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Hydrogen is exploited as a fuel by a diverse array of organisms.1

Hydrogenases, enzymes for the reversible oxidation of hydrogen
into protons and electrons, utilize base metals, either Fe or Ni and
Fe, to catalyze this important reaction. Understanding these enzymes
is essential not only for the development of hydrogen-based biofuel
cells but also for providing mechanistic insights into a broad array
of natural oxidoreductases. However, complexity in hydrogenase
structure and their catalytic cofactors means that their direct study
has left many fundamental catalytic and biosynthetic questions
unanswered.2 Considerable help addressing these questions has
come from inorganic chemists who have sought to create mimics
of the hydrogen-activating site of hydrogenases.3,4 Their small
organometallic models have proven invaluable in mimicking the
catalytic cluster and reproducing hydrogenase activity. However,
contributions to mechanism and activity that in nature are derived
from burial of the catalytic cluster in a heterogeneous site in
combination with second coordination sphere contacts are neces-
sarily absent in these models. De novo designed proteins, maquettes,
can be constructed in a size scale intermediate between enzymes
and organometallic model compounds and promise many of the
advantages of both regimes. Maquettes have been designed that
bind a number of natural and unnatural metallocofactors, and they
have proven an invaluable tool for the study of complex
oxidoreductases.5-8 In this paper, we have designed a cysteine-
containing peptide that reacts with Fe3(CO)12 to assemble a maquette
containing a diiron cluster related to the [FeFe] hydrogenase active
site.

The hydrogen-activating cluster (H-cluster) of the [FeFe] hy-
drogenases is depicted in Chart 1. It consists of a [4Fe4S] cluster
bridged via cysteine to an unusual [2Fe2S] cluster.9 A variety of
organometallic diiron dithiolate model complexes have been
synthesized that reproduce some of the spectroscopic and structural
features of the H-cluster.10-17 Inspired by the direct reaction of Fe3-
(CO)12 with the Boc-protected methyl ester of cysteine to produce
the model compound shown in Chart 1,12 we opted to utilize
cysteinyl sulfur as the anchor for a diiron site within a designed
peptide.

For the first generation of our hydrogenase maquettes, we sought
a peptide sequence that would present the two cysteine side chains
necessary for formation of the diiron complex on the same face of
anR-helix. Short, unusually stable, alanine-rich peptides have been
described by Marqusee and co-workers.18 These sequences, with
the addition of two cysteine residues placed at positionsi andi+3,
formed the basis for our hydrogenase maquette, SynHyd1. Its
sequence is NH2-AAKAAAAKAACAKCAAAKAAAAKAAAA-
KAAAAKAAW-CONH 2.

SynHyd1 was synthesized via solid-phase peptide synthesis and
purified using reversed phase HPLC. Circular dichroism demon-
strated that the peptide had a well-defined secondaryR-helical
structure. Purified peptide was then reacted with Fe3(CO)12, and
the reaction mixture was repurified via HPLC to obtain peptide
with optical absorbance maxima at 280 and 335 nm.19 Reaction of
Fe3(CO)12 under the same conditions either in the absence of peptide
or in the presence of a peptide in which the cysteines were
exchanged for alanines did not lead to any species with an
absorbance maximum at 335 nm, indicating that the cysteine
residues are essential for the reaction. Furthermore, the molecular
weights of SynHyd1 and Fe2-SynHyd1 were determined via mass
spectrometry to be 3193 and 3473, respectively. This difference of
280 is consistent with incorporation of a Fe2(CO)6 cluster and
demonstrates that Fe2-SynHyd1 is a monomeric peptide.

Figure 1A shows the circular dichroism (CD) spectrum of Fe2-
SynHyd1, indicating that the secondary structure of the Fe-
containing peptide remainedR-helical. Cline and co-workers have
demonstrated in peptides related to apo-SynHyd1 that the exact
placement of cysteine ligands within the helix does not diminish
As(III) binding, but the secondary structure of the resulting As
peptide is dramatically influenced by ligand position.20 Experiments
are currently underway to investigate the effects of the relative
placement of the two cysteine ligands on both the synthesis of the
diiron cluster and the secondary structure of the resulting Fe-
containing peptides.

Figure 1B shows the UV-vis spectrum of Fe2-SynHyd1. Two
features characteristic of (µ-SRS)[Fe(CO)3]2 complexes are ob-
served: an intense absorption with a local maximum at 335 nm (ε

) 10 000 M-1 cm-1) and a weaker, broader absorbance centered
at 460 nm (ε ) 1040 M-1 cm-1). Both the positions and extinction
coefficients of these bands are very similar to those observed for
the comparable FeFe hydrogenase model compoundµ-(S(CH2)3S)-
Fe2(CO)6. The characteristic absorbance of the tryptophan residue
is also seen in the 280 nm region. The CO and CN- ligands of
hydrogenases and their model compounds absorb in the IR region
1800-2200 cm-1, a region devoid of other peptide absorbances.
Thus, the presence and chemical environments of these ligands can
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Chart 1. [FeFe] Hydrogenase Active Site and a Model Compound
Utilizing a Cysteine Ligand
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be conveniently monitored with FTIR spectroscopy. Figure 1C
shows the FTIR spectrum of Fe2-SynHyd1 in this region. Three
clear bands attributable to the CO ligands are observed at 2076,
2040, and 2000 cm-1. Both the positions and shapes of these bands
are very similar to those observed forµ-(S(CH2)3S)Fe2(CO)6 at
2072, 2033, and 1993 cm-1, confirming that the CO ligands are
present in the peptide-coordinated cluster and that the electronic
structure of the cluster is not substantially different from that of
inorganic complexes.21

In this paper, we have demonstrated the synthesis of a (µ-SR)2Fe2-
(CO)6 complex coordinated to a simple,R-helical peptide via two
cysteine residues. This peptide serves as a first generation [FeFe]
hydrogenase maquette and opens the chemical door for the creation
of more sophisticated peptides containing second coordination
sphere residues designed to modulate the properties of the diiron
site. We have also created the first model system for studying the
reactions of dithiolato diiron carbonyl compounds in de novo
designed peptides. Details regarding the biosynthetic pathway of
FeFe hydrogenases remain scarce,2 and hydrogenase maquettes will
no doubt serve as convenient systems for testing biosynthetic
hypotheses. Finally, through redesign, hydrogenase maquettes offer
a promising opportunity to develop robust, artificial, water-soluble,
base-metal containing, cheap hydrogen production catalysts for use
in environmentally friendly alternative energy production strategies.
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Figure 1. Characterization of Fe2-SynHyd1 via (A) CD (peptide concentra-
tion 7.8µM in 10 mM phosphate buffer at pH 8), (B) UV-vis spectroscopy
(Fe cluster concentration of 32µM in water), and (C) FTIR spectroscopy
(0.49 mM peptide in water).
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