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Abstract

Iron–sulfur (Fe–S) centers are versatile building blocks in biological electron

transfer chains because their redox potentials may cover a wide potential range

depending on the type of the cluster and the specific protein environment. Reso-

nance Raman (RR) spectroscopy is widely used to analyze structural properties

of such cofactors, but it remains still a challenge to disentangle the overlapping

signals of metalloproteins carrying several Fe–S centers. In this work, we com-

bined RR spectroscopy with protein engineering and X-ray crystallography to

address this issue on the basis of the oxygen-tolerant membrane-bound hydroge-

nase from Ralstonia eutropha that catalyzes the reversible conversion of hydro-

gen into protons and electrons. Besides the NiFe-active site, this enzyme harbors

three different Fe–S clusters constituting an electron relay with a distal [4Fe–
4S], a medial [3Fe–4S], and an unusual proximal [4Fe–3S] cluster that may carry

a hydroxyl ligand in the superoxidized state. RR spectra were measured from

protein crystals by varying the crystal orientation with respect to the electric field

vector of the incident laser to achieve a preferential RR enhancement for individ-

ual Fe–S clusters. In addition to spectral discrimination by selective reduction of

the proximal cluster, protein engineering allowed for transforming the proximal

and medial cluster into standard cubane-type [4Fe–4S] centers in the C19G/

C120G and P242C variants, respectively. The latter variant was structurally char-

acterized for the first time in this work. Altogether, the entirety of the RR data
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provided the basis for identifying the vibrational modes characteristic of the vari-

ous cluster states in this “model” enzyme as a prerequisite for future studies of

complex (FeS)-based electron transfer chains.
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1 | INTRODUCTION

Electron transfer chains in enzymes typically utilize an
array of cofactors that are spatially arranged in the pro-
tein structure to ensure an efficient electron transport
over long distances. In many cases, the electron relay is
based on iron–sulfur (Fe–S) centers, including two, three
or four Fe ions coordinated by cysteine residues and inor-
ganic sulfur atoms.[1–5] The redox potentials of these
cofactors are controlled by the type of the Fe–S cluster
and its specific interaction with the protein environment
and can span a wide potential range from �700 to
+450 mV (vs. NHE).[6] Thus, Fe–S clusters are versatile
cofactors adapted for fast electron transfer between pro-
tein sites of quite different potential levels.

To elucidate electron transfer processes along Fe–S
chains, the choice of methods is rather restricted. Unlike
other types of redox cofactors, UV–vis absorption spec-
troscopy, which is typically used for redox titrations, is
blind towards most reduced Fe–S clusters and can hardly
distinguish between the different cluster types.[7] Elec-
tron paramagnetic resonance (EPR) spectroscopy is
restricted to non-zero spin states and thus yields only an
incomplete picture about Fe–S clusters.[8] Mößbauer
spectroscopy is able to probe different spin and redox
states of Fe–S clusters and allows distinguishing different
structures.[9] However, application of this technique
requires 57Fe labeling. Also resonance Raman
(RR) spectroscopy is associated with a drawback because
resonance enhancement of the vibrational modes
depends on a distinct electronic transition, limiting the
detection of Fe–S clusters in the oxidized state, similar to
UV–vis spectroscopy.[10] Unlike UV–vis spectroscopy,
however, RR spectroscopy provides a better spectral reso-
lution, which enables an unambiguous identification of
the cluster type. In fact, the Fe–S cluster manifold has
been the subject of a large number of RR spectroscopic
studies revealing characteristic vibrational signatures of a
large number of Fe–S centers, including [2Fe–2S], [3Fe–
4S], and [4Fe–4S] clusters.[10,11] Nevertheless, it remains
a formidable challenge to disentangle the RR spectra of
entire electron transfer chains in terms of their individual
components, even if each of them belongs to a different
Fe–S cluster type.

