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I[ron—iron hydrogenases ([FeFe]H,ases) are exceptional natural catalysts for the reduction of protons to dihydrogen.
Future biotechnological applications based on these enzymes require a precise understanding of their structures
and properties. Although the [FeFe]H.ases have been characterized by single-crystal X-ray crystallography and a
range of spectroscopic techniques, ambiguities remain regarding the details of the molecular structures of the
spectroscopically observed forms. We use density functional theory (DFT) computations on small-molecule
computational models of the [FeFe]H.ase active site to address this problem. Specifically, a series of structural
candidates are geometry optimized and their infrared (IR) spectra are simulated using the computed C—0 and
C—N stretching frequencies and infrared intensities. Structural assignments are made by comparing these spectra
to the experimentally determined IR spectra for each form. The Heqy form is assigned as a mixture of an Fe'Fe'
form with an open site on the distal iron center and either a Fe'Fe' form in which the distal cyanide has been
protonated or a Fe''Fe! form with a bridging hydride ligand. The Ho form is assigned as a valence-localized Fe'Fe'"
redox level with an open site at the distal iron. The Hay form is assigned as an Fe"Fe" redox level with OH- or
OOH- bound to the distal iron center that may or may not have an oxygen atom bound to one of the sulfur atoms
of the dithiolate linker. Comparisons of the computed IR spectra of the 2CO and '3CO inhibited form with the

experimental IR spectra show that exogenous CO binds terminally to the distal iron center.

Introduction

Hydrogenase enzymes are used by certain microorganisms
in nature to facilitate the reversible oxidation of dihydrogen
to protons and electrons, H, <> 2H* + 2¢~.'~> Although a
particular enzyme in an organism is generally dedicated to
either H, production or H, consumption in vivo, the reaction
can be driven in either direction in vitro by supplying either
H, pressure or H' and e~ under appropriate conditions. The
functional and structural properties of these enzymes are of
considerable interest because of their potential uses in
biotechnological applications such as hydrogen fuel cells.
In fact, the [NiFe] hydrogenase enzyme from Allochromatium
vinosum has been shown to function as an excellent
heterogeneous catalyst for H, oxidation when absorbed onto
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a graphite electrode.*”” This enzyme-modified electrode was
shown to oxidize dihydrogen at oxidation potentials and H,
pressures that rival platinum metal.*

Hydrogenase enzymes can be classified into [NiFe]® and
[FeFe]'!"'? based on the metal content of their active sites.
Among these enzymes, the [NiFe] hydrogenases are mostly
found in hydrogen-oxidizing enzymes, while the [FeFe]
hydrogenases are mostly found in hydrogen-producing
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Figure 1. Structure of the active site of [FeFe]H,ases. The two iron centers
are commonly designated by their spatial relation to the [4Fe4S] cluster
and, thus, are referred to as the distal iron (left) and proximal iron (right).
The nature of the L ligand and the “bridging” CO ligand (fully bridging vs
semibridging vs terminal to the distal iron) apparently depends on the redox
state of the FeFe cluster.

X=CH,, NH,or O

enzymes. Although the [NiFe] enzymes are generally con-
sidered more thermally and O, stable, the [FeFe] enzyme
active site has proven more amenable to synthetic model
studies due to its resemblance to the well-known organo-
metallic complex (u-pdt)[Fe(CO);], (pdt = propanedithiolate
= —S(CHy)S—).!>"*

The [FeFe] hydrogenase enzymes derived from two
different organisms have been studied by single crystal X-ray
diffraction, yielding four different structures. These two
enzymes have many structural similarities in spite of their
different sources and crystallization conditions.'""'? The
molecular structures of both enzymes feature an unusual 6-Fe
active site cluster (the so-called H-cluster) and two or more
ferrodoxin type Fe—S clusters, which connect the H cluster
to the enzyme surface.

The H-cluster (Figure 1) is the putative site of HT
reduction and H, oxidation, and consists of an unusual
di-iron cluster bridged to a typical [4Fe—4S] cluster by a
protein-bound cysteinate ligand.'"'>~'® Each iron atom of
the di-iron cluster is further coordinated by one terminally
bound CN and one terminally bound CO ligand. The two
irons are bridged by a novel five-atom cofactor generally
assigned as either 1,3-propanedithiolate (pdt, —SCH,CH,-
CH,S—)"! or 1,3-di(thiomethyl)amine (DTMA, —SCH,NH-
CH,S—)."® A third CO ligand either is found to bridge
the two irons atoms or is terminally bound to the distal
iron atom, depending on the redox state of the di-iron
cluster. Incubation of the catalytically active Hox form of
the enzyme with CO gas results in a catalytically inactive,
CO-inhibited form of the enzyme.'®

Mossbauer,'®'  electron  paramagnetic  resonance
(EPR),>7%° and infrared (IR) spectral studies'®?’~° have
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identified three redox states of the di-iron cluster, while the
[4Fe—4S] portion of the H-cluster apparently remains in the
EPR-silent [4Fe—4S]>" redox state. The aerobic purification
of the enzyme results in an “overoxidized”, catalytically
inactive redox state (labeled as Hagisolaea OF H3Y), which is
EPR-silent. Electrochemical reduction or the incubation of
the inactive enzyme with H, leads to a second EPR-silent,
two-electron reduced species, labeled as H,.q. The oxidation
of the H,.q form, either electrochemically or by auto-oxidation
via H; loss, leads to a catalytically active, paramagnetic (S
= 1/,) form, labeled as H,y. Recently, Parkin et al. prepared
an anaerobically overoxidized state of the enzyme.*' This
overoxidized state is itself catalytically inactive for H,
oxidation or H" reduction but is more quickly reactivated
by application of a reducing current than HA.

