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Abstract

[FeFe] Hydrogenases are metalloenzymes which catalyze the oxidation of H, as well
as the reduction of protons to form H,. Understanding their catalytic mechanism and
biosynthesis pathway as well as their electronic and geometrical structure is of great interest
for biotechnology where they serve as models for the development of hydrogen conversion
catalysts in renewable energy systems. The algal [FeFe] hydrogenase from Clamydomonas
reinhardtii (CrHydA1) is a particularly convenient system for studying hydrogenase function
since it contains only the active site and no additional iron-sulfur clusters which occur as
electron transport pathway components in bacterial hydrogenases. The active site is
referred to as the “H-cluster” and consists of a “classical” [4Fe-4S] cluster connected via a
protein cysteine side group to a unique [2Fe], sub-cluster containing CO and CN’ ligands as
well as bridging dithiolate ligand.

In this thesis, combined EPR, FTIR and electrochemical methods were used to study
the active site of the [FeFe] hydrogenase from Clamydomonas reinhardtii. The following
topics were addressed:

e The super reduced state of the H-cluster (Hs..q) Which only seems to be stable as
resting state in CrHydA1 was characterized by EPR spectroscopy in combination with

FTIR. These studies identified H..eq as a [4Fe-45]"*Fe'Fe' configuration which is two

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

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

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

proton to a terminal hydride occurs in one step.
e The biosynthesis of the H-cluster was studied by FTIR and EPR methods
supplemented by DFT calculations. It was shown that three mimic complexes of the

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

involved in the biosynthesis of the H-cluster) and then can be transferred to apo



[FeFe] hydrogenase. The apo [FeFe] hydrogenase could be fully activated only with
the mimic complex containing a bridging amine function in the dithiolate ligand
confirming its postulated role in the catalytic mechanism.

Subsequent biochemical experiments combined with EPR and FTIR showed that the
apo [FeFe] hydrogenase can be activated also directly by the mimic complex, i.e.
without assistance of HydF, and that the H-cluster obtained in this way is
spectroscopically undistinguishable from the native one.

FTIR spectroelectrochemistry was used to study the redox behavior of CrHydA1l in
the presence and absence of extrinsic CO for the active semisynthetic H-cluster as
well as for one of the non-active variants. Two new redox states were identified in
which the [4Fe-4S], sub-cluster was in the reduced state. This finding strongly
supports a model in which the [4Fe-4S]y sub-cluster is actively participating in the
redox transitions occurring during the catalytic cycle of the enzyme.

Multi-frequency HYSCORE and ENDOR studies were performed on a hybrid enzyme
maturated with a non-natural H-cluster in which the bridging amine function was
replaced by an inert CH, group. The CN' ligands of this hybrid H-cluster were labeled
with *C and N. These studies provided detailed information on how the spin
density is distributed over both CN" ligands. The detailed data on the relative
orientation of the *C and >N magnetic interaction tensors allowed us to propose
that the g-axis frame of the H-cluster in the H,, state adopts the local symmetry of

the [2Fe] sub-cluster.



Zusammenfassung

[FeFe]-Hydrogenasen sind Metalloenzyme, die die Oxidation von Wasserstoff sowie
die Reduktion von Protonen zu Wasserstoff katalysieren. Das Verstandnis des katalytischen
Mechanismus und der Biosynthese von Hydrogenasen sowie ihrer elektronischen und
geometrischen Struktur ist von groBem Interesse fir biotechnologische Prozesse.
Hydrogenasen dienen als Modelle fir die Entwicklung von Wasserstoff-umsetzenden
Katalysatoren basierend auf erneuerbaren Energiequellen.

Die aus Algen stammende [FeFe]-Hydrogenase aus dem Organismus Clamydomonas
reinhardtii (CrHydA1) ist fir die Untersuchung von Hydrogenasen besonders gut geeignet, da
sie ausschlieRlich das aktive Zentrum und keine weiteren Eisen-Schwefel-Cluster enthalt,
welche fiir den Elektronentransport in von Bakterien abstammenden Hydrogenasen
verantwortlich sind. Das aktive Zentrum wird als ,H-Cluster” bezeichnet und besteht aus
einem ,klassischen” [4Fe-4S]-Cluster, verbunden Uber den Schwefel einer Cystein-Gruppe
mit der ungewodhnlichen [2Fe]y-Untereinheit, welche CO und CN" Liganden sowie einen
verbriickenden Dithiolat-Liganden enthalt.

In der vorliegenden Arbeit wurde das aktive Zentrum der [FeFe]-Hydrogenase von
Clamydomonas reinhardtii mit einer Kombination von EPR- und FTIR-spektroskopischen
sowie elektrochemischen Methoden untersucht. Folgende Fragestellungen wurden dabei
untersucht:

e Der ,super-reduzierte” Zustand des H-Clusters (H.g), der scheinbar nur in
Algenenzymen als stabiler Verweilzustand existiert, wurde mittels EPR-
Spektroskopie in Kombination mit FTIR-Spektroskopie untersucht. Die
durchgefiihrte Analyse identifiziert Hgeq als [4Fe-4S]"Fe'Fe' Zustand, welcher
gegeniber dem aktiven oxidierten Zustand H,, um zwei Redoxstufen reduziert ist.
Proteinfilmelektrochemie (PFE) Experimente deuten auf die Beteiligung des ,,super-

reduzierten” Zustandes im katalytischen Zyklus hin. Ein neuer katalytischer Zyklus



wurde basierend auf diesen Ergebnissen vorgeschlagen, in dem die Reduktion des
Substrats zum terminalen Hydrid in einem Schritt vollzogen wird.

Die Biosynthese des H-Clusters wurde mittels EPR- und FTIR-Spektroskopie
untersucht und die Analyse durch DFT-Rechnungen unterstiitzt. Es wurde gezeigt,
dass drei freie Modellkomplexe der [2Fe]y-Untereinheit an den [4Fe-4S]-Cluster
von HydF, einer fir die Biosynthese des H-Clusters relevanten Maturase, binden
und anschlieend an die apo-[FeFe]-Hydrogenase transferiert werden kénnen. Die
apo-[FeFe]-Hydrogenase konnte in vollem Umfang nur mit einem Modellkomplex
aktiviert werden, der eine Amin-Gruppe in der Dithiolat-Briicke enthalt. Dieses
Ergebnis bestatigt die Rolle der Amin-Base im katalytischen Mechanismus.
AnschlieBende biochemische Experimente in Kombination mit EPR- und FTIR-
Spektroskopie zeigten, dass die apo-[FeFe]-Hydrogenase auch auf direktem Wege
ohne die Beteiligung der HydF-Maturase mit einem Modellkomplex aktiviert
werden konnte. Der so erhaltene H-Cluster ist von dem nativen System
spektroskopisch nicht unterscheidbar.

FTIR Spektroelektrochemie wurde eingesetzt, um das Redoxverhalten von CrHydA1
mit dem aktiven semi-synthetischen H-Cluster und den inaktiven Derivaten in
Gegenwart und in Abwesenheit von zugefiihrtem CO zu untersuchen. Zwei neue
Redoxzustinde wurden identifiziert, in denen der [4Fe-4S]-Cluster reduziert
vorliegt. Dieses Ergebnis unterstiitzt die These, dass der [4Fe-4S]-Cluster an den
Redoxlbergdngen im katalytischen Zyklus des Enzyms aktiv beteiligt ist.
Multi-Frequenz HYSCORE und ENDOR Untersuchungen wurden am Hybridenzym
durchgefihrt, welches mit einem nicht-natiirlichen H-Cluster maturiert wurde.
Dieses enthélt statt einer Amin-Funktion in der Dithiolat-Briicke eine CH,-Gruppe.
Die CN’ Liganden dieses Hybrid-Clusters wurden mit **C- und *°N-Isotopen markiert.

Diese Studien erlaubten einen detaillierten Einblick in die Verteilung der Spindichte



tiber beide CN Liganden. Die Analyse der relativen Orientierung der *C und N
Hyperfeintensoren erlaubte die Annahme, dass das g-Achsensystem des H-Clusters

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

Energy sources had, have and will have great influence on politics and the economy
of the world. Together with the increase of population and economic development, energy
demand is increasing. Nowadays, most of the energy is produced from non-renewable
sources like oil, coal and gas. Despite considerable pressure on the development of green
energy sources, in 2012, only 9% of the total consumed energy was produced from
renewable sources. On the other hand, energy rich hydrogen, which upon combustion,
produce only water as a byproduct, is hardly utilized at all, though NASA, since the 1970s,
has demonstrated the use of liquid hydrogen to propel space shuttles and rockets into
space. Over the past 40-45 years, many methods of hydrogen production were developed.
However none of them are efficient and cheap enough to change the market. That is why it
is important to look at nature for inspiration and find out how some microorganisms use
hydrogen in their metabolic processes, since this involves hydrogen splitting and also
hydrogen formation/generation.

Metalloenzymes called hydrogenases are found in the wide range of microorganisms
from archaea, bacteria to some of the eukaryotes’™. This is one of the oldest enzymes found
in nature and it reversibly catalyzes the seemingly simple reaction of molecular hydrogen
conversion into protons and electrons”?:

H,=2H" + 2e~ (1.1)
Microbes produce H, to dispose the excess of reducing equivalents created during
fermentative metabolism or as a byproduct of nitrogenase activity’. Other H, production
mechanisms are connected to anoxic photosynthetic dark reactions® > . In unicellular green
algae like Chlamydomonas reinhardtii, dihydrogen (H,) is produced by a hydrogenase in the
chloroplast from electrons delivered to it by photosystem | via a plant type ferredoxin (see

figure 1.1)”°.
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Figure 1.1. Schematic representation of the light reaction and electron transfer to the [FeFe]

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

photosystem | and PSIl photosystem Il.
Hydrogenases are found in various locations in microorganisms and have different

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

the metal composition of their active site®:
(1) [NiFe] hydrogenases containing a hetero-nuclear nickel-iron bimetallic site as

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

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

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

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

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

Cys\ Cys Cys
Sas, &L
s F!".S Nl
i 5: \X/ \Y\
NC S
GMP

Cys (Se)

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

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

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

are the most active hydrogenases in hydrogen production.

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

Until this day crystal structures of only two holo [FeFe] hydrogenases and one apo
[FeFe] hydrogenase were obtained (all of them are shown in the figure 1.3)*". The first
structure was published in 1998 with a resolution of 1.8 A, for the cytoplasmic [FeFe]
hydrogenase from the bacteria Clostridium pasteurianum (referred to as Cpl)™. It was found
that this 64 kDa monomeric enzyme contains 20 Fe atoms arranged into 5 distinct [Fe-S]
clusters. One year later, the structure of heterodimeric [FeFe] hydrogenase from
Desulfovibrio desulfuricans (referred to as DdH) was resolved with a resolution of 1.6 A™.
The bigger subunit (46 kDa) contains 12 Fe atoms creating 3 [Fe-S] clusters, while the smaller
subunit (14kDa) does not contain any iron. The active site is rather unusual and contains 6 Fe

atomslz’ 1

. The rest of the Fe atoms are arranged in [4Fe-4S] clusters and a [2Fe-2S] cluster,
as is the case in Cpl, that are within the distance of approximately 11 A from each other and
create an electron transfer pathway from the surface of the enzyme to the active site. More
recently, in 2010, the crystal structure of unmaturated [FeFe] hydrogenase from
Chlamydomonas reinhardtii (CrHydA1) was published”. In this relatively small monomeric
enzyme, the active site is localized near the surface and no extra [FeS] clusters were

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

of CrHydA1, none of them have been successful until this day.
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CrHydA1 DdH

48 kDa 46 + 14 kDa
H-cluster H-cluster
E101, E104, C129, S149 2x[4Fe-4S]
E156, E159, C178, S198

Cpl
64 kDa
H-cluster
3x[4Fe-48]
1x[2Fe-2S]
E279, E282, C299, S319

Figure 1.3. Three available structures of [FeFe] hydrogenases from Chlamydomonas reinhardtii (PDB
3LX4)17 (unmaturated form), Desulfovibrio desulfuricans (PDB 1HFE)14 and Clostridium pasteurianum
(PDB 3C8Y)™. Iron-sulfur clusters involved in electron transfer are indicated as spheres and amino
acids involved in the H" transfer in green. Above the structures molecular masses of each protein as
well as number and type of the iron-sulfur clusters and amino acids involved in the H* transfer are

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

almost identical in the two available X-ray structures™?®

. This 6 Fe cluster is built up from a
typical [4Fe-4S] cluster and attached via a cysteine sulfur to a diiron center [2Fe]. Combined
crystallographic data and FTIR studies show that both Fe ions in the [2Fe]y sub-cluster are
coordinated by two terminal CO and CN’ ligands which are keeping these ions in low
oxidation and spin states™. Additionally, there are two bridging motifs namely a bridging CO
ligand and a dithiolate group. In the crystal structures (with resolution 1.6 and 1.8 A), the
central atom of this dithiolate group could not be uniquely identified and at first was

12, 14

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

oxygen or nitrogen atom’® & %

. The first experimental evidence for a nitrogen atom was
delivered by N HYSCORE spectroscopy”’. This assignment was recently unambiguously
confirmed by the results presented in this thesis? %, The iron, distal to the [4Fe-4S],

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

site.

PRO

ofFe ©OS ©C 0 ON

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

ligands to the surrounding amino acids. The red arrow indicates the open coordination site.
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It is noteworthy that the diiron part of the active site is bound to the protein only by
one covalent bound (described above). Furthermore, the CN’ ligands as well as the amino
group in the bridging dithiol bridgehead, create hydrogen bonds with the amino acids in the
protein pocket conserved in the [FeFe] hydrogenases (see figure 1.4). It was shown in EPR
studies that the hydrogen bonding is particularly strong between the distal CN" ligand and
lysine?’. The importance of conserved amino acids surrounding the H-cluster was also
demonstrated. Upon single mutation of any amino acid creating a hydrogen bond with the
diiron part of the active site, the integrity and activity is strongly influenced®.

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

active site to the surface which allows for gas transfer® %

. Molecular dynamic simulations
performed on Cpl and DdH show that there are three gas accessible channels serving as a
pathway for hydrogen gas as well as oxygen and carbon monoxide®.

The structures of Cpl and DdH investigated with QM/MM methods and amino acid
exchange studies of CrHydA1l show that the highly conserved cysteine located next to the
nitrogen from the dithiol bridge is the first amino acid in the proton transfer pathway®® %’.
Then the proton is transferred to the surface of the enzyme by two glutamic acid as well as

by serine (see figure 1.3)* .

1.2, Maturation of [FeFe] hydrogenases

The mechanism of H-cluster assembly in [FeFe] hydrogenases is still not completely
understood®” ***2. By looking at the structure of this cluster, two well distinguished
sub-clusters can be identified, one being a typical [4Fe-4S] cluster and the second is an
unusual diiron cluster. It was shown that during heterogenic overexpression of CrHydA1l in
the Escherichia coli system, the obtained enzyme is not active®. It turned out that the

cubane part is assembled while the [2Fel, sub-cluster is missing’’. This means that the
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[4Fe-4S] cluster is synthesized by the standard iron/sulfur cluster machinery which is also
present in E. coli**.

Three accessory proteins namely HydE, HydF and HydG, responsible for synthesis
and insertion of the diiron part have been identified already ten years ago, but information

35-37
d

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

it was shown that all of these proteins are needed to maturate CrHydA1?> ?* *°_ This is in
contradiction to a cell-free system study suggesting that HydF may be optional in
hydrogenase maturation?’. On the other hand, it turned out that in all cell-free activation
assays the addition of an E. coli protein cell lysate was essential®® *.. This suggests that all the
proteins involved in the maturation are still not identified.

HydE and HydG are homologs containing a CX3CX,C motif characteristic for the

42, 43

radical S-adenosylmethionine (SAM) family of enzymes . These proteins contain an

N-terminal [4Fe-4S] cluster with an open binding site for SAM. HydE and HydG also contain a
binding motif for an accessory iron sulfur cluster, [2Fe-25] in HydE and [4Fe-4S] in HydG**.
A recent study indicated that while SAM binds to the N-terminal cluster of HydG, tyrosine
could interact with the C-terminal [4Fe-4S] cluster”. It is now generally accepted that upon a
SAM initiated radical reaction, the CO and CN' ligands of the H-cluster are generated along
with deoxyadenosine and p-cresol®” *°. A recent rapid freeze quench and spectroscopic study
demonstrated that the generated CO and CN are transferred together with the Fe ion from
the C-terminal [4Fe-4S] cluster to the unmaturated CrHydA1, being the precursors of the
diiron part of the H-cluster”. There is no information about the synthesis of the dithiolate

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

might be responsible for this step.
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substrate product

Figure 1.5. Schematic mechanism of maturation of [FeFe] hydrogenase, where HydG and Hyd E
synthetize precursor of the active site and HydF transfers and assembles it to unmaturated

hydrogenase.

The crystal structure of apo HydF from Thermotoga neapolitana has been obtained
with 3.0 A resolution®. It confirmed the presence of an N-terminal domain containing a GTP-
binding pocket as well as a C-terminal domain containing the [4Fe-4S] cluster binding site®.
Three cysteines and one histidine are located at the surface of the enzyme indicating that
the [4Fe-4S] cluster is exposed at the surface. It was shown with various methods that HydF
prepared in the presence of HydE and HydG, carries the precursor of the diiron sub-cluster

351 32 |t was therefore

of the H-cluster and can activate unmaturated [FeFe] hydrogenase
postulated that HydF acts as a transferase for the precursor of the [2Fe]y sub-cluster and
facilitates its insertion into the [FeFe] hydrogenase. Based on the available crystal structures
of unmaturated CrHydAl and fully assembled Cpl, it was postulated that [FeFe]
hydrogenases have a special channel for the insertion of the diiron part of the H-cluster

12, 13, 16, 17

which closes after maturation of the enzyme . This hypothesis is, however, still not

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

1.3. Redox states of the H-cluster

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

site of [FeFe] hydrogenases change their oxidation states. Based on several spectroscopic
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methods, namely FTIR, FTIR spectroelectrochemistry, EPR (Electron Paramagnetic
Resonance) and Mdssbauer spectroscopy, various characteristic states of the H-cluster have
been identified™.

Two inactive oxidized states of the H-cluster called Hi,.oi™" and Hy.ne Were observed

* % However, those inactive states were not observed in any

in aerobically purified DdH
anaerobically purified hydrogenases such as Cpl and CrHydA1>’. Both iron atoms in the
“overoxidized” inactive [2Fe], sub-cluster states are in the (Fe") configuration and therefore
EPR silent™. In the Hiao" state, the [4Fe-4S], sub-cluster is oxidized and therefore also does
not show an EPR signal®’. Upon one electron reduction (E,=-92 mV at pH 8.0) Hyans is
generated. In this process the [4Fe-4S], part is reduced (1+) and shows a characteristic
[4Fe-4S]* S=1/2 EPR signal with g=(2.06, 1.96, 1.89)**.

In the next step, under gentle reductive conditions e.g. through H, exposure, Hi.ans
from DdH is irreversibly converted (E,,=-301 mV at pH 8.0) into the active oxidized state
(Hoe)*>. In some spectroelectrochemical experiments the Nernst curve was consistent with a
two electron process, although it is not clear, if electrons are flowing during this process™. In
any case, the Hy..s and H,, state of the H-cluster are iso-electronic. Apart from DdH the H,,
state is also present in isolated samples of Cpl and CrHydA1 and, in fact, in all known [FeFe]
hydrogenases. The H,, state, can also be induced from the more reduced states of the
enzyme by oxidation with thionine or, simply, by flashing with argon®* °®. The FTIR spectra of
Hox in the CO and CN’ stretch region of the various [FeFe] hydrogenases are virtually
identical’. There is a characteristic signal present for the bridging CO around 1800 cm™. Also
the EPR signals look very similar for all the [FeFe] hydrogenases. In this state, the diiron part
of the H-cluster exists in a mixed valence (Fe'Fe") paramagnetic (S=1/2) state with g=(2.10,
2.04, 2.00) while the [4Fe-4S],, sub-cluster is oxidized (2+) and EPR silent” >* "%

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

55, 61
d

reduced state (H,eq) is generate . It is believed that reduction takes place in the [2Fely
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sub-cluser resulting in an antiferromagnetically coupled Fe'Fe' configuration which is EPR

silent” *3

. In the FTIR spectra obtained for CrHydAl all signals are shifted to lower
wavenumbers confirming the reduction of Fe ions in the diiron part®’. A different situation is
observed in DdH where the signal from the bridging CO is lost (the bridging CO ligand
becomes terminal and is bound to the distal iron of the [2Fe]y sub-cluster) and the whole
spectrum is rearranged™.

The H,eq can, in principle, be further reduced to a so-called “super reduced” state
(Hsreq ). This process was first observed for DdH at very low potentials (E,,=-540 mV at pH 8.0
but this transition was “incomplete and irreversible” and was resulting in the destruction of
the enzyme™. A stable H,..q was obtained for CrHydA1 at much higher potential (E,,=-460 mV
at pH 8.0) but has an FTIR spectrum very similar to the one obtained for H,.q from DdH®" %%, It
is postulated that [FeFe] hydrogenases containing additional [4Fe-4S] clusters, the super
reduced state is not stabilized because electron redistribution to F-clusters s
thermodynamically favorable and a superposition of the H,.q and Hg.q is observed. In small
hydrogenases like CrHydAl which contain only the H-cluster all the redox states can be
observed and stabilized.

The H.q state is expected to be EPR active (S=1/2). Hence, there are two
possibilities for the electronic structure of the H-cluster in the H.y state: either the
binuclear site is further reduced to Fe’Fe' or the [4Fe-4S]** sub-cluster is reduced to
[4Fe-4S]*. The results presented in this thesis solved this dilemma. It was shown that
occurrence of the Hy.q state, as identified by FTIR, is correlated with a paramagnetic species
consistent with a reduced [4Fe-4S], cluster (see results presented in this thesis)®. It was also
postulated that this species is catalytically active and participates in the reaction mechanism

of all [FeFe] hydrogenases®.
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Figure 1.6. Oxidation states of the iron ions in the diiron and [4Fe-4S]y sub-clusters observed in two
different [FeFe] hydrogenases in different redox states observed experimentally (without including
knowledge presented in this thesis) as well as relationship between these states and the transition
potentials measured at pH 8.0. Redox states observed in the EPR are marked in red and EPR silent

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

The active site of the active enzyme can be inhibited by CO which generates the
Ho.-CO state® 2> &, Again, for this state, both EPR and FTIR signals are very similar for all the
[FeFe] hydrogenasesl. The electronic structure of H,,-CO is similar to that of H,, and is
characterized by a mixed valence (Fe'Fe'") [2Fe]y sub-cluster in combination with an oxidized
[4Fe-4S), sub-cluster’. The EPR (S=1/2) signal is axial with g=(2.052, 2.007, 2.007)°*** . The
signal from H,,-CO is often observed in samples exposed to light and/or oxygen. In this case,
the CO ligands dissociated from the destroyed H-cluster are captured by H-clusters that are
still intact. This process is referred to as “cannibalization”** >°.
It is shown in the work presented in this thesis that upon one electron reduction

(En=-470 mV at pH 8.0) of H,-CO from CrHydA1l, a reduced CO inhibited state is generated

(Heq-CO). The FTIR spectra of both these states are only slightly shifted with respect to each
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other, but the electronic structure cannot be consistent to either H,,-CO or H,yq. It was
therefore postulated that reduction takes place on the [4Fe-4S],, sub-cluster and results in
an EPR silent species.
1.4. [FeFe] hydrogenases activity
[FeFe] hydrogenases are the most active group amongst all hydrogenases

6% 66 Of course, there are significant differences in

concerning in vivo hydrogen production
the turnover rate obtained for [FeFe] hydrogenases from different organisms®. However,
also differences in protein preparation methods and activity assays cause variability in the
reported activity values between different groups. In the pioneering experiments performed
on [FeFe] hydrogenase from Chlamydomonas eugametos reduced methylviologen was used
as electron mediator®”. This procedure in combination with gas chromatography is currently
the most commonly used method for determination of hydrogen production®. Usually, the
activity of the enzymes is given in umol H, per minute per mg of enzyme, which can be
converted into turnovers per second. Different [FeFe] hydrogenases can produce hundreds
to thousands of H, molecules per second.

Another good method to study enzyme activity as well as inactivation and
reactivation events is protein film electrochemistry (PFE) where the enzyme is attached to

6869 However, with

an electrode and the enzyme activity is observed as an electrical current
this method it is very difficult to determine the turnover rate of the enzyme due to low
coverage of the enzyme what prevents its determination. Also one does not observe specific
redox states but rather activity of the enzyme at certain potentials.

In the simplest and most common PFE experiment, called cyclic voltammetry (CV),
three regions of potential for nearly all [FeFe] hydrogenases are observed (see figure

1.7)% . At low potentials hydrogen production is dominating. When the current crosses the

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

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

active inactive
—-{: | : :I>I-— <=‘ =~

10F

current [uA]

H»2H'+2¢

A 08 06 04 02 0 0.2
potential [V vs SHE]

Figure 1.7. Typical cyclic voltammogram obtained for CrHydA1l adsorbed at the pyrolytic graphite

electrode.

The PFE is a very useful method for the observation of inhibition and/or destruction
of the enzyme”. For example, CO inhibition was studied in immaculate detail using PFE* 773
It was observed that when the active enzyme is exposed to CO gas the catalytic current
drops almost immediately. After removing the CO from the electrochemical cell the current
slowly recovers. It was concluded from the detailed potential dependence on CO inhibition
that at high potentials CO inhibition is complete and fully reversible while at low potentials it
exhibits some irreversibility.

Since the emergence of hydrogenases is estimated at 2-4 billion years ago and at
that time oxygen was not present in the atmosphere, it is not surprising that [FeFe]
hydrogenases are extremely oxygen sensitive’. It was nicely demonstrated that in the
presence of even very small amounts of oxygen, the activity of the enzyme immediately

drops and does not recover™ ”?

. The mechanism of O, inactivation is not fully understood.
However, important insight was obtained from extended X-ray absorption fine structure
(EXAFS) spectroscopy’®. It was proposed that oxygen was damaging the [4Fe-4S], cluster of

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

bind to the distal iron atom in the H-cluster, where it would be partially reduced to form a
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reactive oxygen species (ROS) that could migrate the short distance to damage the [4Fe-4S]y
cluster”®.
1.5. Proposed catalytic mechanisms

Based on available knowledge about the structure of the H-cluster as well as the
active redox states different mechanisms of the hydrogen evolution and oxidation were
considered™ ** 7%,

As mentioned previously, the central atom in the ditholate bridge could not be
uniquely identified in the crystal structure of Cpl and DdH. Depending on the type of atom
two main hypotheses based on DFT calculations were discussed. If the dithiolate group
contains carbon, which cannot act as a base, it is most probable that heterolitic splitting
occurs via formation of a bridging hydride and protonation of one of the bridging sulfurs of

the dithiol moiety”® #

. On the other hand, if in the dithiolate bridge an oxygen atom would
be present, heterolitic splitting would proceed via the ether group™. The experimental
evidences presented in this thesis unambiguously demonstrate that a nitrogen atom is
present in the dithiolate bridge. Therefore, these mechanisms are no longer under
consideration.

Based on the two known redox states (Hox and H,4) several mechanisms involving
proton coupled electron transfer (PCET) steps were proposed”. These would lead to
additional transient states; for example, Fe"Fe"[H] and Fe"Fe'[H,]. In these mechanisms only
the diiron part of the H-cluster was involved in the hydrogen conversion and the [4Fe-4S],
sub-cluster remained in its oxidized form through the catalytic cycle.

In this thesis it is proposed that also a third active state (Hy.q) is involved in the
catalytic cycle which infers that the [4Fe-4S], cluster is an integral part of the H-cluster
donating or accepting electrons. In the proposed mechanism (in this thesis) the amine group

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

proton from a transient hydride bound to this site®. In the literature, there is still discussion
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on the involvement of the Hy.q in the catalytic cycle83. Also the presence of alternative
double reduced intermediates was proposed®’. However, clear experimental evidence for

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

This chapter introduces the theoretical principles of EPR and FTIR spectroscopies as
well as electrochemistry and the application of these methods in the structural and
mechanistic studies of [FeFe] hydrogenases.

2.1. EPR spectroscopy

In electron paramagnetic resonance (EPR) spectroscopy, the magnetic spin
transitions of systems with one or more unpaired electrons are observed. Information about
the electronic structure of a paramagnetic molecule is obtained through magnetic
parameters which describe electron spin and nuclear spin interactions with the applied
magnetic field and with each other®. The EPR spectra can be interpreted using the effective
spin Hamiltonian approach where the full Hamiltonian is replaced by effective Hamiltonian
containing only spin operators.

2.1.1. Spin Hamiltonian

The concept of the spin Hamiltonian was developed and described by Abragam and
Bleaney and represents an empirical rather than a full physical model®*. The spin
Hamiltonian has to accurately parameterize and describe the interactions observed in the
EPR spectra. To fully understand the properties of the studied system, the obtained
parameters have to be interpreted using theoretical calculations.

Due to the electron spin interaction with the external magnetic field as well as the
internal couplings with neighboring electrons or nuclear magnetic moments, the spin
Hamiltonian can be split into different terms describing different types of interactions®%.
Below only those interactions will be discussed that are directly related to the presented

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

H0=HEZ+HNZ+HHF+HNQ (2.1)
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where Hgy is the electron Zeeman interaction, Hy, the nuclear Zeeman interaction, Hyp the
hyperfine interaction between electron spins and nuclear spins, and Hyq, the nuclear
guadrupole interaction for spins with nuclear spin quantum number larger than %.
2.1.2. Zeeman interactions
The interaction between electron spin and external magnetic field is described by
the electron Zeeman interaction. The spin Hamiltonian for a free electron in an external
magnetic field By is expressed as:

Hgz = ge,BeB(S (2.2)
where ﬂe is the Bohr magneton, S is the electron spin operator of the unpaired electron(s)
and g, is g value for unpaired electron. For a simple case of S = 1/2, the application of
the By results in a splitting to two energy levels because spin S can be oriented either
parallel or antiparallel to By (see figure 2.1). These two states are characterized by magnetic
quantum numbers mg = +1/2. Then, assuming that By is directed along the z-axis, the
energy is:

Ems = geﬂeBOms (2.3)

and the energy required for this transition is:

AE = g.f3,By (2.4)
N
m.=+1/2
>
o
8 AE:geBeB(J:hV
w
m,=-1/2

~
”

Magnetic Field

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

condition is fulfilled.
However, in most of the systems the Zeeman interaction does not only depend on

the angle between the effective spin vector § and l—-fo but also on the angle between §0 and
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the axes defined by the local symmetry of the magnetic complex. Then this part of the spin
Hamiltonian will change its form to:
Hgz = ﬂeﬁo ‘95 (2.5)
The g (pseudo) tensor is represented by a 3x3 matrix which can be transformed to a
diagonal form via rotation to the principal axes frame. These diagonal elements are called
the principal g values. With the help of the Euler angles, the orientation of the principal
axes with respect to the laboratory frame can be described.

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

Hyz = —gnﬂn§0 -1 (2.6)
where g, is the nuclear g factor, a constant depending on the type of the nuclei and £ is
the nuclear magneton.

