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Universitätsstr. 150, 44801 Bochum,

ruhr-uni-bochum.de
cTechnical University of Munich Camp

Sustainability, Professorship for Electro

Straubing, Germany

† Electronic supplementary information
sample descriptions, experimental details
https://doi.org/10.1039/d2sc00385f

‡ Contributed equally.

Cite this: Chem. Sci., 2022, 13, 7289

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th January 2022
Accepted 28th May 2022

DOI: 10.1039/d2sc00385f

rsc.li/chemical-science

© 2022 The Author(s). Published by
tant [FeFe]-hydrogenase CbA5H
harbors an unknown radical signal†

Melanie Heghmanns, ‡a Andreas Rutz, ‡b Yury Kutin,a Vera Engelbrecht,b

Martin Winkler,c Thomas Happe *b and Müge Kasanmascheff *a

[FeFe]-hydrogenases catalyze the reversible conversion of molecular hydrogen into protons and electrons

with remarkable efficiency. However, their industrial applications are limited by their oxygen sensitivity.

Recently, it was shown that the [FeFe]-hydrogenase from Clostridium beijerinckii (CbA5H) is oxygen-

resistant and can be reactivated after oxygen exposure. In this work, we used multifrequency continuous

wave and pulsed electron paramagnetic resonance (EPR) spectroscopy to characterize the active center

of CbA5H, the H-cluster. Under oxidizing conditions, the spectra were dominated by an additional and

unprecedented radical species. The generation of this radical signal depends on the presence of an

intact H-cluster and a complete proton transfer pathway including the bridging azadithiolate ligand.

Selective 57Fe enrichment combined with isotope-sensitive electron-nuclear double resonance (ENDOR)

spectroscopy revealed a spin density distribution that resembles an H-cluster state. Overall, we

uncovered a radical species in CbA5H that is potentially involved in the redox sensing of CbA5H.
Introduction

Molecular hydrogen is a promising alternative to fossil fuels in
meeting the world's increasing energy demand.1,2 Unlike
platinum-based systems, metalloenzymes such as [FeFe]-
hydrogenases use only earth-abundant metals to produce and
oxidize H2 under mild conditions and with high turnover rates
(10 000 molecules per second).3,4 The catalytic properties of
these enzymes inspired the development of cheap and efficient
H2 catalysts for carbon-neutral hydrogen production.5 Yet, their
industrial application is hindered by their intrinsic O2-sensi-
tivity.6,7 Despite the extensive research, engineering [FeFe]-
hydrogenases with improved oxygen stability has not been
entirely successful.8

The active site of [FeFe]-hydrogenases harbors the so-called
H-cluster: a cubane [4Fe4S] cluster ([4Fe]H) linked by
a cysteine to a unique [2Fe2S]-subsite ([2Fe]H).3 The distal (Fed)
and proximal (Fep) iron atoms of [2Fe]H are coordinated by two
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CN� and three CO ligands and are bridged by an azadithiolate
(adt) ligand.9,10 The binding of O2 to the open coordination site
at Fed initiates a degradative process causing irreversible
damage to the H-cluster.7,11–13 Partial reduction and protonation
of dioxygen, leading to H-cluster destruction, was assumed to be
inherent to all [FeFe]-hydrogenases until the discovery of the
hydrogenase from Clostridium beijerinckii, termed CbA5H
(Fig. 1).14 The H-cluster of CbA5H can reversibly switch from the
oxygen-sensitive and active Hox state to the oxygen-stable but
inactive Hinact state.14,15 Recently, the air-exposed crystal struc-
ture revealed that this outstanding ability is reached by the
binding of a conserved cysteine residue (C367) to Fed shielding
the cofactor from O2.16 Structural elucidation of the Hinact state
combined with spectroscopic and electrochemical investiga-
tions14,15 of CbA5H strongly indicate a novel oxygen resistance
mechanism that does not involve direct O2 binding to the H-
cluster. Understanding the unusual oxygen resistance mecha-
nism of CbA5H might present an important step toward facili-
tating the use of [FeFe]-hydrogenases as carbon-neutral energy
carriers.