Synthetic model studies'* suggested that the Har, H,,, and
H.eq forms correspond respectively to FeFel!, Fe'Fe', and Fe'Fe!
formal redox states of the 2-Fe cluster. Density functional theory
calculations have been applied by several research groups to
give a better understanding of the molecular details of H,
oxidation and H* reduction at the di-iron active site. In an early
computational study on this system, Cao and Hall** were able
to confirm the proposed oxidation state assignments (Fe!! to Fe')
and suggested a mechanism in which H, is bound to the terminal
site of the distal iron and heterolytically cleaved to produce a
terminally bound hydride species. Fiedler and Brunold showed
that inclusion of the neighboring [4Fe—4S] is important for
proper modeling of the EPR parameters of the Hox and Ho,—CO
forms.*® Fan and Hall** established that a bridgehead amine
provides a kinetically and thermodynamically favorable route
for the proton transfer in the heterolytic cleavage of H,. Liu
and Hu*>*® came to the same conclusion in a subsequent study.
Cao and Hall also reported that an Fe'Fe' complex with a
bridging hydride ligand and all terminal CO ligands was more
stable than the constitutional isomer with a bridging CO ligand
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and a terminal hydride ligand.** De Gioia®>"*® and Zhou™"*
and their respective co-workers have developed an alternative
kinetically and thermodynamically favorable route for the
heterolytic cleavage of bound H, based on this bridging hydride
isomer and an active site rearrangement to create an open site
between the two iron centers. In their mechanisms, dihydrogen
binds to the proximal iron in the area “between” the two iron
atoms and a proton is transferred from the bound 7%-H, to a
u-S atom of the dithiolate bridge. A subsequent study by De
Gioia and co-workers shows that protonation of a terminal
hydride at the distal iron center leads to slightly lower barriers
for H, formation than protonation of a bridging hydride ligand.*!
The theoretical studies published to date utilize simple
models of the first coordination sphere of the enzyme active
site and thus do not include any of the surrounding protein
residues. In order to produce a more accurate spectroscopic
model, we have modeled three nearby residues that are
hydrogen-bond donors to the [FeFe]H,ase active site. In this
way, we seek to identify and to characterize structural
candidates for the spectroscopically observed Hieq, Hox,
Hox—CO, and Hir forms of the [FeFe]H,ase enzyme.

Computational Details

The effect of the local protein environment on the [FeFe]H,ase
active site was modeled by partial geometry optimizations in which
simplified models of nearby amino acid side chains were frozen at
their crystallographically determined positions about the enzyme
active site (PDB code 1C4A'®). The cysteine(C503)-[4Fe4S] unit
was modeled as MeSH, and this S atom was frozen throughout the
optimizations. Nearby cysteine, serine, and lysine amino acid
residues (C299, S232, and K358 in 1C4A) were modeled as CH3;SH,
CH;0H, and CH3NH,, respectively, and the S, O, N, and C atoms
were frozen at their crystallographically determined positions.

All DFT calculations were performed using a hybrid functional
[the three-parameter exchange functional of Becke (B3)** and the
correlation functional of Lee, Yang, and Parr (LYP)*’] (B3LYP)
as implemented in Gaussian 03.** The iron and sulfur atoms use
the effective core potential and associated basis set of Hay and
Wadt (LANL2DZ).*>*¢ For iron, the two outermost p functions
were replaced by reoptimized 4p functions as suggested by Couty
and Hall*’ and an f polarization function*® was added. For sulfur
and phosphorus, the basis set was augmented by the d polarization
function of Hollwarth et al.** The CO, CN, H,0, H, and H, ligands,
the OH and NH, of CH;OH and CH3;NH,, the H attached to S in
CH3SH, and the central NH group of the DTMA bridge use the
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6-31G(d’,p’) basis set.’*>2 All other atoms use the 6-31G basis
set.>® Unless otherwise noted, all geometries are fully optimized
and confirmed as minima or n-order saddle points by analytical
frequency calculations at the same level.

The DFT frequency calculations yield values for the energy (in
cm™!) and IR intensity of each ¥(CX) stretching mode. The absolute
intensity and width of the IR bands is not determined by the DFT
calculation, and experimentally, they are based on a number of
factors, such as concentration, solvent, and counterions for charged
species. The calculated v(CX) spectra are simulated using Gaussian
functions with a full width at half-height (fwhh) of 10 cm™'.

