments when we used a large 
excess of HydF, regardless of the incubation period. A reverse equivalent ex-
periment was also performed, where we used more HydA than HydF. In this 
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case, when HydA was in 15 fold molar excess compared to HydF, the same 
amount of CO was released like in the case when HydF was used in 15 molar 
excess to HydA. Thus, complete cofactor transfer occurred from holo-HydF 
to apo-HydA, when one of the proteins was present in excess.  

5.5. Redox chemistry  
As demonstrated and discussed in the previous chapter, oxidized species can 
be identified (Hox/Hox-CO) upon H-cluster formation, but we also observed 
the reduction of the [4Fe4S] cluster apo-HydA1 and the formation of reduced 
H-cluster species in the absence of external electron acceptor. Our hypothesis 
was that the [4Fe4S] cluster on HydF could serve as electron acceptor during 
the natural maturation process. In order to identify both the donor and the ac-
ceptor of the reaction, we used both FTIR and EPR spectroscopy. We took 
advantage of the phenomena that we observed complete pre-catalyst transfer 
when HydA was in a larger molar excess to HydF. This means that in our 
FTIR and EPR experiments HydA was in molar excess (6.5:1 molar excess of 
HydA to HydF) in order to force the precatalyst from HydF to HydA. We 
decided to use FTIR spectroscopy first. The reason for this was that with FTIR 
spectroscopy there are no “silent” H-cluster states.  
 
In our model where we suspect that the [4Fe4S] cluster of HydF is the electron 
acceptor and the [2Fe] subsite of the H-cluster is the electron donor, we should 
identify at least three paramagnetic species by EPR, which would be a rhom-
bic Hox signal and the axial Hox-CO signal from the H-cluster in HydA1, and 
an axial signal from the reduced [4Fe4S] cluster from the HydF side. Further-
more we would expect peaks corresponding to Hox and Hox-CO species in the 
FTIR spectrum.  
 
In the FTIR spectrum of the HydA-HydF mixture we can identify much 
sharper peaks compared to the FTIR spectrum of holo-HydF (Figure 20). This 
is the first sign that the maturation was successful. The carbonyl and cyanide 
peaks of HydF are broader than the carbonyl and cyanide peaks of HydA. This 
is mainly attributable to the fact that the carbonyl and cyanide ligands of the 
pre-catalyst on HydF have much more vibrational freedom on HydF, due to 
the fact that the pre-catalyst on HydF is localized on the surface in contrast to 
HydA, where the [2Fe] subsite is buried within the protein.  
 
The carbonyl and cyanide vibrations of the H-cluster in the FTIR spectrum are 
in good agreement with previously published wavenumbers of  the Hox and 
Hox-CO state. This was a clear evidence that the electron donor of the 
oxidation event is the [2Fe] subsite or the pre-catalyst. [56] 
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Figure 19.  H-cluster assembly monitored by FTIR and low temperature CW-EPR 
spectroscopy. (A) FTIR spectrum recorded [2Fe]adt-CaHydF (B) FTIR spectrum 
recorded on a mixture of apo-HydA1 and [2Fe]adt-CaHydF. Color coding: Hox, red; 
Hox-CO, purple. (C) low temperature CW-EPR spectra. Black line: apoHydA1 (200 
µM) incubated with [2Fe]adt-CaHydF (30 µM) for 60 min; Red line: [2Fe]adt-
CaHydF (30 µM); Purple line: apo-HydA1 (200 µM). (Inset): Black line: apo-HydA1 
(200 µM) treated with [2Fe]adt-CaHydF (30 µM); Green line: a linear combination 
of [4Fe4S]+-CaHydF (16 µM) and apo-HydA1 (200 µM). All EPR samples were 
prepared in 100 mM Tris-HCl pH 7.0 300 mM KCl, and recorded at a microwave 
power of 1 mW, at 10 K, microwave frequency: 9.28 GH 
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The FTIR experiment was followed by a low temperature CW-EPR 
experiment in order to identify the acceptor site of the redox event. In the low 
temperature CW-EPR experiment we used indentical conditions to the FTIR 
experiment.  
 
In the low temperature CW-EPR spectrum of the HydF-HydA mixture we can 
identify four species. These species are the rhombic Hox signal, the axial Hox-
CO signal and two additional axial EPR signals, attributable to reduced 
[4Fe4S] clusters. The Hox-CO signal is clearly dominating compared to the the 
Hox signal, which is significantly smaller.  
 
To investigate the reduced [4Fe4S] cluster signals, we have done linear 
combinations of experimental data of reduced [4Fe4S] cluster signals of pure 
apo-HydA1 and holo-HydF. By looking into the reference spectra of the pure 
proteins, the feature at g=1.89 was indentified in the spectrum of the reduced 
unmatured HydA, while the g=1.87 feature belong to the reduced holo-HydF. 
We also examined the starting material without any additional reductant. 
 