The work presented here expands our understanding of
CbA5H and its exceptional oxygen resistance by characterizing
its paramagnetic centers under oxidative and reductive condi-
tions using isotope-sensitive electron paramagnetic resonance
(EPR) spectroscopy. Along with the well-known H-cluster states
in the active CbA5H, we detected an unusual radical species
dominating the oxygen-treated spectra, which has not been re-
ported in other [FeFe]-hydrogenases under similar conditions.
Our investigation suggests that this radical is unique to CbA5H
and potentially plays a role in the redox-sensing of the enzyme.
Chem. Sci., 2022, 13, 7289–7294 | 7289
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Fig. 1 Structure of CbA5H (PDB ID 6TTL). X-ray structure of CbA5H
displayed as a monomer with SLBB – (soluble ligand-binding beta-
grasp) domain (dark-red), and H- and F-cluster containing domain
(light-blue). Positions of the FeS clusters are highlighted and depicted
as spheres. The asterisk indicates electron density whose nature could
not be unambiguously identified yet. The lower panel shows the active
site of CbA5H representing [4Fe]H and [2Fe]H embedded in the protein
environment.

Fig. 2 Pulsed EPR spectra (34 GHz) of CbA5H (black) and apo-CbA5H
(purple). The samples were reduced with 10 mM NaDT and measured
at 10, and 20 K. Suppression of fast-relaxing FeS clusters at 20 K
enabled the complete simulation of holo-CbA5H (dotted grey trace).
Hox, Hox–CO, Hhyd and Rcox were included in the simulation (Fig. S1†).
Details of the experiments and analysis are given in ESI.† Dashed
vertical lines mark the additional signal at g z 2.01. A Mn2+ impurity
signal is marked with asterisks.
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Results and discussion
Analysis of reduced states of apo- and holo-CbA5H

First, to investigate the paramagnetic H-cluster states, the
enzyme was reduced either with H2 or with varying concentra-
tions of sodium dithionite (CbA5HNaDT). Additionally, we per-
formed NaDT-free control measurements (see ESI†). Analysis of
the respective EPR spectra is facilitated by using elevated
temperatures at which signals from fast-relaxing, accessory FeS
clusters, the so-called F-clusters, are undetectable (20 K vs. 10 K
spectra in Fig. 2, S1 and S2†).17 The EPR spectrum of the active
CbA5H recorded at 20 K exhibits the characteristic, well-known
H-cluster states Hox,18–27 Hox–CO,12,23,24,28 and Hhyd

29–31 (Fig. 2,
S1, S2 and Tables S2 and S3†). Their presence is also conrmed
via Fourier-transform infrared (FTIR) spectroscopy (Fig. S3 and
ref. 15†). Interestingly, an additional signal at g z 2.01, which
can be observed even up to 180 K, is also detected (Fig. S2, S4
and S5†). The origin of this unidentied species, termed Rcox, is
discussed below.

Next, to characterize the accessory FeS clusters, we employed
multi-frequency EPR on the inactive apoenzyme that lacks the
[2Fe]H subsite but harbors the F-clusters and [4Fe]H (apo-
CbA5H) (Fig. 2, S2 and S6†). The EPR spectrum at 10 K (Fig. 2,
purple trace) is dominated by a broad signal centered around g
¼ 1.93. This signal is broadened beyond detection at 20 K,
conrming the presence of fast-relaxing [4Fe4S]1+ clusters
(Fig. S2†).32,33 Furthermore, its spectral features are frequency-
dependent (Fig. S6†). In conjunction with the signal's signi-
cant width, the frequency dependence clearly indicates spin–
spin interaction between the F-clusters.35,36 This observation is
not surprising as the clusters are adjacent (Fig. 1).16 Spectral
7290 | Chem. Sci., 2022, 13, 7289–7294
simulation using parameters for two FeS clusters similar to
those reported in the literature resulted in a good t for the
experimental apo-CbA5HNaDT spectrum (Fig. S2†). Note that the
Rcox signal found in the holoenzyme of CbA5H is absent in the
apoprotein. This relates Rcox to the presence of an intact H-
cluster.
The H2–O2 cycle

Unlike other [FeFe]-hydrogenases (from Desulfovibrio desulfur-
icans (DdHydAB) and Desulfovibrio vulgaris Hildenborough), the
inactive Hinact state of CbA5H can undergo several cycles of
oxidative inactivation and reductive reactivation.14,15 We inves-
tigated this reversible transformation by monitoring the spec-
tral changes of the anaerobically isolated enzyme repeatedly
treated with H2 and O2 (termed CbA5HH2 and CbA5HO2,
respectively) (Fig. 3 and S4†). At cryogenic temperatures, EPR
spectra of CbA5HH2 reveal a complex line shape (Fig. 3) arising
from paramagnetic H-cluster states and F-clusters (see also
Fig. 2). The overall signal intensity of CbA5HH2 is reduced by
approximately 40% aer the rst cycle (see ESI† on the H2–O2

cycle). This observation agrees with activity assays and FTIR
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pulsed EPR spectra of CbA5H (34 GHz). As-isolated CbA5H was
treated alternately with H2 (pink arrows) and O2 (blue arrows). Asterisks
indicate residual Hox–CO signals (see also ESI† on the H2–O2-cycle).