2.1.3. Hyperfine interactions
The hyperfine interaction between the electron spin and a nuclear spin is described

by the following spin Hamiltonian:
Hyr=S-A-1 (2.7)
where A is the hyperfine tensor, which can be split into isotropic and anisotropic terms. The

isotropic term is described by the Fermi contact interaction:
Hpe = A 3-7—(“‘0 %, (0)]%)-S -1 2.8
FC — iso - E?geﬂegnﬂnl O( )I (2.8)
where A;5, is the isotropic coupling constant and | ¥, (0)|? is the spin density at the nucleus.

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

part represents and is given by:

. S $H)FD) 51
Hpp =8 Agq -1 =+ 9ef,9nP, [% - T—3] (2.9)

where T is the vector connecting the electron and nuclear spin and Ag44 is the dipolar

coupling tensor, which is typically traceless and symmetric.
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The Fermi contact interactions in general describe the interaction of the nuclear spin
with the electron spin from atomic s-orbitals. When the unpaired electron is located in a p-,
d- or f-orbital, the isotropic hyperfine coupling can also be significant due to configuration
interactions or spin polarization86’ 8,
2.1.4. Nuclear quadrupole interactions
Nuclei with spin 121 are characterized by a non-spherical charge distribution of the
nucleus giving rise to a nuclear electronic quadrupole moment Q. The interaction of this
charge distribution with the electric field gradient around the nucleus caused by the
surrounding has to be considered and is given by the following spin Hamiltonian:
Hyo=1-P-1 (2.10)
where P is the traceless nuclear quadrupole tensor. In its principal axes system, the spin

Hamiltonian can be expanded:

~ ~ A 3 2qQ ~ 1 1 /- ~
Hyo = P13+ PRI + B2 =2 21 [(13 —2IU+ 1) +5 (12 - 132,))] (2.11)

where eq is the electric field gradient and

Py—P.
n= P_zy (212)

77 is the asymmetry parameter with |P,| > |Py| > |P,| and 0 < 1 < 1. The largest value of
the quadrupole tensor is given by:

e?qQ

z = h-21(21-1) (213)
2
The quadrupole tensor is usually expressed in terms of two parameters K = €4ZQ

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

2.1.5. Measurement of EPR spectra
To detect an EPR transition, the resonance condition as described in equation 2.4
has to be fulfilled. To find EPR transitions, the external magnetic field is scanned while the
microwave frequency is kept fixed. Often, to better understand a system measurements at

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

EPR methods can be divided into two groups, namely continuous wave (CW) and
pulse EPR methods. The CW EPR experiment as well as two basic pulse methods (free-
induction decay (FID) and two pulse electron spin echo (2-pulse ESE)) give similar spectral
information. In the CW experiment, the first harmonic of the signal (first derivative) is
obtained when the modulated magnetic field is being continuously linearly swept. In the
above mentioned pulse methods the absorption spectrum is detected which is a response of

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

FID

detected EPR Lo FID
2-pulse ESE s v [ &
detected EPR ) T / \
z z z z
y y y y
X X X X

Figure 2.3. FID detected and 2-pulse ESE detected EPR pulse sequence and the vector model of Hahn
echo formation”. In the 2-pulse ESE detected experiment the first m/2 MW pulse turns the
magnetization vector by 90° and immediately the spins start to precess. After time t a second m MW
pulse is applied which reverses precession and after time 1 the spins refocus and an electron spin

echo is observed.

In the FID detected EPR experiment one soft (long) m/2 MW pulse is applied
generating an FID signal approximately of the same length as the excitation pulse (see figure
2.3). The signal can be detected only after the instrumental dead time and can be very weak.
This signal is integrated and recorded as a function of the swept magnetic field generating
an absorption type EPR signal very similar to the integrated CW EPR spectrum.

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

“hard” non-selective MW pulses (see figure 2.3). The echo signal is integrated and recorded
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as a function of the swept magnetic field, again generating a signal similar to a CW EPR
spectrum. However, the EPR spectra obtained by this method can be distorted due to field
dependent modulations originating from interactions with the nuclear spins (see description
of the ESEEM experiment).

In all these experiments the MW power has to be optimized and relaxation effects
have to be taken into account. In the continuous wave experiments, a higher MW power can
be used to obtain a higher sensitivity but it can also lead to saturation of the signal. This
happens if the MW power, which is proportional to the rate of absorption, is higher than the
relaxation rate of the electron spins. In the pulse methods the MW power has to be matched
with the length of the pulses to obtain a true 90° and 180° nutation angle. Also the total
length of the pulse sequence and its repetition time has to be adjusted to the relaxation
properties of the studied system. Fast relaxation prevents long pulse experiments but on the
other hand fast relaxation allows fast repetition of the sequence. Metallo-protein samples
are measured usually at low temperatures (10 K — 30 K) to slow down relaxation and
increase the population difference between the spin levels.

A frozen solution is considered as a powder sample with all possible orientations of
the studied system along By. Since, in case of g-anisotropy, the resonance condition and,
therefore, the line position in the EPR spectrum depends on the orientation of the spin
system along B,, the obtained spectrum under this condition will be assembled from all
possible EPR spectra in all possible orientations. Three typical line shapes of EPR spectra of

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

(g1%28,=g3 or g,=g,#g3) and rhombic (g,#g,#g3) g-tensor.

Besides the g-tensor, also information about the hyperfine interaction can be
obtained from the simple spectra (see figure 2.5). However, if hyperfine splitting’s are
smaller than the inhomogeneous EPR linewidth these interactions cannot be resolved in the
field swept spectra and more advanced pulse techniques like electron nuclear double
resonance (ENDOR), electron spin echo envelope modulation (ESEEM) or hyperfine sublevel
correlation spectroscopy (HYSCORE) have to be applied to access these small interactions.
With these techniques the nuclear transition frequencies are indirectly detected through

EPR transitions (see below).

S=1/2 1=1/2 9:#9:29: A#AzZA, S=1/2 1=1/2 97849 A#AZA,
A, A, A, A, A, A,

First Derivative (CW)
Absorption (Pulse)
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Figure 2.5. Absorption and first derivative spectra observed for the S=1/2 and 1=1/2 system in case of

rhombic g-tensor and A-tensor.
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2.1.6. ENDOR

The two most popular pulse ENDOR techniques are due to Davies and Mims® ¥ %2,
The corresponding pulse sequences and energy diagrams are shown in figure 2.6. In both
techniques MW and radiofrequency (RF) pulses are used and they rely on transfer of
electron spin to nuclear spin polarization.

In the Davies ENDOR sequence during the preparation period one selective MW mt
pulse inverts the spin population of a single EPR transition and creates a hole in the EPR
spectrum. Then, the following RF 1t pulse applied during the mixing period induces an NMR
transition and the nuclear spin polarization is changed. This effect is usually detected by
measuring the changes in intensity of the ESE after a sequence of two MW pulses. This
technique is especially suited to detect large hyperfine interactions because of the

dependence on the first MW 7 pulse selectivity. In this experiment weak couplings can be

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

A _ _preparation mixing - detection o
0 ) g Fa ; \___EPR
§
" NMR
s U’ T
3 g jp\, EPR
>
S m
NMR

EPR NMR g
preparation mixing
Ba

Figure 2.6. A: Pulse sequences for Mims ENDOR and Davies ENDOR experiments. B: Energy level
scheme for the S=1/2 and I=1/2 system and its changes during the Davies ENDOR experiment.

Transitions exited by MW pulses are marked in red and by RF pulses in green.
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The Mims ENDOR sequence is based on the 3 pulse stimulated echo sequence with
3 non selective MW 1/2 pulses. In the preparation part two pulses separated by T create a
periodic polarization pattern depending on 1. Then, similar to Davies ENDOR, in the mixing
period an RF 1 pulse is applied to change the nuclear spin polarization which is then
detected after the third MW 1/2 pulse. This method is more sensitive because short MW
pulses can be used and thereby excite more spins. However, in the Mims ENDOR spectrum,
blind spots could appear at frequencies determined by the first pulse interval given by
t=21n/A, where n=1,2,...etc. This is why this method is mostly used for small couplings

where the blind spots are not distorting the measured couplings.
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Figure 2.7. Energy level schemes for S=1/2 and I=1/2 and the ENDOR spectra in case of weak
hyperfine coupling (left) and strong hyperfine coupling (right), where a. = 1/2 and = -1/2. v, and vy
are nuclear spin transitions indicated by green arrows, and electron spin transitions are indicated by

red arrows.

In all ENDOR experiments, the radio frequency is usually scanned, while the field
position and other parameters are kept constant. The echo intensity is measured and a
characteristic signal shown in figure 2.7 is recorded where the frequencies fulfill in the

simplest case of the isotropic hyperfine constant a the following equation:
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A| (2.14)

VENDOR = |Vn + J

In case of weak hyperfine couplings, when half of the hyperfine coupling is smaller
than the nuclear Larmor frequency, the resonance lines are split by the hyperfine coupling
constant and centered around the nuclear Larmor frequency. The opposite situation
happens in case of strong hyperfine coupling, when A/2>v,, in which case the lines are
separated by 2v, around a frequency equal to A/2. For nuclei I>1/2 quadrupole couplings
can cause an additional splitting.

2.1.7. ESEEM and HYSCORE

Another technique used for studying small hyperfine and quadrupole interactions
does not require RF pulses and is referred to as Electron Spin Echo Envelop Modulation or
“ESEEM”®® %> %* |t takes advantage from the fact that the observed spin echo which decays
with time due to relaxation effects is also influenced by coupling of the electrons spins to
nearby nucleus causing its modulation with transition frequencies of interacting nuclear
spins.

In the most popular 3 pulse ESEEM technique during the preparation period, similar
to Mims ENDOR, two MW 1t/2 pulses separated by t invert the electron spin population (see
figure 2.8) creating polarization along the z-axis as well as nuclear coherence. Then after
evolution time T, a third MW 1t/2 pulse is applied, which converts the electron polarization
and nuclear coherence, and the stimulated echo is observed after time 7. In this experiment,
the intensity of the echo is measured as a function of T (T is increased during experiment).
A one dimensional frequency spectrum is obtained by subtraction of the decay of the spin
echo and Fourier Transformation of the obtained time domain spectrum. It is possible to
record the 3-pulse ESEEM spectrum as a function of the magnetic field thus obtaining a 2D
spectrum providing information about the A-tensor principal values and, in favorable cases,

the Euler angles.

40



A
A 4
A
A 4

3-pulse ESEEM |% % W RN
HYSCORE |9 m) " 2 Y\

Figure 2.8. Pulse sequences for 3-pulse ESEEM and HYSCORE experiments.
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HYSCORE is a 2D method based on 3-pulse ESEEM with an additional mixing 1 pulse
during the long waiting time T which interchanges the nuclear spin coherence between the
two electron spin manifolds (see figure 2.8). The 2D spectrum is obtained by varying t; and t,
independently. In case of weak hyperfine coupling (A/2 < v,,) cross peaks are observed in
the first (++) quadrant of the spectra and in case of strong hyperfine coupling (A/2>v,,)
peaks appear in the second (+-) quadrant (see figure 2.9). The expansion into the second
dimension simplifies the interpretation of the complicated spectra because cross peaks are
observed between frequencies of the same nucleus. Although, additional autocorrelation

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

S=1/2 1=1/2 v >A/2 S=1/2 1=1/2 v.<A/2
A 2v,
<> . JE—
JANIYN FANEAR
(++ e

(+-)

Figure 2.9. Schematic representation of HYSCORE spectra for S=1/2 and I=1/2 in case of weak
hyperfine coupling (left) and strong hyperfine coupling (right).

Spectra obtained by both these methods depend on the t separation time and
similarly to Mims ENDOR exhibit blind spots behavior. For wes=2nn/t where n=0,1,2,... the

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

recorded in order to identify and detect all modulation signals.
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2.2, FTIR spectroscopy
Infrared (IR) spectroscopy is a very common tool used by chemists to identify and
describe chemical compounds. It takes advantage of the fact that the electromagnetic
radiation in the IR range has a frequency close to the frequency of molecular vibrations
which are characteristic for the structure of the molecule. It is a useful method in the
analyses of the structure as well as the interaction of molecules with their surroundings.
2.2.1. Vibrations of a diatomic molecule
The simplest physical model illustrating vibrations of a diatomic molecule would be
two masses (m, and m,) representing two nuclei attached to two ends of a spring with force
constant k representing the strength of the bond between the two atoms™. The vibration of
the two nuclei occurs only along the spring. Under assumption that one nucleus does not
change position the movement of the second one can be described as harmonic oscillations
by Hooke’s law®™:

1 [k
Yib = o0 % (2.15)

where v, is a frequency of the vibration and u is the reduced mass which can be calculated
from the following equation:

mqm;

p= (2.16)
The potential curve for this diatomic molecule is presented in the figure 2.10 where

the energy of vibration E, is given by eigenvalues:
1
Ey = hvoy (v+3) (2.17)

where v is vibrational quantum number that can have the values 0, 1, 2 ...
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Figure 2.10. Schematic representation of a diatomic molecule as inharmonic oscillator vibrating at
energy level E, and the representation of potential energy levels. Dy is the dissociation energy and ry is

the bond length.

2.2.2. Vibrations of a polyatomic molecule
In a polyatomic molecule the situation is much more complicated. Here, all nuclei
perform their own harmonic oscillations. However, any of these complicated vibrations of

IM

the molecule may be represented as a superposition of a few “normal” vibrations (normal
modes). For a nonlinear molecule (like the diiron sub-cluster of the H-cluster) with N atoms
3N-6 normal vibrations can be distinguished. These normal vibrations are independent from
each other but involve simultaneous vibrations of different part of the molecule.

Two groups of normal vibrations can be distinguished: stretching and bending (see
figure 2.11). The stretching vibration is associated with a motion of atoms causing a change
in the length of a bond which can be further classified as symmetric or anti-symmetric. The

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

change in relation to the rest of the molecule.
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Figure 2.11. Schematic representation of different types of vibrations in polyatomic molecule. Arrows
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shows the direction of the vibration and + and — represent movement of the atom outside the plane.

2.2.3. Interaction of molecule with light — Absorption in the infrared
When light passes through a molecule, an oscillating electric dipole is created. Only a
net change in the dipole moment of a molecule, which is caused by vibration or rotation
within a molecule, can cause the absorption of IR radiation. If the frequency of the radiation
matches the vibrational frequency of the molecule then radiation will be absorbed, causing a
change in the amplitude of molecular vibration. As a consequence of the absorption of
electromagnetic radiation which matches the normal vibrations of the poly atomic molecule,
the IR spectrum can be obtained.
2.2.4. FTIR spectroscopy-Interferometer and interferogram
The principle of the fourier transform infrared experimental techniques is based on
the Michelson interferometer®™. As shown in the figure 2.12, light from a polychromatic
infrared source (“glow bar”) is split on the beam splitter and 50% of the light is reflected
towards the fixed mirror and 50% towards the moving mirror. Then, light is reflected back
from both mirrors to the beam splitter and subsequently goes through the sample to the
detector. During the measurement the moving mirror moves continuously forward and
backward changing its distance to the beam splitter. This difference in the distance of both
mirrors is known as optical retardation (8). The detector records the signal for each mirror

position (as a function of retardation) and a digital plot of light intensity versus the mirror
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position called interferogram is produced. Then, using a mathematical method called Fourier
transformation, the interferogram can be represented by the integral:
1(9) = [ B(Wcos2nve)dv (2.18)
which is one-half of a cosine Fourier transform pair, the other being:
B = [ 1(§)cosuvd)d & (2.19)
1(8) information in the interferogram is converted to a B(V) plot of intensity versus
wavenumber (V) (frequency). The band positions in the FTIR spectrum obtained in this way
are presented as wavenumbers () in units of cm™. This signal corresponds to the frequency

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

the vibration.

Stationary mirror

Beam Splitter

Moving mirror

Sample

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

spectrometer.

2.2.5. Methods of sampling
The basic procedures for infrared measurements can be divided in transmission and
reflectance modes. In contrast to transmission infrared in the reflectance mode the infrared
energy does not pass through the sample but is reflected from its surface. In transmission
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infrared spectroscopy, only the fraction of the IR radiation which is not absorbed by the
sample can be detected. This is why it is crucial (especially for water samples) to measure a
proper background. Even then, the signals in certain regions of the spectra cannot be
detected because water absorbs all the infrared radiation in these ranges. From the Beer-
Lambert law the amount of light transmitted by a sample can be related to its thickness and
concentration™ *’:

A=¢c-l (2.20)
where A is absorbance, ¢is the molar absorptivity, ¢ is concentration of the sample and [ is
the path length (thickness of the sample).

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

The low oxidation states of the iron atoms in the active site of the [FeFe]
hydrogenases are stabilized by carbonyl and cyanide groups. The IR stretching vibrations of
those diatomic molecules occur in a region free from other vibrations. The free v stretch
(2155 cm™) in these complexes is shifted to lower frequencies and can be commonly
observed in the range 2100-1800 cm™, whereas free vey (2080 cm™) is shifted to higher
frequencies (2200-2000 cm™). In general, CN is a better o-donor and poorer m-acceptor than
CO. Thus, the vy of the complexes are generally higher than the value for free CN’, whereas
the opposite prevails for the CO complexes™.

In the active site of the [FeFe] hydrogenases the CO and CN ligands are very
sensitive to the change in the oxidation state of the iron atoms as well as changes in their
interactions with the surrounding. This is why unique spectra for each redox state of the
active site can be observed. Also changes in the hydrogen bonds or in the degree of freedom
of ligands strongly influence the recorded spectra. Figure 2.13 presents FTIR band positions
observed for different states of the active site of [FeFe] hydrogenases of three different

organisms and the influence of single mutation next to the active site on these spectra.
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Figure 2.13. Overview of FTIR bands positions observed for different states of the H-cluster of [FeFe]
hydrogenases from different native and genetically modified organisms: a) Clostridium pasterianumgg,
b) Desulfovibrio desulfuricans™, ¢c) Chlamydomonas reinhardtii®® and d) genetically modified

Chlamydomonas reinhardtii’”.
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2.3. Protein electrochemistry
Electrochemistry is a common method used for studying chemical reactions which
take place at the interface of an electrode. These reactions involve electric charges moving
between the electrodes and the electrolyte or ionic species in a solution. Direct electron
transfer to proteins was first shown in the 1970’s and opened the way for detailed studies of

100-102 Electrochemistry is commonly used to understand the kinetics and

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

transitions.

2.3.1. Redox thermodynamics: the Nernst equation

A situation where the redox mixture contains oxidized and reduced forms of two
species can be represented by the equations below:

ox, +red, = red; + ox, (2.21)

where ox; and red, represents the first species in oxidized and reduced states. Analogously

0x, and red, represents the second species in oxidized and reduced states. The free energy

of the reaction (4,.G) is given by:

[red,][ox,]

A4.G = A,.G° + RTIn (2.22)

[ox4][red,]

J

Kxmo

where R is equal to 8.314 ] and is the universal gas constant, T is the temperature and

A,.GO is the standard free energy of the reaction. Equilibrium is reached when 4,.G=0 and

the equilibrium constant (K,,) is represented as:

_ [redsllox,] _ 0GP
Keq = lox][red,] exp( RT ) (2.23)

During the reaction, ox, is reduced and takes electrons from red;. Hence the
reaction can be represented as the sum of two half-reactions:
ox; +ne” =red; (2.24)
and
red, = ox, + ne” (2.25)
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The redox potential (E) of the redox couple of each of the half-reactions is given by

the Nernst equation:

E=E"+5 112 _ po 4 23035 504
nF  [red] nF

[ox]
[red]

(2.26)
where E° is the standard redox potential of the redox couple ox/red also known as the
midpoint potential, F is Faraday’s constant (96485 #) and n is a number of transferred

electrons. In an electrochemical cell only the difference between two electrodes can be
measured and electrons are going to flow in the direction of the electrode with lower

potential until equilibrium will be achieved:

_ [redsllox,] _ _NF 0 RO
Keq = Toxslired,] = exp( P (E; — Ef ) (2.27)
and since reduction potentials and free energies are linked and A,.G° = —RTInK,q, the

standard free energy of the reaction can be given as:
A,.G° = —nF(AE®) (2.28)
The Nernst equation can be used to determine the direction in which a redox
reaction will proceed spontaneously. Also from the Nernst curve, as shown in figure 2.14,
the number of transferred electrons and E° can be determined. The Nernst curve is
obtained after allowing the system to equilibrate with the electrode at the different
potentials. The ratio [ox]/[red] is determined usually by spectroscopic methods. Often the
concentrations of ox and red are measured as function of electrode potential and the data

are fitted with:

1

red = ———
[ ] 1+exp(:—;(E—E°))

(2.29)

exp(;—f,(E—Eo))

—_— 2.30
1+exp(:—f,(E—E°)) ( )

lox] =
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Figure 2.14. The experimental points created the Nernst curve (o). Simulations are shown for one

(blue) and two (red) electron transitions.

2.3.2. Protein Film Electrochemistry

Protein film electrochemistry (PFE) is used for dynamic studies of redox enzymes
immobilized on an the electrode which plays the role of its redox partner as electron donor

1% 1n this technique, electron transfer processes are no longer limited by protein

or acceptor
diffusion to the electrode. Therefore quantitative thermodynamic and kinetic information
can be obtained in real time from very small samples.

The native properties of the protein must be preserved upon immobilization and a
fast electron exchange between protein and electrode has to occur to establish direct
electron transfer (DET). To fulfill the second requirement, the redox center or one of the
redox cofactors in the enzyme has to be exposed to the surface and oriented in the direction
of the electrode so that the distance between this center and the electrode allows electron
tunneling 20 A according to Marcus theory104.

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

103, 105
d

different electrode materials can be use . In the work presented in this dissertation

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

1% proteins easily adsorb on such electrodes (see

pyrolytic graphite edge (PGE) electrode
figure 2.15 A). However, random orientation of the protein on the electrode does not

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

attached’?” 1%

. Depending on the surface charge of the protein around the most exposed
redox cofactor, the electrode can be modified with different diazonium functional groups to

obtain a positively or negatively charged surface on the electrode (see figure 2.15 B and C).
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Figure 2.15. Schematic representation of proteins attached to the electrodes in PFE: A) protein

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

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

Figure 2.16 shows a standard three electrode cell used for PFE studies in this
dissertation. The working electrode with the immobilized enzyme is commonly rotated to
avoid substrate diffusion limitation. The reference electrode is usually placed in a side arm
linked to the main compartment by a capillary to keep it at room temperature. A third
electrode called counter electrode is used to compensate the potential applied on the
working electrode and avoid passing current through the reference electrode. Temperature,

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

In the experiments, a potentiostat controls the potential of the working electrode
and measures the current flowing between working electrode and counter. Two main
experiments called cyclic voltammetry (CV) and chronoamperometry are used to study the
109, 110.

electrocatalytic behavior of the enzyme

In a CV experiment, the potential is swept at a constant given rate (scan rate given
in ;) between two potential limiting values (see figure 2.17 left panel). For a protein

adsorbed on an electrode with one redox active center where a reversible electron transfer
reaction takes place, the CV would contain a pair of current peaks (see figure 2.17 A left
panel). The positive current peak would be registered while sweeping the potential to higher
values while redox center is being oxidized and the negative peak is observed during a
potential sweep to lower values during reduction of the redox center. The average of the
peak positions gives the midpoint potential of the reaction (E°) and the area under the
peaks (S) is directly related to the number of active sites:

S =nFAIl'v (2.31)
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where n is the number of transferred electrons, F is Faraday’s constant ( l), A is the

<
mo
electrode surface area (cm?), I"coverage of the electrode (Z’%) and vis the scan rate (E).
The catalytic properties of the enzyme are observed after adding substrate to the
solution. The shape of the CV ideally changes to a sigmoidal shown in the figure 2.17 B left
panel (or for [FeFe] hydrogenases figure 1.7) due to the constantly occurring catalytic
process. The observed current (i) at a certain potential where catalytic activity is measured

can be directly related to the turnover frequency (k.,:) of the enzyme:

i =nFATk q;. (2.32)
Cyclic Voltammetry (CV) Chronoamperometry
A) A (A)A
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o c
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Figure 2.17. Plots explaining the two main experimental techniques used in PFE. In the left part of
each panel changes in the potential applied during each experiment are shown over time. Diagram A)
in the cyclic voltammetry panel shows the non-turnover signal while in the B) signal obtained after
introduction of substrate. Diagrams A) and B) in the chronoamperometry panel show the situation

when at specific potential protein is inhibited or activated.

In a chronoamperometry experiment, current is monitored as a function of time
when the potential is kept constant or changed in consecutive steps (see figure 2.17 right
panel). In this experiment the time and potential dependencies are separated. During
measurements at constant potential the activity can be monitored and the enzyme can be
exposed to external inhibitors, for example CO in case of [FeFe] hydrogenases, or

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

In the FTIR electrochemical experiment, FTIR spectra are measured for a series of
the potentials adjusted and stabilized in an electrochemical three electrode cell based on

M1 The sample is loaded on a semitransparent (70 %

design shown in figure 2.18
transparency) gold mesh which together with a platinum foil counter and Ag/AgCl reference
electrode completes a three electrode system (see figure 2.18). The outer cavity of the cell is

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

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

Reference

electrode

protein Ag/AgCI
IR - = Working
NAVAAVAVAVAV V) electrode

Au

5 Counter

electrode
Pt

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

It is very common to use mediators in such solution electrochemistry set-up.
Unfortunately, not all enzymes are stable in their presence and in many cases they cannot
be used which significantly increases the stabilization time to reach equilibrium with the
electrode. However, using a very thin spectroelectrochemical cell and a high surface working
electrode leads to relatively fast equilibration of the system.

From the obtained FTIR spectra the ratio [0x]/[red] is determined and data are
processed by fitting to the Nernst equation as described in the section 2.3.1. In case of three
species in the redox mixture (number of the redox states usually observed for CrHydA1)
equations 2.29 and 2.30 are replaced (under the assumption that n is the same for each

electron transition) by:
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1

[sred] = 1+exp(;—5,(E—E§))+exp(g—;(2E—Ef—Eg)) (2.33)
B exp(;—,};(E—Eg))
[red] = 1+exp(;—5,(E—Ef))+exp(g—;(2E—Ef—Eé))) (2.34)
and
[ox] = err(iz(ceet-e) (2.35)

1+exp(§(E—Ef))+exp(g—;(ZE—E$—E§))
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. Summary

This chapter contains an overview of the academic work done during my doctoral
studies. It includes five journal articles which are already published. My contribution to each

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

3.1. Identification and Characterization of the "Super-Reduced" State of the
H-Cluster in [FeFe] Hydrogenase: A New Building Block for the Catalytic

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

11458-11462.

e | prepared samples in different redox states

o | performed all the FTIR experiments and the data analysis

o | performed all the EPR experiments and the data simulation
e | performed all the PFE experiments

e | was largely involved in the production of the manuscript

C. Lambertz provided all the biological samples.

The catalytic mechanism of the reversible conversion of protons and electrons to
molecular hydrogen by [FeFe] hydrogenases is not yet fully understood. The proposed
models are based on the two redox states of the H-cluster: H,, (active oxidized) and H,eq
(active reduced) which were identified in many known [FeFe] hydrogenases using FTIR, EPR

and Mossbauer spectroscopy. The FTIR spectroelectrochemical studies of bacterial [FeFe]
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hydrogenase from Desulfovibrio desulfuricans (DdH) provided the first indication of the
existence of an additional redox state, i.e. the super reduced state Hi.q. However, the
transition from H,.q to Hyeq appears to be incomplete and irreversible in DdH. In algal [FeFe]
hydrogenase from Clamydomonas reinhardtii (CrHydA1), however, Hg.q can be stabilized
and the transition from H,eq to Hg.eq is fully reversible. The study of the electronic structure of
the H,..q state and its relevance to the catalytic cycle are presented in this work.

The FTIR spectra corresponding to the different redox states were well known but
the EPR of the Hq.q state had not been identified yet. This EPR spectrum could differentiate
between the [4Fe-4S]*'Fe'Fe’ and the [4Fe-4S]"'Fe'Fe' configuration. FTIR and EPR samples
were prepared simultaneously and studied at low temperatures. It was shown that with the
increase of the FTIR signal characteristic for Hyeq a broad EPR signal also appeared. The
obtained spectral parameters of this signal allowed assigning it to the reduced [4Fe-4S]
cluster and favor the [4Fe-4S]"*Fe'Fe' configuration. This result also shows that the [4Fe-4S],
cluster is an essential part of the H-cluster involved in the electron transfer.

The presence of the super reduced state in the catalytically active samples as well as
its full reversibility into the H,.4 state and further into the H,, state, allowed the conclusion
that Hg.q is active and involved in the catalytic cycle. The PFE experiments performed on
bacterial and algal [FeFe] hydrogenases did not show inactivation of the enzymes at the low
potentials where Hy..q4 is accumulated thus confirming its involvement in the catalytic cycle.

Based on these results, the catalytic cycle shown below was formulated and it was
proposed that H.q is involved in the reaction cycle of all [FeFe] hydrogenases but only in
algal enzymes it is stabilized as resting state due to the lack of F-clusters, which in bacterial

enzymes immediately reoxidize Hgeq t0 Hyeg.
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3.2. Biomimetic assembly and activation of [FeFe]-hydrogenases

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

o | performed all the FTIR experiments and the data analysis

e | was involved in the production of the manuscript
G. Berggren and T. R. Simmons provided synthetic complexes; G. Berggren, C.
Lambertz and J. Esselborn contributed to maturation experiments; G. Berggren and

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

The biosynthesis of the H-cluster is not well understood. It is postulated that
proteins known as HydE and HydG synthesize the binuclear part of the H-cluster and an
additional protein HydF transfers it to the apo [FeFe] hydrogenase which contains only the
[4Fe-4S]y cluster. In this work this hypothesis is tested by attempting to bind different
mimics of the bi-nuclear sub-cluster to HydF which contains a surface exposed [4Fe-4S]
cluster. Since the nature of the bridgehead atom in the dithiol ligand was still not uniquely
identified (either carbon, oxygen, or nitrogen), all three options were explored.

The combined FTIR and EPR experiments proved that all three mimic complexes
(“pdt”, “adt”, and “odt”) can bind to the HydF from Thermatoga maritima. Moreover, the
obtained FTIR spectra showed close resemblance to the one obtained previously for HydF
prepared in the presence of HydE and HydG suggesting that the mimic complexes are indeed
very similar to the proposed precursor of the diiron sub-cluster. Further detailed EPR
analysis combined with DFT calculations showed that isomerization of one of the CN ligands
takes place and the mimic complexes bind to the [4Fe-4S] cluster in the HydF through the

carbon atom. The HydF proteins, however, did not show any hydrogenase activity.
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In the next step the three mimic complexes were transferred from HydF to the apo
[FeFe] hydrogenase from Clamydomonas reinhardtii by simple mixing these two proteins.
The FTIR signals showed that all of the mimic complexes maturated the apo enzyme but only
the one carrying the adt bridge showed all the active states of the H-cluster. This was
confirmed by activity tests performed for all the hybrid enzymes and it was concluded that
fully active [FeFe] hydrogenase can be obtained only by maturation with the mimic complex
containing the azadithiolate (adt) bridge.

It is clearly shown in this work that to obtain full enzymatic activity not only both
parts of the H-cluster have to be present (the HydF with bound mimic complexes is not
active) but also the proper protein environment is necessary. In addition this procedure
provides a simple biotechnological tool for producing active [FeFe] hydrogenases since the

apo protein can be easily expressed in E. coli.