Results and Discussion

Experimental IR Spectra. IR spectroscopy is a powerful
tool for studying the [FeFe]H,ase active site, as the metal-
bound CO ligands are sensitive indicators of the geometry
about and electron density at metal centers.’® A list of
experimentally determined »(CO) and v(CN) stretching
frequencies for various forms of [FeFe]H,ase enzymes
derived from Desulfovibrio desulfuricans Hildenborough
(DdH), Desulfovibrio vulgaris (Dv), and Clostridium pas-
teurianum 1 (Cpl) are given in Table 1. Since the IR spectra
of the [FeFe]H,ase enzymes derived from DdH and Dv are
nearly identical (=1 cm™") and DNA sequencing shows that
these enzymes have the same amino acid sequence,'’ the
results for DdH and Dv are reported together. For a given
form of the enzyme, the values of the v(CO) and v(CN)
bands are similar regardless of whether the enzyme was
derived from DdH/Dv or Cpl.

Calibration of Computed vco and vcn Values. Density
functional theory calculations with the B3LYP functional
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Table 1. Experimentally Determined v(CO) and v»(CN) Bands for [FeFe]H,ase Enzymes

enzyme state v (CO) v (CO) v (CO) v (CO) v (CX)* v (CN) v (CN) ref
DdH/Dv Has-isolated” 2007 1983 1847 2107 2087 18, 26
DdH/Dv Hox” 1965 1940 1802 2093 2079 18, 27
DdH Hox—'3CO? 1995 1963 1949 1812 2096 2089 27
DdH H,—'2CO° 2016 1972 1963 1811 2096 2089 26, 27
Cpl Hox" 1971 1948 1802 2086 2072 28
Cpl Hox—13CO? 2000 1971 1947 1810 2095 2077 28
Cpl Ho—'2C0O° 2017 1974 1971 1810 2095 2077 28
DdH/Dv Hied® 1965 1940 1916 1894 2041 2093 2079 18, 26

@X = 0 or N. ? As isolated, in air ¢ After electrochemical reduction at —535 mV, then oxidation at —285 mV or after reduction with H,, then oxidation
by H, loss under argon. ¢ After reactivation with Ha, followed by '3CO atmosphere. ¢ After reactivation with Hy, followed by '2CO atmosphere. / After
reduction with Hs, then oxidation by H» loss under argon. ¢ After electrochemical reduction at —535 mV or reduction with Hp.

tend to systematically overestimate the values of IR stretching
frequencies when compared to experiment.’®> In order to
predict vco values from our computed stretching frequencies
for the enzyme active site, a series of 15 iron—carbonyl
complexes of similar composition to the [FeFe]H,ase active
site, were geometry optimized and their vco stretching
frequencies were computed. (The chemical structures and
literature references for these complexes are given as Figure
SI-1 and Table SI-1 in the Supporting Information.) The
computed vco and ven values reproduce the veo values of
the experimental spectra well when multiplied by 0.9538 (i.e.,
veo(predicted) = 0.9538vco(computed)). The experimentally
determined v(CO) values are plotted against the calculated
Y(CO) and v(CN) values in Figure SI-2. These complexes
have total charges varying from 2+ to 2— and formal
oxidation states of Fe'Fe' and Fe'Fe™ for the iron centers.
This large set of diverse complexes should minimize potential
bias from the total charge and/or iron oxidation state on the
predicted ¥(CO) stretching frequencies.’® Corrected frequen-
cies are used throughout this paper.

For terminal CO ligands, the experimentally determined
v(CO) stretching frequencies are reproduced remarkably well
by simple scaling of the computed v(CO) stretching frequen-
cies. For bridging CO ligands, however, the predictions are
more difficult. For example, the [(u-CO)(u-S(CH,),S)[Fe-
(CNMe);]»]** and [(u-CO)(u-S(CH>)3S)[Fe(CNMe)s],]**
complexes have been experimentally shown to have a
v(CO) stretching frequency of 1914 cm™! and Fe—Fe
distances of ~2.5 A.>” Full geometry optimization of these
complexes leads to predicted v(CO) stretching frequencies
of 1960 and 1985 cm™! and Fe—Fe distances of 2.57 and
2.65 A, respectively. Partial geometry optimization of
these complexes with the Fe—Fe distance frozen at the
experimentally determined distances of ~2.5 A led to
predicted v(CO) stretching frequencies of 1949 and 1951
cm™!, respectively. The predicted v(CN) stretching fre-
quencies of the terminal CNMe ligands are very similar
to the experimentally determined v(CN) stretching fre-
quencies and are essentially unaffected by this small
change in the Fe—Fe distance. The improved Fe—Fe
distance brought the frequencies to the same value, but
the value of the bridging CO band is still a little too high.

(55) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502-16513.
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27, 1454-1462.
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Benard, M. J. Am. Chem. Soc. 2004, 126, 15151-15160.