We found that the starting HydA material was partially reduced, and this 
cluster population remained reduced upon maturation. Meanwhile, the HydF 
starting material was practically EPR silent. However, the digital linear 
combination of 16 µM reduced [2Fe]adt-CaHydF experimental spectrum with 
the HydA starting material resulted in a perfect fit of the final spectrum 
recorded after mixing the two species (Figure 19). 

5.6. Summary and discussion 
In this chapter we addressed the need for a biochemical and spectroscopic 
characterization of a semi-synthetic CaHydF protein and its comparison to 
biologically matured CaHydF proteins, in order to clarify the biological 
relevance of the semi-synthetic HydF proteins.  
 
Our semi-synthetic HydF protein allows us to reproduce the FTIR spectra 
previously reported for biologically matured HydF proteins. This finding was 
suggesting that the semi-synthetic form is identical to the biological ones. This 
proved the biological relevance of the semi-synthetic HydF proteins.  
 
The release of a CO ligand was identified as part of the HydF mediated 
maturation. This CO release was observed previously with a maturation using 
only the synthetic [2Fe]adt cofactor. [43] However, the phenomena we 
identified with the CO release assay is fascinating. If HydA is in molar excess 
then the pre-catalyst transfer is as efficient as in the case when HydF is in 
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excess. The fact that we need large excess from HydF or HydA in order to 
achive maximal pre-catalyst transfer is raising the question: is it possible that 
there is another maturase enzyme? A chaperon protein which helps HydA to 
dock to HydF? 
 
Our FTIR and EPR data support the hypothesis that an oxidation event of the 
[2Fe] subsite happens during H-cluster assembly. Additionally, the observed 
reduction of CaHydF suggests that this protein acts as an electron acceptor in 
the process.  
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6. Quaternary structural study of the [FeFe] 
hydrogenase maturation (Paper IV)  

6.1. Motivation and strategy 
A bioinorganic chemist prefers to focus on cofactor level, meanwhile a bio-
chemist prefers to look into the same reaction on protein level. In the case of 
the HydF-HydA interaction, we aimed to look into this on both levels.  
 
Our efforts to capture the intermediate HydF-HydA complex with glutaralde-
hyde crosslinking, native PAGE and size exclusion chromatography failed. 
This implied to us, that this protein-protein interaction is transient. To clarify 
this, we needed a technique which is more sensitive for transient protein-pro-
tein interactions than the SEC or PAGE. Our choice was the so called 
“GEMMA” (Gasphase Electromobility Macromolecule Analysis) technique 
which is similar to a mass spectrometry method where the proteins are trans-
ferred into a volatile buffer like ammonium acetate. The GEMMA technique 
requires minute quantities of purified proteins and we can see the results 
within minutes. Despite these great features of the technique, not every protein 
can be studied via the GEMMA technique.  
 
In this study we used TmHydF (HydF from Thermotoga maritima) and 
HydA1 (HydA1 from Chlamydomonas reinhardtii) as model proteins.  
 

6.2. The quaternary structure of HydF 
The quaternary structure of HydF has been a question for a long time. The first 
biochemical and biophysical characterization study claimed that HydF acts as 
a monomer in solution. [29] However, since the apo-HydF crystal structure 
was solved [34], it was clear that HydF cannot be a monomer.  
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As mentioned earlier, the metal free HydF crystal structure has shown that 
HydF consist of 3 distinct domains (Figure 20), namely the GTPase domain, 
the dimerization domain and the FeS cluster binding domain. The dimeriza-
tion domain itself is extremely hydrophobic, thus ensuring that the two HydF 
monomers forms a stable HydF dimer unit. This hydrophobic interaction is so 
strong that so far no one has reported isolated monomeric HydF.  

 

Figure 20. The structure of HydF. In the ribbon structure the color coding is: blue – 
GTPase domain, white – dimerization domain, red – iron-sulfur cluster binding do-
main. In the surface model blue indicates the more hydrophilic residues and brown 
the rather hydrophobic residues in the HydF protein. The structures were prepared 
in Discovery Studio using TmeHydF (pbd: 5kh0) as template.[18] The monomeric 
unit was created via the manual separation of the monomers in the dimeric units in 
silico in Discovery studio in order to expose the hydrophobic surface of the dimeriza-
tion domain.  