59



3.3. Spontaneous activation of [FeFe]-hydrogenases by an inorganic [2Fe]
active site mimic

Published in Nature Chemical Biology, 2013 Vol. 9 (10), pp 607-609.

e | performed all the FTIR experiments and the data analysis

e | performed all the EPR experiments and the data simulation

e | was involved in the production of the manuscript
J. Esselborn, C. Lambertz, J. Noth and J. Siebel provided biological samples and
performed biochemical experiments; G. Berggren and T. R. Simmons provided

synthetic complexes.

In this work the biosynthesis of active [FeFe] hydrogenases described above (see
3.2.) was taken one step further. It was shown that without the presence of any additional
proteins the mimic complex can spontaneously maturate apo [FeFe] hydrogenases
containing only the [4Fe-4S]y sub-cluster of the active site. Using the mimic complex
containing the azadithiolate bridge full activity was obtained for algal (Clamydomonas
reinhardtii) and bacterial (Clostridium pasteurianum and Megasphaera elsdenii) enzymes.
This is not trivial, since the active site in these bacterial [FeFe] hydrogenases is buried deep
inside the protein and they contain more than one [4Fe-4S] cluster. This would suggest that
the protein recognizes the mimic complex and triggered by specific interactions directs it
inside.

During this spontaneous maturation process one of the CO ligands in the mimic
complex is released and the H-cluster is formed. The FTIR and EPR spectra indicate that all
active states can be observed in “as is” samples. Furthermore, the enzyme can be inhibited

by external CO. The FTIR signals originating from the bridging CO ligand indicate that a
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change of the ligand geometry has to occur. The rhombic EPR signal and the FTIR signal
originating from the H.q state also clearly indicate that a covalent bond between mimic
complex and the [4Fe-4S], cluster has to be created resulting in a native-like H-cluster.
These results, significantly simplify active [FeFe] hydrogenase preparations in larger
amounts. The “semisynthetic” protocol also provides a new route for the synthetic chemist
by demonstrating that a poor catalyst inserted in the right protein environment can lead to a
great performance. Moreover, isotope labeling of the H-cluster precursor outside the
protein allows spectroscopic experiments which could not be done before. Also, many
changes (for example ligand substitutions) can be introduced to mimic complexes and their
interactions with the protein environment can be observed. For spectroscopic experiments

facilitated specific isotope labeling will become feasible.
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3.4. New redox states observed in [FeFe] hydrogenases reveal redox
coupling within the H-cluster.
Published in Journal of American Chemical Society, 2014 Vol. 136 (32), pp

11339-11346.

| performed all the FTIR electrochemistry experiments and the data analysis

| performed all the FTIR experiments and the data analysis

| performed all the EPR experiments and data simulations

| was largely involved in the production of the manuscript
D. Krawietz and J. Siebel provided biological samples; K. Weber provided synthetic

compounds.

Knowledge of the possible redox states of the enzyme as well as its electronic
structure is very important in the study of its catalytic cycle. The potential range in which
different redox states appear is also crucial for the enzyme’s performance and its
interactions with electron donors/acceptors. The semisynthetic active [FeFe] hydrogenase
showed full activity and all active states were observed. However, more detailed
experiments had to be performed to confirm that the semisynthetic enzyme s
indistinguishable from the wild type. In addition, studies of inactive but intact modified
H-clusters (like the one containing a CH, group in the bridging motive instead of NH) can
provide information on redox states that cannot be stabilized in the active enzyme.

FTIR spectroelectrochemistry is the perfect technique to study the redox behavior of
[FeFe] hydrogenases since the CO and CN ligands are sensitive to the change in the

oxidation state of the iron ions. The experiments showed that for an active semisynthetic
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enzyme, the active states H,,, H,cq and Hq are present in the same potential range as in the
native system and are separated by two reversible one electron transitions. It is interesting
that at high potentials, in contrast to PFE experiments, the active site is disrupted and an
inactive oxidized CO inhibited (H,,-CO) state appears. The sample in this state is stable and
upon reductive titration revealed a new reduced CO inhibited state (H..y-CO) which can be
further reduced to the active Hg.4 state. Based on small changes in the FTIR spectra, the
potential range and detailed studies involving light induced *>CO scrambling it is concluded
that reduction between two CO inhibited states takes place on the [4Fe-4S], sub-cluster and
the Hy.q-CO state is in the [4Fe-4S]'Fe'Fe" configuration. These results also show that a CO
inhibited sample can be activated through the H,,4 state.

FTIR spectroelectrochemistry experiments on the inactive semisynthetic enzyme
containing a CH, group in the dithiolate bridge revealed two stable redox states (oxidized
and reduced) separated by a reversible one electron transition. FTIR spectra obtained for
both the states strongly resemble that of the H,, state of the native enzyme. For the oxidized
sample EPR spectra were obtained that were identical of those of the H,, state of the native
hydrogenase. This suggests that this form can be described as a [4Fe-45])*'Fe'Fe"
configuration. Similar as in the case of CO inhibited states of the active hydrogenase, the IR
signals show only a slight shift between both redox states which would suggest that the
reduction occurs on the [4Fe-4S],, sub-cluster.

For both newly identified redox states in [FeFe] hydrogenases the redox potential of
the binuclear part is lowered by changes of the active site (such as blocking the open
coordination site by a CO ligand or preventing the proton flow by modification of the
bridging motif) and causes reduction of the [4Fe-4S]y sub-cluster while the binuclear part
remains in the mixed valence state. This study demonstrates the strong redox coupling
between the two parts of the H-cluster and confirms that the [4Fe-4S],, sub-cluster is also

redox active and as such an integral part of the H-cluster participating in the catalytic cycle.
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3.5.  Artificially maturated [FeFe] hydrogenase from Chlamydomonas
reinhardtii: HYSCORE and ENDOR study of a non-natural H-cluster
Published in Physical Chemistry Chemical Physics, 2015 Vol.17 (7), pp 5421-

5430.

e | was involved in samples preparation

| performed all the FTIR experiments and data analysis

| performed all the EPR experiments and data simulations

| was largely involved in the production of the manuscript

J. Siebel provided all biological samples; T. Simmons provided synthetic compounds.

An analysis of the electronic structure of the oxidized [FeFe] hydrogenase from
Clamydomonas reinhardtii maturated with the non-natural biomimetic complex
[Fe,(CO)4(CN),(pdt)]* in which the bridging amine is replaced by a CH, group is reported in
this work. This inactive semisynthetic hydrogenase in its oxidized state strongly resembles
the native H,, state where the EPR signal originates from the mixed valence Fe'Fe" state of
the binuclear sub-cluster. Taking advantage of the readily available isotope labeled
biomimetic complex as well as the possibility to obtain a single specific redox state, multi-
frequency HYSCORE and ENDOR studies of **C and °N labeled CN ligands in the non-natural
H-cluster were performed.

The hyperfine couplings of the **C nuclei were detected using X-band and Q-band
ENDOR spectroscopy. This study revealed that the spin density is distributed over both CN’
ligands but is predominantly localized on the “C nuclei bound to the distal Fe.

Determination of the relative orientation of the hyperfine tensor with respect to the g
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tensor made it possible to relate the orientation of the strongly coupled CN’ ligand to the
crystal structure.

HYSCORE spectra obtained for the sample labeled with °N at the CN" ligands at X-
band and Q-band could be simultaneously simulated with one set of parameters showing
that significant spin density is distributed over one and not both nitrogen atoms. The
obtained hyperfine tensor and its orientation was further used to simulate the **N HYSCORE
spectra with **N in the CN’ ligands confirming the previously obtained nuclear quadrupole
couplings.

The obtained results show that the oxidized [FeFe] hydrogenase maturated with the
non-natural biomimetic complex in which the bridging amine is replaced by a CH, group is a
very good model system to study the native H,, state. Furthermore, a detailed analysis of
the obtained data and available crystal structures of [FeFe] hydrogenases allowed a first
estimation of the g tensor orientation relative to the molecular axes in the active site of this

enzyme.
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Hydrogenases catalyze the reversible heterolytic formation of
H, from protons and electrons. According to the type of
metals in the active site, these enzymes are classified into
three groups: [NiFe], [FeFe], and [Fe] hydrogenases. All of
these enzymes are of high interest in biotechnology, aiming at
the generation and conversion of H, as renewable energy
carrier.¥ Since [FeFe] hydrogenases are highly efficient in
hydrogen production in vivo, elucidation of their catalytic
mechanism is of particular relevance for developing artificial
hydrogen production systems.*!

The active site of [FeFe] hydrogenase contains the so-
called H-cluster (Figure 1) consisting of a di-iron center [2Fe],
which is covalently attached via a cysteine thiol bridge to

4Fe4s]| ,/ N
O oo l \ / "a oo
N

Figure 1. Structure of the active site (H-cluster) in [FeFe] hydroge-
nases. The arrow points to the open coordination site on the distal
iron atom (Fey).

a cubane-like [4Fe-4S] subcluster.** In the [2Fe] subcluster,
both Fe ions are coordinated by CO and CN ligands, keeping
the iron centers in low oxidation and spin states.*!! The iron
atoms in the [2Fe] subcluster are bridged by an azadithiolate
group (adt, (SCH,),NH).*1Z The iron distal to the [4Fe4S]
subcluster (Fe,) has an open coordination site, which is most
likely the H, binding site (Figure 1)."'* It has been proposed
that the adt-amine group, which is in a perfect position with
respect to the open coordination site, is involved in the proton
transfer to and from the catalytic site.®!?!

Until now, two redox states of the H-cluster were
identified that are believed to take part in the catalytic
cycle: that is, the active “oxidized” state H,, which is
paramagnetic and characterized by a mixed-valence (Fe'Fe')
binuclear part, and the active “reduced” state H,.,, which
adopts the (Fe'Fe') configuration.!'!

These active forms can be inhibited by CO, resulting in
a single oxidized state, H,,-CO.""%°! The [4Fe4S]; subcluster
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in these states is oxidized (+2) and formally diamagnetic
(Siress =0).1) The redox transition H,, to H,y has its
midpoint potential around —400 mV (pH 8.0) and has been
studied in the [FeFe] hydrogenase from Desulfovibrio desul-
furicans (DdH) using FTIR spectroclectrochemistry.""! The
same study also identified a subsequent irreversible reduction
step at E,=—540 mV to the so-called “super-reduced state”
H,... An analogous study of the [FeFe] hydrogenase of
Chlamydomonas reinhardtii (CrHydAl) showed the same
redox transitions."! However, in CrHydA1 the super-reduced
species Hg,.q occurs at a much higher potential E,; = —460 mV
(pH 8.0) and the H,.4 to Hy,, transition is fully reversible."!
The redox potentials of both H,4 and Hy,.q in CrHydA1 are
close to that of its (isolated) natural redox partner PetF (that
is, =400 mV at pH 7.0)."”? Moreover, it has been shown that
the PetF redox potential can be reduced substantially upon
interaction with its redox partners, such as ferredoxin-
NADP* reductase (FNR).'8! Therefore, in CrHydA1, Hy,.y
seems to be a resting state of the enzyme, similar to H,, and
H,.. There are two possibilities for the electronic structure of
the H-cluster in the Hg.4 state: either the binuclear part is
further reduced to [Fe’-Fe'] or the [4Fe-4S]*" subcluster is
reduced to [4Fe-4S]*. Similar to H,,, Hy,, is expected to be
paramagnetic, exhibiting an § =1/2 ground state.

In this work, we aim to identify and characterize the H,eq
state from CrHydAl in detail using EPR and FTIR spectros-
copy. To verify the possible catalytic role of the Hy..q state, we
performed protein film electrochemistry (PFE) on CrHydA1
as well as DdH, and the [FeFe] hydrogenase from Clostridium
acetobutylicum (CaHydA).

CrHydAl overexpressed in C. acetobutylicum was sub-
jected to different reductive and oxidative treatments.
Figure 2 presents a selection of the corresponding FTIR-
and FID-detected (Q-band) EPR spectra for each sample
going from oxidative (A) to reductive conditions (D). The
characteristic IR bands and gvalues for each H-cluster
species are indicated at the top of the spectra. The FTIR
frequencies were taken from the literature!" and presented in
more detail in the Supporting Information, Figure S1. It is
clear that the as isolated samples with sodium dithionite
(NaDT) in the buffer show a mixture of H,,, H,.q, and Hyq.
Treatment with H, or with additional equivalents of NaDT
shifts the cquilibrium towards the reduced species, while
thionine treatment induces the formation of oxidized spe-
cies.!’!

The EPR spectra in Figure 2 clearly show the appearance
of a broad contribution with low g values (2.076+0.002,
1.943 £0.003, 1.868 +0.001) in the reduced samples. The
spectral parameters of this species resemble typical reduced
[4Fe-4S] cluster signals.”! The contribution of H,, and H,,-
CO to each EPR spectrum was also evaluated using spectral
simulations as indicated in Figure 2. As it is evident from the
comparison of the EPR and FTIR data, the increase of the
[4Fe4S]-like EPR signal coincides with the appearance of the
H;.q signal in the FTIR measurements. We therefore assign
this EPR signal to the Hg.4 state. This shows that H.q4 is
characterized by a [Fe'Fe'|[4Fe4S]* configuration rather than
for example, [Fe'Fe’|[4Fe4S]**. According to the FTIR and
EPR spectra, most preparations contain a mixture of the
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Figure 2. Left: FTIR spectra normalized to 500 uM enzyme concentration and recorded at 100 K. Right: Normalized Q-band FID-detected EPR
spectra measured at 10 K. Sample compositions: A) 700 um CrHydA1 and 1.5 mwm thionine; B) 700 pm CrHydA1; C) 700 pm CrHydAl, 12 mm Na-
dithionite; D) 280 pm CrHydAT1, flushed with 1 bar H,. All samples initially contained 2 mm NaDT to avoid oxygen damage to the protein.
Information about FTIR and EPR signal positions for each redox state is presented at the top of the figure. Further details of sample preparation

are collected in the Supporting Information.

three states, H,,, H,, and in particular H,.q. Our experiments
show that even samples that are predominantly in the Hg..q
state could be completely oxidized with thionine. This shows
that all redox states are in equilibrium with each other.
Importantly, all samples, including those with high concen-
trations of Hy.,, show a high hydrogenase activity (typically
560 nmol H, per minute and pg protein), suggesting that Hq
is an active state.

To confirm the catalytic activity of the enzyme at the low
potentials at which H,, 4 is formed, protein film electro-
chemistry (PFE) was performed on CrHydAl, which was
adsorbed on a carbon rotating-disk electrode.”!! For compar-
ison, the same electrochemical experiments were performed
for DdH and CaHydA, which were covalently attached to the
rotating-disk electrode (see the Experimental Section and the
Supporting Information). The cyclic voltammograms of the
three studied enzymes (Figure 3, top) show that H* reduction
activity increases with negative potential. No inactivation
processes are observed at very low potentials during the
experiments. The persistence and stability of the observed
catalytic currents was verified using chronoamperometry
(Figure 3, lower part). In these experiments, the potential is
kept constant initially at the reference potential of —209 mV
at which anaerobic oxidation is not dominant and a steady H,
oxidation current is observed. Subsequently, two negative
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potentials (=960 and —760 mV) were applied for one hour
each. While the experiments on DdH and CaHydA showed
persistent negative H' reduction catalytic currents at each
potential step, the experiment on CrHydA1l showed some
current loss, which we assign to film loss owing to the
noncovalent immobilization of the enzyme. As shown above,
reductive treatment favors formation of the H,,q4 state. If this
would be a dead-end state, these conditions would allow
accumulation of this state and we should see a substantial
reduction of the catalytic current when applying more
negative potentials. As this is clearly not the case, these
experiments indicate that H,, is a part of the catalytic cycle.

H,,.q seems to be better stabilized in algal [FeFe] hydro-
genases than for example in DdH. It is tempting to infer that
this must be related to the lack of accessory [4Fe-4S] clusters
in these enzymes (the so-called “F-clusters™). It secems likely
that the redox potential of the Hy,.4/H, 4 transition is changing
depending on the presence of the F-clusters owing to the so-
called redox cooperativity effect commonly observed in
systems with multiple redox centers”™ In prokaryotic
[FeFe] hydrogenases, H,,., may only occur as transient
species, as the cubane part is quickly reoxidized during the
reaction cycle by the F-clusters, thus generating the H, 4 state.
Therefore, in these enzymes under turnover conditions the

Angew. Chem. Int. Ed. 2012, 51, 11458 —11462
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Figure 3. From left to right: cyclic voltammetry (upper part) and chronoamperometric experiments (lower part) on CrHydA1 adsorbed on and
DdH and CaHydA covalently attached to a pyrolytic graphite edge (PGE) electrode. Perpendicular markings and letters on the cyclic
voltammograms indicate the potentials used in the chronoamperometric measurements (a=—209 mV, b=—759 mV, ¢=—959 mV). The
experiments were carried out at pH 7.0, 10°C, 1 bar H, and 2500 rpm electrode rotation rate.

low potential resting state is H,.4, while in eukaryotic enzymes
(lacking the F-clusters), Hy.., accumulates as the resting state.

‘We will now consider the possible role of the Hy, state in
the catalytic cycle. The H-cluster in CrHydA1 has to perform
a turnover involving two protons and two electrons in the
absence of accessory [4Fe4S] clusters. The hydrogen oxida-
tion cycle, which presumably starts with H,, (as “ready state™)
will result in an exit state where two electrons (reduction
equivalents) are left on the H-cluster. As a stable Fe'Fe'
configuration has never been observed for the H-cluster, the
most likely candidate for such “exit” state is Hgq. It is
therefore not surprising that particularly large amounts of
H,,., are formed in HydA1 under H, without a redox partner
(electron acceptor) being present in the buffer. H.q is,
however, also formed under reductive conditions without H,.
Under these conditions, high turnover activities (H, produc-
tion) are measured in vitro. Our PFE experiments also show
high catalytic activity at negative potentials at which Hg., is
shown to be present. Thus, it seems very likely that the Hy.q
state is a part of the catalytic cycle. Moreover, as the structure
of the H-cluster is highly conserved in all [FeFe] hydrogenases
and the same behavior at negative potentials was found for
CrHydAl, DdH, and CaHydA hydrogenases in our PFE
experiments, it can be assumed that its catalytic mechanism
also is conserved. We therefore propose that H., is the
starting point for proton reduction in the reaction cycle of all
[FeFe] hydrogenases.

The implication of these considerations is reflected in
Figure 4, which shows our proposed reaction cycle for
CrHydAl, including H,.q. Although certainly some specula-
tion is involved, most of these intermediates were postulated
earlier; in particular, the hydride form of Hg,y has already
been discussed.!"" It is clear that a few questions are still left to
be answered: We propose H,.4 to be the active species
reacting with the bound proton to form the (terminal)
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hydride, which in turn reacts with the proton available at
the ADT amine, ultimately producing molecular hydrogen. It
is not clear at which stage this “hydride-to-be” proton is
bound to the H-cluster. Interestingly, all DFT-calculated
protonated or unprotonated variants of the H, 4 species are
characterized by a reduced [4Fe4S] cluster.” According to
these DFT calculations, only the second protonation (in the
ADT bridge) triggers the electron transfer from the [4Fe4S]y
cluster to the 2Fe subcluster and the formation of the hydride
bound to the mixed-valence 2Fe core.*>! How the first
proton is stabilized at the reduced states of the H-cluster (H, 4
and/or Hy.,) is still not clear. Experimental evidence for the
existence of hydrides in Hy,, and/or H,., as well as detailed
QM calculations of the reaction mechanism including the role
of the cubane subcluster might help to solve these open
questions.

In conclusion, our combined electrochemical, FTIR, and
EPR investigations on HydAl identified the superreduced
state H., as paramagnetic and catalytically active. We
therefore propose that H, is involved in the reaction cycle
of all [FeFe] hydrogenases, but it is stabilized as resting state
only in algal enzymes owing to the lack of F-clusters, which
immediately reoxidize Hy,q to H,.q in bacterial enzymes. The
reaction cycles of prokaryotic and eukaryotic enzymes are
identical but because of the presence or absence of F-clusters
in the protein, different resting states of the active site are
stabilized at low potential.

The involvement of Hj,, in the catalytic cycle is mecha-
nistically attractive because it enables heterolytic splitting of
H, bound to H,, without the need for any intermediate
electron-transfer step.'"” Also it would explain why the
cubane sub-cluster is an essential part of the active site of
[FeFe] hydrogenases in contrast to [NiFe] hydrogenase, where
such a redox-active “ligand” to the binuclear site is not
required.
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Figure 4. Proposed catalytic cycle for [FeFe] hydrogenase including the
H,.q state. {H'} in H, 4 indicates that the proton is believed to be
associated with the H-cluster and possibly bound to a nearby amino
acid residue.

Experimental Section

CrHydA1 was obtained from Clostridium acetobutylicum (overex-
pressed) as reported previously.”**! All sample preparation steps,
including treatment with thionine and exposure to H,, were
performed under strictly anaerobic conditions in a glovebox under
a nitrogen atmosphere with 1.5-2% H,. FTIR measurements were
performed on a BRUKER IFS 66 v/s FTIR spectrometer equipped
with a Bruker MCT (mercury cadmium telluride) detector. Q-band
EPR spectra were recorded using free induction decay (FID)-
detected EPR with a 1 ps microwave pulse, All pulse experiments
were performed on a Bruker ELEXYS ES80 Q-band spectrometer
with a SuperQ-FT microwave bridge and home-built resonator
described earlier.” Protein-film electrochemistry experiments were
carried out inside an anaerobic glovebox (MBraun) using a gas-tight
three-electrode setup connected to an electrode rotator (Princeton
Applied Research model 636A). Electrochemical experiments were
controlled by a VersaStat4 potentiostat (Princeton Applied
Research). Detailed experimental procedures are described in the
Supporting Information.
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List of abbreviations:

IR (InfraRed spectroscopy)

FTIR (Fourier Transform IR)

CW (Continues Wave)

FID (Free [nduced Decay)

EPR (Electron Paramagnetic Resonance)

PCET (Proton-Coupled Electron Transfer)

PFE (Protein Film Electrochemistry)

CrHydAl ([FeFe] hydrogenase from Clamydomonas reinhardltii)
CaHydA ([FeFe] hydrogenase from Clostridium acetobutylicum)
DdH ([FeFe] hydrogenase from Desulfovibrio desulfuricans)
Cpl ([FeFe] hydrogenase from Clostridium pasteurianum)

Tris (tris(hydroxymethyl)aminomethane)

MES (2-(N-morpholino)ethanesulfonic acid)

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
TAPS (3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-ylJamino]propane-1-sulfonic acid)
CHES (N-Cyclohexyl-2-aminoethanesulfonic acid)
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DETAILED EXPERIMENTAL PROCEDURES

Enzyme preparations:

CrHydAl was obtained from Clostridium (C.) acetobutylicum  (overexpressed) as
reported previously.!"*! All sample preparation steps were performed under strictly anaerobic
conditions in a glovebox under a nitrogen atmosphere with 1.5-2% H,. HydAl, overexpressed
in C. acetobutylicum, was isolated in a 100 mM TRIS buffer (pH 8.0) with additional 2mM
Na-dithionite (to avoid oxygen damage to the protein) and concentrated (Amicon Ultracel 10
kDa, Millipore) to approximately 700uM or 280 puM (experiments were performed on two
sets of samples).”) Wild type CrHydAl was isolated in 50 mM MES buffer (pH 6.0) with
additional 2mM Na-dithionite. For all samples a high specific activity (approx. 560 nmol H;
per minute and pg protein) was determined by gas chromatography.”’

For thionine treatment the protein solution was loaded on a dry layer of thionine. The ratio
thionin:enzyme was = 2:1. One sample was reduced by additional Na-dithionite (final
concentration 12mM). Treatment with H, was performed in a glovebox by using a home built
gas line and gas controller. Samples were flushed for 15 minutes under 1 bar of H,. Each
preparation was split into an FTIR and EPR sample that were immediately frozen in liquid

nitrogen.

FTIR and EPR spectroscopy.

FTIR measurements were performed on a BRUKER IFS 66 v/s FTIR spectrometer
equipped with a Bruker MCT (mercury cadmium telluride) detector. The spectrometer was
controlled by Bruker Opus software on a Windows PC. FTIR measurements were performed
at 100K using an Oxford OptistatCF continuous helium flow cryostat. The spectra were
accumulated in the double-sided, forward-backward mode with 2000 or more scans and
obtained with a resolution of 2 cm™ . Data processing was facilitated by home-written routines
in MATLAB programming environment,

QQ-band EPR spectra were recorded using free induction decay (FID) detected EPR with a
1us microwave pulse. All pulse experiments were performed on a Bruker ELEXYS E580 Q-
band spectrometer with a SuperQ-FT microwave bridge and home build resonator described
earlier.!! Cryogenic temperatures (10-20K) were achieved using an Oxford CF935 Helium
flow cryostat. For the interpretation of all EPR experimental data, a home written simulation
program (based on the EasySpin package ") in MATLAB was used. Experiments were

performed under non-saturating conditions with a shot repetition time of 1 ms.
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Protein Film Electrochemistry.

Protein film electrochemistry experiments were carried out inside an anacrobic
glovebox (MBraun) using a gas tight three electrode setup connected to an electrode rotator
(Princeton Applied Research model 636A). Electrochemical experiments were controlled by a
VersaStat 4 potentiostat (Princeton Applied Research). The cell was water jacketed to provide
temperature control during the experiment. A saturated calomel electrode (SCE) was used as
reference electrode, placed on a side-arm to keep it at room temperature, connected to the
main cell compartment by a Luggin capillary. A Pt wire was used as counter electrode. A
pyrolytic graphite edge disk electrode with the “edge plane” facing the solution (0.03 cm’
area) was used as working electrode. Potentials in this paper are converted to standard
hydrogen electrode (SHE) using the correction Fgyr = FEsce + 241 mV at 298 K. The
electrochemical cell contained a buffer mixture of MES, HEPES, TAPS, CHES and sodium
acetate {15 mM each) and NaCl (0.1 M).

Dd (purified as reported previously " and C. acetobutylicum (purified as reported
previously”!) hydrogenases were covalently attached to the electrode following previously
described strategies ") (see below).

It was not possible to measure a catalytic current for CrHydA covalently attached to the
PGE c¢lectrode using any of the described strategies. We suggest that since the CrHydAl
hydrogenase has the active site close to the surface of the protein, the linkage with the
electrode could compromise the integrity of the protein. Therefore, the results shown here are
for adsorbed CrHydA 1 following the same protocol reported by Armstrong and co-workers.”

Hydrogenase moditied electrodes were rinsed with buffer and placed in an enzyme-free
buffer solution in the electrochemical cell. Experiments were carried out at 2500 rpm rotation

rate to avoid mass transport limitations to the electrode.

Protein covalent immobilization.

Figure S1 shows the strategy followed to obtain direct electron transfer between the PGE
electrode and C. acetobutylicum and Dd hydrogenases. A 4-aminophenyl monolayer was
chosen for Dd hydrogenase immobilization, after observing negative charges on the surface of
the protein surrounding the most exposed [4Fe-4S] cluster. Based on the results recently
reported for the immobilization of C. acetobutviicum hydrogenase on self assembled
monoyalers on gold ®! a 4-carboxyphenyl monolayer was used for CaHydA hydrogenase

immobilization on PGE electrodes.!"”)
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Dd hydrogenase covalent immobilization. A PGE electrode was polished with abrasive
paper and 1 pm a-alumina (Buehler), and then immersed in a 10 mM solution of 4-
nitrobenzene diazonium tetrafluoroborate salt 96% (ABCR) in acetonitrile (Merck) for 3
minutes. Once rinsed with EtOH and H>O, immobilized 4-nitrobenzene molecules were
electrochemically reduced to 4-aminobenzene in H,SO, 0.1 M by doing a cyclic voltammetry
from 0.9 V 10 -0.75 V (vs SHE) at 0.2 V/s. Afterwards 4 pL of 50 uM DdH hydrogenase in
10 mM MES bufter (pH 6.52) were left on top of the electrode for 20 minutes to orientate the
protein electrostatically. Then 2.3 puL N-hydroxysuccinimide (Sigma) and 2.5 puL N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (Sigma) 60 mM each were added
and left to react and form the covalent bonds between enzyme and electrode, at 10°C for 1
hour 45 minutes.

C. acetobutylicum hydrogenase covalent immobilization. 4-carboxyphenyl diazonium
tetrafluoroborate salt was synthesised in the laboratory following a previously described

I "™ PGE electrodes were eclectrochemically modified by applying two cyclic

protoco
voltametric runs at 0.2 V/s from 0.941 V to -359 V (vs SHE) on a 1 mM 4-carboxyphenyl
diazonium tetrafluoroborate salt solution in acetonitrile with 0.2 M tetrabutylammonium
tetratluoroborate (Aldrich) as supporting electrolyte. Afterwards the electrode was modified
inside the anaerobic glovebox with C. acetobutviicum hydrogenase as described before for

Dd.
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Figure S1 Schematic representation of the D. desulfuricans (top, PDB code 1HFE) and C. acetobutylicum (bottom)
hydrogenases orientation on a graphite electrode modified with 4-nitrobenzendiazonium salt and 4-carboxyphenyl
diazonium salt respectively. In red negatively charged areas, in blue positively charged areas are shown The surface
vacuum electrostatic charges map was generated using Pymol v 0.98. At the moment there is no crystal structure from
CaHydA, the crystal structure from Cpl (PDB code 1FEH) was used as a model based on the sequence similarity between
both proteins.[m
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Figure S3 Collected FTIR spectra for all samples with marked peak positions. HydA1(2.9) represents 700uM CrHydA1 and
2mM Na-dithionite, i.e. a Na-dithionite/protein ratio of 2.9; HydA1(7.2) represents 280uM CrHydA1l and 2mM Na-
dithionite, i.e. a Na-dithionite/protein ratio of 7.2. CrHydA1 + PetF represents a sample containing 200uM CrHydA1,
200uM PetF and 2mM sodium dithionite. The additional thionine, Na-dithionite and H, sample treatments are described
in detail in the enzyme preparation section. The colors of the numbers indicate the redox states from which each peak
originates and correspond to the color code in figure S2. It should be noted that due to the sapphire inner windows of
the cryostat the spectral range below 1850 em™is strongly attenuated and affected by instrumental artifacts. The
position and intensity of the bridging CO band is therefore less reliable than the other FTIR signals.
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Figure S4 Comparison of the super reduced state obtained for CrHydA1 overexpressed in C. acetobutylicum and in wild

type. Both samples were flushed with H; .