Fig. 4 Continuous-wave (cw) EPR spectra of oxygen-treated samples
(9.7 GHz, T ¼ 100 K). CbA5H, C367D, CpI, apo-CbA5H, and
CbA5H(pdt) were treated with O2. Blue lines represent simulations of
Rcox detected in CbA5H and variant C367D, and of Hox–COdetected in
CpI. The asterisk indicates a change in the Rcox line shape for variant
C367D (see Fig. S15†).
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spectra (Fig. S3, S7 and ref. 15†), conrming the partial reac-
tivation of CbA5H aer O2-treatment.

WhenCbA5HH2 is exposed toO2, all identied signals from the
F-clusters and H-cluster disappear. This was expected asmost FeS
clusters are EPR-inactive in the oxidized state, and Hinact, the only
H-cluster state present in CbA5HO2 (see Fig. S3†), is suggested to
be EPR-silent.15 The EPR spectra of CbA5HO2 (Fig. 3), however, are
dominated by the nearly isotropic signal at g ¼ 2.01 (Fig. 4). Its
EPR signature is distinct from typical signals of Hox–CO and
degraded FeS clusters (Fig. S4 and S7†). Its three principal g-
values were determined as g¼ 2.019, 2.010, 2.006 via a global t at
the X- and Q-band frequencies (see Table S2† for details).
Surprisingly, its intensity decreases only by 5–13% aer two H2–

O2 cycles and cryo-annealing, while the amount of active protein
drops signicantly (ESI on the H2–O2 cycle, Fig. 3 and S4–S7†).
Even though Rcox is present in CbA5HH2, its EPR-intensity is
considerably higher in the oxidized enzyme (Fig. 3 and S4†). The
high stability of Rcox contradicts the observed degradation of
Hinact during the cycle, as shown via FTIR (Fig. S3†), indicating
that the Hinact state itself is not the source of Rcox. Moreover, the
generation of Rcox by treatment with the mild oxidant hexamine
ruthenium(III) chloride (HAR) showed that O2 is not the only
catalyst triggering its formation (Fig. S9†). Similar results were
reported for the generation of Hinact,15 emphasizing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
connection between Hinact formation and the Rcox signal. This is
reminiscent of the EPR signals observed for the proximal [4Fe3S]
cluster of O2-tolerant [NiFe]-hydrogenases under oxidative
conditions, even in the absence of O2,37 which turn out to be
a strong indicator for the underlying O2 tolerance mechanism.
These intriguing properties of the Rcox species prompted us to
investigate its identity further.

Investigation of Rcox formation under various conditions

First, we analyzed the EPR spectra of O2-exposed CbA5H
compared to CpI (Fig. 4 and S10†). CpI, a ‘standard’ [FeFe]-
hydrogenase, was puried and oxidized using the same proce-
dure for CbA5H. In agreement with reported CpI data,34 Rcox was
not detected in EPR spectra of CpIO2, demonstrating that the
signal is unique to CbA5H. These data also exclude the possi-
bility of Rcox being an artifact related to the protein preparation
procedures or a radical species generated due to external factors
such as the buffers used. This conclusion is further supported
by (i) the almost identical EPR signature of Rcox in aerobically
and anaerobically isolated CbA5H (Fig. S11†) and (ii) the
absence of the Rcox signal in EPR spectra of apo-CbA5H
(reduced or oxidized). The only signal detected in the oxidized
apoenzyme originates from a [3Fe4S]+ cluster in sub-
stoichiometric amounts, possibly from mild oxidative damage
to the FeS clusters (Fig. S6, S8 and S12†).
Chem. Sci., 2022, 13, 7289–7294 | 7291
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Fig. 5 Orientation-selective Davies ENDOR spectra of 57Fe-labeled
CbA5HO2 recorded at 20 K, Q-band and (a) g¼ 2.008 (b) g¼ 2.012 (c) g
¼ 2.018 (d) g ¼ 2.022. At least three different 57Fe hyperfine couplings
are observable, centered at A/2 (dots), and split by twice the Larmor
frequency (arrows). All experimental details are given in ESI.†
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We, therefore, explored whether an active enzyme is neces-
sary to generate Rcox. Apo-CbA5H was maturated with a chemi-
cally altered cofactor ([Fe2(pdt)(CO4)(CN2)]

