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ABSTRACT: The hydrogen-evolving diiron complex, (μ-S)2Fe2(CO)6
with a tethered maleimide moiety was synthesized and covalently
embedded within the cavity of a rigid β-barrel protein matrix by coupling
a maleimide moiety to a cysteine residue within the β-barrel. The (μ-
S)2Fe2(CO)6 core within the cavity was characterized by UV−vis
absorption and a characteristic CO vibration determined by IR
measurements. The diiron complex embedded within the cavity retains
the necessary catalytic activity (TON up to 130 for 6 h) to evolve H2 via
a photocatalytic cycle with a Ru photosensitizer in a solution of 100 mM
ascorbate and 50 mM Tris/HCl at pH 4.0 and 25 °C.
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Hydrogenase catalyzes the reduction of protons and the
capture of electrons from H2 under mild conditions.1

The active site of [FeFe]-H2ase, which is known as an H-
cluster, is formed by an unusual bridging dithiolate ligand and
diatomic ligands, such as carbonyls and cyanates. This
arrangement contributes to the structural stability and the
reactivity of the H-cluster.2 To understand the structural and
functional basis of the diiron active site, a variety of
sophisticated H-cluster model complexes containing a diiron
carbonyl cluster ((μ-S)2Fe2(CO)n) have been studied.3

Furthermore, since the model complex of the H-cluster
requires electrons to produce H2 from protons, a single- or
multicomponent photochemical system in which electrons are
cascaded to the diiron cluster has been constructed using a
visible light-driven photosensitizer.4

Combining the (μ-S)2Fe2(CO)n model with biological
scaffolds such as peptides and proteins to further optimize
the surrounding environment of the diiron core is another
strategy that has attracted much attention.5 These scaffolds are
also advantageous in the effort to solubilize the catalysts.3c,d,6

Jones et al. have reported a structural hydrogenase model with a
(μ-S)2Fe2(CO)6 core that includes two cysteine thiolate ligands
in a CXXC motif of a synthetic peptide. We previously reported
that a (μ-S-Cys)2Fe2(CO)6 core in the artificial CXXC motif
engineered in cytochrome c protein produces H2 photocatalyti-
cally.7 Ghirlanda et al. developed a bioinspired peptide-based
catalyst containing a diiron cluster supported by artificial dithiol
amino acid ligands.8 Herein, we report the preparation and
characterization of an iron−carbonyl complex, (μ-S)2Fe2(CO)6,
covalently attached to the cavity of a β-barrel protein as an
artificial hydrogenase (Figure 1). Furthermore, we demonstrate

photocatalytic H2 production using this artificial hydrogenase
supported by [Ru(bpy)3]

2+ as a photosensitizer in the presence
of ascorbate, a sacrificial reagent.
We designed a diiron complex with a dithiolate ligand as a

functional active site model of a hybrid H2-evolving catalyst. To
anchor the diiron complex onto the specific site of the protein,
we used a dithiolate with a maleimide group that forms a
covalent linkage to a Cys residue, as shown in Figure 1. The
diiron catalyst 1 with the maleimide group was synthesized
from a diiron hexacarbonyl complex (which includes a 2-
carboxy-1,3-propanedithiol ligand)9 by coupling it to an amino
group of a maleimide precursor compound (Supporting
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Figure 1. Preparation of a diiron complex-linked nitrobindin catalyst.
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Information (SI) Scheme S1). Catalyst 1 was characterized by
ESI-TOF-MS and 1H NMR spectroscopy (SI Figure S1). The
crystal structure analysis reveals that the dithiolate ligand binds
to two iron atoms in the typical coordination mode commonly
found in the analogous (μ-S)2Fe2(CO)6 complexes (Figure 2a).
Next, to incorporate the diiron complex 1, a rigid protein

scaffold containing a suitably sized cavity is used as a host.
Here, a β-barrel structure is expected to provide an appropriate
structural motif in various protein scaffolds. We thus selected
nitrobindin (NB), which contains a heme moiety within the
cavity surrounded by eight β-strands. Such a β-barrel structure
provides a remarkably rigid platform to construct an artificial
active site because proteins of the NB family retain their
inherent barrel folding even in an apo form obtained by
removal of the heme cofactor.11 Our previous study identified
Gln96 as a possible single anchoring site.12 This residue, which
is located on the entrance of the cavity in NB, was mutated to a
Cys residue for covalently binding the diiron complex 1
through the maleimide moiety. According to the X-ray crystal
structure of 1, the molecular size of 1 appears suitable for
anchoring within the cavity (Figure 2b,c).
The Q96C-NB protein expressed in Escherichia coli was

obtained as the apo form and purified using a His tag affinity
column. The tag was cleaved by Factor Xa, and the protein was
purified using a His tag affinity column and a benzamidine-
linked Sepharose 6B column. The purified Q96C-NB protein
was characterized by SDS−PAGE and ESI-TOF-MS (SI Figure
S2 and S3). The protein solution was then supplemented with
DTT to reduce the thiol group of Cys96. The reduced NB
protein was concentrated and purified using a HiTrap desalting
column equilibrated with 50 mM Tris/HCl (pH 8.0). The
collected NB protein solution was slowly supplemented with 1
in acetonitrile, and the mixed solution was incubated at room
temperature for 1 h. The solution was concentrated and passed
through a desalting column to remove the unreacted complex,
yielding the NB-1 hybrid catalyst. The conjugation efficiency
was confirmed to be 78% on the basis of the protein and Fe
concentrations determined by Bradford assay and ICP-OES,
respectively. The reaction between the Cys96 and the
maleimide moiety in 1 proceeds smoothly, although the Cys
residue could be involved in coordination to the iron atoms.