 
However, it has been shown previously that even though the majority of the 
protein is in a dimeric state, there is a small fraction in tetrameric state. In the 
case of TmHydF, this population corresponds to the first peak of the size ex-
clusion chromatography chromatograms, while the dimeric population consti-
tutes the second peak. The nature of the tetrameric state is unclear. On the one 
hand, the conserved cysteines of the FeS cluster binding domain are able to 
form disulfide bridges with each other within a HydF monomer and with an-
other cysteine on another HydF monomer. The distance between the two HydF 
monomers (~40 Å) in the dimeric unit is probably too large for the cysteines 
to form disulfide bridges within the dimeric unit, hence the cysteines are form-
ing disulfide bridges with the cysteines of another unit. This results in the so 
called “dimer of dimers”. [34] However, this oligomerization is expected to 
be prevented by the [4Fe4S] cluster coordination. In the crystal structure of 
the [4Fe4S] form of the HydF protein (apo-HydF) another form of tetramer 
was present. This tetramer did not have any obvious contact surfaces, hence it 
was potentially the result of crystal packing effects. [18]  
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6.2. The GEMMA vs. SEC 
The metal free HydA1 protein also shows two peaks in the SEC chromatogram 
just like the metal free TmHydF. The resulting fractions TmHydF and HydA1 
of the SEC were collected and used for GEMMA measurements (Figure 21). 
In GEMMA spectra of metal free TmHydF, the first peak of the SEC mainly 
consists of tetrameric proteins, while the second peak shows both dimeric and 
tetrameric forms, which implies that the tetrameric form was formed again 
after size exclusion chromatography. This behavior implies that this form of 
the tetramer and the dimer form are not in dynamic equilibrium. Arguably, a 
dynamic equilibrium would result in the same dimer-tetramer ratio also in the 
GEMMA spectrum of the first peak, due to the fact that the tetramers would 
fall apart to dimers in order to keep the ratios. The GEMMA spectrum of the 
second peak of the HydA1 SEC chromatogram shows that the population is 
mostly in monomeric form. 

Figure 21. Comparison of the SEC and the GEMMA techniques. Panel A: SEC, panel B: 
GEMMA.  

6.3. Spectroscopic characterization  
The fact that our metal-free proteins did show up in the GEMMA spectrum 
was promising. This encouraged us to examine the effect of the metal content 
on the quaternary structure. However, the fact that ammonium acetate was 
required as buffer concerned us. We performed a basic comparative spectro-
scopic analysis both in Tris-HCl based buffer, which was the standard buffer 
in our spectroscopy experiments, and ammonium acetate.  
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Our aim was to see whether the cofactors keep their structural integrity in am-
monium acetate, and in this specific case we were interested in both the 
[4Fe4S] cluster and the pre-catalyst loaded form of HydF (holo-HydF).  
 
In the UV-Vis spectrum (Figure 22, panel A) the black line indicates the re-
constituted HydF in Tris-HCl and the dark grey one in ammonium acetate. 
The reader is now probably assuming that the author forgot to plot the second 
spectrum, but this is not the case. In the case of the [4Fe4S] proteins, the spec-
trum in ammonium acetate and Tris-HCl buffers are identical, or rather indis-
tinguishable when they are normalized for absorption at 280 nm.  
 

Figure 22. The spectroscopic characterization of the HydF protein in ammonium ac-
etate. A) UV-Vis spectra: black line apo-TmHydF 50 mM Tris-HCl 150 mM NaCl pH 
8.0, grey line apo-TmHydF in 100 mM ammonium acetate, B) Low temperature CW-
EPR spectra: top: 200 µl 200 µM apo-TmHydF in 100 mM ammonium acetate, bot-
tom: 200 µl 200 µM apo-TmHydF in 50 mM Tris-HCl 150 mM NaCl pH 8.0. The EPR 
spectra were recorded at 10 K with 1 mW microwave power. C) FTIR spectra: top: 2 
mM holo-TmHydF in 100 mM ammonium acetate, bottom 2 mM holo-TmHydF in 50 
mM Tris-HCl 150 mM NaCl pH 8.0.  
 
In short, the low-temperature CW-EPR spectra were recorded at 10 K with 1 
mW power on Na-DT reduced [4Fe4S] cluster containing HydF (apo-HydF) 
proteins using Tris-HCl or ammonium acetate as buffer. In the low tempera-
ture CW-EPR spectra there are minor changes in the line shape which can be 
due to nitrogen coordination by ammonia, but the principal g-values are iden-
tical in both buffers and the intensities are relatively similar. In addition, there 
was no sign of major [4Fe4S] cluster decomposition or change in redox activ-
ity in ammonium acetate buffer compared to Tris-HCl. In the FTIR spectrum, 
the number of peaks, corresponding to Fe-CO and Fe-CN vibrations of the 
pre-catalyst, as well as their shape and positions, are identical in both buffers. 
This is an indication that the number of the ligand has not changed, meaning 
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that the pre-catalyst kept its structural integrity. The comparative spectro-
scopic analysis verified that both the FeS cluster containing apo and the pre-
catalyst containing holo-HydF form were qualified for GEMMA analysis.  