Unfortunately, the test set based on known model com-
pounds does not have any bridging CO ligands. Other
functionals and basis sets need to be tested in the future
to determine if a better Fe—Fe distance and improved
v(CO) frequencies can be achieved.’®>°

Assignment of the Forms of the H-Cluster via
Predicted IR Spectra. Assignment of the H,eq Form. The
H,.q form of the di-iron active site is the most reduced of the
experimentally produced and spectroscopically observed forms
of [FeFe]H,ase, as evidenced by the relatively low »(CO) and
Y(CN) values observed for the terminal CO and CN~ ligands.
For the [FeFe]Hyase enzyme derived from DdH/Dv, H,.q may
be prepared by either electrochemical or chemical (incubation
with Ha) reduction of the Har form. '’

Since there are more than three ¥(CO) bands present in
the experimentally determined IR spectrum of the H,q form
of the [FeFe]Hase derived from DdH/Dv, this sample must
contain a mixture of at least two different forms of the
[FeFe]Hsase active site. It is unclear if this spectrum
represents two species that are more highly reduced than Hox
or a mixture of Hyy and one more highly reduced species.
Infrared spectra of Hyx show v(CN) bands at 2093 and 2079
cm~! and ¥(CO) bands at 1965, 1940, and 1802 cm™.
Infrared spectra of the Hy.q show ¥(CN) bands at 2093 and
2079 cm™!, »(CO) bands at 1965, 1940, 1916, and 1894
cm™!, and a ¥(CN) or »(CO) band at 2041 cm™!. The true
infrared spectrum for Hyqy therefore may correspond to a
reduced form with ¥(CN) bands at 2093 and 2079 cm™! and
v(CO) bands at 2041, 1916, and 1894 cm™!. One oddity of
the Hyq spectrum is the large intensity of the ¥(CO) band at
1894 cm™! relative to the other ¥(CO) bands. In our models,
the relative intensity of the 1894 band is explained by the
overlap of either two or three ¥(CO) bands (vide supra). We
were unable to determine any single structural candidates
that reproduced the energies and relative intensities of the
2093, 2079, 2041, 1916, and 1894 cm™! bands (vide supra).

A series of highly reduced structural candidates were
considered for the H;eq form (shown in Figure 2). Complexes
1-3 correspond to the Fe'Fe! formal oxidation state, and
complexes 4 and 5 correspond to hydrides with the FeTFe!!

(58) Silaghi-Dumitrescu, L.; Bitterwolf, T. E.; King, R. B. J. Am. Chem.
Soc. 2006, 128, 5342-5343.

(59) Zilberman, S.; Stiefel, E. I.; Cohen, M. H.; Car, R. Inorg. Chem. 2006,
45, 5715-57117.
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Figure 2. Predicted infrared spectra for various structural candidates for
the Hyeq form of the [FeFe]H»ase enzyme derived from DdH (species 1-5).
All computed frequencies are scaled. SSD is the sum of the squares of the
differences between the experimental and calculated spectra.

formal oxidation state.®® Complexes 1—3 feature an open
site on the distal iron center. The monoanionic complexes
2—5 are formally generated by protonation of the dianionic
complex 1. The additional H* is bound to the nitrogen of
the distal cyanide ligand in complex 2 and to the amine
nitrogen of the S-to-S linker in complex 3. In complexes 4
and 5, the additional H" is bound to the distal and both iron
center(s) to yield terminal and bridging FeFe hydride
complexes, respectively.

The experimentally determined IR spectrum of the Hieq
form of the [FeFe]H,ase enzyme derived from DdH (Figure

(60) The hydrogen atom of the bridgehead amine can be oriented either
toward the distal iron center or away from it. In general, the orientation
of this hydrogen has little effect on the predicted IR spectra, and in
all of the cases presented in this text, the orientation of hydrogen
indicated gives as good or better qualitative agreement with the
experimentally determined IR spectrum than the other orientation.
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Figure 3. Experimentally determined infrared spectrum for the Hyeq form
of the [FeFe]Hjase enzyme derived from DdH (top, reproduced from ref
18. 2001 American Chemical Society), predicted infrared spectra for a
mixture of 60% of species 1 and 40% of species 2 (middle), and a mixture
of 60% of species 1 and 40% of species 5 (bottom). All computed
frequencies are scaled. The bands arising from complex 1 are underlined.
The assigned bands from the experimental spectrum are given in parentheses.

3) can be compared to the predicted spectra for four structural
candidates for the Hyq form in Figure 2. In terms of their
predicted stretching frequencies and relative intensities of
the ¥(CO) bands, the 1, 2, and 5 species (Figure 2) are the
best models for components present in the experimental
spectra of the H;.q form. The sum of the squares of the
differences (SSD’s) between the experimentally determined
and computed frequencies are given on each computed
spectrum. In terms of the terminal CO bands, 3 is a good
match to the 1965 and 1940 cm™! bands of the [FeFe]H,ase
enzyme derived from DdH (Figure 3). Species 4 is the least
likely since the predicted ¥(CO) frequencies (Figure 2) for
its terminal CO ligands fall in the blank region between 2041
and 1965 cm™! in the experimentally determined IR spectrum.