Here, we analyzed by RR spectroscopy the electron
transfer chain of the intensely studied oxygen-tolerant
membrane-bound [NiFe]-hydrogenase (MBH) from
Ralstonia eutropha (Figure 1). Our “model” enzyme cata-
lyzes the oxidation of molecular hydrogen into protons
and electrons at a Ni–Fe center, in which the two metal
ions are linked via two bridging cysteines. The Ni ion is
further coordinated by two cysteines whereas the Fe
carries additionally two cyanide and CO ligands. Efficient
oxidation of H2 requires the rapid removal of electrons
from the active site, which is mediated by three different
Fe–S clusters, named proximal, medial, and distal cluster
according to their location relative to the catalytic center.
The medial and distal clusters are prototypical [3Fe–4S]
and [4Fe–4S] clusters, respectively. The proximal Fe–S
cluster, by contrast, exhibits a quite unusual structure.[12–14]

Here, four iron ions are coordinated by three sulfides
and six cysteine-derived thiolate sulfurs, which enable
the [4Fe–3S] cluster to undergo redox-dependent struc-
tural and conformational changes. In contrast to conven-
tional Fe–S clusters, which usually switch between two
different redox states, the [4Fe–3S] cluster can adopt even
three redox states under physiological conditions. No
structural changes occur when the cluster switches
between the reduced and oxidized state. Transition from
the oxidized to the superoxidized state, however, is
accompanied with the exchange of the coordination of
one iron (named Fe4) from a sulfide ligand to the back-
bone nitrogen of a cysteine residue (Cys20). A second
cluster-bound Fe (named Fe1) becomes coordinated by a
hydroxyl ligand in the superoxidized form of the [4Fe–
3S] cluster.[12] This unique structural change has been
attributed to the cluster's capability to switch between
three redox states at physiological potentials and the
corresponding O2 tolerance of the MBH, that is, its
unusual capacity to sustain catalysis under aerobic
conditions.

In this work, we employed a combined approach of
protein engineering, X-ray crystallography, and RR spec-
troscopy to determine the characteristic vibrational signa-
tures of the three Fe–S clusters of MBH. The RR
spectroscopic experiments were carried out on MBH crys-
tals at 77 K. First, RR spectra of native MBH crystals were
measured as a function of the crystal orientation with
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respect to the electric field vector of the incident laser
radiation. This strategy exploits the different orientations
of the transition dipole moments of the three Fe–S clus-
ters relative to the crystal axes. In this way, a preferential
enhancement of RR-active modes for the individual Fe–S
clusters can be achieved upon varying the angle of the
electric field vector of the incident laser light with respect
to the principal crystal long [c] axis of the needle-shaped
crystals. Second, additional spectroscopic information
was obtained by selective reduction of the proximal [4Fe–
3S] cluster. Third, further spectral discrimination was
achieved by a comparative analysis of native MBH with
MBH variants in which cluster-coordinating or adjacent
residues were exchanged. This included the previously
investigated C19G/C120G variant[15] and the P242C vari-
ant that was characterized for the first time in this work.
These exchanges revealed a four-cysteine coordination as
prototypical [4Fe–4S] cluster of both the proximal and
the medial Fe–S clusters.

2 | MATERIALS AND METHODS

2.1 | Protein expression and
crystallization

Purification and crystallization of the heterodimeric
MBH from R. eutropha H16 was described previously.[16]

The P242C variant of MBH was crystallized under aero-
bic and anaerobic conditions and the structures were
analyzed as described in detail in the supporting informa-
tion (section 1, Table S2). The crystals of all MBH vari-
ants studied in this work belong to the orthorhombic
space group P212121.

[14]

2.2 | RR spectroscopy

RR spectra were measured using a confocal Raman spec-
trometer (LabRam HR-800, Jobin Yvon) coupled to a

FIGURE 1 Schematic representation of the metal cofactors in the as-isolated native membrane-bound [NiFe]-hydrogenase (MBH):

(a) [NiFe] active site, proximal [4Fe–3S]p, medial [3Fe–4S]m, and distal [4Fe–4S]d clusters are represented as ball and sticks with their

distances from each other as found in the crystal structure.[12] (b) Close-up of the proximal [4Fe–3S]p in two redox states as oxidized and

superoxidized form. The superoxidized [4Fe–3S]p contains a transient Fe1-bound OH group[12,13]
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liquid nitrogen-cooled charge-coupled device (CCD). The
spectral resolution was limited by the wavenumber incre-
ments per pixel of the CCD camera, corresponding to
approximately 1.0 cm�1 for the excitation wavelength of
457 nm provided by an Ar ion laser (coherent). The laser
beam was focused on the sample surface by a Nikon 20�
objective with a working distance of 20.5 mm and a
numeric aperture of 0.35, yielding a spot size of approxi-
mately 4 μm in diameter. The laser power at the sample
was set to 1 to 2 mW, and the temperature was kept at
77 K, using a Linkam THMS600 freezing microscope
stage. Accumulation times were 120–300 s with up to
30 repetitions.