6.4 The effect of the metal content on the quaternary 
structure  
In order to examine the effect of the metal content on the quaternary structure, 
the metal free proteins were collected after the SEC, and enzymatically recon-
stituted in Tris-HCl buffer and also loaded with [2Fe]adt complex to generate 
apo-HydF and holo-HydF. The last step of the sample preparation was the 
buffer exchange to 100 mM ammonium acetate buffer. The proteins were flash 
frozen in liquid nitrogen and kept at -80°C until measurement. Prior to meas-
urement the proteins were diluted into anaerobic 20 mM ammonium acetate 
buffer.  

Figure 23 The GEMMA spectra of HydF and HydA as a function of cofactor content. 
Panel A) bottom: metal free HydA, middle: apo-HydA, top: holo-HydA. Panel B) bot-
tom: metal free HydF, middle apo-HydF, top: holo-HydF.  
 
The quaternary structure of HydA was not perturbed by metal loading. The 
initial population distribution between monomeric and dimeric form stayed 
more or less the same in the metal-free sample, the apo-HydA and in the holo-
HydA sample. This can be explained by the fact that the [4Fe4S] cluster co-
ordination environment is very buried inside the protein, so the disulfide 
bridge formation between HydA monomers is practically impossible (Figure 
23). In the case of HydF, certain aliquots of the same metal free sample batch 
exhibited higher oligomeric states. Upon [4Fe4S] cluster coordination and 
pre-catalyst loading these oligomeric states were decreasingly present which 
can be explained by the lack of disulfide bridge formation because of [4Fe4S] 
cluster coordination. In contrast to the [4Fe4S] cluster of HydA, the [4Fe4S] 
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cluster on HydF is on the surface of protein, hence the intramolecular disulfide 
bridge formation is possible.  

6.5. The quaternary structure of the HydF-HydA 
interaction  
In order to see what the quaternary structure of the HydF-HydA interaction is, 
we examined all different combinations of HydA and HydF proteins based on 
metal loading. In every GEMMA spectrum of this dataset we can identify the 
three peaks, corresponding to the different quaternary structural forms of 
HydF and HydA.  
 
 

Figure 24. The GEMMA spectra of the HydF-HydA mixtures. The text next to the 
spectra indicates the cofactor content. Column A indicates metal free HydA combined 
with holo-HydF (top), apo-HydF (middle) and metal free HydF (bottom). Column B 
indicates apo-HydA combined with holo-HydF (top), apo-HydF (middle) and metal 
free HydF (bottom). The asterisk indicates the new 150 kDa peak. 
  
A peak at 50 kDa which is corresponding to monomeric HydA, a peak at 100 
kDa corresponding to a mixture of dimeric HydF and a small fraction of di-
meric HydA, and we can also identify a 200 kDa peak, corresponding to the 
tetrameric form of HydF. More importantly, the HydF-HydA mixtures re-
vealed a new peak at 150 kDa (Figure 24). This peak is more intense in the 
case of metal loaded species and practically negligible in the case of the metal 
free proteins. A possible, but unlikely, explanation would be that a HydA di-
mer interacts with a HydF monomer based on the molecular masses of the 
monomeric HydF (45 kDa) and HydA (49 kDa). Instead, the 150 kDa peak is 
most probably corresponding to a HydF dimer interacting with a HydA mon-
omer. This finding is raising the question: why would a HydA monomer need 
a HydF dimer for the activation? [75] 
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6.6. Summary and discussion 
In order to identify the quaternary structure of the HydF-HydA protein com-
plex we used the GEMMA technique. We characterized the metal loaded 
forms of HydF in ammonium acetate with EPR, UV-Vis and FTIR spectros-
copy. Our results show that both the [4Fe4S] cluster and the pre-catalyst is 
able to keep their structural integrity in ammonium acetate. We performed 
GEMMA experiments to highlight the effect of the metal content on the qua-
ternary structure. We found that the quaternary structure of HydA is not af-
fected by the metal content, in contrast to HydF where the higher molecular 
mass species were less present in the metal loaded samples. We suggested that 
the reason for this is probably disulfide bridge formation. This would be in 
agreement with crystal structure studies where HydF was found in the crystals 
in tetrameric form; a dimer of dimer linked together by disulfide bridges. [34] 
We identified a 150 kDa peak, which is most likely corresponding to a dimeric 
HydF interacting with a monomeric HydA. This finding is in agreement with 
previously published HydA activation solution assays, where the HydF dimer 
fraction was isolated from the tetramer fraction. Both fractions were used for 
HydA activation. In this assay, only the dimeric fraction activation showed 
hydrogen evolution activity. [75]  
 