Several other structures were eliminated as structural
candidates for the H,.q form (for structures and predicted IR
spectra, see Figure SI-3 in the Supporting Information). For
example, the addition of a water molecule near the distal
iron center of 1 did not lead to an Fe—O bond following
optimization, and this species has a predicted IR spectrum
that is very similar to 1. In other examples, the addition of
a second proton to complex 2 or 4, respectively, to yield an
Fe"Fe" complex with both a CNH ligand and a hydride
ligand or an Fe'Fe!' ?-H, complex led to predicted v(CO)
and v(CN) stretching frequencies that were systematically
too high when compared to experiment.
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Figure 3 shows the predicted IR spectra for 40% 1/60%
2and 40% 1/60% 5. The predicted IR spectra arising from
these mixtures are good qualitative matches for the experi-
mentally determined IR spectrum of the H,.q form. Predicted
IR spectra from “mixing” 1 and 3 or 2 and 3 resulted in IR
spectra in which one or more of the weaker terminal v(CO)
bands was too strong when compared to experiment.
Depending on how one assigns the »(CO) and v(CN) bands,
mixtures of of species 1 and 2 or 1 and 5 are equally good
matches to the H,.q form.

Assignment of the H,y Form. For the di-iron active site,
the Hox form is one-electron oxidized with respect to the
Hieq form and one-electron reduced with respect to the Ha
form, as evidenced the intermediacy of its terminal v(CO)
and v(CN) values between those of the H,.q and H&r forms.
EPR spectroscopy shows that the H,, form is an EPR-active,
S =1/, system. EPR and Mossbauer studies suggest that the
unpaired electron is localized on the distal iron center.?*!
The Hyy form is generated by reduction of the Hir form to
yield the H,.q form, followed by anerobic (chemical, auto-
oxidation by H; loss under Ar, or electrochemical) oxidation
of the Hyq form to yield the Hoy form.'®%’

A series of odd-electron (S = '/,), formally Fe'Fel
complexes were considered as structural candidates for the
Hox form (shown in Figure 4). These complexes differ in
the protonation state of the bridging amine and in the
presence or absence of an additional ligand near the distal
iron center. Complexes 6 and 7 feature a water molecule,
complex 8 has an open site on the distal iron, and complex
9 has an 7*>-H, ligand bound to the distal iron center.
Complex 7 has an additional proton on the central nitrogen
of the bridging dithiolate when compared to 6. Geometry
optimization of complexes 6 and 7, which have a water
molecule near the distal iron center, yielded Fe—O distances
of 3.3 and 2.6 A, respectively, between the distal iron center
and the oxygen of this water molecule.

The experimentally determined IR spectrum of the Ho
form of the [FeFe]H,ase enzyme derived from DdH is
compared to the predicted spectra for four structural candi-
dates of the Ho form in Figure 4. In terms of their predicted
stretching frequencies and relative intensities of the terminal
v(CO) bands, all four of the structural candidates (complexes
6—9) are similar to one another and a fairly good match to
the experimental spectrum.

EPR and Mdéssbauer experiments suggest that the H,, form
corresponds to a mixed valent Fe'Fe form in which the
unpaired electron is localized on the distal iron.?>*' Fiedler and
Brunold use computed EPR parameters for a large computa-
tional model of the [FeFe]Hase active site to assign the Hox
form as a valence-localized Fe'Fe™" form in which unpaired spin
density is localized on the distal iron.** In terms of unpaired
spin density, the complex with no ligand bound to the distal
iron center, 8, is the only good model for the Hy form in this
sense, because, ~90% of the computed Mulliken unpaired spin
density (~1 unpaired electron) lies on the distal iron center.
The coordination of either H,O or H, to the distal iron center
leads to a decrease of unpaired electron density on the distal
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Figure 4. Experimentally determined infrared spectrum for the Hyy form
of the [FeFe]Hjase enzyme derived from DdH (top, reproduced from ref
18. 2001 American Chemical Society) and predicted infrared spectra for
various structural candidates for this form (species 6-9). All computed
frequencies are scaled. SSD is the sum of the squares of the differences
between the experimental and calculated spectra.

iron center and an increase of unpaired electron density on the
proximal iron center. Thus 6, 7, and 9 are all poor models for
the Hox form of the active site, because the computed Mulliken
spin density is distributed equally over the two iron centers.
Nicolet et al. assign the ¥(CO) stretching frequencies observed
for the Hyx form of the [FeFe]H»ase enzyme derived form DdH
to the individual CO ligands of the [FeFe]H,ase active site as
shown in Figure 5. '® Our predicted ¥(CO) spectra support their
assignment. For 8, the lowest and highest energy ¥(CO) bands
(1802 and 1965 cm™! for DdH) arise primarily from the bridging
CO ligand (CO(b) in Figure 5) and the terminal CO ligand
coordinated to the proximal iron center (CO(a) in Figure 5).
The intermediate ¥(CO) band (1940 cm™! for DdH) arises from
the terminal CO ligand coordinated to the distal iron center
(CO(c) in Figure 5).