The conjugation between 1 and NB was confirmed by UV−
vis spectra, as shown in Figure 3. The UV−vis absorption

spectrum of NB-1 indicates that the diiron complex 1 is
incorporated into the protein matrix. The MALDI-TOF-MS
spectrum of NB-1 showed the desired molecular weight of the
corresponding protein with the covalently linked diiron moiety
(calcd 18797.99, found 18798.88), although the CO ligands
dissociate under the ionization conditions of MALDI-TOF-MS
(SI Figure S4). Moreover, it is known that the CO ligands of
hydrogenase models of the H-cluster provide characteristic
absorptions in the IR region at 1800−2200 cm−1. Figure 4a
shows the FT-IR spectrum of the diiron complex NB-1 with
three characteristic bands assignable to the CO ligands at 2077,
2037, and 2005 cm−1. The positions and the shapes of these
bands are similar to those observed for 1 (Figure 4b). This
confirms that the six CO ligands coordinate to the (μ-S-
Cys)2Fe2 core, which is covalently linked to the protein
cavity.3b,c The subtle spectral changes in the vicinity of 2000
cm−1 suggest that the CO ligands interact with the neighboring
amino acid residues.

Figure 2. (a) Crystal structure of 1 (50% probability ellipsoids). Selected bond lengths (Å) and angles (°): Fe1−Fe2, 2.5183(3); Fe1−S1, 2.2657(4);
Fe1−S2, 2.2470(4); Fe2−S1, 2.2580(4); Fe2−S2, 2.2391(3); S1−C7, 1.8333(16); S2−C8, 1.8236(16); Fe1−C1, 1.8092(18); Fe1−C2, 1.802(2);
Fe1−C3, 1.75(2); Fe2−C4, 1.8139(19); Fe2−C5, 1.7980(18); Fe2−C6, 1.8054(17); C1−O1, 1.129(2); C2−O2, 1.136(2); O3−O3, 1.144(2);
C4−O4, 1.139(2); C5−O5, 1.138(2); C6−O6, 1.131(2); Fe1−S1−Fe2, 67.655(12); Fe1−S2−Fe2, 68.299(13). (b) Side view and (c) zoomed view
of the structure of NB-1 calculated by YASARA.10 Iron in violet, sulfur in yellow, carbon in white, oxygen in red, and nitrogen in blue.

Figure 3. UV−vis absorption spectra of NB−1 in 50 mM Tris/HCl
buffer at pH 8 (solid line), the apo form of NB (dotted line), and 1 in
acetonitrile (broken line).
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Next, photochemical H2 evolution experiments were
performed with NB-1 in the presence of excess ascorbate as a
sacrificial donor and photosensitizer (Figure 5). The photo-

catalytic production of H2 reached a plateau after 6 h, yielding a
turnover number of ∼130 per the hybrid catalyst with a
maximum turnover frequency of ∼2.3/min calculated from the
initial rate of the H2 evolution.

13 The reaction by the complex 1
without the protein matrix was performed under similar
conditions, including 4% (v/v) THF. The result clearly
indicates that the (μ-S-Cys)2Fe2(CO)6 core within the protein
environment retains catalytic activity of the photocatalytic H2
evolution, although the reaction within the protein would be
decelerated owing to decreased accessibility of the ruthenium
photosensitizer to the diiron active site. In fact, H2 evolution
was not observed in the absence of [Ru(bpy)3]

2+, indicating
that the ruthenium complex plays a role as a photosensitizer.
The effect of pH on H2 evolution was also investigated.

Increasing the pH value to 7.8 led to degradation of the activity
to 28% of maximal H2 evolution due to a decrease in the proton
concentration. Lowering the pH value to 3.2 resulted in loss of
the activity to 18% as a result of inactivation of ascorbate (pKa

= 4.0) as the sacrificial reagent for [Ru(bpy)3]
2+. NB-1

optimally functions as a catalyst for H2 evolution near pH
4.7, at which the proton and ascorbate concentrations are both
optimal for the reaction.7

In conclusion, we describe a new (μ-S)2Fe2(CO)6 complex,
which can be covalently embedded within the cavity of a
protein matrix. Interestingly, the diiron complex embedded at
the side of the cavity of NB evolves H2 via the photocatalytic
cycle with Ru photosensitizer under mild conditions in aqueous
media. We are now engaged in improving the activity of
photocatalytic H2 evolution by engineering of the amino acid
residues within the cavity of the protein.
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