In the author’s opinion, the dimeric HydF interacting with a monomeric HydA 
appears to be unusual. Why would a monomeric HydA require a dimeric HydF 
for the activation? Why is HydF a dimer? What is the role of the dimerization 
domain? What are the roles of the other domains in the interaction with HydA?  
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7. The miniaturized HydF proteins (Paper IV) 

7.1. Motivation and strategy 
In order to elucidate the role of the domains of HydF in the interaction with 
HydA, and to show the main role of the [4Fe4S] cluster on HydF, we created 
two mutants. The first mutant (ΔD) is lacking the dimerization domain, hence 
it is supposed to be a monomeric HydF protein, with only the GTPase domain 
and the FeS cluster domain. The second mutant (ΔGD) is lacking in both the 
dimerization domain and the GTPase domain. Previous studies have shown 
that the GTP hydrolysis has no effect on the HydA activation. [32] Instead, 
the GTP hydrolysis is critical upstream, in the interaction with HydE and 
HydG. The GTPase domain in this case acts as a molecular switch, and the 
GTP hydrolysis is used to dissociate from HydE and HydG, however it has 
not been shown before if the GTPase domain itself is involved in the interac-
tion with HydA. [36, 76] The importance and the role of the dimerization do-
main has not been investigated yet.  
 
It is very important to clarify that these HydF variants most likely would not 
be able to interact with HydE or HydG, and this emphasizes the importance 
of our study about the authenticity of the semi-synthetic HydF protein. In 
Chapter 5, we demonstrated that the semi-synthetic HydF proteins are biolog-
ically relevant forms. This gives us a very powerful tool to examine the role 
of the different domains of HydF, as we can now avoid the biological assem-
bly machinery.  

7.2. Sample preparation  
In this experiment series we used TmHydF as full-length control. Our initial 
idea was to prepare, characterize and use the FeS cluster domain of TmHydF 
solely. We found in our preliminary experiments that the FeS cluster domain 
of TmHydF is not soluble or stable, and it was nearly impossible to work with. 
In order to stabilize it, it was cloned in frame with a maltose binding protein 
(MBP) solubility tag. This form (ΔGD) was soluble and stable. We have not 
had these issues with the ΔD mutant which is lacking only the dimerization 
domain. Both HydF variants were heterologously expressed in Rosetta (II) E. 
coli cells and aerobically purified.  
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However, while the proteins intended to be in vitro reconstituted, it was visible 
during the protein purification process that most likely both mutants are able 
to coordinate a [4Fe4S] cluster, based on the beautiful brown color of the pu-
rified protein, which is typical for proteins with [4Fe4S] clusters (Figure 25).  
 
In order to remove the potentially oxidized iron atoms from the protein sam-
ple, the proteins were treated with EDTA chelator in the presence of Na-DT 
under strict anaerobic conditions, followed by size exclusion chromatography 
and in vitro enzymatic reconstitution following literature protocols. [38, 77] 
 

 
 
Figure 25. The purification process of the ΔGD protein. First picture: sonicated cell 
lysate, second picture: the resulting supernatant of the ultracentrifugation, third pic-
ture, left: column loaded with the ultracentrifugation supernatant, right: an empty 
column for comparison, fourth picture: the concentrated purified ΔGD. The harvest, 
work-up, and the purification was performed at 4°C, in 100 mM Tris-HCl pH=8.0, 
300 mM KCl, 25 mM MgCl2, 10% glycerol containing buffer, under aerobic condi-
tions.  

7.3. The spectroscopic characterization  
The reconstituted proteins were characterized by UV-Vis and low-
temperature CW-EPR spectroscopy (Figure 25). 
 
In the UV-Vis spectrum of both variants we can identify the broad features of 
a typical [4Fe4S] cluster at 400 nm. It can be misleading that the UV-Vis 
spectrum of the two HydF variant is not identical to each other or to the UV-
Vis spectrum of the oxidized WT-TmHydF. This deviation is due to the dif-
ference in absorption at 280 nm, which is because the different HydF variants 
have different extinction coefficients, which leads to a difference in 280 nm 
and 400 nm ratios. The broad UV-Vis feature of the oxidized HydF variants 
at 400 nm is disappearing upon chemical reduction with Na-DT. This could 
mean that the cluster is decomposing during reduction, but the low tempera-
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ture CW-EPR spectrum proves that the loss of absorbance is due to the for-
mation of the reduced [4Fe4S] clusters. In the low-temperature CW EPR spec-
tra of the HydF variants we can identify the axial EPR signal corresponding 
to the reduced [4Fe4S] clusters. These EPR signals have identical g-values 
compared to the low temperature CW-EPR signal of the reduced [4Fe4S] clus-
ter of the WT-TmHydF protein. These results suggests that even though we 
removed quite significant parts of the parental protein – 25% in the case of 
ΔD and 75% in the case of ΔGD – we have not significantly perturbed the 
coordination environment of the [4Fe4S] cluster.  
 