Assignment of the H,,—CO Form. The addition of CO
gas to solutions of the catalytically active Hox form of the
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Figure 5. Experimentally determined infrared spectra from the Hox (A),
Hox—"2CO (B), and Hox—'3CO (C) forms of [FeFe]H,ase derived from DdH
(reprinted from ref 28. 2000 American Chemical Society) with assignment
of the ¥(CO) bands to the individual CO oscillators as suggested by De
Lacey et al.

[

[FeFe]H,ase enzyme leads to shifts in the ¥(CO) bands, the
appearance of a new ¥(CO) band, and complete inhibition
of catalytic H, oxidation and/or H" reduction.'®?® The
molecular structure derived from single crystal X-ray dif-
fraction studies of the CO-inhibited form of the enzyme from
Cpl shows an additional CO ligand terminally coordinated
to the distal iron center.'® These results, taken together,
suggest that CO inhibits the enzyme’s catalytic activity by
blocking the Ho/H" binding site on the distal iron center.
Direct evidence for location of the exogenous CO binding
site comes from the comparison of the Hyx, Hox—">CO, and
—BCO forms of the enzyme. The H,,—'"CO and
Hox—'3CO designation indicates whether the [FeFe]Hase
enzyme was exposed to natural abundance CO gas (mostly
12C0), or BCO-enriched CO gas. De Lacey et al. and Nicolet
et al. assign the ¥(CO) bands of the Hox and Hox—CO forms
of the [FeFe]H,ase enzyme derived from DdH as shown in
Figure 5.'®?% Chen et al. obtain similar results and make
analogous assignments of the »(CO) bands for the H,
Hox—"3CO, and Ho,—"2CO forms of the [FeFe]H,ase enzyme
derived from Cpl.*°
Recently, Zilberman et al. used DFT-derived simulated
IR spectra of computational models of the '2CO— and
3CO—H,, forms to re-examine the structure of the Hy,,—CO
form of [FeFe]H,ase.” On the basis of calculations on [(u-
CO)(u-SCH,XCH,S)[Fe(CO),»(CN)][Fe(CO)CN)(CH;9)]1> (X
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Figure 6. Predicted infrared spectra for computational models of two
different proposed structural isomers of the Hox—CO form of the active
site of [FeFe]Hzase and various isotopomers of the Hox—'3CO form using
the B3LYP functional. All computed frequencies are scaled. MeSH, MeNH,,
and MeOH models of the surrounding protein are included in the
computation but omitted from the graphic above for clarity.

= CH, and NH) with the PBE functional, they suggest a
orientation of the CO and CN~ ligands about the distal iron
center (see right side of Figure 6) different than that originally
proposed by Nicolet et al.,'® De Lacey et al.,”® and Chen et
al.? Zilberman et al. suggest that exogenous CO binding to
the distal iron center does not involve direct binding of CO
to the apparent open site Hox form but, instead, a reorganiza-
tion of the CO and CN ligands about that iron center precedes
exogenous CO binding.

Predicted spectra for computational models of both of these
proposed structural forms (labeled Hy—CO(1) and
H,,—CO(2)) of the Hy,—"2CO form of [FeFe]H,ase are given
in Figure 6. When compared to the experimentally deter-
mined IR spectrum of Hy—'2CO form of [FeFe]H,ase
enzyme derived from DdH (given in Figure 5), it is seen
that although the relative intensities of the ¥(CO) bands are
not perfectly reproduced by either model, the general pattern
and the predicted values of the stretching frequencies of both
models match well.

Comparison of the experimentally determined IR spectra for
the Hox—"2CO and Ho,—"3CO forms yields additional informa-
tion about the exogenous CO binding site.'®® In the experi-
mental studies of [FeFe]H,ase enzyme derived from DdH, the
1963 and 1811/1812 cm™! bands are unchanged whether '2CO
or BCO gas is used to generate Ho,,—CO. However, the other
two ¥(CO) bands change depending on whether >CO or *CO
gas is used to generate the Hox—CO form. These two v(CO)
bands are observed at 2016 and 1972 cm™! for Hy,—'2CO and
at 1995 and 1949 cm™! for H,,—"3CO.

The predicted IR spectra of three candidates for
H,,—"3CO(1), isotopomers that only differ in the site of the
3CO and the predicted IR spectrum of Hy—'*CO(1) are
presented in the left side of Figure 6. These calculations
predict that the substitution of '>CO(a) by '3CO should shift
the band predicted at 1966 cm™! for Hy,—12CO(1) to 1925