All RR spectra were obtained from single MBH crys-
tals. In the standard configuration (θ = 0�), the long axis
of the needle-shaped MBH crystals, referring to the c-axis
of the crystals unit cell, was always aligned parallel to the
electric field vector E

!
of the linearly polarized incident

laser beam (see Figure S7). To vary θ, a half-wave plate in
the excitation pathway of the setup was used to rotate the

electric field vector. This ensured that for each θ,
the same spot on the sample surface was probed. The
polarization-dependent sensitivity of the spectrometer
was compensated by a quarter wave plate placed in front
of the entrance slit. All spectra were calibrated against
the 274.0-cm�1 peak of ice present on the protein
crystals.

3 | RESULTS AND DISCUSSION

3.1 | Strategy for identifying RR marker
bands of the various Fe–S clusters

Previously, wavelength-dependent studies on MBH crys-
tals and solutions revealed that by use of a 457 nm excita-
tion the corresponding RR spectra of MBH may include
contributions of all Fe–S centers and the [NiFe] active
site in a redox-dependent manner (Figures 1, 2, and
S4).[17] Definition and nomenclature of the various redox
states are given in the Supporting Information (Table S1).
In the H2-reduced enzyme, the resonance enhancement
of the Fe–S stretching modes is very weak such that the
contribution of the Fe–S clusters to the RR spectra can be
neglected. Instead, the Nia-L state of the active site gives
rise to distinct RR bands in the region between 400 and
700 cm�1.[17,18] By contrast, in the as-isolated, super-
oxidized enzyme, the active site resides predominately in
the Nir-B state, which is characterized by a hydroxy
group bridging the nickel and iron and minor amounts of
the one electron reduced Nir-S state. Active site-related
RR bands of the potential photoproduct of the latter, lac-
king the bridging ligand, the so called Nia-S state, are
hardly detectable.[18] Therefore, this spectral region is
dominated by the Fe–OH modes of the superoxidized
proximal cluster (Figure 2).[12,18] The proximal cluster in
both superoxidized states, with and without the Fe-bound
hydroxy ligand, as well as the oxidized medial and distal
clusters give rise to relatively strong RR bands between
300 and 400 cm�1 (Figure 2). Thus, the spectrum may
include contributions from up to four oxidized Fe–S clus-
ter states (Table 1). To identify the main Fe–S modes of

FIGURE 2 Resonance Raman (RR) spectrum of a single

crystal of superoxidized membrane-bound [NiFe]-hydrogenase

(MBH), showing the regions of the Fe–S stretching and Fe–OH/C–S
modes. The spectrum was obtained with 457-nm excitation at 77 K

TABLE 1 Fe–S cluster types

present at the proximal, medial and

distal positions of the electron transfer

chains in MBH proteins used for RR

spectroscopic analysis

Variant/redox state Proximal Medial Distal

MBHnative/superoxidized OH-occupied [4Fe–3S] [3Fe–4S] [4Fe–4S]

MBHnative/superoxidized OH-free [4Fe–3S] [3Fe–4S] [4Fe–4S]

MBHnative/ascorbate-reduced [4Fe–3S]a [3Fe–4S] [4Fe–4S]

MBHP242C, superoxidized OH-occupied [4Fe–3S] [4Fe–4S] [4Fe–4S]

MBHC19G/C120G, oxidized [4Fe–4S] [3Fe–4S] [4Fe–4S]

Abbreviations: MBH, membrane-bound [NiFe]-hydrogenase; RR, Resonance Raman.
a(partially) Reduced state; not detectable in the RR spectrum.
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the individual Fe–S cluster states, we employed different
approaches to simplify the spectra via spectral discrimi-
nation. These were (i) orientation-dependent RR mea-
surements of MBH crystals to achieve a preferential
enhancement of the Raman bands of individual clusters,
(ii) selective (partial) reduction of the proximal cluster by
ascorbate, and (iii) conversion of the proximal [4Fe–3S]
and medial [3Fe–4S] clusters into [4Fe–4S] cluster species
by site-directed amino acid exchanges (Table 1).