In the next step, the truncated proteins as well as the WT-TmHydF protein, 
was used to generate holo-HydF. The HydF variants were incubated with 10 
fold molar excess of [2Fe]adt complex under dimmed light conditions and 
16°C. The reaction was stopped by the separation of the resulting holo-HydF 
proteins from the excess [2Fe]adt complex via desalting column. The efficiency 
of the [2Fe]adt loading of the mutants was already visible with UV/Vis spec-
troscopy due to the increase in absorbance at 350 nm. In the low temperature 
CW-EPR spectrum of the mutant proteins we have seen that the loading does 
not affect the EPR signal of the reduced [4Fe4S] clusters. This implies that the 
pre-catalyst and the [4Fe4S] cluster are weakly coupled. We have seen this 
exact behavior both with WT-TmHydF and with our CaHydF protein. [54] In 
order to get unquestionable evidence about the presence of the pre-catalyst on 
the miniaturized HydF proteins we used FTIR spectroscopy to look into the 
Fe-CO and Fe-CN vibrations of the pre-catalyst. The Fe-CO and the Fe-CN 
bands can be clearly identified in both HydF variants, however the FTIR spec-
tra of the miniaturized HydF proteins are not identical to the FTIR spectrum 
of the pre-catalyst on the parental protein, nor are they identical to the [2Fe]adt 
complex in solution.  
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Figure 25. Spectroscopic characterization of the truncated HydF proteins. (Panel 
A-B) UV-Visible spectra of ΔD (A) and ΔGD (B). The panels show the reconstituted 
([4Fe-4S]2+) form of the HydF variants (black lines); the [2Fe]adt cofactor loaded 
([2Fe]adt-[4Fe-4S]2+) forms (red lines) and the Na-DT reduced ([4Fe-4S]+)  forms 
(dashed lines). The samples were prepared in a buffer containing 100 mM Tris-HCl 
and 300 mM KCl buffer with a protein concentration of 100 μM (ΔD) and 50 µM 
(ΔG D). In the case of ΔD  and ΔGD, 20 and 10 molar equivalents (0.5 mM) of Na-
DT was used as reductants, respectively. (Panel C-D) Low temperature CW-EPR 
spectrum of the reduced forms of ΔD (C) and ΔDG (D). The panels show both re-
constituted [4Fe4S] cluster (black lines) and [2Fe]adt loaded forms (red lines). The 
EPR spectra were recorded at 10 K, 1 mW microwave power, 10 Gauss modulation 
amplitude, and 100 kHz modulation frequency. Frequency 9.28 GHz. (Panel E): 
FTIR spectra of the [2Fe]adt loaded forms. Top spectrum shows HydFΔDG, and the 
bottom spectrum HydFΔD. The FTIR spectra were recorded at room temperature, 
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and the samples were prepared in a solution containing 100 mM Tris-HCl pH 8.0, 
300 mM KCl. 

7.4. HydA activation by the miniaturized HydF proteins  
 
The [2Fe]adt loaded forms of the truncated HydF proteins were tested for HydA 
activation. The truncated [2Fe]adt cofactor loaded forms were mixed with apo-
HydA1 and the samples were incubated for 15 minutes, which was followed 
by reduced methyl viologen addition to initiate the hydrogen production. In 
this assay the hydrogen evolution activity is proportional to the amount of apo-
HydA1 which was activated by the holo-HydF variants.  
 
As discussed in Chapter 5, the results of the hydrogen evolution assay have 
showed that at least a 10 fold molar excess of holo-HydF protein is required 
to fully activate apo-HydA1. In this experiment (Figure 26) we demonstrated 
that the truncated HydF proteins are also able to activate apo-HydA1, although 
with different efficiencies as compared to the WT holo-HydF protein.   

Figure 26. Influence of the different domains of HydF on the transfer of the pre-cata-
lyst to apo-HydA1 (8 nM). Apo-HydA was titrated with 8 – 120 nM of holo-HydF 8-
80 nM holo-HydFΔD; and 8-80 nM holo-HydFΔDG. 15 fold molar excess of [2Fe]adt 
complex was used as positive control. The maturation reactions were perfomed in 100 
mM K-phosphate buffer (pH 6.8), and H2 evolution initiated via addition of dithionite 
and MV2+ after 15 minutes. The two bars are representing the technical repli-
cates.  
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7.5 Summary and discussion 
The author prepared 2 HydF mutants, lacking the dimerization domain (ΔD) 
and lacking both the GTP-ase domain and the dimerization domain (ΔGD).  
 