Predicting [FeFe]Hase Enzyme Infrared Spectra

cm ™! for He,—13CO(1). The substitution of the bridging CO
ligand, CO(b), by '*CO leads to comparable shift to lower
wave numbers (ca. —40 cm™') for the “1811/1812” cm™!
band (spectra not shown). These low energy IR bands
predicted for 1*CO(a) and '3CO(b) substituted forms are not
observed in the experimentally determined spectra of
Hox—"3CO. Therefore, exogenous *CO is not binding in the
CO(a) or CO(b) locations. The '*CO(c) and '*CO(d) substi-
tuted forms match the changes observed experimentally
between the Ho,—'2CO and Hy,—"3CO forms. For these two
isotopomers, the “1963” and 1811/1812 bands are virtually
unshifted, while the remaining bands shift in a manner
analogous to that observed in the experimental spectra.
Therefore, the exogenous CO ligand must be either CO(c)
or CO(d) or a mixture of CO(c) and CO(d). The results for
the Hox—CO(2) structural isomer are similar. The predicted
IR spectra for Hy,—'2CO(2) are presented in the right side
of Figure 6. These calculations predict that the substitution
of 2CO(A) or CO(B) of Hyx—CO(2) by 3CO leads to a
shift of those bands to lower wavenumbers (ca. —40 cm™!).
Therefore, the CO(c) and '*CO(d) substituted forms of
H,x—CO(2) also match the changes observed experimentally
between the Hy,—'2CO and Hy—"3CO forms.

In conclusion, in comparing the Hox—">CO and Hox—'*CO
forms, our computations using the B3LYP density functional
show that either isomeric structure of the H,,—CO form will
yield qualitatively similar IR spectral results. The work of
Zilberman et al. used unscaled frequencies the PBE density
functional. As shown in Figure SI-4 in the Supporting
Information, the use of the scaled B3LYP or unscaled PBE
frequencies gave similar results for our extended computa-
tional model. Therefore, these computations do not discrimi-
nate between the two structural forms for the Hox—CO form.
Regardless of the precise structure, these computation agree
that exogenous CO does not bind to the proximal iron or
between the two irons. The lack of incorporation of *CO
into the bridging CO position suggests that exogenous CO
cannot bind in this position. These results suggest that the
u-CO forms of the [FeFe]H,ase active site are not in
equilibrium with forms that have all terminal CO ligands
and provide strong evidence that the H™/H, binding site is
not located between the two iron centers.

Assignment of the Har Form. The Hir form of the di-
iron active site is the most highly oxidized of the spectro-
scopically observed forms of the [FeFe]H,ase enzyme, as
evidenced by its high v(CO) and »(CN) values when
compared to the other forms of the enzyme. The Hir form
is an overoxidized, catalytically inactive form that results
from aerobic purification of the enzyme from DdH/Dv. The
Halr form may be reactivated by either chemical or electro-
chemical reduction.'®2

The experimentally determined IR spectrum of the catalyti-
cally inactive, EPR-silent, Hr form of the [FeFe]H,ase enzyme
derived from DdH is compared to the predicted spectra for three
structural candidates of the Hi form in Figure 7. These
candidates differ in the ligand coordinated to the distal iron
center. Complexes 10, 11, and 12 feature hydroxy (OH—),
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Figure 7. Experimentally determined infrared spectrum for the H3! form
of the [FeFe]Hjase enzyme derived from DdH (top, reproduced from ref
18. 2001 American Chemical Society) and predicted infrared spectra for
various structural candidates for this form (species 10—12). All computed
frequencies are scaled. SSD is the sum of the squares of the differences
between the experimental and calculated spectra.

hydroperoxy (OOH—), and water (H,O), respectively, bound
to the distal iron center. In terms of their predicted stretching
frequencies and relative intensities of the ¥(CO) bands, species
10 and 11 are both good models for the species observed in
the experimental IR spectrum of the Ha form of the active site
of [FeFe]H,ase. The pattern and relative intensities of the ¥(CO)
bands in the predicted spectrum of 12 are a good match to the
experimental IR spectrum, but the predicted frequencies of
terminal CO bands are systematically too high.

Species 11, which contains an OOH™ ligand bound to the
distal iron center, is a particularly appealing candidate for the
structure of the Har form of [FeFe]H,ase for several reasons,
in addition to its good agreement with the infrared spectrum.
The overoxidized catalytically inactive Hil form is slowly
reactivated by electrochemical or chemical reduction. Recent
results suggest that this reactivation by reduction to the Hy, form
appears to require three electrons.*® The need to remove a bound
OOH™ ligand by reduction to two molecules of H,O, which
was recently proposed for the reactivation of the catalytically
inactive Ni—A form of [NiFe]Hyase enzyme derived from
Desulfovibrio fructosovorans,®* could explain the three electrons
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required for conversion of the Fe'Fe!' H! form into the Fe'Fe!!
H,, form.**®! The refinement of the crystal data obtained for
the [FeFe]Hsase enzyme derived from Cpl (PDB ID’s: 1FEH
and 1C4A) yielded an oxygen atom at a distance of 2.55A from
the distal iron center, which was assigned as belonging to a
water molecule bound to the distal iron site.">'® This
iron—oxygen distance is quite long when compared to iron
complexes that contain a terminally coordinated water molecule.
A survey of the Cambridge Structural Database shows that
iron—oxygen distances for synthetic iron(II) complexes of water
range from 1.919 to 2.277 A.°* In particular, the [trans-
Fe(depe),(HO)(CO)I** complex was shown to have iron—oxygen
distances of 2.036 and 2.051 A in two separate solid-state
structure determinations.** In addition, DFT geometry optimiza-
tion of computational models of the FeFe! forms of the
[FeFe]Hsase active site with H,O or OH™ ligands lead to
iron—oxygen distances of ~2 A. Fontecilla-Camps and co-
workers recently showed that the overoxidized, catalytically
inactive form (referred to as Ni—A) of a [NiFe]H,ase enzyme
derived from Desulfovibrio fructosovorans, whose X-ray
structure was originally refined to show a bridging oxo or
hydroxo bridge (O*~ or OH"), in fact contained a hydroperoxo
ligand (OOH™). These results, taken together, suggest that the
Haform of the [FeFe]H,ase enzyme derived from DdH
may actually contain an OOH™ ligand bound to the distal
iron center.