Table S1: Collection of the obtained g values for Hy.q in CrHydA1 compared to g parameters
for related [4Fe-4S]" clusters: i.e. unmaturated CrHydA1(AEFG) and Hyans* in DdH and the
C169S mutant of CrHydA 1.

hydrogenase preparation Redox Measurement
yarog prep state temperature &l & &

2076 | 1.943 | 1.868

CrHydAl Hirea 10K
+0.002 | +0.003 | +0.001
2.081 | 1.941 | 1.885

Wild type CrHydA1 (figure S4) Hirea 10K
+0.001 | +0.001 | £0.001
CrHydA 1(AEFG) I [4Fe-4S]" 10K 2050 | 1.915 | 1.852
DdH '] Hiws | 35K CWEPR | 2.06 1.96 1.89
C169S mutant of CrHydA1 "] Hirans 10K 2.067 | 1.941 | 1.880

* It is assumed that Hyans has a [4Fe-4S]"-[Fe(IDFe(IT)] configuration whereas the Hq State is
assigned to [4Fe-4S] -[Fe(I)Fe(l)].
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Biomimetic assembly and activation of

| FeFe]-hydrogenases

G. Berggren"f, A. Adamska®, C. Lambertz**, T. R. Simmons“f, J. Esselborn®, M. Atta', S. Gambarelli®, J.-M. Mouesca®,

E. Reijerse“, W. Lubitz“, T. Happe4, V. Artero' & M. Fontecave'”

Hydrogenases are the most active molecular catalysts for hydrogen
production and uptake"?, and could therefore facilitate the develop-
ment of new types of fuel cell>*, In [FeFe]-hydrogenases, catalysis
takes place at a unique di-iron centre (the [2Fe] subsite), which
contains a bridging dithiolate ligand, three CO ligands and two
CN™ ligands®’. Through a complex multienzymatic biosynthetic
process, this [2Fe] subsite is first assembled on a maturation
enzyme, HydF, and then delivered to the apo-hydrogenase for
activation®. Synthetic chemistry has been used to prepare remark-
ably similar mimics of that subsite', but it has failed to reproduce
the natural enzymatic activities thus far. Here we show that three
synthetic mimics (containing different bridging dithiolate ligands)
can be loaded onto bacterial Thermotoga maritima HydF and then
transferred to apo-HydAl, one of the hydrogenases of Chlamy-
domonas reinhardtii algae. Full activation of HydA1 was achieved
only when using the HydF hybrid protein containing the mimic
with an azadithiolate bridge, confirming the presence of this ligand
in the active site of native [FeFe]-hydrogenases®®. This is an
example of controlled metalloenzyme activation using the combi-
nation of a specific protein scaffold and active-site synthetic ana-
logues. This simple methodology provides both new mechanistic
and structural insight into hydrogenase maturation and a unique
tool for producing recombinant wild-type and variant [FeFe]-
hydrogenases, with no requirement for the complete maturation
machinery.

Complexes 1'%, 2! and 3'° (Fig. la) represent the closest synthetic
mimics of the [2Fe] subsite in HydA 1. They all share the same primary
coordination sphere with four CO, two CN™ and a bridging dithiolate
ligand. They do however differ in the nature of the central bridgehead
atom of the dithiolate: carbon in 1, nitrogen in 2 and oxygen in 3. The
nature of this atom in the enzyme [2Fe] subsite has been a matter of
controversy”*'*'°. Anaerobic reaction of HydF from T. maritima

a b

qx

(expressed in Escherichia coli), containing a [4Fe-4S] cluster’” and
named ‘HydF’ in the following, with a tenfold molar excess of complex
1,2 or 3, led to new hybrid species, x-HydF (x = 1, 2 or 3 respectively),
that could be isolated in pure form and characterized. Indeed, in all
cases, iron quantification showed an increase from 39+ 04 to
5.6 + 0.4 iron atoms per protein, and the ultraviolet-visible spectrum
of these hybrids displayed features consistent with a ~1:1 ratio of the
synthetic complexes and the HydF protein (Supplementary Fig. 1a-c).

Fourier transform infrared (FTIR) spectroscopy is a convenient method
for characterizing metalloproteins such as hydrogenases containing
CO and CN ligands'®. Thus, further evidence for the incorporation
of synthetic complexes in HydF was obtained from their FTIR spectra,
which contained CN-stretching bands between 2,000 and 2,100 cm™
and four partly overlapping CO-stretching bands in the 1,800-2,000 cm™
range (Fig. 2b and Supplementary Table 1), The high-energy bands under-
went a 40cm ™' shift on *C-labelling of the CN" ligands (Supplemen-
tary Fig. 2). Interestingly, the width of the FTIR bands is still identical to
those of the unbound complexes (Fig. 2a) but their positions show strong
similarities to those of Clostridium acetobutylicum HydF (Fig. 2b and
Supplementary Table 1), a HydF preparation isolated from a strain
of C. acetobutylicum expressing the complete maturase machinery
(including HydE and HydG)". Clostridium acetobutylicum HydF con-
tains, in addition to a [4Fe-4S] cluster, a still-undefined [2Fe| centre
and is capable of activating the apo form of HydA1'. Although the
width of the FTIR bands of the hybrids would suggest a ligand con-
formational freedom similar to that of the unbound complexes, the
position of the FTIR bands is a clear indication that the synthetic
complexes closely mimic the natural [2Fe] subsite in HydF.

The arrangements in which the synthetic complexes are bound
to HydF and its [4Fe-4S] cluster are not evident from the FTIR spectra.
In particular, FTIR spectroscopy does not allow terminal and bridg-
ing cyanide ligands to be definitively distinguished (see below and

0C, s, co Sas, co
N\ AN, Az,
NC"""FSJ“ \'Fe/---ucw —C N“"}’E,M\FS‘--«.
o N 7 CN
co ot
1 X=CH
2 X=NH *-HydF {x =1-3) HydA
3 X=0 (native [FeFe]-hydrogenase)

Figure 1| Structures of the di-iron clusters discussed in the study.
a, The synthetic mimics 1'%, 2'* and 3", b, Proposed structure for the
x-HydF (x = 1-3) hybrid proteins. ¢, The H-cluster (active site) of

[FeFe]-hydrogenase. The protein ribbon and the [4Fe-4S] clusters (shown as
balls and sticks with Fe shown as white spheres) are shown only schematically.
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Figure 2 | Normalized FTIR spectra recorded in liquid solution at 15 °C.
a, Complexes 1-3. b, Clostridium acetobutylicum (Ca)HydF (from ref. 19) and
x-HydF (x = 1-3) hybrid species. ¢, HydA after treatment of apo-Hyd A1 with
1-HydF (1-HydA1l), 2-HydF (2-HydAl) and 3-HydF (3-HydA1). Peak
positions in the spectrum of 2-HydA1 are colour coded to indicate the
contributions from Hoy (red), Hyeq (violet), Hyred (green) and H,,-CO (blue)
(see Supplementary Fig. 6 for a complete data set). d, HydAl from

C. reinhardltii expressed in C. acetobutylicum (CrHydA1) (ref. 18). Colour code
as in ¢. Samples of complexes 1-3 and x-HydF (x = 1-3) were prepared in
HEPES buffer (20 mM, 100 mM KCl) pH 7.5. Samples of x-HydA1 were
prepared in 10 mM Tris-HCI buffer pH 8 containing sodium dithionite
(2mM).

20

Supplementary Discussion)*’. Electron paramagnetic resonance (EPR)
and two-dimensional hyperfine sub-level correlation (HYSCORE)
spectroscopies are more powerful in this respect. They demonstrate
a close interaction between the cluster and the synthetic complex, as

2 | NATURE | VOL 000 | 00 MONTH 2013

revealed for the case of 1-HydF. First, the EPR spectrum of the spin-
half (S =1/2) [4Fe-4S]'" cluster in dithionite-reduced 1-HydF was
markedly different from that of the reduced cluster in unloaded HydF,
with the high-field feature at g = 1.90 (g is the Landé factor) in HydF
shifted to g=1.93 in 1-HydF (Fig. 3a). A comparable shift was
observed in the case of hybrids 2-HydF and 3-HydF (Supplemen-
tary Fig. 3). The absence of additional signals indicated that, in all
cases, the synthetic complex remained in the EPR-silent Fe(1)Fe(1) state
(both iron centres are in a low-spin S = 1/2 configuration but are anti-
ferromagnetically coupled, leading to a diamagnetic S = 0 ground state).

Second, pulsed EPR spectroscopy unambiguously demonstrated
that the [4Fe-4S] cluster and the [2Fe] subsite analogue shared a
CN™ ligand in 1-HydF. For this purpose we used a nuclear coher-
ence-transfer experiment, CF-NF*, correlating the combination fre-
quencies (CF) with the nuclear frequencies (NF), which is more
sensitive than HYSCORE spectroscopy for disordered systems and
best adapted for the observation of "C signals in the presence of weakly
coupled "N atoms. This is the first time to our knowledge that a
metalloprotein has been characterized in such an experiment. The
CE-NF spectrum of 1-HydF (Fig. 3b, right) displayed peaks from
distant "°C carbon atoms present in natural abundance. When 1 was
prepared with *C-labelled CN™, the spectrum of 1-HydF displayed a
new feature reflecting coupling of the unpaired electron in the [4Fe-4S]
cluster with the *C nucleus, characterized by a hyperfine coupling
constant of 4.0 * 0.2 MHz (Fig. 3b, left). As shown in Supplemen-
tary Fig. 4, the HYSCORE spectrum of reduced 1-HydF displayed
an additional feature consistent with the presence of a nitrogen atom
weakly coupled to the [4Fe-4S] cluster in 1-HydF. The hyperfine
coupling constant (ay =1 MHz) is significantly smaller than those
generally obtained when a N atom is directly coordinated to an Fe-S
cluster'”**?* (ay in the range of 4-7 MHz).

These coupling constants are consistent with a CN™ ligand bridging
one iron of the [4Fe-4S] cluster and one iron of 1, as established by
density functional theory (DFT) calculations (a detailed description
of the DFT calculations is provided as Supplementary Discussion and
in Supplementary Tables 2-5). More precisely, computed hyperfine
coupling constants indicate that the cyanide C atom is bound to one
iron atom belonging to a mixed-valence (Fe*>*) iron of the [4Fe-4S]
cluster and that the N atom is bound to the di-iron complex, implying
cyanide linkage isomerism on formation of 1-HydF, as found in the
synthesis of Prussian blue analogues® and other molecular metal
clusters®®?*. Furthermore, DFT calculated values of CO and CN stretch-
ing frequencies (2,010 and 2,060 cm ') of a 1-HydF model, containing
a CN ligand bridging the [4Fe-4S] cluster and complex 1, are well in
the range of the experimental values (2,038 and 2,055 cm” ' see Sup-
plementary Discussion and Supplementary Table 6).

The hybrid x-HydF proteins were studied for their potential to
activate apo-HydA1 from C. reinhardtii containing a single [4Fe-4S]
cluster and no [2Fe] subsite®. A pure preparation of apo-HydA1 was
incubated anaerobically with 10 equiv. of the hybrid protein, the
optimal excess ratio (Supplementary Fig. 5), in phosphate buffer pH
6.8 at 37 °C for 30 min, and hydrogen evolution was monitored under
standard conditions (Methods)®. No H, evolution could be detected
using HydF, 1-HydF or 3-HydF (Fig. 4). In contrast, vigorous H,
evolution was observed using 2-HydF, corresponding to a specific
activity of 700-800 pmol H, per min per mg HydA1, comparable to
the activity values reported for wild-type HydA1”, thus indicating
complete maturation/activation of HydA1l by 2-HydF** (Fig. 4 and
Supplementary Fig. 5). Furthermore, activation by 2-HydF was more
efficient than by C. acetobutylicum HydF (specific activity, 350-400),
assayed under the same conditions (Fig. 4). Indeed, C. acetobutylicum
HydF provided full activation only when present in larger excess".
2-HydF by itself did not show any hydrogenase activity. Finally, apo-
HydA1 was treated with a fourfold excess of x-HydF (x =1, 2 or 3),
under reducing conditions, then separated from HydF by affinity
chromatography and analysed by FTIR spectroscopy. In all cases, the
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Figure 3 | Continuous wave and pulsed EPR spectra of 1-HydF. a, X-band
EPR spectra recorded at 10K for dithionite-reduced 1-HydF (red line) and
HydF (black line) in 50 mM Tris-HCI buffer, 150 mM NaCl, 5mM sodium
dithionite, pH 8. Microwave power, 100 WW; modulation amplitude, 1 m'T;
microwave frequency, 9.39 GHz. The shoulder observed at g = 1.90 in the
1-HydF spectrum, corresponding to a few per cent of the total signal intensity,
is assigned to a small fraction of HydF lacking 1. b, X-band two-dimensional
pulsed electron spin echo envelope modulation (ESEEM) spectroscopy

presence of characteristic narrow Fe-CO and Fe-CN bands demon-
strated that the synthetic complex had been transferred from HydF to
HydA1 (Fig. 2c and Supplementary Fig. 6). The FTIR spectrum of
HydALl after treatment with 2-HydF shows a strong correspondence
to that of fully active wild-type HydA1 (Fig. 2d)*®. Specifically, both
species exist as a mixture of oxidized (H,,), reduced (H,.q) and super-
reduced (Hyeq) redox states of the H-cluster (the H-cluster is the complete
active site of HydA shown in Fig. 1¢) that all participate in the catalytic
cycle’®. Furthermore, after flushing with CO, a complete conversion to
H,—CO occurred (Supplementary Fig. 7).

These data demonstrate that 2 is efficiently transferred from HydF
to apo-HydA1l, where it acquires the structure of the natural active
[2Fe] subsite. This implies isomerization of one CN™ ligand, replace-
ment of one CO by a cysteinate ligand of the proximal [4Fe-4S] cluster
in HydA1 and conformational rearrangement to adopt the inverted
square pyramid structure required for opening a substrate binding site
on the distal iron atom of the [2Fe] subsite (Fig. 1)**. We note that
1-HydAl and 3-HydA1 both show ‘H-cluster-like’ FTIR signatures.
In fact, the FTIR spectrum of 1-HydA 1 has strong similarities with the
H,-state (Fig. 2c and Supplementary Fig. 6) whereas the FTIR spectrum
of 3-HydA1 does not resemble that of any known H-cluster redox
state, but seems to indicate a pure redox state and even shows a band
assigned to a bridging CO.

Besides unequivocally demonstrating that nitrogen is the bridge-
head atom in the dithiolate ligand of the H-cluster, these results shed

800 1

600

4001

2001

Activity (umol H, per min per mg HydA1)

1-HydF  2-HydF  3-HydF  HydF  CaHydF

Figure 4 | Specific hydrogenase activity of reconstituted HydA1l. Activity of
HydA1 (umol H, per min per mg HydA1) was measured in the presence of
methyl viologen (10 mM) and sodium dithionite (100 mM) after in vitro
maturation of apo-HydA1 for 30 min at 37 °C with 10 equiv. of

x-HydF (x = 1-3), HydF or C. acetobutylicum (Ca)HydF. The value for the last
was obtained after a 60-min reaction and was taken from ref. 23. Data show
mean * s.d.
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Frequency 2 (MHz)

Frequency 1 (MHz)

(CE-NF) of 1-HydF labelled with 13CN (left) and unlabelled 1-HydF (right).
The horizontal ridge seen at a frequency v, of 7.7 MHz along the frequency 2
axis (v, being equal to 2vy3¢ with v;3¢ the Zeeman frequency of a 13C nuclear
spin) is attributed to a hyperfine interaction (a,3¢) between a 13C nucleus and
the paramagnetic [4Fe-4S] cluster. Its extension (Av;) along the frequency 1
axis yields the magnitude of the coupling (Av; = 4.0 MHz = a;5¢). This feature
is absent from the unlabelled 1-HydF spectrum.

light on a number of important questions regarding hydrogenase mat-
uration. They strongly support the hypothesis that HydF transiently
binds a di-iron precursor of the active [2Fe] subsite of HydA1 and
suggest stabilization through interactions with the [4Fe-4S] cluster.
The structure of this natural precursor is likely to be very close to that
of 2. Further investigation of HydA 1 maturation by the hybrid system,
combining site-directed mutagenesis experiments and synthetic mani-
pulation of the [2Fe] subsite (for example, isotopic labelling as shown
here with ">CN), will probably provide additional insight into the
transfer mechanism and the structure of both HydF and HydA1 binding
sites. These data also demonstrate the unique properties of the HydA1
protein binding pocket in converting the otherwise inactive complex 2
into an active catalyst. More importantly, this novel artificial hybrid
maturase system provides a unique, simple and straightforward bio-
technological tool for producing active recombinant hydrogenases,
with no requirement for coexpression with the still incompletely char-
acterized complex biosynthetic machinery.

Because this procedure has been shown to work with proteins (HydF
from T. maritima and HydA1 from C. reinhardtii) from two comple-
tely different organisms, it is very likely that [FeFe|-hydrogenases from
other microorganisms, overexpressed in their apo form in E. coli (which
lacks the maturation machinery), could also be activated through sim-
ple reaction with 2-HydF. This reaction could thus be used for explor-
ing a large variety of [FeFe|-hydrogenases—for example, from different
species or derived from directed mutagenesis—with the aim of finding
the most active and stable enzymes for exploitation in biotechnological
processes of H, production™ as well as in bioelectrodes in (photo)elec-
trolysers or fuel cells>.

METHODS SUMMARY

Recombinant T. maritima HydF protein was isolated, and its [4Fe-4S] cluster introduced
using enzymatic reconstitution, as previously described'”. The synthetic complexes
1'%, 2" and 3'° were prepared as previously described with slight modifications
of the purification procedures described in the Supplementary Information.
Hybrid proteins (1-HydF, 2-HydF and 3-HydF) were prepared under strictly
anaerobic conditions in a glove-box. In a standard experiment, 150 pM HydF in
50 mM Tris-HCl, 150 mM NaCl, buffer pH 8 was incubated with a tenfold molar
excess of the complex (1, 2 or 3) for 30 min. The protein was then desalted on a
NAP-25 cartridge (GE Healthcare) and concentrated with Amicon Ultra centri-
fugal filters 10K (Millipore). The protein was stored in liquid nitrogen.

In vitro maturation of apo-HydA1 from C. reinhardtii overexpressed in E. coli
by the HydF hybrids was assayed as previously described". Apo-HydA1 was
incubated in 0.1 M potassium phosphate buffer pH 6.8, 2 mM sodium dithionite
with an excess of the respective x-HydF hybrid protein for 30 minat 37 “Cina total
volume of 400 pl. The specific hydrogenase activity was determined as described'”
by transferring the maturation solution to a 1.6 ml reaction mixture containing
100 mM sodium dithionite and 10 mM methyl viologen in the same buffer. For
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FTIR measurements, apo-HydA1 and 4 equiv. x-HydF were incubated in 10 mM
Tris-HCl pH 8.0, 2 mM sodium dithionite for 1 h at 37 °Cand Hyd A1 was purified
through a strep tag affinity column.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

All chemicals were purchased from Sigma-Aldrich and used as received
unless otherwise stated. NMR was recorded on a Bruker AC300 using the resi-
dual solvent peak as internal standard. Complex (EtyN),[Fe,(adt)(CO)4(CN),])
(2, adt’™ = 2-azapropanedithiolate)'* was synthesized following literature pro-
cedure, and (Et;N),[Fe,(pdt)(CO)4(CN),] (1, pdt®” = propanedithiolate)",
(EtyN),[Fey(pdt)(CO)4(*CN),]*" and (Et,N);[Fe(odt)(CO)4(CN),] (3, odt™ = 2-
oxopropanedithiolate)'® were prepared by modified literature procedures (see
Supplementary Information) and their thin-film solution FTIR spectra were
recorded on a Perkin Elmer Spectrum-100 spectrometer. TmHydF (referred to
as HydF throughout the text) was overexpressed, purified and its [4Fe-4S] cluster
reconstituted as previously described'”. Apo-CrHydA1 (referred to as apo-HydA1
throughout the text) was overexpressed in E. coli BL21 DE3 AiscR using growth
conditions and a pET plasmid as previously published for the production of active
HydAl in E. coli*.

Protein purity was assessed by gel electrophoresis by loading samples on Any kD
Mini-Protean TGX precast gels (Biorad) alongside Precision Plus Protein stan-
dards (Biorad). Migration was achieved on a Mini-Protean apparatus (Biorad) at
200V for 30 min. Protein concentrations were determined with the Biorad Protein
Assay, using bovine serum albumin as a standard as well as by optical absorption
measurements. Aerobic ultraviolet-visible absorption spectra were recorded on a
Cary 1Bio spectrophotometer (Varian) and anaerobic measurements were made
with a fibre-optic-fitted UvikonXL spectrophotometer (BioTek Instruments). Iron
and sulphur quantification were performed following the methods of refs 33 and
34, respectively. The specific hydrogenase activity was determined as described
previously™.

Spectroscopic characterization. FTIR spectra of protein samples were recorded
on a Bruker IFS 66 v/s FTIR spectrometer equipped with a Bruker MCT (mercury
cadmium telluride) detector. The spectrometer was controlled by Bruker Opus
software. All measurements were performed at 15 °C with a resolution of 2cm .
The spectra were accumulated in the double-sided, forward-backward mode with
1,000 scans. Data were processed using custom-written routines in the MATLAB
programming environment. FTIR samples of complexes 1-3 and x-HydF
(x = 1-3) were prepared in HEPES buffer (20 mM, 100 mM KCI) pH 7.5. FTIR
samples of x-HydA1 were prepared in 10 mM Tris-HCI buffer pH 8.0 containing
sodium dithionite (10 mM). For the FTIR measurement of maturated HydA1,
apo-HydA1 was washed twice with 10 mM Tris-HCl pH 8.0, 2 mM sodium dithio-
nite (a buffer referred to below as TPW2) by concentration and dilution to remove
any trace of desthiobiotin originating from the prior purification of apo-Hyd A1 by
strep-tag affinity chromatography. 100 pl of TPW2 buffer containing 100 pM apo-
HydA1 and a fourfold molar excess of the hybrid protein (1-HydF, 2-HydF or
3-HydF, respectively) was incubated for 60 min at 37 °C. Afterwards, 500 pl of
TPW?2 buffer was added, and the solution was loaded on a 750 pl Strep-Tactin
Superflow (IBA) column. The HydAl protein was separated from 1-HydF (1-
HydA1), 2-HydF (2-HydA1) or 3-HydF (3-HydA1) by affinity chromatography

(A0 RESEARCH

using 10 mM Tris-HCl pH 8.0, 2 mM sodium dithionite, 200 mM NaCl as washing
buffer and TPW2 buffer, 2.5 mM desthiobiotin for elution. The isolated protein
was concentrated using Amicon Ultra centrifugal filters 10K (Millipore) and stored
as described previously™. For the FTIR spectra shown in Supplementary Fig. 7, the
preparation was done as described above with 2-HydF but without the final
purification step.

X-band EPR spectra were recorded on a Bruker ESP 300D spectrometer equipped

with an Oxford Instruments ESR 900 flow cryostat. Protein samples were anaero-
bically reduced with 10 molar equivalents of sodium dithionite before freezing.
Hyperfine sublevel correlation (HYSCORE) spectra and their Combination Fre-
quency (CF) - Nuclear Frequency (NF) variants were recorded on a Bruker Elexsys
E-580 X band (frequency, 9.71 GHz) pulsed spectrometer with a Bruker ER4118X
dielectric resonator and continuous-flow He cryostat (Oxford Instruments CF935)
controlled by an Oxford Instruments temperature controller ITC 503. Experiments
(128 X 128 data set) were performed at 8 K using the standard four-pulse sequence
(n/2-t-1/2-t,-—t,-1t/2—echo) with a nominal pulse width of 16 ns for 7t/2 pulses,
a 7 value of 132 ns and a pulse repetition rate of 1 kHz. In the HYSCORE experi-
ment, the delays before (#,) and after (¢,) the mixing 7 pulse were incremented in
20-ns steps from an initial value (£;,; = 200 ns) according to the following formula:
11 = tini + dy and £, = tiy; + d>. In the CE-NF experiment, t; and ¢, were incremen-
ted in 20-ns steps according to the following formula: t; = #;,; + d; and t, = t;,; +
dy + d,. The value of t;,,; was chosen to be as long as 1,000 ns to remove as much as
possible the broad features arising from '*N quadrupole coupling. Unwanted
echoes were removed by four-step phase cycling. The background decay in both
dimensions was subtracted using a linear fit followed by apodization with a
Hamming window and zero-filling to 2,048 points in each dimension. The 2D
Fourier transform magnitude spectrum was then calculated. The static magnetic
field was set at 3,600 G (g, ).
DFT calculations. These were performed using the ADF2012 quantum chemistry
code (see Supplementary Discussion). Hyperfine coupling constants were com-
puted using the parameter-free PBE0 exchange-correlation potential with triple-
zeta basis sets (+ two polarization functions) and unfrozen cores.
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SUPPLEMENTARY INFORMATION
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Synthesis

(EtsN)2[Fex(pdt)(CO)4(CN)2] (1): (EtsN)CN (0.16 g, 1.00 mmol) was dissolved in MeCN (5
mL) and added via cannula to a solution of [Fex(pdt)(CO)s] (0.15 g, 0.40 mmol) in MeCN
(5 mL) under argon. The reaction mixture was stirred for 2 hours at room temperature to give
a dark red solution. The solvent was removed under reduced pressure to give a dark red oily
residue. This was dissolved in acetone (10 mL) and filtered via cannula to give a dark red
filtrate. The solution was mixed with EtOAc (10 mL) and cooled to —26 °C to give (Et4N),1 as
a deep red crystalline solid (0.22 g, 85%) vmax/cmfl (acetonitrile) 2076, 1964, 1922, 1884,
1873 (sh) (CO).

(Et4N)z[Fex(pdt)(CO)4(*CN),]: K (PCN) (0.05 g, 0.80 mmol) was dissolved in MeOH (5
mL) and added via cannula to a solution of [Fe(pdt)(CO)s] .15 g, 0.40 mmol) in MeCN (5
mL) under Argon. The reaction mixture was stirred for 2 hours at room temperature to give a
dark red solution. (Et4N)Br (0.20 g, 0.95 mmol) was dissolved in MeCN (10 mL) and added
to the reaction mixture, which was stirred for a further 30 minutes. The solvent was removed
under reduced pressure to give a dark red oily residue. This was dissolved in acetone (10 mL)
and filtered via cannula to give a dark red filtrate. The solution was mixed with EtOAc (20
ml) and cooled to —26 ° to give (Et4N)2[Fez(pdt)(CO)4('3CN)2] as a deep red solid (0.18 g,
72%) vma/em™ (acetonitrile) 2032 (*CN), 1963, 1922, 1885, 1871(sh) (CO).

(Et4N)2[Fez(0dt)(CO)4(CN)2] (3) (EtsN)CN (0.08 g, 0.50 mmol) was dissolved in MeCN (5
ml) and added via cannula to a solution of [Fe»(odt)(CO)] * (0.10 g, 0.25 mmol) in MeCN
(10 ml) under argon. The reaction mixture was stirred for 2 hours at room temperature to give
a dark red solution. The solvent was removed under reduced pressure to give a dark red oily
residue. This was dissolved in acetone (10 ml) and filtered via cannula to give a dark red
filtrate. The solution was mixed with EtOAc (10 ml) and cooled to -26 °C to give (EtsN),3 as
a deep red crystalline solid (0.14 g, 88%) T (acetonitrile) 2077, 1968, 1929, 1891,
1878 (sh) (CO).
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Supplementary discussion

DFT calculations.

Molecular models of the hybrid. We modelled the three cysteine ligands of the [4Fe-4S]
cluster of the hybrid as EtS™ thiolate ligands, as is common practice. Consequently, the
reduced cluster stands as a [Fes~(u3-S)s(SEt)s]>” molecular anion (one iron ligand is yet
vacant).

In all our DFT calculations, we kept the molecular integrity of the [Fe;] complex,
[Fez(pdt)(CO)4(CN)2]2_, constructed from [Fe,(pdt)(CO)s] (CSD file md239) in which two of
the neutral carbonyl ligands (one on each iron site) have been appropriately replaced by
isoelectronic CN™ ligands. The diiron [Fez(pdt)(CO)4(CN)2]27 complex is diamagnetic. Each
iron site is low-spin S=0 (we verified computationally that this is indeed the case).

The full hybrid model thus assumes the following chemical formula: ([Fes(us-
S)4(SEt);3].[Fex(pdt)(CO)4(CN),]) of total charge —4. We will consider in the following two
bridging modes for the -C=N- ligand: [4Fe-4S]-N=C-[Fe;] (model 1) and [4Fe-4S]-C=N-
[Fes] (model 2).

Electronic/magnetic states of the [4Fe-4S] cluster. In its reduced state (S=1/2), the [4Fe-4S]
cluster is made of a mixed-valence pair (of spin +9/2) antiferromagnetically coupled to a
ferrous pair of spin -8/2 resulting into the S=1/2 ground state. There are therefore six possible
spin alignments among the four iron atoms. As the spin-coupled S=1/2 state is not directly
accessible through DFT mono-determinantal codes, one relies on the computation of spin-
uncoupled broken symmetry (BS) states for which the magnetic quantum number mg=1/2 is
constrained while preserving local iron high spins3 . We called them BS;; = BS,, BSi3, BS14,
BS,3, BS24 and BSsa, respectively, where “ij° refers to the ferrous pair (Table S2). Note that
Fe4 will always be the one linked to the diiron complex via the -C=N- bridging ligand.

Spin coupling procedure. For both *C and "N nuclei, DFT isotropic hyperfine coupling
constants {A} are first computed for each spin uncoupled (mg=1/2) BS states. These DFT
quantities have to be spin-coupled in order to provide hyperfine couplings {a} for comparison
with the experimental values. The correction for °C and '*N coupling is the same because
both nuclei belong to the same CN™ ligand bound to the same cluster. Both DFT-computed
{A} and predicted {a} quantities are related by a = K(Fe) [A/(2Sge)] where 2Sg. is twice the
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local spin of Fey (ferrous : 2Sg. = 4 and mixed-valence : 2Sg. = 4.5). K(Fe) is a spin-coupling
coefficient linking the local spins [Sre] to the total spin S=1/2. For symmetric reduced S=1/2
[4Fe-4S](Cys)s clusters, experimentally-derived values would be the following4: K(Fe**) ~
+1.5 and K(Fe*) ~ —1.0 (with g, K(Fe) = 1).

In practice, these {K(Fe)} values would result in a ~ A/3 if Fe4 belongs to the mixed-
valence pair, and a » A/4 if Fe, belongs to the ferrous pair. In the present case however, Fe, is
bound to a cyanide bridging ligand, and the exact {K(Fe)} values in such an asymmetric case
are unknown. The above corrections leading from {A} to {a} are thus tentative. In Tables S3
and S4, we also compute the ratio Aisc/Al14n, which simply turns out to be equal to aisc /at4y as
both nuclei are borne by the same iron atom. This ratio is moreover independent from the

spin-coupling procedure and will therefore serve as a more reliable guide. Let us recall here

that, experimentally: |ai3c| # 4 MHz, |ai4n| <~ 1 MHz. We therefore expect: aisc /a4y > ~ 4.

DFT calculations of hyperfine coupling constants. We relied on the electronic structures and
the subsequent hyperfine coupling constants computed by the ADF2012 density functional
code’. Both hybrid models 1 and 2, each in the six possible broken symmetry states, have
been fully geometry-optimized in vacuo using the standard VBP potential, i.e. Wilk, Vosko
and Nusair functional®, completed by Becke correction for the exchange’ and Perdew
correction for the correlation®.

All hyperfine couplings’ calculations were performed using the PBEO exchange-
correlation potential’, a parameter-free density functional model whose results regarding
spectroscopic properties are close to those computed by heavily parameterized functionals.
For the second hybrid model 2 [4Fe-4S cluster]-C=N-[Fe,] and for the first BS;, broken
symmetry state we have compared the carbon and nitrogen PBEO hyperfine values (Table S3)
to those computed first with the local VBP potential and for two non-local potentials. One is
the standard B3LYP potential'® (mixing in 20% of the pure Hartree-Fock (HF) exchange) and
the other is a variant thereof mixing in only 5% of HF exchange, presented'' as being suitable
to describe metal-ligand (i.e. iron-sulfur) covalency within iron-sulfur clusters (data presented
in Table S4).