3.2 | Orientation-dependent RR
spectroscopy of MBH crystals

As shown in earlier studies, the most prominent RR
bands of the [4Fe–4S] and [3Fe–4S] clusters were
observed at approximately 337 and 348 cm�1, respec-
tively, which are attributed to the same type of mode
(νb).[19,20] It originates from the Fe–S stretchings includ-
ing bridging sulfur atoms. The excitation profile and the
low depolarization ratio of the mode point to a totally
symmetric character with reference to an ideal cube-
derived symmetry. Its intensity is mainly provided via an
A-term enhancement mechanism in resonance with the
electronic charge-transfer transition. Correspondingly,
one would expect that the intensity scales with (cosβ)2,
where β is the angle defined by the vectors of the electric
field E

!
and the transition dipole moment μ! .[21] Given

that the individual transition dipole moments of the three
Fe–S clusters adopt different orientations in the protein,
there will be a specific angle β, which ensures a selective
enhancement of the modes of one cluster compared with
those of the other two clusters. To exploit this principle
for an efficient spectral discrimination in orientation-
dependent RR spectroscopy of single protein crystals, an
identical orientation of all molecules in the unit cell is
required. However, MBH crystallizes in the orthorhombic
space group P212121, including four asymmetric units,
each of them harboring one MBH heterodimer.[14] Thus,
the projection of μ! of a given Fe–S center on the c-axis of
the crystal and, thus, on E

!
is different for each hydroge-

nase molecule in the unit cell. Consequently, the angle
dependence of the cluster-specific enhancement of νb is
somewhat blurred. This is also true for the second main
band located between 360 and 368 cm�1, which is related
to Fe–S stretchings involving the terminal cysteine sulfur
atoms (νt).[10,20] Because this mode is most likely
enhanced via vibronic coupling (B-term scattering), the
intrinsic enhancement does not follow a simple (cosβ)2

dependence. As a consequence, the angle-dependent RR
spectra of MBH single crystals are expected to include
varying contributions of the individual clusters but do
not display a complete spectral separation.

For the orientation-dependent experiments, aerobi-
cally grown MBH crystals were used. Among the various
crystals prepared in this way, the ratio between the
superoxidized state with and without hydroxyl ligand
varied substantially.[12] For the present angle-dependent
measurements, we therefore selected crystals with the
highest possible OH ligand population of the [4Fe–3S]
cluster as determined by the characteristic Fe–OH modes
between 500 and 600 cm�1 (vide infra).[12,17] The
orientation-dependent spectra were obtained from such a
single MBH crystal, with increments of typically 20� in
the range from θ = 0� to 180� (Figure S5). Selected exam-
ples are shown in Figure 3. The spectra were normalized
with respect to the integral intensity of the most intense
bands in the region of the Fe–S stretching modes between
330 and 375 cm�1.