The spectroscopic characterization of both mutants highlighted that the trun-
cated proteins are able to coordinate a redox-active [4Fe4S] clusters. These 
[4Fe4S] clusters have EPR and UVVis properties strikingly similar to the 
[4Fe4S] cluster of the WT-TmHydF.  
 
The results of the FTIR spectroscopy on the holo-HydF variants showed that 
both HydF variants can coordinate the synthetic [2Fe]adt complex.  
 
The results of the ΔGD mutant are highlighting the importance and the role of 
the FeS cluster domain in the coordination of the [2Fe]adt complex. This mu-
tant could be used for resolve the structure of the pre-catalyst on HydF. Due 
to flexibility issues of the GTPase domain the crystallization of HydF was 
challenging already with the apo protein, and it was impossible to crystallize 
the holo-HydF protein. [18, 34]  
 
Due to the fact that the ΔD mutant was able to activate apo-HydA1 the role of 
the dimerization domain remains unclear in the authors oppinion. In Chapter 
6 it was demonstrated that a dimeric HydF interacts with a monomeric HydA. 
Although it is questionable, why? The pre-catalyst synthesis is considered as 
a biochemically expensive process due to the GTP hydrolysis in order to dis-
sociate from HydE and HydG. [36, 76] Taken into consideration the quater-
nary structure of HydG and HydE – HydG is a dimer [17] and HydE is a mon-
omer [16] – and the fact that the product (so called “synthon”) of HydG is a 
mononuclear iron complex with two CO and a CN ligand [25]. Would it be 
possible that a dimeric HydG interacting with a dimeric HydF and synthon 
transfer efficiency would be 1 synthon per HydF monomer (Figure 27)? Fol-
lowed by synthon transfer and GTP hydrolysis, HydE would dock in – because 
HydF cannot interact with HydE and HydG simultaneously [36] – and form 
the bridging ligand between the two mononuclear iron complex?  
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Figure 27. Proposed HydF maturation mechanism. The proteins structures are cor-
responding to HydG (yellow, PBD: 4WCX), HydE (blue, PBD: 3CIW), HydF (grey, 
PBD: 5KH0), HydA (pink, PBD: 5LA3). A similar mechanism was proposed by [78] 
and [25]. The author was taking it into consideration that HydG is a dimer [17] while 
HydE is a monomer [16]. According to the model, a HydG dimer docks onto a HydF 
dimer and placing one-one synthon on both [4Fe4S] clusters of the dimeric HydF 
unit. Upon GTP hydrolysis HydG is dissociating from HydF and a monomeric HydE 
can dock into the cavity between the two HydF monomers. HydE is creating the aza-
dithiolate bridging ligand, then dissociating upon GTP hydrolysis. The result is one 
pre-catalyst per dimeric HydF unit.  
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Conclusions and outlook 

The aim of this thesis work was to provide a deeper understanding of H-cluster 
formation and [FeFe] hydrogenase maturation.  
 
As demonstrated and discussed in Chapter 3, in vivo EPR spectroscopy can be 
a new tool in [FeFe] hydrogenase research. The in vivo artificial maturation, 
and EPR spectroscopy combined with biochemical assays could be a tool for 
screening for in silico identified but spectroscopically and biochemically un-
characterized hydrogenases. This method could potentially be a high-through-
put screening for promising hydrogenase candidates. The positive hits can be 
purified and characterized with regards to high oxygen tolerance, heat stabil-
ity, organic solvent tolerance, which are requirements for industrial uses of 
the hydrogenases. These new hydrogenases could be used in combination with 
solar cells for sun light driven hydrogen production. Work done in our group, 
and by other labs, have shown that it is possible to combine hydrogenases with 
semi-conductors for light driven hydrogen production. [79] [80] Furthermore, 
the [FeFe] hydrogenase and the maturation machinery can be introduced into 
suitable biotechnological host organisms for biological H2 production or H2 
driven CO2 fixation. [81] 
 
As demonstrated and discussed in Chapter 4, our spectroscopic investigations 
have allowed the formulation of a mechanism of H-cluster assembly. We were 
not able to capture spectroscopically the electrochemically identified interme-
diate P. Future efforts should focus on rapid freeze-quench EPR [82] and 
stopped-flow rapid scan FTIR [73] techniques on ms time scale in order to 
capture intermediate P.  
 
