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Introduction

Nuclear resonant vibrational spectrascopy (NRVS)
involves scanning monochromatic (~1 meV) x-rays
through a nuclear resonance (in this case *’Fe) and
monitoring transitions that correspond to vibrational
modes. Over the latest phase of our program, we have
used NRVS to monitor the reactions of small molecules
with Fe-S proteins. The systems that we have examined
include [FeFe] and [NiFe] hydrogenases that catalyze the

conversions between H, to electrons and protons, and
nitrogenase, which converts N, to NH;. We also work on
Fe-S proteins that bacteria use as sensors of NO and O,.

O, & NO ‘Sensor’ Progress

Fe-S clusters are important targets for NO-related
physiological signal transduction'” as well as toxicity
via interference with respiration and DNA replication'.

For example, the tuberculosis-causing bacterium
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Figure 1. Left: evidence for tuberculosis in the lungs, and the bacteria that cause it.

Middle: a typical Fe-S

cluster sensor protein. Right: NRVS spectra for the natural (black) and NO treated WhiD proteins.

SPring-8 FIAE & 2014 £2 /R 12

RATDIFH 55—



— FROM LATEST RESEARCH

Mycobacterium tuberculosis uses an Fe-S cluster protein
to sense the presence of NO and O, via its [4Fe-4S]
cluster (Figure 1 left and middle). We have continued
NRVS (Figure 1 right), EXAFS, and Mossbauer studies
of NO reactivity with the WhiD proteins from the
LeBrun lab. Our data showed that multiple NO ligands
were bound to each Fe, but we found no evidence for
intermediate species with substoichiometric amounts of
NO. It appears that once the reaction with NO starts,

subsequent decomposition steps are fast.

[FeFe] H,ase Progress

In the [FeFe] subset of H,ases, catalysis takes place
at the so-called ‘H-cluster’, consisting of a [FeFe]y
subcluster active site linked to a [4Fe-4S] cluster via
a cysteine thiolate sulfur (Figure 2). The unique Fe
subcluster site has multiple CO and CN™ ligands, as well
as a special bridging dithiolate with most likely N in the
central position. In Clostridium pasteurianum H,ase
1 (CpI)D], Fe is also present in the ‘proximal’ [4Fe-4S]
cluster that is part of the H-cluster, in an additional three
[4Fe-4S] ‘F-clusters’, as well as a [2Fe-2S] cluster.

As seen in Figure 2, despite the presence of many
other Fe-S clusters, by selective enrichment we were able
to enhance the signal from the [2Fe] subcluster site. The

characteristic bands in the 500-600 cm™ range come from

the multiple Fe-CO modes of this cluster. This work has

been published in Biochemistry™.

[NiFe] H,ase Progress
In the [NiFe] subset of H,ases, catalysis takes place

1. In this active site, Fe is

at a Ni-Fe bimetallic center”
linked to Ni by a pair of cysteine thiolate ligands. The
unique Fe site also has one CO and a pair of CN™ ligands,
making it the first organoiron center to be discovered in
Nature'”. [NiFe] H,ases invariably possess additional
Fe-S clusters that relay electrons to and from the active
site. In the case of Desulfovibrio vulgaris Miyazaki F.,
this chain consists of a conventional ‘proximal’ [4Fe-4S]
cluster, a ‘medial’ [3Fe-4S] cluster, and a ‘distal’ [4Fe-4S]
cluster with 3 cysteine ligands and a histidine ligand, as
illustrated in Figure 3 (upper panel).