Finally, triple-zeta + two polarization functions have been used for all atoms (TZ2P
basis set in SCM-ADF nomenclature). Moreover, when estimating hyperfine coupling
constants, no frozen core approximation has been set allowing all s atomic functions to be

fully polarized as is required.
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The computed isotropic hyperfine coupling values for both models 1 and 2, each in the six
possible BS states, are presented in Tables S3 and S4, respectively. For model 1, when Fey
belongs to the delocalized mixed-valence pair (as for the first three BS states of Table S2, for
BS1,, BS;3 and BS;3), we found on the average that Ais¢c ~ 20.5 MHz and A4y = 15.6 MHz,
that is aisc & 6.8 MHz and al4y = 5.2 MHz, with ais¢ /a1ay & 1.31. The nitrogen hyperfine
coupling is much too large, and the ratio aisc /alay too small to be compatible with the
experiment.

For model 1, when Fes now belongs to the ferrous pair (as for the last three BS states
of Table S2, for BS4, BS»4 and BS34), we found on the average Aisc = -20.9 MHz and A14y =
-9.9 MHz, that is aisc ~ 5.3 MHz and a1y =~ 2.5 MHz, with aisc /alay = 2.11. The nitrogen
hyperfine coupling is still large, and the ratio aisc /ai4y still too small to be fully compatible
with experiment.

The gyromagnetic ratios of '*C and "N nuclei are in the 3.5 ratio (1.4/0.4). All other
things being equal, we would therefore expect the computed hyperfine coupling constants
Ausc and Al4y to be in that ratio. This is not the case, even though both nuclei are linked via a
triple bond. In other words, the spin density of the nucleus closest to the iron ion (here, the
nitrogen) is more affected than that of the other (carbon) nucleus. It can be seen in Table S2
that, indeed, the magnitude of Ai¢c does not vary much as a function of the formal iron
valence (2.5+ or 2+). That of A4y is reduced from 16 MHz to 9.8 MHz, thus by 6.2 MHz. We

will come back to that last value below.

For model 2, with Fe,s belonging to the ferrous pair (as for the last three BS states of
Table S3, for BS14, BSy4 and BS34), we found on average that Aisc ~ —2.4 MHz and A4y =~ —
8.0 MHz, that is aisc ~ —0.4 MHz and a4y ~ 2.0 MHz, with aisc /al4y =~ 0.30. The carbon
hyperfine coupling is now too small, which excludes this possibility.

Finally, for model 2, when Fes now belongs to the delocalized mixed-valence pair (as
for the first three BS states of Table S3, for BS|,, BS;3 and BS,3), we found on average that
Anc = 25.8 MHz and A4y ~ 7.7 MHz, that is aisc # 8.6 MHz and al4y = 2.6 MHz, with aisc
/ai4y = 3.4 (even 3.85 in the case of BS;3). Although the PBEO potential exaggerates the
magnitudes of the couplings, the computed values (and their ratio) are satisfyingly compatible
with the experiment. The dependence of the computed hyperfine coupling constants on the

choice of the exchange-correlation potential is illustrated in Table S5.
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As for model 1, the magnitudes of the hyperfine coupling constants computed for the
nucleus further away from the iron ion (here, the nitrogen) cluster around a value of 8 MHz.
In contrast, those corresponding to the closest nucleus (here, the carbon) are drastically
reduced from 25.8 MHz (mixed-valence Fe4) down to 2.4 MHz (ferrous Fe4). This represents
an average reduction by 23.4 MHz. In the same position (closest to the iron) we had 6.2 MHz
for the nitrogen nucleus. These two values (23.4 and 6.2) are indeed proportional to the
nuclear gyromagnetic ratios 1.4 and 0.4, respectively. Both carbon and nitrogen nuclei, when
directly linked to Fe4, are therefore equally affected by the nearby change from mixed-valence
to ferrous.

We conclude this theoretical section by stating that the experimental data are compatible
with the presence of a cyanide ion bridging both the [4Fe-4S] cluster and the [Fe;] complex
according to model 2: [4Fe-4S cluster]-C=N-[Fe;], more specifically with Fes belonging to

the mixed-valence (i.e. being formally Fe*").

Simulation of IR spectra. Within the IR module of the ADF2012-DFT code, there are two
ways to compute IR transitions, one (analytical) being 3 to 5 times faster than the other one
(numerical). The choice of the analytical procedure restricts that of the exchange-correlation
potentials compatible with that module. We therefore proceeded to various tests in order to
calibrate our method : (i) for CO and CN" in solution (target experimental values: 2143 cm’!
and 2080 cm ', respectively, in water'?); (ii) for complex 1 in solution (target experimental
values : 1914 em ', 1950 cm ™" and 1981 ecm™' for the CO ligands, and a massif centred around
2052 cm ! for the CN™ ligands; see Figure 2A of main text). The exchange-correlation
potential of choice turned out to be the one modelling the Stoll treatment of correlation'”. The
IR simulation required full geometry-reoptimization of the systems for that potential, in
solution (dielectric constant € = 78 for the whole calibration procedure), followed by the IR
module at the optimized geometry. The results of the calibration are presented in Table S6. As
can be seen there, the experimental values are quite well reproduced by the proposed DFT

procedure.

For hybrids, and because of the computation time necessary for precise calculations,
we chose a test case, that of one of our three candidates for 1-HydF, that is the [4Fe-4S]-C=N-
[Fe;] hybrid called BS;, in Table S4 (experimental values reported in Figure 2B for 1-HydF).
Its geometry has been fully-reoptimized with the Stoll potential within a continuum dielectric

constant of € = 4 (mimicking the average polarizing effect of the protein matrix) and its IR
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stretching frequencies calculated as above. It has to be noticed that the calculated frequencies
for the charged CN™ ion are more sensitive to solvation/protein environment than those for the
neutral CO molecule. Plotting the vibration frequency as a function of (1-1/g) yields a slope of

6 cm ' for CO against 37 cm ™' for CN™.
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Supplementary tables

AL\l SUPPLEMENTARY INFORMATION

Table S1. FTIR data recorded for the hybrid protein 1-HydF and complex 1. Values reported

for as-isolated samples of CaHydF containing the natural co-factor are shown for comparison.

Sample Frequencies (cm'l)
CaHydF isolated from C. 2069(w), 2044(m), 1967(w), 1943(s), 1907(m),
acetobutyl icum™ 1877(m)

CaHydF isolated from E. coli

expressing the maturation system'

2046(m), 2027(m), 1940 (s), 1881(m)

1-HydF

2055(w), 2038(m), 1968(w), 1943(s), 1987 (bs)

1

2052, 1981, 1950, 1914

Table S2. Formal iron valences and spin alignment in the various Electronic/magnetic states

of the [4Fe-4S] cluster

BS states®

. T b
Formal iron valences & spin alignment

BSi»

Fez+(~1«)- F62+(~L)- F62'5+(T)_ Fez‘5+(T)

BSi3

Fe”' ()- Fe™' (D)- Fe?'(1)- Fe** (1)

BS»;

Fe> " (1)- Fe” ({)- Fe** ({)- Fe>*"(1)

BSy4

Fe”' ({)- Fe™'(D)- Fe>'(D)- Fe?' ()

BS24

F ez.s+(1«)_ Fez+( ~L)— F 62'5+(T)- Fez+( ¢)

BSs4

Fe>'(1)- Fe>*'(1)- Fe*’ ({)- Fe*' (1)

(a) Each Broken Symmetry (BS) state is described by a label (‘12°, ‘13°, etc.) indicating
which iron pair is ferrous. (b) In the order Fe;-Fe,-Fes-Fe,.
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Table S3. DFT computed "°C and '*N {A} hyperfine coupling constants

[4Fe-4S]-N=C-|Fe;]

BS states® E(eV)b Aiay (MHz) | Aisc MHz) | Aisc /A4
BS), -450.079 | +15.1 +20.4 1.35

BSi3 -449913 | +17.0 +20.3 1.19

BS;s3 -450.032 | +14.8 +20.8 1.41
average +15.6 +20.5 1.31

BS4 -450.127 | -9.9 -21.0 2.12

BSy4 -450.103 | -10.1 -20.8 2.06

BS;4 -450.112 | -9.7 -20.9 2.15
average -9.9 -20.9 2.11

(a) Each Broken Symmetry (BS) state is described by a label (‘12°, ‘13°, etc.) indicating
which iron pair is ferrous. Fe4 is the one bearing the cyanide bridging ligand. (b) Bonding
energies (eV) computed for the optimized geometries. (c) This ratio is independent from the
spin-coupling procedure (i.e. Aisc/Al4N = aisc /alay).

Table S4 DFT computed "°C and "N {A} hyperfine coupling constants

[4Fe-4S]-C=N-[Fe,]

BS states” | E(eV)" | Asy (MHz) | Asc (MHZ) | Auc /A1ay®
BSi» -449.555 | +7.5 +23.3 3.11
BSi3 -449.489 | +7.8 +30.0 3.85
BS)s -449.523 | +7.8 +24.0 3.08
average +7.7 +25.8 3.35

BSi4 -449.642 | -7.9 -2.6 0.33
BSy4 -449.658 | -8.1 -2.0 0.25
BSs4 -449.642 | -8.0 -2.7 0.34
average -8.0 -2.4 0.30

(a) Each Broken Symmetry (BS) state is described by a label (‘12°, ‘13°, etc.) indicating
which iron pair is ferrous. Fey is the one bearing the cyanide bridging ligand. (b) Bonding
energies (eV) computed for the optimized geometries. (c) This ratio is independent from the

spin-coupling procedure (i.e. Aisc/Al4y = aisc /aldy).

Table S5 DFT computed "°C and "N {A} hyperfine coupling constants
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[4Fe-4S]-C=N-|Fe,]

XC potential® Aty (MHz) Aisc (MHz) Ansc /A1
VBP +6.9 +10.6 1.53
PBEO +7.5 +23.3 3.11
B3LYP (5% HF) 192 +27.5 2.99
B3LYP (20% HF) +9.3 +35.3 3.80

These calculations are performed for the BS;, state. (a) Exchange-correlation (XC) potential
(see main text of the methods summary). (b) This ratio is independent from the spin-coupling

procedure (i.e. Aisc/Aldy = aisc/aldy).

Table S6. DFT-computed versus experimental CO and CN™ IR stretching frequencies (cm ™).

Systems Method CO CN™
Exp°. 2143 2080
Isolated® DFT 2148 2078
1914
Exp". 1950 2052
[Fe,] 1981
Complex® 1904, 1910
DFT 1946 2066
1961 2071
1897
[4Fe-4S]-C=N-[Fe,] | Exp’. 1943 2038
Hybrid" 1968 2055
DFT 1886, 1894
1944 2010°
1958 2060¢

(a) e =78; (b) e = 4; (c¢) ref 23; (d) From Figure 2A for complex 1; (e) From Figure 2B for 1-
HydF; (f) bridging CN; (g) terminal CN".

Supplementary figures
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Figure S1a. UV/Vis spectra of 1-HydF in Tris-HCI buffer (50 mM, 150 mM NaCl, pH 8).
1-HydF (20 pM, red line); the HydF protein (20 uM, black line); complex 1 (20 uM, blue
line); Calculated spectrum obtained through mathematical addition of 1 and HydF spectra in a

1:1 ratio (20 uM, green line)
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Figure S1b. UV/Vis spectra of 2-HydF in Tris buffer (50 mM, 150 mM NaCl, pH 8). 2-
HydF (14 pM, red line); the HydF protein (14 puM, black line); complex 2 (14 uM, blue line);
Calculated spectrum obtained through mathematical addition of 2 and HydF spectra in a

0.95:1 ratio (14 uM, green line)
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Figure Slc. UV/Vis spectra of 3-HydF in Tris buffer (50 mM, 150 mM NaCl, pH 8). 3-
HydF (20 pM, red line); the HydF protein (20 pM, black line); complex 3 (20 uM, blue line);
Calculated spectrum obtained through mathematical addition of 3 and HydF spectra in a 1:1
ratio (20 uM, green line)
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Figure S2. Solution Fourier-transform infrared spectra of 1-HydF in solution with 2CN and
BCN ("*C labelled cyanide ligands in 1) recorded in HEPES buffer (20 mM, 100 mM KCI,
pH 7.5).
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Figure S3a: Continuous wave EPR spectrum of 2-HydF. X-band EPR spectrum recorded
at 10K for dithionite-reduced 2-HydF in Tris-HCI buffer (50 mM, 150 mM NaCl, Na,S,04 5
mM, pH 8). Microwave power = 100 pW, mod. amp. = 1 mT, mwfreq. = 9.65 GHz..

First derivative EPR amplitude

22 20 18 16
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Figure S3b: Continuous wave EPR spectrum of 3-HydF. X-band EPR spectrum recorded
at 10K for dithionite-reduced 3-HydF in Tris-HCI buffer (50 mM, 150 mM NacCl, Na,;S,;04 5
mM, pH 8). Microwave power = 100 pW, mod. amp. = 1 mT, mwfreq. = 9.65 GHz. On the
basis of its power saturation behaviour at 10K, the contribution observed at g = 1.90 and
corresponding to only a few percent of the total signal intensity is assigned to a small fraction

of residual HydF lacking the synthetic co-factor.
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Figure S4: X-band HYSCORE spectrum of *CN-labelled 1-HydF recorded at B=360
mT (corresponding to g;) and T=8K (see above for more details). The antidiagonal ridge
centered around 3.6 MHz in the (+,+) quadrant is attributed to e hyperfine coupling. It is
much more visible on the CF-NF experiment displayed in Figure 3. The other features noted
by asterisks (*) in this quadrant can be attributed to a weakly coupled '*N nucleus. While CF-
NF (Figure 3) and HYSCORE (this figure) provide essentially the same information, the
former is more sensitive for disordered system'®. It correlates the combination frequencies
(vat+vg) in one direction with the nuclear frequencies (v4 and vg ) in the other direction. This
means that, to first order, a small hyperfine tensor for an I=1/2 spin is detected as a straight
horizontal line in the (+,+) quadrant. HYSCORE correlates nuclear frequencies in the two
directions and so displays a small hyperfine tensor for an I=1/2 spin as an antidiagonal ridge

in the (+,%) quadrant.
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Figure S5: Dependence of the specific activity of HydA1 on the number of equivalents of 2-
HydF used during a 30 min transfer reaction, as described in the experimental section. Errors

bars correspond to standard deviations.
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Figure S6: FTIR spectra recorded for HydA1 after treatment of apo-HydA1 with 1-HydF (1-
HydATl), 2-HydF (2-HydAT1) and 3-HydF (3-HydA1) together with complete information on
the FTIR signal positions for each redox state of native HydA1. The colour code indicates the

contributions from Hyy, Hyed, Hyreq and Hyx-CO ( the Hyy state is marked in red, the H;eq state in

violet, the Hyeq state in green and the Ho,-CO state in light blue).
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Figure S7. FTIR spectra of a mixture of apo-HydAl and 2-HydF (2-4 molar equivalents)
after 60 min (top) and after additional exposure to CO gas (middle). The difference spectrum
is shown at the bottom. Bands shaded in orange originate from 2-HydF, light blue from 2-
HydAl in the Hy,-CO state, violet from 2-HydA1 in the H,q state, green from 2-HydAl1 in the
Hgeq state. Interestingly, additional low intensity Ho-CO “ghost™ peaks (indicated in dark
blue) previously observed in heterologously expressed HydAl® are also visible in our
preparation. The positive peaks in the difference trace represent the Ho-CO state while the

negative peaks show the positions of the Hy.q and Hgeq bands.
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Spontaneous activation of [FeFe]-hydrogenases
by an inorganic [2Fe] active site mimic

Julian Esselborn’, Camilla Lambertz'¢, Agnieszka Adamska-Venkatesh?¢, Trevor Simmons3s,
Gustav Berggren?®5, Jens Noth', Judith Siebel?, Anja Hemschemeier', Vincent Artero?, Edward Reijerse?,
Marc Fontecave®*, Wolfgang Lubitz? & Thomas Happe™

Hydrogenases catalyze the formation of hydrogen. The
cofactor (‘H-cluster’) of [FeFe]-hydrogenases consists of
a [4Fe-4S] cluster bridged to a unique [2Fe] subcluster
whose biosynthesis in vivo requires hydrogenase-specific
maturases. Here we show that a chemical mimic of the [2Fe]
subcluster can reconstitute apo-hydrogenase to full activ-
ity, independent of helper proteins. The assembled H-cluster
is virtually indistinguishable from the native cofactor. This
procedure will be a powerful tool for developing new artificial
H,-producing catalysts.

Research on hydrogenase enzymes has gained considerable
interest as these biocatalysts efficiently produce molecu-
lar hydrogen (H,). To develop inexpensive but highly active
chemical mimics, detailed knowledge about the structure, reac-
tion mechanism and assembly of the active site in these enzymes
is required. Hydrogenases of the [FeFe| type (HYDA) are the most
active H, producers'. They contain a complex cofactor, the H-cluster,
consisting of a simple cubane [4Fe-4S] cluster bound via cysteine to
a unique [2Fe] subcluster in which two Fe atoms are coordinated by
CO, CN- and a dithiolate** (Fig. 1). In the living cell, biosynthesis
of the [2Fe] subcluster requires three hydrogenase-specific mat-
urases, HYDE, HYDF and HYDG*. HYDF is the scaffold for [2Fe]
subcluster assembly and transfers the cluster to the HYDA pro-
tein containing a preassembled [4Fe-4S] cluster (apo-HYDA)*3¢,
Numerous model compounds have been synthesized to investigate
different features of the [2Fe] subcluster”. All of the mimics tested
so far, including the most structurally relevant ones®®, have only
low H, evolving efficiencies in vitro. A major challenge is therefore
to understand the role of the protein environment in allowing the
inorganic clusters to come to fullactivity'. Notably, asynthetic mimic
of the [2Fe] subcluster can be loaded onto HYDF from Thermotoga
maritima in vitro". This artificially loaded HYDF is able to transfer
the di-iron analogs to the apo form of [FeFe|-hydrogenase HYDA1
from Chlamydomonas reinhardtii (apo-HYDA1), resulting in a fully
active hydrogenase''.

Little is known about the mechanistic details of the transfer of the
[2Fe] subcluster from HYDF to apo-HYDA. At present, it is not clear
whether HYDE, apart from serving as a scaffold for the [2Fe] pre-
cursor, has an additional function in inserting the [2Fe] subcluster.
Therefore we tested whether a [2Fe] subsite mimic containing an
azadithiolate bridge ([2Fe]*"™; Fig. 1)*'' would be able to integrate
into the HYDA 1 apo-protein in the absence of HY DE. We combined
inactive apo-HYDALI heterologously produced in Escherichia coli

with pure [2Fe]™ solutions. Remarkably, this procedure resulted in
high specific hydrogenase activities (Fig. 2a), despite the absence of
helper proteins such as HYDF. The resulting activities were similar
to those obtained using [2Fe]*™-loaded HYDF (HYDF*™)! and
could be reached at a lower molar excess of [2Fe]™ (Fig. 2a).
A 2.5-fold excess of [2Fe]™™ over apo-HYDA1 sufficed to yield
a specific activity as high as that of native HYDAI maturated in
Clostridium acetobutylicum, an established host for heterologous
production of active [FeFe]-hydrogenases'® (Fig. 2b). This indicates
that the [2Fe]M™ compound was able to autonomously integrate
into apo-HYDA very efficiently.

In contrast to C. reinhardtii HYDAL, which consists only of
the H-cluster-containing H-domain, most bacterial HYDA pro-
teins have further domains holding additional [FeS] clusters®".
The spontaneous integration of [2Fe]*™ into algal apo-HYDAIL
might therefore be restricted to these single-domain proteins
and not suited for broad applications. The crystal structure of
C. reinhardtiiapo-HYDA1 revealed a positively charged channel con-
necting the protein surface to the active site niche. As this channel
is not observed in holo-HYDA enzymes*?, it might serve as the
entry pathway for the [2Fe] subcluster, closing upon its attachment

MIM

[4Fe-45]

H-cluster [2Fe]

Figure 1| The H-cluster is assembled from a regular [4Fe-45] cluster
and a unique [2Fe] subcluster. The synthetic [2Fe] subcluster ([2Fe]¥™)
differs from the binuclear subsite of the H-cluster by an additional CO
group. Models of the H-cluster and the [4Fe-45] cluster were generated
in PyMOL on the basis of Protein Data Bank structures 3C8Y and 3LX4,
respectively. Some amino acids were deleted to provide an unobstructed
view of the clusters, [2Fe]""" was also modeled in PyMOL according

to information given in ref. 11. The metal clusters are in ball-and-stick
representation, and the coordinating cysteines are shown as sticks.
Color coding is as follows: orange, iron; yellow, sulfur; gray, carbon; blue,
nitrogen; red, oxygen.
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Figure 2 | Various types of HYDA enzymes can be spontaneously
activated by [2Fe]"™ and behave like the natural enzymes. (a) Specific
H, evolution activities of C. reinhardtii HYDAT1 after combination of apo-
HYDAT1 with [2Fe]¥™ alone or [2Fe]"M-loaded HYDF. Molar ratios are
indicated on the x axis. (b) HYDAT"™ reached the same specific activity
as HYDAT1 heterologously produced in C. acetobutylicum'®, whereas neither
[2Fe]™™ nor apo-HYDAT1 showed any activities. [2Fe]"™ also activated
apo-HYDA enzymes of M. elsdenii (HYDA,,;¥) and C. pasteurianum
(CpIMM), We measured H, evolution using reduced methyl viologen as
electron donor. (¢) H, production was also achieved in reconstitution
assays including pyruvate, acetyl-CoA, pyruvate:ferredoxin oxidoreductase
PFR1 and ferredoxin PETF in the dark" (pyruvate-driven) or with
photosystem 1 (PS1), PETF and the necessary PS1-reducing agents' in the
light (light-driven). In a-c, all of the values shown are mean values £ s.d.
from at least four independent experiments.

to the [4Fe-4S] site. In multidomain HYDA enzymes, the entry
site of the [2Fe] compound might be obstructed, making a chaper-
one or maturase indispensable for integrating the [2Fe] subcluster.
Therefore we examined the activity of enzymes from Megasphaera
elsdenii (HYDA,,,) and Clostridium pasteurianum (Cpl) after treat-
ment with [2Fe]M™, These have two and four additional [FeS]
clusters, respectively, and accordingly longer N termini*'. In both
cases, the apo-enzymes produced in E. coli did not show any H,
evolution activity. However, after in vitro maturation with [2Fe]M™,
specific activities of 308 * 40 umol H, per mg HYDAM™ per min
and 2,037 £ 616 umol H, per mg HYDAMM™ per min were achieved
by HYDA,, M and CpIM™, respectively (Fig. 2b). These activities
were in a similar range as those of native M. elsdenii HYDA' and
heterologously produced CpI*.

We also tested whether HYDAIM™ would be able to interact
with its natural electron delivery systems. The cellular electron
donor of HYDAL is the ferredoxin PETE and in illuminated algae,
the major electron source for H, production

is photosystem 1 (PS1)'. In the dark, pyru- a
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either PS1 or PFR1 were used as PETF-reducing components, the
H, evolution activities of HYDAIM™ and HYDA1 were the same
(Fig. 2¢). The comparable rate of electron transfer between PETF
and HYDA1 or HYDAIM™ suggests very similar structural prop-
erties and indicates that the in vivo functionality of HYDAIM™ is
identical to that of native HYDA1.

Electron paramagnetic resonance (EPR) spectroscopy gives
detailed information about the electronic structure of the H-cluster,
whereas the CO and CN- vibrations, as observed in Fourier trans-
form infrared (FTIR) spectroscopy, can be used as a reporter on the
valence state of the di-iron core!8, Therefore, we examined the recon-
stituted and subsequently purified HYDAIM™ protein using both
methods (Fig. 3). To obtain well-defined EPR and FTIR spectra of
the H-cluster, we treated HYDA1Y™ with CO to generate the char-
acteristic H,,-CO state. Indeed, the EPR spectrum of this prepara-
tion (Fig. 3a) unequivocally identified it as the native H,,-CO state®.
Also, its FTIR spectrum (Fig. 3b) showed the CO and CN- bands
at the positions previously observed for the native H,,-CO state®.
For comparison, Figure 3 also shows the EPR and FTIR spectra of
the starting materials, that is, apo-HYDA1 (Fig. 3a) and [2Fe]MM
(Fig. 3b). EPR spectra of apo-HYDALI indicated typical g values
for [4Fe-4S] clusters and were very similar to the values previously
observed for apo-HYDALI (ref. 6) (Fig. 3a). The shift of the FTIR
bands when going from free [2Fe]™™ to HYDAIMM-CO (Fig. 3b)
is consistent with the change of the ligand geometry occurring
upon integration of [2Fe]M™ into the polypeptide, which involves
its attachment to the [4Fe-4S] cluster and rearrangement of one CO
ligand into a bridging Fe-CO-Fe position (Fig. 1). In the as-isolated
form, [FeFe]-hydrogenases usually show a mixture of redox states,
which represent the different electronic configurations of individual
steps of the catalytic cycle’®. In EPR (Fig. 3a) and FTIR (Fig. 3b)
spectra of untreated HYDA1M™, these signals were also observed.
Again, peak shapes and g-tensor values corresponded well to pre-
viously published data'*-2!. The spectroscopic data therefore show
that the spontaneous integration of [2Fe]™ into the apo-HYDA1
protein results in an H-cluster virtually identical to the native one.

One of the four CO ligands of [2Fe]™ must dissociate to yield
active HYDAIM™M (Fig. 1). We verified the release of CO spectro-
scopically by monitoring the binding of free CO to deoxyhemoglo-
bin over time. This hemoglobin-based assay can sensitively detect
dissolved CO?. Indeed, the typical CO-induced shift of the hemo-
globin Soret band occurred when apo-HYDA1 and [2Fe]™™ were
mixed (Supplementary Results, Supplementary Fig. 1a), and the
reaction was complete after 2-3 min. The release of CO depended
linearly on theapo-HYDAI concentration (Supplementary Fig. 1b).

b

vate oxidation and subsequent PETF reduc-
tion by pyruvate:ferredoxin oxidoreductase
(PFR1) are responsible for H, generation in
Chlamydomonas". In in vitro assays in which

Figure 3 | The chemically reconstituted H-cluster
is virtually indistinguishable from the native
form. (a) EPR-spectra of apo-HYDAT, HYDATVM
in the CO-inhibited H,,-CO state and as isolated
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We estimated that approximately 0.6 mol of CO were detected per
mol apo-HYDAL.

To test whether the spontaneous integration of the [2Fe] sub-
cluster reported here was strictly specific for the native cofactor
[2Fe]M™M, carrying a secondary amine as the dithiolate bridgehead,
we attempted to integrate a similar mimic into apo-HYDA1. [2Fe]rd
features a 1,3-propanedithiolate and thus differs from [2Fe]*™ only
by the head atom of the bridging dithiolate, which in this case is a
carbon instead of a nitrogen. [2Fe]*®, transferred to apo-HYDAI
by HYDE does not form an active H-cluster'!. After treating
apo-HYDAI with [2Fe]*® in the absence of HYDE, we measured no
hydrogenase activity. Nevertheless, the FTIR spectrum of HYDA1p
proved the presence of [2Fe]rd within the protein (Supplementary
Fig. 3). In contrast to HYDAIMM, which shows a mixture of states
(Fig. 3b), HYDA1"" is stabilized as a single species resembling the
native H,, state (Supplementary Figs. 2b and 3)!'. The unassisted
integration of [2Fe]*® shows that the [2Fe] subcluster integration is
not strictly selective. This property could open new avenues to inves-
tigate other synthetic cluster derivatives in a protein environment.

In conclusion, the results presented here show that, under
in vitro conditions, no [2Fe] subcluster transferase is needed
for HYDA activation and, therefore, offer new insights into the
in vivo maturation process of [FeFe]-hydrogenases. They indicate
that, after synthesis of the [2Fe]-subsite precursor and its trans-
fer to apo-HYDA, the last three steps of HYDA activation might
also naturally occur without further assistance of maturases. First,
the [2Fe] subcluster must find its way from the protein surface to
the preassembled [4Fe-4S] cluster. It was suggested that the water-
filled channel reaching from the protein surface to the [4Fe-4S]
cluster in apo-HYDAI (ref. 5) might allow an entropically driven
insertion of the [2Fe] subcluster?®. Charged residues lining the
channel surface are suitable candidates for interacting with the
[2Fe] subsite and directing its steric orientation by providing the
correct electrostatic attracting and repelling forces®. Once the
[2Fe] subcluster is positioned at the end of the channel, coordina-
tion via a bridging residue to the [4Fe-4S] cluster is required. The
coordination of a thioether ligand onto [2Fe] mimics can be oxi-
datively induced, yielding an intermediate species with a structure
closely related to the H,,-CO state?’. Finally, the fourth CO ligand
present in [2Fe]™, and probably also in the naturally synthesized
[2Fe] subcluster present on HYDEFS, dissociates. At which step of
H-cluster assembly this happens remains to be elucidated. A tran-
sient formation of the H,,-CO state followed by the release of the
excess CO ligand should be considered.

Biochemists have long been fascinated by the structure of the
[2Fe] subcluster, which, apart from the cysteinyl bridge, has only
noncovalent interactions with the protein. One cannot resist the idea
that the [2Fe] subsite may originate from an inorganic complex that
spontaneously formed in the prebiotic world, as suggested earlier'.
Both HYDF-assisted'! and the unassisted integration of [2Fe]™ and
[2Fe]*d into apo-HYDA1 reported herein are powerful demonstra-
tions of the synergy between chemistry and biology. Given the enor-
mous efforts made over the years in both biomimetic chemistry of
the [2Fe] subcluster” and the elucidation of the functional aspects of
the HYDA protein matrix*, bridging the gap between the two fields
promises new insights into the chemistry of [FeFe] hydrogenases.
Moreover, the HYDF-independent procedure described here opens
up new areas for hydrogenase research. To date, only a subset of
HYDA enzymes has been analyzed in biochemical and biophysical
detail owing to the difficulty of generating large amounts of fully
active enzymes. The ability to reconstitute apo-hydrogenases even
in the absence of maturation factors now permits the analysis of the
whole spectrum of HYDA sequences.

In particular, the chaperone-independent assembly of (synthetic)
clusters will allow us to unravel protein-based structure-function

NATURE CHEMICAL BIOLOGY | VOL 9 | OCTOBER 2013 | www.nature.com/naturechemicalbiology

relationships from an entirely new perspective. To date, these are
investigated by site-directed mutagenesis of the protein. But with
a system of spontaneous cluster assembly at hand, attempts can
be made to engineer and test artificial protein environments. This
might result in entirely artificial hydrogenases with applications in
biohydrogen production and biofuel cell technology.
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METHODS
Methods and any associated references are available in the online
version of the paper.
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Heterologous expression and purification of proteins. Apo-HYDAI and apo-
CpI were produced anaerobically in E. coli BL21(DE3) AiscR*, making use
of optimized sequences and the pET expression system as described earlier?”
but without co-expression of maturase genes. M. elsdenii hydA was expressed
accordingly after cloning of hydAy, from pT7HME" into pTSH_hydA1Cr_
STII*. Purification of hydrogenases was carried out under strictly anaerobic
conditions using a one-step strep-tactin affinity chromatography protocol, as
described earlier, with minor modifications®. Heterologous synthesis of active
HYDA1 in Clostridium acetobutylicum ATCC82414 (ref. 28), isolation of PSI*
and plastocyanin from C. reinhardtii®® as well as heterologous expression of
PETF' and PFR1 (ref. 17) in E. coli were described earlier.