Our recent computational work suggests that the Ni—A
form of [NiFe]H,ase enzyme may instead consist of a OH™
bridged Ni—Fe cluster with an oxygen atom attached to the
sulfur atom of one of the terminal thiolate ligands.®® In this
context, we evaluate possible alternative structures for the
Har form of [FeFe]H»ase in which one of the sulfur atoms
of the dithiolate linker has been oxidized. The predicted
infrared spectra for the terminal OH™ complex, 10, and a
complex similar to 10 with an oxygen atom bound to one of
the bridging thiolate sulfur atoms, 10-O, are given in Figure
7. Although the predicted ¥(CO) bands of 10 are shifted to
slightly higher values in 10-O (~5-10 cm™!), the predicted
spectra of 10 and 10-O are very similar qualitatively. In
addition, our results suggest that the sulfur-oxidized, OH™
complex 10-O could be obtained from the OOH™ complex
11. We calculate the transfer of one oxygen atom from a
terminal, distal iron-bound OOH™ ligand of 11 to one of the
sulfur of the dithiolate linker to yield 10-O to be exothermic
by 21.7 kcal mol~!. A similar type of complex has been
observed experimentally in the reaction of (u-SCH,-
CH,S)[Fe(CO)s], with m-chloroperbenzoic acid to yield the
sulfoxy species, (¢-SCH,CH,S=0)[Fe(CO);]..

(61) Volbeda, A.; Martin, L.; Cavazza, C.; Matho, M.; Faber, B. W.;
Roseboom, W.; Albracht, S. P. J.; Garcin, E.; Rousset, M.; Fontecilla-
Camps, J. C. JBIC, J. Biol. Inorg. Chem. 2005, 10, 239-249.

(62) Bernal, I.; Jensen, I. M.; Jensen, K. B.; McKenzie, C. J.; Toftlund,
H.; Tuchagues, J.-P. Dalton Trans. 1995, 22, 3667-3675.

(63) Laine, P.; Gourdon, A.; Launay, J.-P.; Tuchagues, J.-P. Inorg. Chem.
1995, 34, 5150-5155.

(64) Landau, S. E.; Morris, R. H.; Lough, A. J. Inorg. Chem. 1999, 38,
6060-6068.

(65) Pardo, A.; DeLacey, A. L.; Fernandez, V. M.; Fan, H.-J.; Fan, Y.;
Hall, M. B. JBIC, J. Biol. Inorg. Chem. 2006, 11, 286-306.

(66) Messelhiduser, J.; Gutensohn, K. U.; Lorenz, 1.-P.; Hiller, W. J.
Organomet. Chem. 1987, 321, 377-388.

2388 Inorganic Chemistry, Vol. 47, No. 7, 2008

Tye et al.

H,.q(Fe'Fel)
H
4Feds
NR\S, [ i 1
N
o%/Fe\ /F‘\%N
Hi\ [4FesS] N g
5. S
0. N " 4 or
S i He
N 0 Q:\ }/g\ ,S=Cys
oc Fe\ /F%%N
H
&
H,,(Fe'Fe!l)
" [4Fe4s]
s
oc/FE< T F&en
NT§

Hoxair(FelIFell)
HNR\ SAO) [4Fe4S]
X S—Cys

Fe”s\
A

X=0H" or OOH™

Figure 8. Best structural candidates for the Hyeq, Hox, and H3! forms of
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the bridging thiolate sulfur atoms may be oxidized in the H3! form. The formal
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Conclusions

On the basis of our computations, the best structural
candidates for the Hyeq, Hox, and H& forms are as given in Figure
8. The H,eq form is assigned as a mixture of an Fe'Fe! form
with an open site on the distal iron center and either a Fe'Fe!
form in which the distal cyanide has been protonated or a Fe"Fe!
form with a bridging hydride ligand. The H,, form is assigned
as a valence-localized Fe'Fe!! redox level with no ligand bound
at the distal iron. The Ha form is assigned as an FeFe" redox
level with an OH™ or OOH™ bound to the distal iron center
and may or may not have an oxygen atom bound to one of the
sulfur atoms of the dithiolate linker.
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