At an angle of 0�, the spectrum shows the characteris-
tic signature of the proximal [4Fe–3S] cluster with bound
hydroxyl group in the region above 400 cm�1, including
the marker bands for the Fe–OH stretching modes at
554 and 578 cm�1, Fe–O torsional modes below
500 cm�1, and C–S stretching modes of Cys19 at 625 and
660 cm�1 assigned in our previous work (Figure 3,
right).[17] All these bands have maximum relative inten-
sity at parallel excitation (θ = 0�) such that the
corresponding Fe–S stretching modes are attributed to
band components with peak maxima at 344.5 and
354.5 cm�1 (Figure 3, left). At excitation angles above
50�, the spectral pattern changed substantially. The
intensities of the [4Fe–3S] cluster-related bands (with
bound OH) at higher wavenumbers strongly decreased
and became comparable with the very weak bands of the
Nia–S state of the [NiFe] active site (560 and
590 cm�1),[17] which are slightly above the noise level at
90� (Figure 3, right). Hence, the spectral changes in the
Fe–S stretching region (Figure 3, left) observed at 70� and
90� reflect the increased spectral contribution of the
medial and distal Fe–S clusters. These changes include a
broadening of the prominent band envelope at
344.5 cm�1. The increased intensity on its low-
wavenumber tail points to a stronger enhancement of a
component below 338 cm�1 (Figure 3, left). Furthermore,
the spectrum displays a significant intensity increase of
the 367 cm�1 peak at 70� and even more pronounced at
90�. This is presumably due to the enhancement of two
closely spaced bands, as concluded from the non-
Lorentzian band profile. For a better illustration of these
changes, we have generated a difference spectrum by
subtracting the spectrum measured at 90� from that at 0�.
The negative peaks at approximately 336 and 362 cm�1

are in good agreement with those reported for [4Fe–4S]
centers[19] and are therefore tentatively attributed to the
distal [4Fe–4S] cluster of MBH.
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3.3 | Analysis of MBH crystals with
different hydroxyl ligand occupation of the
proximal [4Fe–3S] cluster in
the superoxidized state

Next, we compared the RR spectra measured at θ = 0� of
the MBH crystals in the superoxidized state with high
OH� occupation of the [4Fe–3S] cluster (described above)
with selected MBH crystals lacking the OH� ligand of the
[4Fe–3S] cluster (Figure 4). Presence or absence of
the hydroxyl ligand was verified by inspection of the
spectral region between 420 and 680 cm�1 (Figure 4,
right). The position of the νb Fe–S stretching mode
remained unchanged (344.5 cm�1) in the spectrum of the
MBH crystal lacking the OH� ligand of the [4Fe–3S] clus-
ter. However, the intensity at 367.5 cm�1 increased at the
expense of the 356.0 cm�1 band, which is prominent in
the crystal with high OH� occupation of the [4Fe–3S]
cluster. The spectral changes become even more promi-
nent in the corresponding difference spectra. The data
allow to attribute the 367.5 cm�1 band to the νt mode of
the OH�-free [4Fe–3S] cluster and to confirm the assign-
ment of the 356.0 cm�1 band to the [4Fe–3S] cluster

species carrying the OH� ligand. As there is no negative
peak visible the 344.5 cm�1 region of the difference spec-
trum, the corresponding νb mode seems to be indepen-
dent of OH� binding at the proximal cluster. These
assignments were confirmed by the comparison with
MBH treated by ascorbate, which exclusively reduced the
proximal cluster partially to its oxidized state,[15] recog-
nizable by the shift of the bridging Fe–S νb mode to lower
wavenumbers in both cases (Figure S6).

3.4 | Structural analysis of the P242C
variant of MBH

To unravel the spectral contributions of the medial and
distal clusters of MBH (Figure 3, left), we decided to con-
vert the medial [3Fe–4S] cluster into a [4Fe–4S] species
by replacing Pro242 of the MBH small subunit by a cyste-
ine (Figure 5). Similar cluster transformations in the
oxygen-sensitive [NiFe]-hydrogenase from Desulfovibrio
fructosovorans and the O2-tolerant [NiFe]-hydrogenase
Hyd-1 from Escherichia coli have previously been
described by Rousset et al. as well as Roessler et al.,

FIGURE 3 Resonance Raman (RR) spectra of a single crystal of superoxidized membrane-bound [NiFe]-hydrogenase (MBH) with