Preparation of [2Fe]™™ and [2Fe]*®. Synthesis of [2Fe]M™ and [2Fe]*
(refs. 31,32) followed the previously published protocol®, and, in the case of
[2Fe]rd, with modifications as described earlier'. Crystalline compounds
were dissolved in 20 mM HEPES, pH 7.5, 100 mM KCl; handled strictly
anaerobically; and stored at —80 °C.

In vitro maturation of [FeFe]-hydrogenases. In vitro maturation of hydro-
genases was achieved by incubating 800 ng apo-protein (0.04 pM HYDA1)
under strictly anaerobic conditions in 400 ul of 0.1 M potassium phosphate
buffer, pH 6.8, with 2 mM sodium dithionite (NaDT) at 25 °C for 30 min with
a tenfold molar excess of [2Fe]™™, unless stated otherwise. Subsequent in vitro
activity measurements using NaDT-reduced methyl viologen as artificial elec-
tron donor were done as previously described*. Maturation of HYDAIMM for
EPR and FTIR measurements was carried out with 150 pM apo-HYDA1. The
protein was subsequently purified and rebuffered to 0.01 M Tris-HCI, pH 8.0,
2 mM NaDT, by size-exclusion chromatography using a NAP-5 column
(GE Healthcare) and concentrated to 500 uM for EPR and FTIR measurements
using Amicon Ultra centrifugal filters 10K (Millipore). Spectra of 12 mM
[2Fe]MM were recorded in 20 mM HEPES buffer, pH 7.5, 100 mM KCL

Pyruvate-driven and light-driven hydrogen evolution assays. Each
pyruvate-driven reaction contained PFR1, PETF and C. reinhardtii HYDAL
or HYDAIMM and pyruvate and acetyl-CoA in potassium phosphate buffer,
pH 6.8, as described earlier”. The reaction mixtures were incubated for 30 min
at 37 °C before analyzing the amount of H, in the gas phase. For light-driven
measurements, PSI and plastocyanin from C. reinhardtii, ascorbate and dichlo-
rophenolindophenol were combined with HYDA1 or HYDA1M™ and PETF as
previously published's. These reaction mixtures were illuminated for 30 min at
30 °C using monochromatic white and red light (250 UE).

Detection of CO by a hemoglobin-based assay. Bovine hemoglobin (Sigma-
Aldrich) was reduced to deoxyhemoglobin (Hb) under strictly anaerobic
conditions with NaDT and was brought to ~4.5 uM hemoglobin in
100 mM potassium phosphate buffer, pH 6.8, with 2 mM NaDT. Spectra and

NATURE CHEMICAL BIOLOGY

single-wavelength kinetics were taken with a UV-2450 spectrophotometer
(Shimadzu) at room temperature in sealed 1-ml micro UV-cuvettes to keep
anaerobic conditions. [2Fe]M™ and apo-HYDAI1 were injected with gastight
syringes (Hamilton) from sealed, anaerobic vials. [2Fe]™™ was added to
10x the intended concentration of apo-HYDA1 (2 UM unless otherwise stated).
After each injection, thorough mixing was ensured by inverting the cuvette
several times. During the whole process, the absorbance at 419 nm characteris-
tic for the maximum of the Soret peak of carbon monoxyhemoglobin (HbCO)
was recorded. Concentrations of HbCO were calculated using the difference
of the molar absorption coefficients of Hb and HbCO at 419 nm, which can
be calculated from spectra of known concentrations of fully reduced Hb and
fully saturated HbCO, respectively. The heme concentration could accurately
be measured using published molar absorption coefficients of characteristic
bands in the visible range*.

EPR and FTIR analyses. FTIR spectra were obtained with a Bruker IFS
66v/s FTIR spectrometer equipped with a Bruker MCT (mercury cadmium
telluride) detector. The spectra were accumulated in the double-sided,
forward-backward mode with 1,000 scans and a resolution of 2 cm™" at 15 °C.
Data processing was facilitated by home-written routines in the MATLAB
program environment.

Q-band EPR spectra were measured using the two-pulse echo-detected EPR
technique. The length of the 1/2 and © MW pulses were set to 16 ns and 32 ns,
respectively, separated with T = 500 ns. The shot repetition time was set to
1 ms. All of the measurements were performed on a home-built Q-band pulse
spectrometer. The temperature was controlled in a custom-built cryogen-free
cryostat from Advanced Research Systems (base temperature 8 K). The sample
was accommodated in a homebuilt Q-band ENDOR resonator insert?.

Statistical analyses. All hydrogenase activity tests were done at least four times.
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Supplementary Figure 1 | CO is released during the activation of apoHYDAT1 by [2FeM™,

(a), Time dependent evolution ot CO monitored by the absorption of carbonmonoxyhemoglobin
(HbCO) at 419 nm. [2Fe]"™ and apoHYDA1 were added to a final concentration of 20 uM and
2 uM, respectively, to a solution of ~ 4.5 uM deoxyhemoglobin (Hb) in potassium phosphate
buffer pl1 6.8 with 2 mM sodium dithionite at the indicated time points. Addition of [2Fe]™™
before application of apoHYDAT (green line) resulted in an immediate increase of HbCO

concentration probably due to accumulated CO in the |2 Fe MM

solution. Subsequently, a constant
increase of Auje. interpreted as instability of [2Fe]™"™ in solution at room temperature, was
observed. Addition of apoHYDAT tirst (blue line} did not result in formation of HbCO. In both

]MIM

cases the combination of apoHYDAL and [2Fe led 10 a time dependent accumulation of
HbCO. Typical spectra taken at the start and al the end of the assay show characteristic maxima
at 430 nm (Hb) and 419 nin (HbCO) respectively (insert of a). (b), Time dependent evolution of
CO for different concentrations of apoHYDAT1. CO evolution was analyzed like in a except that
apoHYDAI was added to difterent final concentrations to a solution ot Hb (~ 4.5 pM) and
[2Fe]”™™ (20 uM). Calculated concentrations of CO in uM at 135 s after the mixing are given in
parenthesis for each experiment. Plotting of these values against the respective final
concentrations of apcHYDAI results in a good lincar fit indicating cvolution of 0.63 mol CO per

mol of apoHYDAT1 (insert of b). The intercept value ot 0,14 pnM CO corresponds to evolution of

CO due to spontaneous break-down of [2Fe]™™ over the course of 135 s as observed in b.

Supplementary materials page 2 ot 4
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Supplementary Figure 2
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Supplementary Figure 2 | EPR and FTIR spectra of chemically activated HYDAI

correspond well to simulations and previously reported peaks. (a), EPR spectrum of

HYDA ™™ samples comprising all EPR active states as in Fig. 2a. Simulations of the signals for

each state!™!

are presented in color. The g values used for these simulations are displayed above

the spectrum. (b). FTIR spectrum of HYDA1™™ samples from Fig. 2b. Previously reported peak

positions of as isolated /n vivo matured HYDA 1% are indicated above the spectrum. The colors

correspond to the respective state.
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Supplementary Figure 3
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Supplementary Figure 3 | Although catalytically inactive, the metallocluster which results
from reconstitution of apoHYDA1 with [2Fe]"™ resembles the H,, state of the native H-
cluster. HYDA 1™ was generated and analyzed by FTIR spectroscopy as described in the
materials and methods section. Unlike active HYDA1 or HYDA1I™™, which show a mixture of
states, HYDA 1™ features a signal representing only one defined state. This state is identical to

the one observed in HYDA 1™ maturated by HYDF"™ as we have reported before'".
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ABSTRACT: Active [FeFe] hydrogenases can be obtained by
expressing the unmaturated enzyme in Escherichia coli followed
by incubation with a synthetic precursor of the binuclear [2Fe]
subcluster, namely: [NEt,],[Fe,(adt)(CO),(CN),] (adt =
[S-CH,-NH-CH,-5]>7). The binuclear subsite Fe,(adt)-
(CO);(CN), is attached through a bridging cysteine side
chain to a [4Fe-4S] subcluster already present in the
unmaturated enzyme thus yielding the intact native “H-
cluster”. We present FTIR electrochemical studies of the
[FeFe] hydrogenase from Chlamydomonas reinhardtii,

[4Fe-4S],

2000 1950 1900 1850 1800

wavenumber [cm”]

2150 2100 2050

CrHydAl, maturated with the precursor of the native cofactor [Fe,(adt)(CO),(CN),]*>" as well as a non-natural variant
[Fe,(pdt)(CO)4(CN),]*" in which the bridging amine functionality is replaced by CH,. The obtained active enzyme
CrHydA1(adt) shows the same redox states in the respective potential range as observed for the native system (E(yy/eq) = —400
MV, E(eijeed) = —470 mV). For the H,, — H, transition the reducing equivalent is stored on the binuclear part, ([4Fe-
4S]**Fe''Fe' — [4Fe-4S]**Fe'Fe'), while the H, .4 — H,,.q transition is characterized by a reduction of the [4Fe-4S] part of the H-
cluster ([4Fe-4S]*'Fe'Fe' — [4Fe-4S]"Fe'Fe'). A similar transition is reported here for the CO inhibited state of the H-cluster:
([4Fe-4S]*"Fe'Fe"CO — [4Fe-4S]'Fe'Fe"CO). An FTIR electrochemical study of the inactive variant with the pdt ligand,
CrHydAl(pdt), identified two redox states H**-ox and HP*-“red”. Both EPR and FTIR spectra of HP*-ox are virtually identical
to those of the H*"-ox and the native H,, state. The HP*-“red” state is also characterized by a reduced [4Fe-4S] subcluster. In
contrast to CrHydA1(adt), the HP¥.ox state of CrHydA1(pdt) is stable up to rather high potentials (+200 mV). This study
demonstrates the distinct redox coupling between the two parts of the H-cluster and confirms that the [4Fe-4S]y; subsite is also
redox active and as such an integral part of the H-cluster taking part in the catalytic cycle.

1. INTRODUCTION

Hydrogenases are metalloenzymes which catalyze both the
production and oxidation of H, and are therefore of high interest
for a future biohydrogen technology.' ™' Since [FeFe] hydro-
genases are the most active enzymes in hydrogen production in
vivo, a detailed understanding of their catalytic mechanism is of
great interest for developing artificial hydrogen production
systems.'>'® The active site of this enzyme is highly conserved
and is referred to as the “H-cluster”.”"*~'7 It contains a “classical”
[4Fe-4S]y cluster coupled via one of its coordinating cysteine
side groups to a unique binuclear subcluster [2Fe]y;, which is
coordinated by CN~ and CO ligands as well as a dithiolate
bridging ligand.'®** Recent studies showed that various
biomimetic complexes modeling the binuclear subcluster can
be inserted directly or with the help of the maturation factor
HydF into unmaturated [FeFe] hydrogenases that only contain
the [4Fe-4S]y, part of the H-cluster.”*** However, only the
insertion of the binuclear cofactor containing the amine group in
the dithiolate bridging ligand (adt) leads to the assembly of the

~7 ACS Publications — ©2014 American Chemical Society
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native H-cluster (see Figure 1) and affords fully active
24,25

enzyme.
During the catalytic process of hydrogen conversion the iron

centers in the H-cluster change their oxidation states.” In the
most oxidized active redox state called H,, the binuclear
subcluster is in the mixed valence Fe'Fe! state while the [4Fe-
48] cluster is oxidized (2+).”7**" This state is paramagnetic and
shows a characteristic EPR signal with g = [2.10, 2.037, 1.996].%
Upon a fully reversible one-electron reduction (—400 mV for the
native [FeFe] hydrogenase from Chlamydomonas reinhardtii:
CrHydAl) H,, is converted into the active reduced state H, 4
which has the binuclear site presumably in an Fe'Ee' (S = 0)
configuration.””® A subsequent fully reversible one-electron
reduction (—460 mV for native CrHydA1) causes conversion of
H,.q to the “super reduced” active state H,,4.”® EPR studies
showed that H, 4 is paramagnetic and gives a signal characteristic
for a reduced [4Fe-4S]" cluster.”® According to our previously
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Figure 1. Structure of the active site (H-cluster) of artificially maturated [FeFe] hydrogenase with natural (H**) and non-natural (H?*) binuclear

subsite.

proposed mechanism all these states are involved in the catalytic
cycle.u' In protein film electrochemistry (PFE) it was observed
that CrHydAl is very active over a large potential range and
especially at low potentials shows high turnover rates in
hydrogen production.”

The H-cluster of the active Frotein can be inhibited by CO
generating the H,,-CO state.”'>*" The electronic structure of
H,,-CO is similar to that of H,, and is characterized by a mixed
valence (Fe'Fe'") subsite in combination with an oxidized [4Fe-
487" subcluster.” The characteristic EPR and FTIR spectra of
H,,-CO are often observed in [FeFe] hydrogenase preparations
that are exposed to light and/or oxygen. In this case the CO
inhibited state is generated by the so-called “cannibalization
process” in which the CO ligands released from destrozed H-
clusters are captured by H-clusters that are still intact.>"** Up to
now, no redox activity of the H,,-CO state has been reported. In
fact, a recent protein film electrochemical study in combination
with DFT calculations indicated that reduction of H,,-CO leads
to damage or even dissociation of the H-cluster.”

In the current study we present FTIR spectroelectrochemical
investigations of artificially maturated CrHydA1 using both the
precursor of the native [2Fe] cofactor [Fe,(adt)(CO),(CN),]*~
and the non-natural variant [Fe,(pdt)(CO),(CN),]*" in which
the central bridging amine (NH) function is substituted by CH,
(see Figure 1). For the native “hybrid protein” CrHydA1(adt)
also the CO-inhibited state was investigated. We show that both
CrHydAl(adt) under CO and CrHydAl(pdt) exhibit a redox
transition which most likely involves the [4Fe-4S]y subsite.

2. EXPERIMENTAL SECTION

The synthesis of the [Fe,(adt)(CO),(CN),]*” and [Fe,(pdt)-
(C0O),(CN),]*" biomimetic complexes followed previously published
protocols.** ™ Crystalline compounds were dissolved in DMSO and
then diluted in Tris/HCI pH 8.0 buffer or directly dissolved in the buffer
and handled strictly anaerobically.

CrHydA1**¢ (hydrogenase expressed without maturases) was
produced in Escherichia coli as described earlier.”™"” The in vitro
maturation of the [FeFe] hydrogenase was also described ]:Jrevit::usly.ZS
All steps were carried out under strict anaerobic conditions. CrHydAl
was prepared in 100 mM Tris/HCI pH 8.0, 2 mM sodium dithionate
buffer with addition of 100 mM KCI to samples on which
electrochemical experiments were performed. Oxidized samples were
prepared by FTIR monitored stepwise titration with thionine.

Fourier transform infrared (FTIR) measurements were carried out
using a Bruker IFS 66v/s FTIR spectrometer equipped with a nitrogen
cooled Bruker mercury cadmium telluride (MCT) detector. The spectra
were accumulated in the double-sided, forward—backward mode with
1000 scans (14 min) and a resolution of 2 cm™ at 15 °C. Data
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processing was facilitated by home written routines in the MATLAB
programming environment.

All spectroelectrochemical experiments were performed using a
home-built electrochemical IR cell, constructed according to an original
design by Moss et al.”** Samples were loaded in between two CaF,
windows on an electrochemically reduced gold mesh (approximately S0
um thick) in electrical contact with the platinum counter electrode. An
Ag/AgCl (1 M KCI) electrode was used as reference and was calibrated
before and after each measurement by reduction/oxidation of methyl
viologen. All potentials are listed versus the normal hydrogen electrode
(NHE), and the uncertainty of the midpoint potentials was estimated to
be +20 mV. In the titrations the potential was controlled by an Autolab
PGSTAT101 potentiostat using the Nova software. Since no mediators
were used an extended equilibration time period of 30 min was applied
at each potential. The temperature was controlled by a Huber
Minichiller, and all experiments were performed at 15 °C.

Q-band EPR spectra were recorded using free induction decay (FID)
detected EPR with a microwave pulse length of 1 ps. All pulse
experiments were performed on a Bruker ELEXYS E580 Q-band
spectrometer with a SuperQ-FT microwave bridge and a home-built
resonator described earlier.*” The magnetic field was calibrated using a
Bruker ER035D NMR gaussmeter. X-band continuous wave (CW) EPR
measurements were performed on a Bruker ELEXYS E-580 X-band
spectrometer with a SuperX-FT microwave bridge and Bruker ER
EN4118X-MDS5 dielectric resonator. Cryogenic temperatures (10—20
K) were obtained by an Oxford CF935 flow cryostat. For the
interpretation of all EPR experimental data, a home written simulation
program (based on the EasySpin package]'w in MATLAB was used.

3. RESULTS AND DISCUSSION

3.1. FTIR Electrochemistry for CrHydA1(adt) (Active
Hybrid Enzyme). Figure 2A shows selected FTIR spectra of
CrHydA1(adt) recorded during electrochemical oxidation. The
potentials were chosen such that in each spectrum one of the
well-known redox states H,,, H,.4, and H,,.4 has its maximum
contribution.”® In Figure 2B the intensities of one representative
CO band for each of the states H,,, H,.4, and H,4 is plotted
against the redox potential in the FTIR cell. Two fully reversible
one-electron transitions with midpoint potentials in agreement
(within experimental uncertainty) with the previously reported
values for the native CrHydA1 hydrogenase were observed.”® No
signal loss occurred upon reduction from H,y to Hg.y and
reoxidation back to H,, (see Supporting Information). This
suggests that no irreversible damage takes place at low potentials.
A difterent situation is observed at high potentials. Above —300
mV the intensity of the oxidized state rapidly decreases (see
Figure 2B), which can be attributed to irreversible damage of the
H-cluster and release of the CO ligands. At the same time, an
increase of the signal originating from the CO inhibited state
(H,-CO) is observed corresponding to the “cannibalization

dx.doi.org/10.1021/ja503390c | ). Am. Chem. Soc. 2014, 136, 11339-11346
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Figure 2. (A) Selected IR spectra of 1 mM CrHydA1(adt) in 100 mM Tris/HCl buffer pH 8.0, 100 mM KCl, 2 mM sodium dithionate at different redox
potentials measured at 15 °C. At the top of the figure the band positions of the active states are indicated.”® In the spectra taken at —300 and —425 mV/
also a fraction of H,,-CO (signal position: 2092, 2084, 2013, 1970, 1964, and 1810 cm ™) is present. (B) Oxidative titration of the active enzyme. The red
circles correspond to the intensity of the most prominent CO band of the H,, state at 1940 cm™, violet circles represent the signal at 1933.5 cm™
characteristic for H,4 green circles indicate the signal at 1882 cm™! of H,, while the light-blue circles indicate the band amplitude at 2013 cm™" of the
H,,-CO state. The solid lines correspond to n = 1 Nerstian curves, E,, /g = =400 mV # 20 mV and E, g/geq = =470 mV & 20 mV.
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Figure 3. (A) Selected IR spectra of CrHydA1(adt) under CO gas at different redox potentials measured at 15 °C. The top of the figure shows the signal
positions of the observed redox states.” (B) Reductive titration of the CO inhibited enzyme. The red circles correspond to intensity of the most
prominent CO band of the H,, state at 1940 cm ™', violet circles to the signal at 1933.5 em ™" characteristic for H, 4, the green ones to 1882 cm ™' of H, .,
the light blue ones to 2013 cm™' from the H,,-CO state, and the blue ones to 1793 cm™" of the H. 4-CO state. The solid lines correspond to n = 1
Nerstian curves, E . co/req.co= —470 mV + 20 mV and E. 4 ¢0/sreq = =500 mV £ 20 mV.

effect”.'*? It is interesting to note that in this type of experiment many [FeFe] hydrogenases the cyclic voltammogram shows a
no reversible transition to a “super oxidized” state is observed.*? reversible oxidative inhibition at high potentials.'**' However,
This is in contrast to the situation in PFE experiments where for this discrepancy could be related to the different experimental
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conditions in the respective electrochemical cells. For example, a
recent study by Leger et al. showed that reversible oxidative
inactivation at high potentials is facilitated by the presence of H,
which, apparently, stabilizes high potential inactive states of the
H-cluster.”

3.2. FTIR Electrochemistry on CrHydA1(adt) in the
Presence of CO (Reductive Titration). By keeping the sample
at high potential (+50 mV) the H-clusters are progressively
disintegrated leading to a decreasing intensity of the H,, signal
and a steady increase of the H,,-CO signal until eventually only
this species remains in FTIR. It is estimated that this harsh
procedure leaves approximately 20—25% (see Supporting
Information) of the H-clusters as H,,-CO, while the rest is
disintegrated and the released CO and CN ligands are no longer
iron bound and therefore do not show up in the FTIR range of
the H-cluster. The sample can now be considered as CO
inhibited [FeFe] hydrogenase. Upon reducing the redox
potential from 50 to —300 mV the signal intensity from H, -
CO does not change suggesting that no further damage occurs
(see Figure 3B).

Lowering the potential further results in a decrease of the
signal from H,,-CO and the appearance of new signals at 2086
and 2075 cm™" assigned to the CN™ ligands as well as signals at
2002, 1967, and 1951 cm™ which are assigned to coupled
vibrations of terminal CO ligands and finally a signal at 1793
cm ™" which is typical for a bridging CO ligand. The maximum of
this new signal is reached at =500 mV (see Figure 3A). The FTIR
peak positions of this signal were previously observed in FTIR
spectra obtained for heterologously expressed CrHydAl flushed
with CO gas.25’37 However, at that time these signals could not be
assigned to a particular H-cluster state. From the current
experiment we must conclude that this new signal is associated
with a one-electron reduced CO inhibited state. The small shifts
of the CO bands (in the range 3—17 cm™) with respect to the
H,,-CO spectrum as well as the midpoint potential of —470 mV,
which is the same as E, q/;..q) would suggest that reduction takes
place on the [4Fe-4S]y cluster generating a [4Fe-4S]*
configuration. To further support this hypotheses experiments
involving light induced *CO scrambling were carried out and
presented in Supporting Information (Figure §9).2 Figure 4
presents the shift of the IR bands originating from the CO ligands
of CrHydAl(adt) in the CO inhibited states after stepwise
replacement of "?CO by "*CO: (i) exposure to *CO in the dark;
and (ii) CO scrambling by illumination. It was confirmed that the
2002 cm™ band from He.4-CO corresponds to the band at 2013
em™ from H,,-CO and the 1967 cm™ band corresponds to that
at 1970 cm™". These two bands were previously assigned to Vgym
and vy, of the two vibrationally coupled terminally CO ligands
bound to the distal iron.>* Thus, the largest shift is observed for
the band assigned to the CO ligand bound to the proximal iron
from 1964 cm™ (H,,-CO) to 1951 cm™ (Hy.¢-CO). Although
FTIR does not provide direct information on the oxidation state
of the H-cluster, given the very small difference in the band
positions of both states a change of the oxidation state of Fey
seems very unlikely. The maximum intensity of the so-called
Heg-CO signal is observed around —500 mV. Already at this
potential the signal originating from the H,4 state appears.
Further lowering of the potential leads to complete conversion
into the super reduced state (H,.q) (with CO release) leaving the
binuclear center in the Fe'Fe' form. No signals characteristic for
oxidized (H,,) and reduced states (H,.4) were observed during
this titration.
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Figure 4. Overview of shifts of IR bands originating from the CO ligands
of CrHydA1(adt) in the CO inhibited states upon replacing >CO by
CO. The first rows in both panels display the band positions for the
samples prepared under 2CO. The middle rows show the shifted band
positions resulting from '*CO treatment in the dark. For these samples
only one distal CO and (surprisingly) the proximal CO is exchanged to
13CO. In the last rows the band positions upon complete '*CO exchange
(scrambling by illumination) are presented.

The CO inhibition of various [FeFe] hydrogenases was
studied extensivelgr by PFE experiments as well as through DFT
calculations.***"* It was observed that at high potentials CO
inhibition is complete and fully reversible, while at low potentials
it is not. From these observations it was concluded that CO
strongly binds to the H,, state and less tightly to H,.4 leading to
partial but irreversible damage of the H-cluster.*>* It should be
noted, however, that the individual redox states cannot be
observed in these experiments since the protein is under
turnover. Therefore, all redox states involved in the active cycle
will occur. DFT studies predict that binding of CO to the H,4
state, where the H-cluster is in the [4Fe-4S]** Fe'Fe!
configuration, causes elongation of the Fe-S distance and
subsequent cleavage of this bond.*> However, our experiments
show that the oxidized CO inhibited state is present in a potential
range where both uninhibited oxidized and reduced states can
also occur. Also no signal originating from a released binuclear
site. was observed (see original spectra in Supporting
Information) suggesting no dissociation of the binuclear site.
DFT calculations also show that H,.4 has a very low affinity for
CO and that the structural integrity of the H-cluster would be
maintained in this state.*> This would explain why after the
second reduction the extrinsic CO ligand is released and the
super reduced state is formed. The reduced CO inhibited
configuration observed in our experiments [4Fe-4S]*Fe'Fe'' was
however not considered in these DFT studies and turns out to be
perfectly stable.

Protein film electrochemistry studies by Armstrong and co-
workers of three [FeFe] hydrogenases, including CrHydAl,

dx.doi.org/10.1021/ja503390c | J. Am. Chem. Soc. 2014, 136, 1133911346
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under addition of CO have revealed that the relative inhibition of
the enzyme as a function of the applied electrochemical potential
can be divided into three ranges, each separated by a one-electron
redox transition.*® In the high potential range, where H,, should
be present, the active site is strongly inhibited by CO (90%)
while in the lowest potential range, where H, 4 should be
accumulated, activity is hardly affected (10%).** The middle
range (presumably H, ;) shows around 75% inhibition. These
data would suggest that under turnover conditions at the
electrode H,.q can be inhibited to a certain extent, thus
implicating a CO binding event. Our data are in agreement
with these observations and allow us to postulate that also in
other [FeFe] hydrogenases a “reduced” CO inhibited state may
exist. However, in these multidomain [FeFe] hydrogenases,
H¢-CO similar to H,4 does not occur as a resting state
because the reduced [4Fe-4S]y subcluster is quickly reoxidized
through the redox coupling with the accessory [4Fe-4S]
clusters.”?®

3.3. FTIR Electrochemistry for CrHydA1(adt) in the H,,.4
State in the Presence of CO. In Figure § the oxidative titration
of the H,.4 sample under CO obtained at the end of the previous
run (section 3.2) is presented. Figures 3B and $ show that also
under CO, the intensity of the signal originating from the super

Hsred ;e'b H'red'-Co ;e.b Hox—Co

-500 mV -470 mV
-€ -e
Hsred H ed Hox
-470 mV -400 mV
16 B 1 -1
o H, 1%40cm °H,-CO 2013cm
14} © Heeq 19335em?  oH, .-CO 1793cm!
o Hgoq 1882 cm™!
12f 0009
OO
L o
10 06000

absorbance [x107]
(o]

o N B2 O

-600 -500 -400 -300 -200 -100 O
potential [mV vs NHS]

Figure 5. Oxidative titration of CrHydA1(adt) in the presence of CO
gas. The red circles correspond to the intensity of the most prominent
CO band of the H,, state at 1940 cm ™", violet circles to the signal at
1933.5 cm ™' characteristic for H, 4 the green ones belong to 1882 cm ™'
from H,,y, the light blue ones to 2013 cm™' from the H,,-CO state and
the blue ones to 1793 cm™' from the H.4-CO state. The solid lines
correspond to n = 1 Nerstian curves, E g = —400 mV + 20 mV,
E djsred = =470 mV £ 20 mV, E_ o/ e.co = —470 mV & 20 mV and
ot comed = =500 mV £ 20 mV.
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reduced state does not change which indicates that no H-cluster
destruction occurs. Figure 5 shows that during H, 4 oxidation in
the presence of CO, two processes take place: The reduced CO
inhibited state (H.,4-CO) reappears and further converts into
the H,,-CO state. Simultaneously, as was previously observed
during the titration without CO, conversion from Hg.4 to H,4
and subsequently to H,, occurs. This indicates that reactivation
of the CO inhibited sample proceeds through the H,,., state. The
fact that upon oxidation of H,, 4 not all H-clusters are converted
back into the H,4-CO state may be related to CO gas diffusing
out of the electrochemically active volume of the FTIR cell
thereby reducing effective CO partial pressure in the cell.

The observations described above allow us to construct the
scheme shown in Figure 6 presenting two fully reversible

»
Sfrrra)  QfFE
H,-CO H..

-470 mV —e'Tl*‘e‘ —e'“vﬂ!' -400 mV

H 'red'-co red

H
-500 mV "_‘c’:'o.\\-e;co %e -470 mV
Ap re're't 1 ]
H

Figure 6. Schematic representation of the redox state conversion with
and without CO gas. Under CO the oxidation of H,,4 to H,-CO
proceeds through H.4-CO as an intermediate state, while without CO
the “active” oxidation path is chosen along the catalytic states H,4 and
H,,. Redox states involved in the catalytic cycle are marked in green.16
The scheme representing the catalytically active cycle is presented in the
Supporting Information.

sred

“pathways”: one CO inhibited path and a second active path,
joined through the super reduced state. It is shown that artificially
maturated [FeFe] hydrogenase behaves exactly the same way as
the native enzyme; when no external CO is present the active
oxidative path is chosen. With increasing CO partial pressure, the
CO-path will become more dominant. It is interesting that even
though the active sites of [FeFe] and [NiFe] hydrogenases are
structurally very different they show a parallel behavior of their
redox processes in the presence of extrinsic CO. Also in [NiFe]
hydrogenase the most reduced state cannot be inhibited by CO
gas and during its oxidation two CO inhibited states separated by
one-electron transition are appearing.”

3.4. FTIR Electrochemistry and EPR Studies on
CrHydA1(pdt). In recent studies it was demonstrated that the
non-natural cofactor [Fe,(pdt)(CO),(CN),]*, in which the
bridging amine group is changed from NH to CH,, can be
incorporated into the unmaturated [FeFe] hydrogenase
(containing only the [4Fe-48] cluster).”*** It was also shown
that this hybrid does not have any significant hydrogenase
activity. At the same time it was noted that its FTIR spectrum
(with band positions 2084 and 2065 cm™" for the CN™ ligands,

dx.doi.org/10.1021/ja503390c | .. Am. Chem. Soc. 2014, 136, 11339-11346
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Figure 7. (A) Selected IR spectra of CrHydA1(pdt) at different redox potentials measured at 15 °C. On top the signal positions of the observed redox
states are indicated. (B) Oxidative titration of the enzyme. The orange circles correspond to the intensity of the most prominent CO band of the oxidized
state at 1941 cm ™" and the dark-blue circles to the signal at 1933 cm™" characteristic for the reduced form. The solid lines correspond to n = 1 Nerstian

curves, Egyigived/reduced = —345 mV £ 20 mV.