2�, CbA5H(pdt))
yielding a catalytically inactive enzyme due to the non-
protonatable bridgehead.35 This articial ligand does not
interfere with the native structure of the hydrogenases but
disrupts the proton-transfer pathway to and from Fed.36,38,39 The
complex EPR spectrum of H2-reduced CbA5H(pdt) (Fig. S13†)
resembles the corresponding spectrum reported for CpI(pdt).17

The spectrum of O2-treated CbA5H(pdt) shows sub-
stoichiometric amounts of a [3Fe4S]+ cluster (Fig. S13†), similar
to the one detected in apo-CbA5HO2. Strikingly, none of the EPR
spectra recorded for CbA5H(pdt) exhibit the Rcox signal (Fig. 4
and S13†), although the formation of the Hinact state in
CbA5H(pdt) was veried by FTIR measurements (Fig. S14†).
This again excludes Hinact as the source of Rcox.

To this point, our results on EPR characteristics (g-values
and temperature-dependency) of Rcox hint at a protein-based
radical species whose generation is dependent on the pres-
ence of an active H-cluster and the native adt ligand, ensuring
an intact proton transfer pathway. The cysteine residue C367 is
one of the closest amino acids to the H-cluster and is involved in
the Hinact formation.16 Therefore, we investigated whether the
oxidation of C367 results in the Rcox signal.

We recorded EPR spectra of the O2-treated CbA5H in which
C367 is replaced with aspartate (C367D) (Fig. 4 and S15†). This
variant prevented the formation of the Hinact state while
retaining 20% of the H2-production activity compared to the
wild-type enzyme.16 Temperature-dependent spectra exhibit the
Rcox signal but with a narrower line shape and decreased
intensity. Although these results exclude C367 as the source of
Rcox, they show that the identity of residue 367 affects its elec-
tronic structure.

Furthermore, the characteristics of our EPR and UV-vis data
conict with those of typical (i) amino acid radicals, (ii) sulfur-
based radicals, (iii) peroxyl radicals, and (iv) semiquinone
radicals (Fig. S16 and ESI Discussion† on the identity of Rcox).
Yet, an unusual organic radical near, on, or bound to the H-
cluster with anomalous spectroscopic properties, as observed
with the tryptophane cation radical found in cytochrome c
peroxidase40,41 cannot be ruled out. Candidates that might be
considered are residues M393, S370 or M565, M421, and W371
(Fig. 1), of which the last three represent highly conserved
positions among other [FeFe]-hydrogenases.
57Fe-labeling and isotope-sensitive studies of Rcox

EPR studies combined with 57Fe labeling provided invaluable
information on iron-containing metalloproteins, including
elucidation of the electronic structure of H-cluster states from
different organisms.9,27,42,43 The presence of a 57Fe nucleus with
a nuclear spin I ¼ 1

2 results in EPR line broadening due to
hyperne interaction (h). To investigate whether Rcox is asso-
ciated with the H-cluster, we selectively labeled the apoprotein
([4Fe]H and F-clusters) with 57Fe and subsequently maturated it
with 56Fe–[2Fe]H. The g-value of Rcox did not change upon
labeling. However, 57Fe enrichment resulted in EPR line
7292 | Chem. Sci., 2022, 13, 7289–7294
broadening of the Rcox spectra due to strong hs between 57Fe
nuclei and Rcox (Fig. S17†).

Next, we recorded orientation-selective 57Fe electron-nuclear
double resonance (ENDOR) spectra of Rcox (Fig. 5). The ENDOR
line shape shows three broad features symmetrically centered
around jAj/2 (A is the hyperne coupling constant) and split by
twice the Larmor frequency n57Fe due to strong hs with several
57Fe nuclei. At least three 57Fe nuclei needed to be introduced to
simulate the experimental ENDOR line shape (Fig. S18†). At this
point, however, a complete and unique analysis of the
orientation-selective 57Fe ENDOR pattern is not possible, as
only a few features of the overlapping signals are resolved at Q-
band. Nonetheless, the hf couplings of all observed 57Fe nuclei
are in the range of 25–35MHz, very similar to those observed for
the [4Fe]H subcluster in the Hox–CO state from other hydroge-
nases.9,43 These data suggest that Rcox is either a unique H-
cluster state or located close to the intact H-cluster and thus
coupled to [4Fe]H. Note that the F-clusters in their native
conformation can be excluded as the source of observed hs
because (i) Rcox is not generated in the absence of an intact H-
cluster, i.e., in apo-CbA5H, (ii) slow relaxation behavior of Rcox

is inconsistent with a typical [4Fe4S]1+ cluster, (iii) substituting
the C367 residue residing close to [2Fe]H perturbs the EPR line
shape of Rcox, and (iv) the isotropic hs determined for Rcox are
signicantly different from the ones observed for the standard
[4Fe4S]1+ clusters displaying jAisoj of around 15 MHz for their
ferrous Fe2+–Fe2+ pair.44