Fe1-bound OH group at different orientations of the electric field vector of the incident radiation with respect to the c-axis of the crystal. The

magenta trace represents the difference spectrum (“0�” minus “90�”). The weight of the subtraction was chosen for the best possible

visualization of the spectral changes. All spectra were obtained with 457-nm excitation at 77 K
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respectively.[22,23] Indeed, crystal structure analysis of the
MBHP242C variant, which was purified and crystallized
under the same conditions as for native MBH, revealed
the presence of a medial [4Fe–4S] cluster, ligated by the
three conserved cysteines Cys230, Cys249, and Cys252 in
addition to the artificially inserted cysteine Cys242
(Figure 5a). The structures of the distal [4Fe–4S] cluster
and the [NiFe] active site remained essentially
unchanged by the Pro242-to-Cys substitution. As
expected, the cubic geometry of the medial cluster was
not affected in crystals grown under anaerobic conditions
in the presence of H2, which generally leads to the reduc-
tion of all MBH cofactors.[12,14] However, we noted sev-
eral modifications at the proximal [4Fe–4S] cluster of the
MBHP242C variant. In the as-isolated superoxidized
enzyme, three out of six coordinating cysteines occur as
S-hydroxycysteines (CSO). The corresponding hydroxyl
group occupancy was approximately 60% for CSO19 and
40% for CSO20/CSO120. In addition, the
Fe2-coordinating Cys115 adopts two different conforma-
tions, and Fe4 was found at two, equally occupied posi-
tions separated by 0.57 Å. A detailed description of the
MBHP242C structure, including a discussion on possible
functional implications of the P242C exchange, is given
in the supporting information (sections 2 and
3, Figures S1–S3).

3.5 | RR spectroscopic analysis of MBH
variants carrying engineered Fe–S clusters

Although the Pro242Cys exchange caused indeed the
desired transformation of the medial [3Fe–4S] cluster
into a [4Fe–4S] cluster, the same amino acid substitution
also significantly perturbed the structure of the proximal
[4Fe–3S] cluster in the superoxidized enzyme (vide
supra). The modifications of the [4Fe–3S] cluster, how-
ever, seem to have only little effect on the RR spectra. In
particular, the region of the characteristic Fe–OH bands
between 420 and 680 cm�1 is very similar to that of
native MBH (Figure 6, left). To remove all band contribu-
tions related to the proximal cluster in the Fe–S
stretching region, we therefore calculated a difference
spectrum (“native” minus “P242C”), revealing positive
and negative signals attributable to the medial and distal
cluster, respectively (Figure 6, left). While the negative
bands at 336.5 and 362.0 cm�1 can be assigned to the dis-
tal [4Fe–4S] cluster, the corresponding positive signals at
345.0 and 367.0 cm�1 can be attributed to the medial
[3Fe–4S] cluster. This assignment relies on the assump-
tion that the medial [4Fe–4S] cluster of the MBHP242C

variant gives rise to the same RR signature as the distal
[4Fe–4S] cluster of native MBH and that possible struc-
tural perturbations of the proximal cluster in the P242C

FIGURE 4 Resonance Raman (RR) spectra of single crystals of superoxidized membrane-bound [NiFe]-hydrogenase (MBH) with

(black) and without Fe1-bound OH group (magenta), obtained with 457-nm excitation at 77 K. The crystals were aligned with the c-axis of

the crystal parallel to the electric field vector of the incident radiation. The gray trace presents the difference spectrum (“MBH with

Fe1-bound OH group” minus “MBH without Fe1-bound OH group”). The weight of the subtraction was chosen for the best possible

visualization of the spectral changes
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variant have no significant effect on its RR spectroscopic
signature (vide supra). To check these assumptions, we
generated difference spectra for two further variant
“combinations” by subtracting the spectrum of a
MBHP242C crystal from that of the C19G/C120G double
substitution variant (MBHC19G/C120G) and the ascorbate-
reduced native MBH protein.

Previous EPR spectroscopic investigations revealed
that the proximal, most likely cubic cluster of the
MBHC19G/C120G variant, mediates only a one-electron
redox transition.[15] Indeed, the crystal structure

confirmed the formation of a proximal cubic [4Fe–4S]
cluster upon substituting C120 and C19 with glycine.[24]

Subtracting the RR spectrum of as-isolated MBHP242C

from that of the as-isolated MBHC19G/C120G variant
yielded a difference spectrum with positive signals in the
Fe–S stretching region referring to the [3Fe–4S] cluster as
well as negative bands in the Fe–OH region
corresponding to the hydroxyl-ligated [4Fe–3S] cluster
(Figure 7). Similarly, we compared the spectra of
MBHP242C and ascorbate-reduced native MBH with RR-
detectable contributions only from the medial [3Fe–4S]