1963 and 1933 cm ™" for the terminal CO ligands and 1798 cm™
for the bridging CO ligand) strongly resembles that of the H,,
state of the native hydrogenase (see Figure 7A).

Figure 7B shows the FTIR monitored electrochemical titration
of the CrHydA1(pdt) hybrid. Although inactive, the enzyme still
shows one fully reversible one-electron redox transition. The
originally reported signaly”zs belongs to the reduced form,
whereas the oxidized state is characterized by a very similar signal
with slightly shifted band positions at 2090 and 2072 cm™" for the
CN™ ligands, 1966 and 1941 cm™! for the terminal CO ligands
and 1810 cm™" for the bridging CO as depicted in Figure 7A. In
both oxidation states the bridging CO is present as well as two
bands from terminal CO ligands indicating that the additional
CO ligand from the biomimetic complex was released upon
insertion and that the open coordination site at the distal iron still
should be present. Short exposure of the sample to low amounts
of oxygen leads to complete loss of the H-cluster FTIR signature.
However, despite the high oxygen sensitivity of this CrHydA1-
(pdt) hybrid no CO inhibited form could be identified. The
nonaccessibility of the open coordination site might be related to
the distortion of the bridging headgroup which is not able to
create hydrogen bonds with the surrounding protein environ-
ment thereby blocking access for CO. The phenomenon will be
investigated in more detail in a future study.

It is demonstrated in Figure 7B that in contrast to
CrHydAl(adt) destruction of the active site occurs neither at
low (=550 mV) nor at high potentials (+150 mV). This would
suggest that turnover of the native enzyme and the active
CrHydA1(adt) hybrid at high potentials leads to damage of the
H-cluster. Presumably, the redox transition to the overoxidized
state ([4Fe-4S]**Fe"Fe!") which is unstable in CrHydA1, occurs
at much higher potential for CrHydA1(pdt).

The EPR spectrum recorded for the oxidized form of
CrHydA1(pdt) shown in Figure 8 resembles the H,, state of
the native system with g values [2.094, 2.039, 1.998] which
suggests that this form can be described by an oxidized [4Fe-
4S]** cluster and binuclear center in the mixed valence state
Fe'Fe'. One-electron reduction can take place either on the
cubane subsite leading to [4Fe-48]"Fe'Fe"" or on the binuclear
subsite yielding [4Fe-4S]**Fe'Fe' analogous to the “native” H, -
state. Both configurations are expected to be EPR silent due to
the strong exchange couplings in the H-cluster. Spin counting
(see Supporting Information) confirmed that the reduced
CrHydA1(pdt) hybrid is indeed EPR silent.
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Figure 8. X-band continuous wave and Q-band FID detected EPR
spectra (black) and simulations (orange) obtained for the oxidized form
of CrHydA1(pdt) measured at 20 K. For comparison the corresponding
g values of the H, state of the native enzyme are presented in red at the
top of the ﬁgure.w

The shift of the FTIR band positions between reduced and
oxidized forms is very small; for the CO ligands it lies in the range
between 3 and 12 cm™". The same small shift is observed for the
two CO inhibited states in the native system (vide supra).
Following the same arguments this would suggest that the
reduction occurs on the [4Fe-4S]y subcluster.

In principle it can be rationalized that the lack of a protonatable
headgroup on the binuclear subsite in CrHydA1(pdt) would lead
to a decrease of its redox potential since proton coupled electron
transfer (PCET) would be inhibited.*® This would then favor a
reduction of the cubane part of the H-cluster. This argument,
however, does not explain why the resulting redox potential of
the cubane subcluster is even higher (—345 mV) than that of the
H,,-H,.q transition in the native system (—400 mV). A similar
argument can be invoked for the redox behavior of CrHydAl-
(adt) in the H,,-CO state. The extrinsic donor ligand (CO) will

dx.doi.org/10.1021/ja503390c | .. Am. Chem. Soc. 2014, 136, 11339-11346
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shift the electron density in the binuclear subsite toward the
proximal iron: While the binuclear subsite in H,, is valence
delocalized, H,,-CO shows a Fe(I)PFe(H)d conﬁguration.”'“ A
similar trend is observed in model systems but there the
transition is from Fe(II)FFe(I)d in H,, models to Fe(l.S)PFe-
(1.5)4 in Hy,-CO models.*”*® These complexes are shown to
become oxidized easier.”’ In analogy, a similar effect could be
expected for the H-cluster. Indeed, in this case the resulting
midpoint potential (—470 mV) is lower than that of the regular
CrHydA1(adt) H,, — H,.q transition (—400 mV).

T

4. CONCLUSIONS

We identified two new redox states in [FeFe] hydrogenases in
which the [4Fe-4S]y subsite is reduced while the binuclear part
remains mixed valence (Fe'Fel"). For both species: H** ;-CO
and HP* , it can be argued that the redox potential of the
binuclear part is lowered by changes of the catalytic site of the H-
cluster, i.e., modification of the aza-dithiol bridge to propane-
dithiol or blocking the open coordination site in the native H-
cluster by CO. This leads to a redirection of the electron flow
from the binuclear part toward the [4Fe-4S], subsite. Therefore,
it can be concluded that the electronic structure of the H-cluster
is governed by a strong redox coupling between the two subsites
which also must be relevant for its catalytic properties.

We also demonstrated that extrinsic CO binds both in the H,,
and H. 4 state of the native H-cluster. The binding of CO to
H:.4, however, causes a change of the redox equilibrium between
the two subsites and induces a transfer of the redox equivalent
from the Fe'Fe! binuclear subcluster to the [4Fe-4S]y unit
leaving the binuclear part in the Fe'Fe'' state. It can therefore be
concluded that CO exclusively binds to the divalent distal iron.

Intriguingly, the (effective) redox potential of the [4Fe-4S]y
subcluster amounts to —470 mV for both the H,,-CO to H. -
CO transition and the H,4 to Hg,q transition. Apparently, the
redox properties of the [4Fe-4S] subcluster do not change when
the binuclear subcluster is in the Fe'Fe''CO,, or Fe'Fe!
configuration.

Although the CrHydAl(pdt) is oxygen sensitive like
CrHydA1(adt), CO does not seem to bind to CrHydAl(pdt).
In native CrHydAl the adt bridge is conformationally controlled
by weak hydrogen bridges to the surrounding amino acid site
chains. These interactions are absent in CrHydA1 (pdt).We must
therefore conclude that the conformation of the dithiol bridge
plays an important role in controlling access to the exchangeable
site at the distal iron.
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FTIR electrochemical data processing, determination of the
redox midpoint potentials, *CO exchange experiments, spin
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FTIR ELECTROCHEMICAL DATA PROCESSING

FTIR baseline corrections were performed in two steps: First the spectra measured during
each titration experiment were joined into a 2D dataset. Representative baseline points were
manually selected and a cubic spline baseline correction was applied to the whole 2D dataset.
Subsequently, individual FTIR spectrz were analyzed and regions with strongly overlapping signals
were separately baseline corrected. The resulting 2D FTIR datasets are presented as 3D plots (see
figures S1 to S6). For the determination of the redox potentials one representative band (showing

minimal overlap with other signals) was chosen for each redox state.
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Figure S1. FTIR spectra of CrHydA1(adt) measured during the spectroelectrochemical reduction of as isolated HydA1(adt)
starting from the open circuit potential. The spectra were accumulated in the double-sided, forward-backward mode
with 1000 scans (14 minutes) and a resolution of 2 em™ at T = 15 °C. Since no mediators were used an extended
equilibration time period of 30 minutes was applied at each potential.
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Figure S2. FTIR spectra of CrHydA1(adt) measured during the spectroelectrochemical oxidation of the enzyme in the H,.q
state. Both panels show the same spectra but from a different perspective. The spectra were accumulated in the double-
sided, forward-backward mode with 1000 scans (14 minutes) and a resolution of 2 em™ at T = 15 °C. Since no mediators
were used an extended equilibration time period of 30 minutes was applied at each potential.
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Figure S3. FTIR spectra of CrHydA1(adt) in the H,,-CO state measured during the spectroelectrochemical reduction in the
presence of CO gas in the cell. The spectra were accumulated in the double-sided, forward-backward mode with 1000
scans (14 minutes) and a resolution of 2 em ™ at T = 15 °C. Since no mediators were used an extended equilibration time
period of 30 minutes was applied at each potential.
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Figure S4. FTIR spectra of CrHydA1(adt) in the H,,.4 state measured during the spectroelectrochemical oxidation in the
presence of CO gas in the cell. The spectra were accumulated in the double-sided, forward-backward mode with 1000
scans (14 minutes) and a resolution of 2 cm™ at T = 15 °C. Since no mediators were used an extended equilibration time
period of 30 minutes was applied at each potential.
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Figure S5. FTIR spectra of CrHydA1(pdt) measured during the spectroelectrochemical oxidation starting at the open
circuit potential. The spectra were accumulated in the double-sided, forward-backward mode with 1000 scans (14
minutes) and a resolution of 2 em™ at T = 15 °C. Since no mediators were used an extended equilibration time period of
30 minutes was applied at each potential.
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Figure S6. FTIR spectra of CrHydA1(pdt) measured during the spectroelectrochemical reduction of the oxidized enzyme.
The spectra were accumulated in the double-sided, forward-backward mode with 1000 scans (14 minutes) and a
resolution of 2 em™ at T = 15 °C. Since no mediators were used an extended equilibration time period of 30 minutes was
applied at each potential.
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DETERMINATION OF THE REDOX MIDPOINT POTENTIALS

The obtained experimental data was fitted with a Nerstian curve using the following

assumptions {example for oxidative titration of CrHydA1{adt)}):

E-E R']'l [ox]
= Boxfrea + P [red]
RT  [red]

E=F qjwest oF n[sred]
[ox] + [red] + [sred] = 1
where:
E is the electrochemical potential,

Eoxjrea and Ecqjsreq are respective midpoint potentials,

R =8314

is the universal gas constant,
K+mol

T = 278.15 K is the temperature,

n = 1is the number of transferred electrons,
F =96485 FCU[ is Faraday’s constant,

[ox], [red] and [sTed] are the fractional concentrations of the enzyme in the respective redox states,

This procedure of data analysis was applied to all data with proper adjustment.
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FOLLOWING BANDS ORGINATING FROM H:q-CO
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Figure S7. Left: Reductive titration of the CO inhibited enzyme. The red circles correspond to the intensity of the most
prominent CO band of the H,, state at 1940 em™, violet circles to the signal at 1933.5 cm™* characteristic for H,eq , Breen
circles to the 1882 cm™ band of H,..q and light blue circles to the 2013 cm ™ band from the H,,-CO state. In blue color the
intensities of all signals assigned to the CO ligands of CrHydA1(adt) in the H.4-CO state are presented. The solid lines
correspond to n =1 Nerstian curves, E,,.co/red-co= -470 mV 220 mV and E:eq'-co/sred = -500 mV20 mV. Right: IR spectrum
measured at -500 mV under CO gas at T = 15°C. Bands shaded in blue originate from H,4-CO, light blue from H,,-CO and
green from the H,,.4 state. The top of the figure shows the signal positions of the observed redox species.
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Figure S8. Oxidative titration of CrHydA1(adt) in the presence of CO gas. The red circles correspond to the intensity of the
most prominent CO band of the H,, state at 1940 cm’™, violet circles to the band at 1933.5 cm™ characteristic for Hyeds
green circles to the 1882 em™ band of H;.eq and light blue circles to the 2013 em™ band of Hox-CO. In blue color the
intensities of all signals assigned to the CO ligands of CrHydA1(adt) in the H.4-CO state are presented. The solid lines
correspond to n =1 Nerstian curves, E,y.copred-co= -470 mV 220 mV and E-oqcossred = -500 mV+20 mV.

Figures S7 and S8 present the reductive and oxidative titration of CrHydA1(adt) in the
presence of CO gas, as described in the main text and presented in figures 3B and 4 of the
manuscript. It is obvious that the signal at 1967 cm™ (marked with *) cannot be used to follow the
appearance and disappearance of the H...¢-CO due to its overlap with two bands (at 1970 cm™ and
1964 cm™) from the H,,-CO state. Similarly, the signal at 1951 cm™ (marked with (1) is obscured by its
overlap at low potentials with the signal from the H,,.q state (at 1954 cm™). The intensity changes of
the signals at 2002 cm™ and 1793 cm™ are in good agreement for both cases. In principle, the signal
at 1793 cm™ should overlap with the signal originating from the bridging CO ligand from H,eq,
however, in the reductive titration H..q does not appear and in the oxidative titration its intensity is

too low to affect the presented data.
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13c0 EXCHANGE EXPERIMENTS

To facilitate the assignment of the bands in the H..-CO state experiments with CO have
been perfermed, Several samples were prepared with different concentrations of reductant (2 and 7
mM of sodium dithionate) and with different light exposure times, which initiates the scrambling
process. Figure $9 (top) displays the FTIR spectrum of the 7 mM sodium dithionite sample after
inhibition with 2CO. The subseguent spectra show the effect of *CO exposure in the dark, after 2.5
hours of illumination, and after 4.5 hours illumination with a halogen lamp (50 Watts). In all spectra a
mixture of signals originating from H,,-CO and H...~CQ is present. Based on difference spectra,
extraction and assignment of the signals to the different redox states and the number of exchanged
ligands could be determinad and is shown in Figure 4 of the main text. The observed isotope shifts
are in the range 40-47 cm™ which is in agreement with the expected theoretical shift (44.3 cm™)

upon exchange of “C with *C.

The two high frequency CO bands in both the H,,-CO and H:.4-CQO species shift in two steps,
suggesting that they originate from coupled vibrations and that only one of the contributing CO
ligands gets exchanged in the dark. It can therefore be concluded that the 2002 cm ! band from H.,.4-
CO corresponds to the 2013 cm™ band from H,,-CO whereas the 1967 cm™ band corresponds to the
1970 cm™ band from H,,-CO. These bands in H,,-CO were previously assigned to the Ve AN Vagym
bands of the two vibrationally coupled terminal CO ligands of the distal Fe (Feq). This indicates that
the electronic structure of the binuclear subsite in H,,-CO and H:.4-CQ is very similar and that a
change of the oxidation state of Fe, is very unlikely due to the very small difference in the band

positicn of both states.

The ore step shift of both the 1964 ¢m * band (He,-CO) and the corresponding 1951 cm *
band {H..+-CO) (see figure 4 in the main text} was very surprising. This would indicate that the
proximal CO ligand is “scramhled” already in the dark whereas Roseboom et al. and Silakov et al.
reported that for DdH no scrambling of the proximal CO occurs at all*?! On the other hand, the shift
of the signal originating from the bridging CC is in perfect agreement with the previously obtained

data from DdH and occurs only upon light induced scrambling.

Overall, these observations strongly support our proposal that reduction of the CO inhibited
state does not take place on the diiron sub-cluster but rather on the [4Fe-45] sub-cluster. The strong
coupling between both parts of the H-cluster, which in H,,-CQ is around five times stronger thanin
Hox causes & change in the spin distribution also over the diiron sub-cluster and this is why we

observe subtle changes in the FTIR spectra.

SO

137



1967
IAA =0.01
“CO
1991
1929

“CO 1981 (1921

dark
@ AN
c
©
£
§ 13CO
© 25h

iIIuminatiory\

1968 1923
"co 1918 1768
45h 751
iIIuminationj\ J Rgfj

2150 2100 2050 2000 1950 1900 1850 1800 1750

wavenumber [cm™]

Figure S9. Selected FTIR spectra of CrHydA1(adt) exposed to 2o, or exposed to €0 in the dark, and with >CO followed
by illumination for 2.5 and 4.5 hours. The grey lines mark band positions that do not change during the treatment. All
samples were prepared under reductive conditions using 2 mM (BCO spectra) or 7 mM (uCO spectrum and Bco
spectrum prepared in dark) sodium dithionite.
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SPIN COUNTING

To follow the conversion of unmaturated CrHydA1 to CrHydA1(pdt) the EPR spectra of three
preparations were compared (see Figure 510): unmaturated CrHydA1 reduced with 10 mM sodium
dithionite showing the reduced [4Fe-4S]" cluster, CrHydA1(pdt) reduced with 10 mM sodium
dithionite which also showed a reduced [4Fe-4S]" cluster, and CrHydA1(pdt) oxidized with thionine
giving rise to an H,,-like EPR signal. These samples were also analyzed by FTIR to verify the redox
state of the H-cluster. The EPR spectra originating from CrHydA1%* and reduced CrHydA1(pdt) show
identical signals characteristic for the reduced [4Fe-4S]" cluster of the unmaturated enzyme.
Comparing the double integral of these signals against a Cu(ll) standard revealed that around 20% of
CrHycl.'-\lAEFG contained a [4Fe-4S]" cluster and 40% of that fraction was converted into reduced
CrHydA1(pdt) which is EPR silent. The double integral of the oxidized CrHydA1(pdt) EPR spectrum
confirmed that all CrHydA1(pdt) can be oxidized (see table S1).

g value

22 2.1 2.0 1.9 1.8 1.7

—— CrHydA1™
——— CrHydA1(pdt) reduced
—— CrHydA1(pdt) oxidized

EPR amplitude

3.20 35!0 3:10 3%0 360 3'}0 3é0 3530 4l.)0
Field [mT]

Figure $10. X-band cw EPR spectra of 450 pM CrHydA1 containing only the [4Fe-4S] cluster (red) and with inserted pdt
complex in the reduced (415 puM) (blue) and oxidized (340 uM) (black) form. Spectra were measured at T = 10 K with
0.75 mT modulation amplitude, 100 kHz modulation frequency, 40.96 ms time constant and 200 pW (30 dB) or 12.6 pW
(42 dB) microwave power for samples characterized by signals from the [4Fe-4S]" cluster (top) and the binuclear site
(bottom), respectively.

. Fraction of the protein containing:
Number of spins
Sample or brotein no cluster [4Fe-45] cluster [4Fe-4S]FeFe
PP hybrid
CrHydA1™ 0.19£0.02 81% + 2% 19% + 2% -
reduced
+ o7 + 96, 9% + 99 o 4 90
CrHydA1(pdt) 0.12 £0.02 81% + 2% 12% + 2% 7% + 2%
oxidized
+ o 4 90, o/ + 90 o + 99
CrHydA1(pdt) 0.08 £ 0.02 81% + 2% 11% + 2% 8% + 2%

Table S1. Spin counting results compared with Cu(ll) standard and assigned fractional composition of the samples.
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I. Abstract
Hydrogenases are enzymes which catalyze the oxidation of H, as well as the

reduction of protons to form H,. The active site of [FeFe] hydrogenase is referred to as the
“H-cluster” and consists of a “classical” [4Fe-4S] cluster connected via a bridging cysteine
thiol group to a unique [2Fe]y sub-cluster, containing CN" and CO ligands as well as a
bidentate azadithiolate ligand. It has been recently shown that the biomimetic
[Fe,(adt)(CO)4(CN),]* (adt® = azadithiolate) complex resembling the diiron sub-cluster can
be inserted in vitro into the apo-protein of [FeFe] hydrogenase, which contains only the
[4Fe-4S] part of the H-cluster, resulting in a fully active enzyme. This synthetic tool allows
convenient incorporation of a variety of diiron mimics thus generating hydrogenases with
artificial active sites. [FeFe] hydrogenase from Chlamydomonas reinhardtii maturated with
the biomimetic complex [Fez(pdt)(CO)4(CN)2]2' (pdtz' = propanedithiolate), in which the
bridging adt” ligand is replaced by pdtz' can be stabilized in a state strongly resembling the
active oxidized (Hox) state of the native protein. This state is EPR active and the signal

originates from the mixed valence Fe'Fe" state of the diiron sub-cluster. Taking advantage of

141



the variant with °N and *3C isotope labeled CN’ ligands we performed HYSCORE and ENDOR
studies on this hybrid protein. The B¢ hyperfine couplings originating from both CN ligands
were determined and assigned. Only the >N coupling from the CN’ ligand bound to the
terminal iron was observed. Detailed orientation selective ENDOR and HYSCORE
experiments at multiple field positions enabled the extraction of accurate data for the
relative orientations of the nitrogen and carbon hyperfine tensors. These data are
consistent with the crystal structure assuming a g-tensor orientation following the local

symmetry of the binuclear sub-cluster.

Il. Introduction

Over the last few decades, the growing interest in renewable energy technologies
has stimulated research on biotechnological hydrogen production using microorganisms™®.
A wide range of microorganisms from archaea, bacteria to some eukaryotes use
metalloenzymes called hydrogenases as a part of their energy metabolism™*.
Hydrogenases catalyze the reversible conversion of molecular hydrogen into two protons
and two electrons. The hydrogenases can be classified into three groups, according to the
metal composition of their active site: [NiFe] hydrogenases with the subgroup of [NiFeSe]

hydrogenases, [FeFe] hydrogenases and [Fe] hydrogenasesg’m. The [FeFe] hydrogenases

11,12

were found to be the most active for hydrogen production in vivo™™"*. The quite unique

29,13-16 I

active site of these enzymes is highly conserved, and referred to as the “H-cluster t

contains a typical [4Fe-4S]y cluster which is coupled by one of its coordinating cysteine side

9,13-16

groups to a unique binuclear sub-cluster [2Fe]y shown in figure 1 . The low oxidation

state of the iron atoms in the binuclear sub-cluster are stabilized by CN” and CO ligands™*’.

In addition, a bidentate dithiol ligand bridges the two iron centers. For many years the

nature of the central atom of this ligand was strongly debated, since it could not be

13,14,16,18

uniquely identified in the crystal structure . Soon, however, based on structural and

mechanistic arguments an amine function was proposed13. This proposal was later

19,20

experimentally supported by pulsed EPR data™“". In recent studies it was shown that it is

possible to insert various biomimetic complexes into unmaturated [FeFe] hydrogenase that

21,22

contains only the [4Fe-4S]y part of the H-cluster*““. It was shown that the enzyme was fully

activated only when the biomimic complex [Fe,(adt)(CO)4(CN),]* (adt® = azadithiolate)
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containing the amine group in the dithiolate bridging ligand (adt®) was inserted, whereas

those activated with complexes containing other dithiolate ligands showed very little or no

21-23

activity” ", Spectroscopic characterization of this “hybrid” enzyme showed it to be

indistinguishable from the native one?,

NH CH,
MFMS]\ (( H,, CO [4Fe'4S]\ Kf
S &4 ,,,S N S 5 :,S
Cys \‘Fép/ '%F-ed/ Cys \ng/ '%F-ed
® e N oo ®oef N o
NC 5 CN NC 5 ©N
CrHydA1(adt) CrHydA1(pdt)

Figure 1. Schematic representation of the structure of the H-cluster of artificially maturated [FeFe] hydrogenase from C.
reinhardtii with natural CrHydA1(adt) and the non-natural CrHydA1(pdt) binuclear sub-site.

The H-cluster of the isolated native enzyme usually exists as a mixture of redox
states that have been identified and spectroscopically characterized®. The oxidized active
state Hoy is characterized by a mixed valence configuration of the [2Fe], sub-cluster (Fe'Fe"),
while the [4Fe-4S]y sub-cluster is in the oxidized 2+ state (2Fe"2Fe"')9’17’25. The iron atoms in
the [2Fe]y sub-cluster are in a low spin state and exhibit a characteristic rhombic S=1/2 EPR
signal9’25. This state can be inhibited by external CO, generating the Ho-CO state, which is
electronically very similar to Hoy but shows an axial EPR signal®. This signal is often present
in [FeFe] hydrogenase preparations due to the so-called “cannibalization process” in which
the CO ligands from light or oxygen damaged H-clusters are released and captured by H-
clusters that are still intact®**%%%,

In the algal [FeFe] hydrogenase from Chlamydomonas reinhardtii (CrHydA1), upon
two fully reversible one electron reductions H,, is converted first to the active reduced state
H:eq and then to the “super reduced” active state Hsredzg. It was recently shown that the Ho,-
CO state can also be reversibly reduced to the CO inhibited reduced state H:.q¢-CO which
upon subsequent reversible one electron reduction (accompanied with CO dissociation)
yields the Hgeq state®. This state is paramagnetic and gives a signal characteristic for a
reduced [4Fe-4S]* cluster while both iron atoms in the [2Fe]y sub-cluster are
antiferromagnetically coupled in an Fe'Fe' (S = 0) configuration®.

The electronic structure of Hyx and Hy-CO have previously been the subject of

9,19,25-28,30-35
. Th

intensive investigation e °’Fe hyperfine interactions indicate that the spin
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density distribution over the H-cluster drastically changes upon conversion from Hgy to Hox-
CO%. In the Ho state, the unpaired spin density is more or less equally distributed over both
iron atoms in the [2Fe]y sub-cluster, while in the Ho-CO state most of spin density is shifted
towards the proximal iron. The formally diamagnetic [4Fe-4S]4*" sub-cluster has a strong
influence on the electronic structure of the binuclear sub-cluster because in model
complexes in which the cubane sub-cluster is lacking, the spin distribution clearly deviates

25323638 By studying °C labeled CO ligands and

from what is found in the native system
signals from N in the CN™ ligands it was found that in the Ho,-CO state the spin density is
largely distributed over the CO ligands while almost no spin density was detected on the CN”
Iigands33. A different situation was observed in the Hy, state. **N ESEEM studies showed a
very rich pattern of hyperfine couplings that was assigned to the nitrogen from the CN
ligand bound to the distal iron, the nitrogen in the dithiolate bridge and the nitrogen of the

side chain of the lysine hydrogen bonded to the distal CN Iiganda'g’19

. No spin density was
found for the CN" ligand bound to the proximal iron.

In a recent study it was shown that CrHydA1 maturated with the biomimic complex
[Fez(pdt)(CO)4(CN)2]2' (pdtz' = propanedithiolate) (referred as pdt complex) containing a CH,
group in the dithiolate bridge affords an almost inactive hybrid enzyme CrHydA1(pdt) that
can be stabilized in two redox states (oxidized and reduced)23’24. FTIR and EPR studies
showed that the oxidized form of CrHydA1(pdt) is almost identical to the native Ho state. It
is therefore concluded that the [2Fe]y sub-cluster (Fe'Fe”) is in the mixed valence
configuration, while the [4Fe-4S]y sub-cluster is oxidized (2+). It was suggested that
reduction takes place in the [4Fe-4S]y sub-cluster and due to strong exchange coupling
within the H-cluster this state is EPR silent. No other states (including Hy-CO) were
observed for this hybrid.

In the present study, we confirm through detailed EPR studies that oxidized
CrHydA1(pdt) can be used as a good structural and electronic model system for the native
Hox state. As discussed below the pdt analog offers multiple advantages: (i) straightforward
synthesis and stability of the pdt complex; (ii) the possibility to obtain a pure redox state for
the reconstituted enzyme, thus facilitating spectroscopic characterization. To obtain
additional information about the spin density distribution over the CN™ ligands we
synthesized B¢ and N labeled pdt complex and performed HYSCORE and ENDOR

experiments on the labeled H-cluster of the reconstituted hydrogenase.
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IIl. Materials and methods

Sample preparation

All chemicals used were purchased from Sigma-Aldrich and used as received unless
otherwise stated. Solvents were freshly distilled under an inert atmosphere of argon from
an appropriate drying agent. FTIR spectra of synthetic complexes were recorded on a Perkin
Elmer Spectrum-100 spectrometer via a thin film solution. Fe,(pdt)(CO)s and

40,41 .
> while

[Et4N],[Fe,(pdt)(CO)4(CN),] were prepared according to literature procedures
[EtaN]2[Fea(pdt)(CO)s(**CN),] and [EtsN]y[Fe,(pdt)(CO)s(C°N),] were prepared by modified
literature procedures as described below.

[EtaN]2[Fe;(pdt)(CO)s(°CN);]

Fe,(pdt)(CO)s (0.15 g, 0.40 mmol) was dissolved in MeCN (10 ml) and added via
cannula to a solution of [K][**CN] (0.05 g, 0.80 mmol) in MeOH (5 ml) under argon. The
reaction mixture was stirred for 2 hours at room temperature to give a dark red solution.
[Et4N][Br] (0.20 g, 0.95 mmol) dissolved in MeCN (10 ml) was added to the reaction mixture,
which was allowed to stir for an additional hour. The solvent was removed under reduced
pressure to give a dark red solid. This was dissolved in acetone (10 ml) and filtered via
cannula to give a dark red filtrate. The solution was mixed with EtOAc (20 ml) and cooled to
-26 °C to give [Et4N]2[Fez(pdt)(CO)4(l3CN)2] as a deep red crystalline solid (0.18 g, 72%)
Vmax/CM * (acetonitrile) 2032 (**CN), 1963, 1922, 1885, 1871 (sh) (CO).
[EtaN]2[Fe;(pdt)(CO)s(CN);]

Fe,(pdt)(CO)s (0.07 g, 0.20 mmol) was dissolved in MeCN (5 ml) and added via
cannula to a solution of [K][C**N] (0.03 g, 0.40 mmol) in MeOH (2 ml) under argon. The
reaction mixture was stirred for 2 hours at room temperature to give a dark red solution.
[EtsN][Br] (0.10 g, 0.50 mmol) dissolved in MeCN (5 ml) was added to the reaction mixture,
which was allowed to stir for an additional hour. The solvent was removed under reduced
pressure to give a dark red solid. This was dissolved in acetone (5 ml) and filtered via
cannula to give a dark red filtrate. The solution was mixed with EtOAc (10 ml) and cooled to
-26 °C to give [EtsN];[Fe,(pdt)(CO)s(C°N),] as a deep red crystalline solid (0.08 g, 65%)
Vma/cm™ (acetonitrile) 2046 (C*°N), 1963, 1922, 1884, 1871 (sh) (CO).
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Enzyme maturation
Unmaturated CrHydAl containing only the [4Fe-4S] cluster was expressed and

isolated from Escherichia coli as described earlier?*

. Active [FeFe] hydrogenase was
obtained through direct insertion of the binuclear sub-site complex as described
previously®>?3. CrHydA1(pdt) was prepared in 25 mM Tris/HCl, pH 8.0, 25 mM KCl. Samples
were oxidized by stepwise titration with thionine monitored by FTIR. All manipulations and

treatments were done under strict anaerobic conditions.

FTIR measurements

Fourier transform infrared (FTIR) measurements were carried out using a Bruker IFS
66v/s FTIR spectrometer equipped with a nitrogen cooled Bruker mercury cadmium
telluride (MCT) detector. The spectra were accumulated in the double-sided, forward-
backward mode with 1000 scans (14 minutes) and a resolution of 2 cm™ at 15 °C. Data
processing was facilitated by home written routines in the MATLAB™ programming

environment.

EPR measurements

Field swept X- and Q-band EPR spectra were recorded in the pulsed mode using FID
detection after a 1us 1/2 excitation pulse. After a pseudomodulation transformation, the
spectra obtained in this way are comparable to those using CW EPR®.

Electron nuclear double resonance (ENDOR) was used to study the *C hyperfine
interactions. In this investigation the Davies ENDOR sequence was used: [m]-tq:-[RF]-tgs-
[1/2]-t-[r]-t-(ESE)***°. The excitation of nuclear spin transitions is detectable through an
increase in the inverted ESE intensity. The microwave preparation pulse was set to 140 ns
whereas the length of the radiofrequency (RF) pulse was adjusted through an RF nutation
experiment in order to maximize the ENDOR effect.