In Chapter 5 the biological relevance of the semi-synthetic HydF proteins was 
discussed and demonstrated. This provides a new tool in order to map the in-
teraction surfaces between HydF and HydA by creating HydF mutants lacking 
certain secondary or tertiary structural motifs or even just aminoacid muta-
tions. There is a high chance that these HydF mutants would not be able to 
interact with HydE and HydG, but our preliminary results (demonstrated and 
discussed in Chapter 7) with two truncated HydF proteins show that artificial 
maturation can be a tool for the preparation of miniaturized HydF production.  
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Based on the data discussed in Chapter 6 and 7, in combination with literature 
data, [78] the author proposed a revised mechanism for how the pre-catalyst 
is assembled on HydF. This mechanism could be verified with GEMMA 
measurements on HydF/HydG and HydF/HydE mixtures. Furthermore, in 
principle mononuclear Fe complexes with CO and CN ligands could be po-
tentially introduced to HydF followed by the addition of a suitable bridging 
ligand. This maturation system with the mononuclear Fe complexes could pro-
vide a model system for the deeper understanding of HydE chemistry.  
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Sammanfattning på svenska 

Samhället konsumerar stora mängder icke-förnybara resurser som potentiellt 
bidrar till global uppvärmning. Denna konsumption kan därav till slut leda till 
en samhällskollaps, och därför är investering i miljövänliga och förnybara 
energikällor viktigt. En miljövänlig och polentiellt förnybar energibärare är 
vätgas, som vid förbränning inte avger koldioxid. 

 
Väte kan produceras via elektrolys, en ej nödvändigtivs miljövänlig process 
om vi tar i beaktning koldioxidutsläppet som är nödvändigt vid metoden. Al-
ternativt kan vätgas produceras som biobränsle av olika typer av mikroorgan-
ismer. Dessa mikroorganismer finns i exempelvis sjöar, jorden och haven. 
Kärnan i dessa mikroorgansimers produktion av vätgas är hydrogenas, ett en-
zym, som kan göra vätgas av protoner och elektroner. Produktionen av detta 
enzym är dock komplicerad, och inne i celler är den strikt kontrollerad. Vi kan 
därför inte bara ta mikroorganismen och koppla dem till en vätgastank för att 
skapa biovätgas. För att fullt ut utnyttja organismen måste vi förstå enzymet 
och hur det skapas. 

 
En viktig beståndsdel i dessa enzymer är ett ”hjärta” som finns i deras protein. 
Det finns många olika typer av hydrogenas-enzymer, med många typer av ”or-
gan”, men gemensamt för dem alla är strukturen på detta hjärta, som i sin tur 
består av mindre beståndsdelar. Vi kan undersöka dessa med hjälp av olika 
”förstoringsglas”. 

 
Denna avhandling är tänkt att bidra till att fördjupa förståelsen för hur dessa 
hjärtan är uppbyggda. Vårt förstoringsglas är i huvudsak spektroskopin som 
kan berätta för oss hur hjärtat ser ut. Andra forskningsgrupper har andra för-
storingsklass, exempelvis proteinfilmelektrokemi, kan ge information om hur 
snabbt hjärtat slår. 

 
Förenklat så är hjärtat byggt upp av järnjoner med inslag av koloxid och cy-
anid. Som bekant är de senare två giftiga för människor, men även för mikro-
organismerna själva. Trots detta finns de alltså i enzymets hjärta. Konstrukt-
ionen av hjärtat kräver ett maskineri som kan sköta dess uppbyggnad på ett 
kontrollerat sätt. Det är intressant att detta hjärta är biologiskt unikt och finns 
inte i de flesta levande organismer. 
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Kontrollen vid uppbyggnaden är mycket viktig för mikroorganismernas över-
levnad, men det gör enzymen svår a att isolera så att vi kan få den i rent kon-
centrat. Våra förstoringsglas är känsliga nog för att undersöka hjärtat, men det 
kräver att vi har stora mängder rent koncetrat av enzymen. 

 
Isolering av enzymen har nyligen blivit enklare med hjälp av en viktig ny tek-
nik. En metafor för att förklara den nya tekniken vore att det är som en organ-
transplanation. I detta specifika fall kan vi föreställa oss att vi kan tillverka 
artificiella hjärtan som vi kan sätta in i enzymet. Dessa hjärtan kan inte slå 
utanför enzymen, men innanför slår de på exakt samma vis som det biologiska, 
och ser ut på precis samma sätt. 

 
Vi har fokuserat på den första tiden när dessa hjärtan placeras i enzymet och 
börjar slå. Vi har följt processen med vårt förstoringsglas på olika sätt i ett 
försök att förstå hur hjärtat är uppbyggt och integrerat i enzymet. Detta arbete 
har bidragit till en bättre förståelse för denna komplexa process, som i sin tur 
har lett oss ett steg närmare en effektiv biologisk produktion av vätgas. 
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