FIGURE 5 Structural changes at the proximal and medial Fe–S clusters due to the P242C amino acid substitution in membrane-bound

[NiFe]-hydrogenase (MBH). (a) Left: the medial [3Fe–4S] cluster of the as-isolated native MBH is shown as ball and sticks. Right: in the

variant MBHP242C, a cubic [4Fe–4S] cluster is established in the medial position of the electron relay (2mFo-DFc electron density map shown

as blue mesh, contoured at 1 σ level). An additional Fe ion (highlighted in red) completes the former native [3Fe–4S] cluster (left) to form a

cubane [4Fe–4S] cluster. This is made possible by the ligation of a fourth Fe by the artificial Cys242 (highlighted in red). (b) Left: the

proximal [4Fe–3S] cluster of the as-isolated native MBH is shown as ball and sticks. Right: in the as-isolated, superoxidized MBHP242C,

cysteines 19, 20, and 120, coordinating the proximal cluster of MBHP242C, carry oxygenations (named CSO19, CSO20, and CSO120).

Furthermore, Cys115 occurs in a double conformation, and additional oxygenations at Fe1 and between Fe2 and S3 were observed. In the

as-isolated state, all aforementioned iron ions reveal negative peaks in the mFo-DFc electron density (red mesh, contoured at 3.0 σ level),

indicating sub-stoichiometric occupancy. Left: for comparison, the native proximal [4Fe–3S] cluster with the flexible OH� ligand bound to

the Fe1.[12,13] The 2mFo-DFc (blue mesh) and mFo-DFc (green and red mesh) electron density maps are contoured at 1.0 σ and 3.0 σ level,

respectively. For clarity, the close-ups of Part (b, left) show with only 2mFo-DFc electron density maps in two different views. In all figures,

the Fe–S clusters are depicted as ball/sticks the additional ligands as sticks

2628 SIEBERT ET AL.



and distal [4Fe–4S] cluster (Figure 8). Again, the positive
peaks in the difference spectrum originate from the [3Fe–
4S] cluster whereas negative signals should result from

the [4Fe–3S] cluster lacking a hydroxyl ligand and
[4Fe4S]. In fact, both difference spectra display strong
positive signals at 368.0 (Figure 7) and 366.5 cm�1

FIGURE 6 Resonance Raman (RR) spectra of single crystals of superoxidized membrane-bound [NiFe]-hydrogenase (MBH) (black) and

superoxidized MBHP242C (magenta), both with Fe1-bound OH� group, obtained with 457 nm excitation at 77 K. the crystals were aligned

with the c-axis of the crystal parallel to the electric field vector of the incident radiation. The gray trace presents the difference spectrum

(“MBHnative” minus “MBHP242C”). The weight of the subtraction was chosen for the best possible visualization of the spectral changes

FIGURE 7 Resonance Raman (RR) spectra of single crystals of as-isolated membrane-bound [NiFe]-hydrogenase (MBH)C19G/C120G

(black) and as-isolated MBHP242C (magenta) (in the superoxidized state with Fe1-bound OH� group), obtained with 457-nm excitation at

77 K. The crystals were aligned with the c-axis of the crystal parallel to the electric field vector of the incident radiation. The gray trace

presents the difference spectrum (“MBHC19G/C120G” minus “MBHP242C”). The weight of the subtraction was chosen for the best possible

visualization of the spectral changes
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(Figure 8), which compare well with the 367.0 cm�1 peak
in the RR spectrum of the native MBH (Figure 6). The
slight variations of the peak position just reflect the limi-
tations of the “difference” approach: (i) the structural
perturbation of the proximal cluster in MBHP242C causes,
unlike to the spectral region of the Fe–OH mode, devia-
tions in the RR spectroscopic signature of the Fe–S
stretching modes, and (ii) the RR spectra of the native
distal [4Fe–4S] cluster are very similar but not identical
to the proximal and medial [4Fe–4S] clusters generated
by genetic engineering. Given these uncertainties, we
conclude that the νt mode of the [3Fe–4S] cluster is
located at approximately 367.0 cm�1. The corresponding
νb mode is attributed to the positive peak at 345.0 cm�1,
which is observed in all difference spectra based on the
MBHP242C variant (Figures 6–8). The wavenumber of this
mode is close to that of the OH-occupied [4Fe–3S] cluster
(344.5 cm�1; vide supra) which accounts for the lack of a
negative peak in the Fe–S stretching region of the differ-
ence spectra in Figure 7. In contrast, the νb mode of the
medial P242C and in turn also the distal [4Fe–4S] cluster
is found to be located more distant at 336.0 cm�1