As illustrated in Figure 3 (lower left), when the 400-
650 cm™ region is magnified, peaks emerge that have
intensities and frequencies consistent with Fe-CN and
Fe-CO stretching and bending modes. In particular, the
oxidized protein has two bands with maxima around
542 and 582 cm’, that shift to ~ 547 and ~ 605 cm™ in
the reduced sample (reduced data not shown). These
bands can be assigned to Fe-CO stretch and Fe-C-O
bend modes, respectively. As frequently noted'”, strong
Fe-CO backbonding pushes the Fe-CO bend mode (in
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Figure 2. Left: The structure of the active site in [FeFe] H,ase. Right: (a) *'Fe
PVDOS for *’Fe-enriched Cpl [FeFe] H,ase (—) vs. oxidized D14C Pf (—);
(b) °’Fe PVDOS for oxidized (—) vs. reduced (—) D14C PfFd.
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Figure 3. Top panel: The structures of the Fe sites in [NiFe] H,ase. (a) overall view of the enzyme with 2

subunits, the catalytic Ni-Fe site and the electron transport chain; (b-e) detailed views of individual
clusters, including: (b) ‘distal’ [4Fe-4S] cluster, showing Cys;His ligation, (c) ‘medial’ [3Fe-4S]
cluster, (d) ‘proximal’ [4Fe-4S], and (e) Ni-Fe active site with amino acid ligands. The atoms are
Fe (orange), Ni (green), S (yellow), C (black), N (blue) and O (red)®. Bottom panel: (left) the NRVS
spectrum for NiFe H,ase; (right) the cover story published in Angewandt Chemie International Ed.
Volume 52 (2013) — reprint with permit from Angewandt.
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this case at 582 cm™) to a higher frequency than the Fe-
CO stretch mode (in this case at 542 cm™). Density
functional theory (DFT) calculations have also shown
1 The small
shifts to higher frequency with reduction are consistent

that the bend mode mixes with a ‘tilt’ mode

with the well-known inverse correlation between vp, and

Veo in FeCO complexes” '

. This work was recognized
as a cover article in Angewandte Chemie (Figure 3, lower

right).

More recently, we have pushed to higher frequencies
to observe bands associated with Fe-H or Fe-D motion.
In a hydride-bridged model compound, we observed
not only Fe-H/D modes but also a characteristic Ni-H-
Fe ‘wag’, and a candidate Ni-H-Fe ‘wag’ mode was also
seen in the reduced Ni-R form of [NiFe] H,ase (Figure
4). This confirms that the hydride in Ni-R is a bridging H,
and it eliminates other candidates that involved H bound
solely to Ni or Fe.
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Figure 4. Left: Recent data on a model compound showing not only Fe-H/D modes but also Ni-H-Fe
bend (‘wag’). Right: Observation of candidate Ni-H-Fe ‘wag’ mode in [NiFe] H,ase.

N,ase Progress can also produce C,H, hydrocarbons from CO"*""
Nitrogenase (N,ase) is the enzyme responsible for  and even CH, from CO,"**”. We have used NRVS to

biological nitrogen fixation"”!. In the Azotobacter  characterize the effects of CO bonding on the normal

vinelandii (Av) Mo-dependent nitrogenase (N,ase), this modes of the FeMo cofactor.

catalysis takes place at an active site MoFe,S, ‘FeMo As seen in Figure 5 (right panel), dramatic changes in

cofactor’ (Figure 5, upper left). It is now known that N,ase ~ the NRVS are seen under high-CO conditions, especially
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Figure 5. Top left: structure of the N,ase MoFe protein structure around the FeMo-cofactor for the
wild-type enzyme. Bottom left: one of the structures proposed for CO-inhibited wild-type
enzyme. Right: °’Fe NRVS for wild-type (top) and H195Q Av (bottom) N,ase under as-
isolated (—) and high-CO (—) conditions.
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in a 188 cm™ mode associated with symmetric ‘breathing’
of the [6Fe-X] central cage of the FeMo-cofactor. Similar
changes are reproduced with the a-H195Q N,ase variant.
In the frequency region above 450 cm™, additional
features are seen that are assigned to Fe-CO bending
and stretching modes, and these assignments have been
confirmed by observation "CO isotope shifts. An
example of one of our candidate DFT models to explain

CO inhibition is illustrated in Figure 5 (lower left).
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