Next, we performed orientation-selective proton (1H) ENDOR
experiments on Rcox (Fig. S19†). The spectra revealed over-
lapping signals due to contributions from several protons
having hs not larger than 9 MHz. As our 57Fe EPR data showed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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effective spin density on the H-cluster, we compared 1H ENDOR
spectra of Rcox with those of Hox, Hox–CO, and Hhyd from
different [FeFe]-hydrogenases.45–47 As with the 57Fe data, the
strength of the hs and the spectral shape of Rcox 1H ENDOR
resemble those detected with Hox–CO assigned to b-protons of
the cysteine ligands of [4Fe]H.45–47

To demonstrate that the detected 57Fe and 1H hs do not
arise from the underlying Hox–CO species, we recorded FTIR
spectra for oxygen-treated 57Fe–CbA5H (Fig. S3†) and 1H
ENDOR spectra with CbA5Hair whose EPR spectrum is
composed of Rcox and Hox–CO (Fig. S19†). The absence of an
Hox–CO FTIR signature in 57Fe–CbA5HO2 and the presence of
additional features in 1H ENDOR spectra of CbA5Hair showed
that the observed hs belong to Rcox. The similarities detected
in hs strongly imply a similar spin density distribution for Rcox

and Hox–CO, which features a paramagnetic [2Fe]H (S ¼ 1/2)
exchange coupled to the diamagnetic [4Fe]H

2+.
Interestingly, the F-cluster-truncated form of the [FeFe]-

hydrogenase from Megasphaera elsdenii, harboring the H-
cluster, displayed an EPR signal similar to Rcox upon CO-treat-
ment.6 This signal was attributed to the Hox–CO state. However,
the EPR signature differs substantially from the Hox–CO state
observed for the as-isolated enzyme and other known [FeFe]-
hydrogenases. As the FTIR spectrum of this redox state was
similar to those of other hydrogenases, the unusual change in
the EPR spectrum could not be explained. Here, we can exclude
the well-known Hox–CO state as the origin of the Rcox signal
because we can distinguish the features of Hox–CO and Rcox in
our temperature-dependent EPR and ENDOR data (Fig. S8 and
S19†).

Lastly, we investigated the presence of exchangeable protons
by recording 1H ENDOR spectra of Rcox in the D2O buffer.
Indeed, we detected differences in the proton ENDOR spectra of
Rcox in H2O or D2O buffers. In addition, the 2H Mims ENDOR
spectrum revealed at least two proton hs arising from the
exchangeable protons (see Fig. S19–S20†). These associate Rcox

with coordinating water or solvent-derived protonated species,
e.g., an amino acid residue with an exchangeable proton. One
might hypothesize that the exible loop around the H-cluster of
CbA5H facilitates the movement of conserved water/s that is
part of the proton-transfer pathway (see Fig. S6 in ref. 16†).

Overall, our EPR and ENDOR data show a spin density
distribution at the H-cluster similar to the Hox–CO state and
exclude C367 and Hinact as the source of Rcox. Therefore, it
would be intriguing to interpret Rcox as an H-cluster state
distinct from Hox, Hox–CO, Hinact, and Hhyd. However, the
absence of the corresponding FTIR data that could be associ-
ated with Rcox prevents an unambiguous assignment at this
moment.

Conclusions

In this study, we provided direct spectroscopic evidence for the
presence of an unprecedented radical species in CbA5H, named
Rcox. We showed that the formation of Rcox under oxidizing
conditions is dependent on the presence of an active H-cluster
harboring the native adt ligand that ensures an intact proton
© 2022 The Author(s). Published by the Royal Society of Chemistry
transfer pathway. While advanced spectroscopic and biochem-
ical studies are underway aiming to reveal the identity of Rcox,
the combined results of our temperature-dependent and
isotope-sensitive spectroscopic investigations already narrow
down its location within the protein to either the H-cluster or its
immediate vicinity. In line with the early onset of anaerobic
oxidative inactivation and the formation of Hinact, the Rcox

signal appears either in the presence of O2 or upon applying
oxidative conditions in the absence of it. Similar to the intact
proton transfer pathway to Fed, Rcox formation seems to be part
of the redox sensing process that determines the reversible
formation of Hinact in CbA5H.
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