Hyperfine sublevel correlation spectroscopy (HYSCORE) experiments were
performed, to extract the °N and **N hyperfine interactions, using the standard HYSCORE

45-47

pulse sequence: [r/2]-t-[r/2]-t1-[m]-t,-[1t/2]-T-(ESE)™™". The length of the microwave [r/2]
and [rt] pulses was adjusted to the maximum available microwave power (1kW). The delay

between the first two pulses (t) was adjusted in order to avoid “blind spots” in the
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important spectral regions using a series of three pulse ESEEM experiments as a function of
7. The starting t; and t, delays in all measurements were 100 ns. To suppress the effect of
unwanted echoes, a four step phase cycling of the microwave pulses was used.

X-band measurements were performed on a Bruker ELEXYS E-580 X-band
spectrometer with a SuperX-FT microwave bridge and a Bruker ER EN4118X-MD4 ENDOR
dielectric resonator. Cryogenic temperatures (10-20 K) were obtained by an Oxford CF935
flow cryostat. ENDOR experiments were performed using random (stochastic) acquisition
technique and making use of a 500W ENI 5100 L RF amplifier.

Q-band experiments were performed on a Bruker ELEXYS E580 spectrometer with a
SuperQ-FT microwave bridge and a home built resonator described earlier®®, Cryogenic
temperatures (10-20 K) were obtained by an Oxford CF935 flow cryostat. ENDOR
experiments were performed using random (stochastic) acquisition technique making use of
a 300W ENI 300 L RF amplifier. A Trilithic™ H4LE35-3-AA-R high-power low pass filter (cut
off frequency around 35 MHz) was used to suppress the “harmonics” of the 'H ENDOR

signals.

Data analysis and simulation
The simulations of the EPR, ENDOR and HYSCORE spectra were based on the spin

Hamiltonian approach
Hy :ﬂeﬁo'g'g—zgﬁﬂnﬁo 'I_l>+Z§'Ai'I_;+ZI_;'Pi'ii
i i i

where £, is the Bohr magneton, B the nuclear magneton, g4, the g-factor of the ith
nucleus and g represents the electronic g-tensor, §0 the magnetic field vector, S the
effective spin vector, I_; nuclear spin vector, A; the hyperfine tensor, P; the nuclear
guadrupole tensor and the sum runs over all nuclei (i) interacting with the unpaired
electron spin. The first and the second terms represent the electron and nuclear Zeeman
effects. The third term represents the hyperfine interaction of the unpaired electron with
the nuclear spins and the last term represents the quadrupole coupling. The last term was

used in the simulations only for **N nuclei where I1=1. The quadrupole tensor P; is traceless

and its principal values can be rewritten in the following way:

e?qQ
[P B Bl = imn [ =, —( + ), 2]
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Py—Py
Py

with

In this work we will use the two parameters: K = and =

|P,| = |P,| = |P;| and 0 < 57 < 1 to characterize the quadrupole coupling.

All the simulations were performed in the EasySpin based program written in
MATLAB™ environment*®. ENDOR spectra were simulated using the “salt” routine and the
frequency domain calculations of HYSCORE spectra were simulated using the “saffron”
routine. Signals corresponding to the different nuclei were simulated separately in order to
reduce computing time.

The orientations of the hyperfine and quadrupole tensors are presented with
respect to the principal axes of the electronic g-tensor using Euler angels. In the convention
used in EasySpin the first rotation is by angle a along the z axis, the second by angle 3
around the new y’ axis and the third by angle y around the new z” axis*. The geometric
details e.g. distances and angles for the [2Fe] sub-cluster used for the g-tensor orientation
within the H-cluster molecular structure were extracted from the X-ray crystal data using

the Pymol software.

IV. Results

FTIR of reduced and oxidized CrHydA1(pdt)

Figure 2 shows the FTIR spectra obtained for CrHydA1 with inserted labeled and
non-labeled [Fez(pdt)(CO)4(CN)2]2' complexes in the reduced (“as obtained”) and thionine
oxidized states. Each spectrum contains only one component indicating that the
preparations represent pure states and do not contain residual unbound
[Fez(pdt)(CO)4(CN)2]2' complexes in solution. The IR band positions in the spectra obtained

21,22,24
. Upon

for non-labeled CrHydA1(pdt) are in agreement with previously reported data
labeling the CN' ligands of the pdt complexes the IR bands originating from the CO ligands
are not affected while the ones originating from CN’ vibrations are shifted by 29-31 cm™

upon N exchange and 43-46 cm™ upon B¢ exchange.
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Figure 2. Normalized FTIR spectra recorded for CrHydA1(pdt) containing non-labeled and two labeled pdt complexes in
the reduced and oxidized states measured in 15°C. In the labeled complexes either N or C was labeled. All samples were
prepared in 25 mM Tris/HCI, pH 8.0, 25 mM KCI. Oxidized samples also contained thionine.

The EPR spectrum obtained for oxidized non-labeled CrHydA1(pdt) shows a pure
state characterized by a rhombic signal virtually identical to the one obtained for native Hey
(see supplementary information). The obtained g-values 2.093, 2.038 and 1.996, are in
agreement with previously reported data on CrHydA1(pdt)*.

It has been shown previously using °’Fe ENDOR that for the native H-cluster in the
Hox state the spin density is delocalized over both iron atoms in the binuclear sub-cluster®.
Additional information about the electronic structure can be obtained by investigating the
distribution of the unpaired spin density over the ligands of the binuclear sub-cluster. In
particular, the CN ligands are of great interest and previously controlled isotope labeling of

these ligands was not easily obtained®"*2.

13C interaction of the CN’ ligands

The effect of *C labeling of the CN" ligands is readily evident in the X-band EPR
spectra where a splitting of all three g-components is easily observed (see figure 3A). In the
Q-band EPR spectra this B¢ hyperfine splitting is, however, washed out due to the
increased line broadening. The X-band EPR spectra already allow an estimation of the **C
hyperfine coupling with principal values in the range of 21-29 MHz (depending on the g

position) suggesting one strongly coupled *3C. More accurate values of this coupling can be
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obtained using ENDOR spectroscopy. Moreover, this technique also allows for the
identification of much weaker couplings that are not resolved in the EPR of B3CN labeled
CrHydA1(pdt).

The most prominent signal in the X-band Davies ENDOR spectra (see figure 3B)
recorded at the three canonical positions is centered at 14.5 MHz and is also present in the
non-enriched sample (see supplementary information). This H ENDOR signal with
maximum splitting of 3.5 MHz is very similar to the one obtained for native Hox and was
assigned to the B-protons of the cysteine ligands coordinating the [4Fe-4S], sub-cluster®’. At
this point, a full analysis of this signal is not possible due to the overlap of contributions
from at least eight different protons. The observation of this 'H signal, however, confirms
that the electronic structure of Ho, in CrHydA1(pdt) is virtually identical to that of native Hyy
in which part of the spin density is delocalized on the [4Fe-4S]y sub-cluster.

In the X-band Davies ENDOR spectra (see figure 3B) two additional signals around
and partially overlapping with the 'H ENDOR signal are observed, which are split by twice
the Larmor frequency of B3¢C. The position of these signals at half the hyperfine interaction
of the strongly coupled carbon nucleus is consistent with the splitting observed in the X-
band pseudomodulated FID detected EPR spectrum (see figure 3A). However, it is not
possible to simulate the spectra with high accuracy due to the large linewidth of these
signals and their partial overlap with the 'H ENDOR signals. At low frequency the ENDOR
spectra in figure 3B show another very sharp line around 6 MHz. This signal can be assigned
to the weakly coupled *3C of the second CN” ligand. The low frequency line belonging to this
doublet will fall below 1.5 MHz and cannot be detected due to the low sensitivity of the

Davies ENDOR method in this frequency range.
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Figure 3. EPR and ENDOR spectra recorded for oxidized CrHydA1(pdt) with 13¢C labeled CN' ligands at 15 K including
simulations. A) First derivative of X-band FID detected EPR spectra, microwave pulse length 1 ps, shot repetition time 2
ns, microwave frequency 9.715 GHz. The field positions at which the ENDOR spectra were recorded are marked a) to e).
B) X-band Davies ENDOR spectra recorded with an RF pulse of 20 ps, shot repetition time 2 ps, microwave frequency
9.716 GHz, field positions: a) 330.9 mT (g,), ¢) 339.7 mT (g,), e) 346.8 mT (g;). C) Q-band Davies ENDOR spectra recorded
with an RF pulse of 20 s, shot repetition time 2 ps, microwave frequency 33.921 GHz, field positions: a) 1158.2 mT (g;),
b) 1176.65 mT c) 1189.3 mT (g,), d) 1195.1 mT e) 1213.6 mT (g3). The black line represents experimental data and the red
line the sum of the simulations. The assignment of the hyperfine splittings is indicated above the figure. The X-band FID
detected EPR and Davies ENDOR spectra were simulated using the hyperfine values determined from the Q-band Davies
ENDOR spectra.

Complementary information can be obtained from the Q-band Davies ENDOR
spectra, which were measured at five field positions and are presented in figure 3C. Here,
only the high frequency transition of the *C doublet assigned to the strongly coupled
cyanide ligand is visible and now appears around 27 MHz. Due to the better orientation
selection and higher sensitivity at Q-band, the spectral resolution is enhanced as compared

to the X-band ENDOR spectra. Both ENDOR signals assigned to the weakly coupled *3C are
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observable and can be simulated very accurately. Table 1 shows all obtained parameters,

which were also used to simulate the spectra presented in figure 3.

Table 1. Principal values of the 3¢ hyperfine tensor of the CN' ligands of the oxidized CrHydA1(pdt).

A; (MHz)  A;(MHz) A3 (MHz) Ay, (MH2) a (°) B(°) 7 (°)
Aic  5.52(0.05) 5.52(0.05) 4.55(0.05) 5.2 0 (10) 0(10) 0(10)
Asc 30(0.5) 285(0.5) 22.7(05) 271 0(10)  119(10) 46 (10)

The signs of the hyperfine couplings cannot be determined. Numbers in parenthesis are uncertainties.

Both hyperfine tensors have an axial or nearly axial character but A,c(iso) is around
five times larger than A;c(iso), which indicates a substantial difference in the spin density
distribution over the two CN’ ligands. By virtue of the well resolved BC-ENDOR lineshapes
for the strongly coupled A,c, (see figure 3C), the relative orientation of A,c with respect to
the g-tensor could be determined with high precision (table 1). The Euler angles of the
hyperfine interaction tensor A,c in the g-tensor axis frame are remarkably similar to the
orientation of the Fe-CN bond relative to the Fe-Fe vector extracted from the X-ray crystal
structures of Cpl and DdH (see figure 4). As discussed below, assuming A, is oriented along
the Fe-CN bond, this information can be used to make proposals concerning the g-tensor

orientation within the H-cluster.

A . B

Figure 4. The H-cluster according to the X-ray structures obtained for Cpl (A) and DdH (B) with marked angles between
the Fe-Fe vector and the Fe-C(N) bond (red) and between the Fe-C(N) and Fe-C(O) bonds (blue)”’ls.

>N interaction of the CN’ ligands

The N hyperfine couplings were previously obtained for DdH in the Hoy state and

can be used to compare the oxidized CrHydAl(pdt) system to the native one®. The
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obtained HYSCORE spectra of DdH in the H, state were very crowded due to the
contributions of three **N nuclei with different guadrupole interactions. In the DdH study
these three N signals were assigned to the distal CN’, the adt amine group and the
coordinating Lys amine®®. The N labeled CrHydA1(pdt) hybrid protein offers a substantial
simplification with respect to the CrHydA1(adt). Since the bridging amine is lacking and both

CN ligands are enriched with >N, HYSCORE spectra are much easier to interpret.
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Figure 5. X-band and Q-band HYSCORE spectra recorded for oxidized CrHydA1(pdt) with >N labeled CN’ ligands at 20 K.
Simulations are indicated in color (green). Left: X-band HYSCORE spectra recorded with t; and t, step 16 ns, shot
repetition time 500 us, microwave frequency 9.709 GHz, delay between two first microwave pulses (t) 180 ns, length of
microwave pulses (1/2) 8 ns and field positions (from the top) (g,) 330.6 mT, (g,) 339.5 mT, (g3) 346.5 mT. Right: Q-band
HYSCORE spectra recorded with t; and t, step 16 ns, shot repetition time 500 ps, microwave frequency 33.879 GHz,
delay between two first microwave pulses (7) 268 ns, length of microwave pulses (1t/2) 16 ns and field positions (from
the top) (g,) 1156.9 mT, (g,) 1187.7 mT, (g3) 1212.5 mT. All the spectra were simulated using parameters from table 2
and are presented in green overlaid to experimental results.

Figure 5 shows the CrHydA1(pdt)-C*>N orientation selective HYSCORE spectra at X
and Q-band overlaid with their simulations. The hyperfine simulation parameters are
presented in table 2. In general, in the HYSCORE spectra crosspeaks originating from nuclei
with weak hyperfine couplings (|vn|>|A/2|) appear in the (++) quadrant, and spectral features
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associated with strong hyperfine couplings (|vn|<|A/2|) show up in the (-+) quadrant. While
X-band HYSCORE signals occur in both (++) and (-+) quadrants of the 2D pattern, the Q-band
HYSCORE spectra show only contributions in the (++) quadrant. This already allows the
conclusion that the N hyperfine principal values are in the range of twice the Larmor

frequency at X-band (i.e. around 1.5 MHz)*.

Table 2. Principal values of the N hyperfine tensor of the CN’ ligands of the oxidized CrHydA1(pdt).

A: (MHz) A; (MHz) A; (MHz)  Ais (MH2) a(°) B v ()

-1.3(0.2) -1.1(0.2) 6.2(0.2) 1.3 0 (10) 50 (10) 90 (10)

The signs of the hyperfine couplings cannot be determined. Numbers in parenthesis are uncertainties.

Although both CN’ ligands are labeled with >N only one >N contribution is observed
in the HYSCORE spectra. It is reasonable to assign this nitrogen to the CN’ ligand in which we
observed the strongly coupled **C. Assuming that the isotropic hyperfine interaction of **C
in a CN™ ligand is a reflection of the spin density at that ligand, the spin density ratio
between the two CN" ligands is larger by a factor of 5. If the same ratio would apply to the
nitrogen nuclei of the CN" ligands the corresponding e\ coupling of the “weakly coupled”
ligand is expected to be ~0.25 MHz and this would be too small to be detectable.

The hyperfine tensor obtained for N also has a nearly axial character. Interestingly,
the orientation of the hyperfine tensor obtained for N is different from the one obtained
for the strongly coupled B3¢C. The X-ray crystal structure indicates that both nitrogen atoms
create hydrogen bonds with surrounding amino acids. The nitrogen in the CN" ligand bound
to the distal iron atom can create three hydrogen bonds. It is shown in figure 6 that the
distances and angles between this CN’ ligand and the hydrogen bonds formed with Lys, Pro,
Gln or lle (for Cpl and DdH, respectively) are very similar in both structures. The related
angles are in the range from 99° to 139°. Evaluation of the relative angles between the N
and *C hyperfine tensors (see supplementary information) would suggest that the z axis of
the N hyperfine tensor should be aligned along one of the hydrogen bonds, or at least is
strongly affected by the presence of multiple hydrogen bonds in which the CN™ nitrogen

takes part.
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Figure 6. The H-cluster from the X-ray structures obtained for Cpl (A) and DdH (B) with marked angles between CN
ligand and the H-bond donor in lysine (red), proline (violet) and glutamine or isoleucine (green), respectively”’ls. In
black are marked distances in A between nitrogen atoms.

N Hyperfine and quadrupole coupling of the CN” ligand

The N hyperfine interactions of the distal CN™ ligand determined in the previous
section can now be used to assess the signals from the naturally abundant **N CN’ signals of
CrHydA1(pdt). X- and Q-band field dependent HYSCORE spectra measured at g; and g, for
DdH [FeFe] hydrogenase in the H,, state have been previously reportedlg, therefore to
allow for the direct comparison of the results for oxidized CrHydA1(pdt) with native Hox DdH
studies with identical experimental settings were used. The obtained spectra are hardly
distinguishable from the previously published data (see supplementary information). This
demonstrates that after incorporation into the apo-protein of [FeFe] hydrogenase the
modified pdt complex is “assembled” in the same way as the native H-cluster. Moreover the
active site in [FeFe] hydrogenases from algae and bacteria are virtually identical.

For the sample containing native [FeFe] hydrogenases prepared in the H,, state it is
very common that EPR spectra contain an additional component originating from the H,-
CO state. The additional signal rather strongly overlaps with the high field part of the Hoy
spectrum, especially with the gs position, and significantly hinders or precludes assignment
of the signal components in the HYSCORE spectra measured at this field. For oxidized
CrHydA1(pdt) we can take advantage of the fact that no additional, overlapping signals are
present. The N HYSCORE spectrum measured at the field position corresponding to g;
shows a very rich, informative pattern. The obtained X-band and Q-band HYSCORE spectra

together with their simulation are presented in figure 7.
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Figure 7. X-band and Q-band HYSCORE spectra measured for oxidized CrHydA1(pdt) at 20 K. Simulations are indicated in
color (green). Left: X-band HYSCORE spectra recorded with t; and t, step 16 ns, shot repetition time 500 ps, microwave
frequency 9.717 GHz, delay between two first microwave pulses (t) 180 ns, length of microwave pulses (r/2) 8 ns and
field positions (from the top) (g,) 330.8 mT, (g,) 339.9 mT, (g3) 346.9 mT. Right: Q-band HYSCORE spectra recorded with
t; and t; step 16 ns, shot repetition time 500 pus, microwave frequency 33.867 GHz, delay between two first microwave
pulses (1) 268 ns, length of microwave pulses (1t/2) 16 ns and field positions (from the top) (g,) 1187.4 mT, (g;) 1212.1
mT. All the spectra were simulated using parameters from table 3 and are presented in green and overlaid to the
experimental results.

The N HYSCORE features are dominated by the nuclear quadrupole interaction,
which strongly depends on the ligand surrounding. For the **N from CN the quadrupole
parameter K lies in the range between 0.7 and 1.0 MHz. The **N hyperfine parameters are
much more difficult to extract from the HYSCORE spectra. Therefore, we used the scaled
hyperfine values obtained from the N HYSCORE experiments (table 2) and included
previously reported quadrupole parameters as starting values in our simulations, only
changing the orientation of the quadrupole tensor. The resulting simulation parameters are
presented in table 3 and the corresponding spectra are overlaid on the experimental data as

shown in figure 7. Both single and double quantum HYSCORE features are represented very
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well by the simulations. The obtained quadrupole parameters K and n are in agreement
with previously obtained values for the CN™ ligands in DdH hydrogenase as well as an
inorganic [2Fe]y model complex'®*3. The N nuclear quadrupole interaction Euler angles,
however, deviate from the previously estimated value for DdH in H,. This could be due to
inaccuracies in the determination of the Euler angles for DdH which had to be extracted
from three overlapping **N HYSCORE patternslg. Interestingly, the CN” **N quadrupole
tensor seems to be aligned with the *3C hyperfine tensor (table 1 and 3). This would support
the assumption that the z-axes of both the *N quadrupole and **C hyperfine tensors are

aligned along the Fe-CNq4 bond (see below).

Table 3. Principal values of the N hyperfine and quadrupole tensors of the oxidized CrHydA1(pdt) and previously
assigned to CNy in H,, DdH and in a model complexm’s"’.

Hyperfine coupling

A:(MHz) Ay (MHz) A3 (MHz) Ay (MHZ) o (°) B (°) v (°)

-0.9(0.2) -0.8(0.2) 4.4(0.2) 0.9 0(10) 50(10) 90 (10) pdt

1.5(0.4) 3.8(0.2) -0.4(0.2) 1.5 41(10)  24(10) 0(10)  HeDAH™
0.86 3.00 1.04 1.63 - - - model*

Quadrupole coupling

K (MHz) n () () v (°)
0.9 (0.03) 0.34 (0.02) 0(10)  119(10)  46(10) pdt
0.95 (0.03) 0.34 (0.02) -26 (10) 24 (10) 0(10)  HoDdH™
0.91 0.00 - - - model”*

The signs of the hyperfine couplings have not been determined. Numbers in parenthesis are uncertainties.

V. Discussion
Spin density distribution

It was found previously that in the native Hoy state of the H-cluster the spin density is
distributed over both iron atoms in the [2Fe]y sub-cluster®. Our current results on oxidized
CrHydA1(pdt) show that the modified active site in this hybrid protein basically shows the
same electronic structure. The ENDOR signal from the weakly coupled B-protons of the
cysteines that coordinate the [4Fe-4S]y sub-cluster is identical for CrHydA1(pdt) and DdH
(wild type) (figure S5 in supplementary information) suggesting that the same intercluster

exchange interaction occurs in both proteins.
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.>2, the [FeFe] hydrogenase from Cpl was generated in

In recent work by Myers et a
vitro using the maturases HydE, HydF and HydG in combination with B¢ and °N labeled
tyrosine as substrate for HydG. Analogous to our current work, the CN" ligands of the H-
cluster were isotopically labeled with B3¢ and PN, and the signals from two CN’ B¢ nuclei
and one from >N were observed. The same large difference in the spin density distribution
over both carbons was found (=5:1) and the signal from the nitrogen was assigned to the
CN’ ligand in which we observed the strongly coupled B3¢ The N HYSCORE spectra
obtained for oxidized CrHydAl(pdt) strongly resembles previously reported spectra for
native Hoy in DAH. In this work, supported by DFT calculations, the **N signal was assigned
to the CN™ ligand bound to the distal iron atom®. Although the *’Fe hyperfine couplings
indicate an almost equal spin distribution between the two irons in the bi-nuclear sub-
cluster, apparently, the electronic structure is strongly affected by the protein environment
and the inter-cluster exchange interaction between the [2Fe]y and [4Fe-4S]y cluster which
causes the spin density distribution between the two CN' ligands to be shifted towards the
distal CN"*>.

Due to the absence of the adt® bridging amine in oxidized CrHydA1(pdt), the N
HYSCORE spectra are substantially simplified as compared to the situation for the native Hyy
state in DdH where three "N signals are observed (CN’, adt, and Lys)19. Since the
surrounding of the H-cluster is highly conserved one would expect to observe the same Lys
YN contributions as in the native DdH H,, state. However, in the spectra obtained for the
protein labeled with [Fe,(pdt)(CO)4(C*°N),]* no signals originating from natural abundance
“N(Lys) were present. The HYSCORE spectra obtained for non-labeled oxidized
CrHydA1(pdt) could be simulated with parameters describing only one component. The
reported hyperfine coupling for the lysine in DdH is very small (A, = 0.57 MHz)19. It is
possible that this signal is overlapping with signals originating from the CN" ligand, but this is
rather unlikely. Since there may be small differences in structure between the algal
hydrogenase used in this study and the bacterial DdH enzyme used in the work of Silakov et
al."®, one can also speculate that less spin density is delocalized towards the Lys in CrHydA1

and the *N(Lys) hyperfine coupling can no longer be observed.
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Orientation of the g tensor within the H-cluster
Unfortunately, up to now, the DFT studies on the H-cluster were not successful in
predicting the magnetic resonance properties of the iron core (g-tensor and >’Fe hyperfine

interaction) with any confidence®*>

. Although the effect of CO binding to the exchangeable
site (i.e. a spin density shift towards the [4Fe-4S]4 sub-cluster) is correctly predicted, the
influence of the [4Fe-4S] cluster is not represented very well. In fact, the DFT predicted spin
density distributions rather reflect the situation occurring in binuclear model complexes
without the [4Fe-4S]y unit®*?”3%>>_ In H,-CO a strong intercluster exchange (95 cm™)
interaction is apparent based on the >’Fe hyperfine interaction data which led us to
speculate that the g,-component could be oriented along the intercluster axis®. Since in Hox
and oxidized CrHydA1(pdt) the intercluster exchange interaction is much smaller (25 cm™)
and the spin density seems to be equally distributed over both iron atoms in [2Fe]y, it is
reasonable to assume that the vector connecting Fe, and Feq4 represents a local symmetry
axis and defines the orientation of the g tensor®. The other g-axis would be defined by the
local symmetry plane through both irons and the bridging CO ligand (bisecting the dithiol
ligand). Figure 8 shows the proposed g-tensor axis orientation and the angles of the Fey4-CN
bond in this axis system. The Euler angles of both the CN™ carbon hyperfine A,c and nitrogen
guadrupole Qy tensors (0,119,46) degrees correspond to a rotation matrix which defines
the orientation of the tensor z-components with respect to the g-tensor axes as (127, 51,

119) degrees. These values fit perfectly to the orientation of the Fe-CN bond with respect to

the g-tensor orientation as proposed in figure 8.

Figure 8. The coordinate system describing the position of the g-tensor overlaid onto the H-cluster from the X-ray
structure obtained for Cplls.
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VI.

Conclusions

The oxidized state of the artificially maturated CrHydA1(pdt) hybrid is shown to be a
very accurate and useful structural mimic of the native active oxidized state of CrHydAl.
The 'H ENDOR and N HYSCORE spectra of oxidized CrHydAl(pdt) are virtually
indistinguishable from those of native Hoy (apart from the lacking N adt” contribution).
The high resolution >N and *3C hyperfine interaction data of the CN" ligands confirmed the
previously proposed model of the electronic structure of the H-cluster in which the spin
density is delocalized over the two iron atoms of the bi-nuclear sub-cluster. In addition, the
accurate data on the relative orientation of the distal CN" ligand in the g-axis frame, allowed
to suggest an orientation of the g-tensor adapted to the local symmetry of the complete
binuclear sub-cluster in which the Fe-Fe bond represents one of the g- principal axes. The
accurate data obtained on the “*N/*N coupling of the distal CN" ligand will facilitate the
assignment and analysis of the nitrogen couplings of the adt bridge in the CrHydA1(**N adt)
hybrid which is currently under investigation in our group. Although oxidized CrHydA1(pdt)
is shown to be a perfect structural and electronic mimic for native Hox even showing
residual hydrogenase activity, the other resting states of the native enzyme (Hed, Hsreq and

Hox-CO) are Iackingzg”24

. At this point it is not clear how this intriguing behavior can be
related to the presence or absence of the bridging amine (adt) function. Detailed
comparative spectroscopic and quantum chemical investigations may reveal the subtle
structural dependencies triggering the conversion between the diverging resting (and
intermediate) states of CrHydA1(pdt) and CrHydA1(adt). The current study is one of the first

steps in this endeavor.
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Figure S1. FTIR absorbance spectra and the baseline corrected spectra recorded for oxidized CrHydA1(pdt) containing
non-labeled and two labeled pdt complexes.
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Figure S2. Q-band 2-pulse detected EPR (top), FID detected EPR (middle) and first derivative of FID-detected EPR
(bottom) spectra of oxidized CrHydA1(pdt) measured at 20 K. The 2-pulse detected EPR spectrum was measured with
microwave pulse lengths 1t/2 = 16 ns and it = 32 ns and the, separation between the two pulses was t = 500 ns. The shot
repetition time was 1 ms and the microwave frequency 33.868 GHz. The FID detected EPR spectrum was measured with
a microwave pulse length of 1 us, shot repetition time 1 ms, microwave frequency 33.868 GHz. Above the spectra g-
values obtained from simulation are presented. The asterisk indicates an overlapping signal originating from a small
amount of [3Fe-4S] cluster.

The 2-pulse echo detected EPR spectrum is affected by the field dependent phase
memory time and nuclear spin modulations originating from interactions with **N nuclei. To

avoid such distortion FID-detected EPR spectra were recorded for each sample.
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Figure S3. X-band Davies ENDOR spectra measured for non-labeled (red) and 3C labeled CN° ligands (black) of oxidized
CrHydA1(pdt) at 15 K at the field positions corresponding to g;, g, and gs. All spectra were recorded using an RF pulse of
20 ps and a shot repetition time of 2 ms. The microwave frequency for measurement on the labeled sample was 9.716
GHz and the field positions: 330.9 mT (g;), 339.7 mT (g,), 346.8 mT (g;). For the non-labeled sample a microwave
frequency of 9.716 GHz was used at field positions: 331 mT (g;), 339.8 mT (g,), 346.9 mT (g3). The assignments of the
hyperfine couplings are indicated at the top of the figure.

The most prominent signal in the X-band Davies ENDOR spectra (see figure S3) is
centered at 14.5 MHz and is also present in the non-enriched sample. This *H ENDOR signal
with maximum splitting of 3.5 MHz is very similar to the one obtained for native Hox and

was assigned to the B-protons of the cysteine ligands coordinating the [4Fe-4S]y sub-cluster.
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Calculation of the angle between **C and >N hyperfine tensors

To obtained angles between two hyperfine tensors first the rotation matrixes were
calculated (using EasySpin in Matlab). EasySpin is using the following convention for the

definition of Euler angles:

R =R, (y) Ry (B) " Ry(a)

cosy siny 0 cosfp 0 —sinf cosa sina 0
=(—siny cosy 0>< 0 1 0 )'(—sina cosa O)

0 0 1 sinf 0 cosp 0 0 1
cosycosficosa — sinysina cosycosfsina + sinycosa  —cosysinfs
= | —sinycosfcosa — cosysina —sinycosfsina + cosycosa  sinysinf
sinficosa sinfsina cosf

Subsequently, the relative angles between the two tensor axis frames can be

calculated by evaluating the inproduct matrix of the two rotation matrices as shown below:

The rotation matrix for the *C hyperfine tensor rotated around o = 0, B =119 and
vy =46 is calculated as:

0.3487 0.6947 0.6291
0.8746 0 —0.4848

For the rotation matrix for the *°N hyperfine tensor rotated around o = 0, B =50and

—0.3368 0.7193 —-0.6076
Rizc =

v =90 we obtain:

0 1 0
Risy =| —0.6428 0 0.7660
0.7660 0 0.6428

The matrix representing the relative angles in degree between the axes of these two

tensors equals to:

63.5 116.5 1409
angles = 109.7 44 1274
339 578 80.2
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Figure S4. Comparison of the X-band 3-pulse ESEEM vs magnetic field of oxidized CrHydA1(pdt) (bottom) with the
previously published H,, state from DdH (top)zo. Both spectra were measured under the same experimental conditions:
temperature 15 K, length of microwave pulses /2 = 8 ns, delay between first two pulses T = 180 ns. Microwave
frequency was 9.726 GHz (for the oxidized CrHydA1(pdt)) and 9.778 GHz (for the H,, state from DdH).

The large difference in intensity between the 'H signals is most likely a result of the
overlapping additional signal from Hy,-CO present in the native DdH preparation. In both
spectra a N signal is present showing a strong field dependence; it is assigned to nitrogen

from the CN' ligand.
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Figure S5. Comparison of the Q-band HYSCORE spectra of oxidized CrHydA1(pdt) (right) with the previously published
H,, state from DdH (left) measured at a field corresponding to the g, positionzo. Both spectra were measured under the
same experimental conditions: temperature 20 K, t; and t, step 16 ns, shot repetition time 500 ps, delay between the
two first microwave pulses (1) 268 ns. Microwave frequency was 33.867 GHz (for the oxidized CrHydA1(pdt)) and 33.865

GHz (for the H,, state from DdH). The length of microwave pulses previously used was (1t/2) 36 ns and 16 ns in the
current measurements.

A signal previously assigned to the nitrogen in the bridging head group is not present in the
HYSCORE spectrum obtained for oxidized CrHydA1(pdt).
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