(Figure 8).
The assignments of the νb and νt modes of all oxidized

Fe–S clusters states are listed in Table 2. For the prototyp-
ical distal [4Fe–4S] and medial [3Fe–4S] clusters of MBH,
the results agree very well with previously reported data
obtained for other iron–sulfur proteins.[19,20] The Fe–S
modes of the proximal [4Fe–3S] cluster clearly depend on

the presence of the Fe1-bound hydroxyl ligand. In the
absence of the OH� ligand, the band positions are very
similar to those of prototypical [3Fe–4S] clusters, whereas
the presence of the hydroxyl ligand causes a substantial
downshift of the Fe–S stretching mode involving the cys-
teine sulfur atoms.

4 | CONCLUSIONS

In this work, we analyzed the complex multicluster elec-
tron transfer chain of an oxygen-tolerant [NiFe]-hydroge-
nase, MBH from R. eutropha, by RR spectroscopy. The
study involved three different approaches, which alto-
gether allowed determining the characteristic Fe–S
stretching modes of the superoxidized proximal [4Fe–3S]
cluster with and without the Fe1-bound hydroxyl ligand
as well as the oxidized medial and distal clusters. First,
measuring the RR spectra of MBH crystals in different

FIGURE 8 Resonance Raman (RR) spectra of single crystals of ascorbate-reduced WT MBH (black) and superoxidized P242C with

Fe1-bound OH� group (magenta), obtained with 457-nm excitation at 77 K. The crystals were aligned with the c-axis of the crystal parallel to

the electric field vector of the incident radiation. The gray trace presents the difference spectrum (“MBHnative” minus “P242C”). The weight
of the subtraction was chosen for the best possible visualization of the spectral changes

TABLE 2 Wavenumbers of the νb and νt modes of the different

Fe–S clusters in membrane-bound [NiFe]-hydrogenase (MBH)

Fe–S cluster νb/cm�1 νt/cm�1

Proximal [4Fe–3S] + OH 344.5 356.0

Proximal [4Fe–3S] � OH 344.5 367.5

Medial [3Fe–4S] 345.0 368.0

Distal [4Fe–4S] 336.5 362.0
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orientations with respect to the electric field vector of the
incident laser beam yielded an orientation-dependent,
preferential enhancement of the modes of individual
clusters. A fully selective enhancement was impaired
because the crystals include four asymmetric MBH units.
Second, further support for the spectral discrimination
was provided by selective alteration of the proximal clus-
ter oxidation state. Third, by site-directed mutagenesis
individual clusters were modified which substantially
broadened the data basis of experimental RR spectra and
thus verified the vibrational assignments.

Although the individual approaches made use of the
specific properties of MBH, the applicability of this proce-
dure is not restricted to this particular enzyme. In fact, it
can be adapted to other enzymes/proteins containing
multiple RR-active redox centers. Once characteristic
bands are identified, the experiments may be extended to
(frozen) solutions of the target proteins. Thus, it may
become possible to study enzymes in operando to deter-
mine the relative contributions of individual (oxidized)
Fe–S clusters under steady-state conditions. However,
due the low RR cross sections of Fe–S centers, the overall
sensitivity is most likely not sufficient for true time-
resolved RR studies. Such technically demanding experi-
ments may be an option for proteins containing also
cofactors other than Fe–S centers, such as hemes or fla-
vins, which exhibit distinctly higher RR cross sections. In
these cases, the present methodological concept may be
even expanded by variation of the excitation wavelengths
to discriminate between the different types of cofactors.
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