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ABSTRACT: Oxygen activation at the active sites of [FeFe] hydrogenases has been
proposed to be the initial step of irreversible oxygen-induced inhibition of these
enzymes. On the basis of a first theoretical study into the thermodynamics of O2
activation [Inorg. Chem. 2009, 48, 7127] we here investigate the kinetics of possible
reaction paths at the distal iron atom of the active site by means of density functional
theory. A sequence of steps is proposed to either form a reactive oxygen species (ROS)
or fully reduce O2 to water. In this reaction cascade, two branching points are identified
where water formation directly competes with harmful oxygen activation reactions. The
latter are water formation by O−O bond cleavage of a hydrogen peroxide-bound intermediate competing with H2O2 dissociation
and CO2 formation by a putative iron-oxo species competing with protonation of the iron-oxo species to form a hydroxyo ligand.
Furthermore, we show that proton transfer to activated oxygen is fast and that proton supply to the active site is vital to prevent
ROS dissociation. If sufficiently many reduction equivalents are available, oxygen activation reactions are accelerated, and oxygen
reduction to water becomes possible.

1. INTRODUCTION

The efficient catalysis of H2 oxidation and formation is the
outstanding feature of hydrogenase enzymes.1 [FeFe], [NiFe],
and [Fe] hydrogenases are the three classes of hydrogenases
named according to the metal content of their active site.2,3

Whereas [Fe] hydrogenase needs an additional substrate,4

[NiFe] and [FeFe] hydrogenases catalyze the direct hydrogen
oxidation or formation.5 The catalytically more active [FeFe] hy-
drogenases6 have a bias for H2 formation, whereas [NiFe] hydro-
genases have a bias for hydrogen oxidation.7 These properties
make [FeFe] hydrogenases the perfect candidates for biological
fuel production.8−10 The rapid and irreversible inhibition of
[FeFe] hydrogenases by oxygen,6,7,11−13 however, poses a severe
constraint for technological applications.
Experimental14,15 and theoretical16 findings indicate that

O2-induced inhibition of [FeFe] hydrogenases is initiated by
formation of a reactive oxygen species (ROS) at the active site,
the so-called H cluster. To date almost no information on
transition states and barrier heights has been published. We will
close this gap in this work. The H cluster consists of a [Fe4S4]
cubane bound to a di-iron complex, called [2Fe]H subcluster,
where the iron atom proximal to the cubane is labeled Fep and
the iron atom distal to the cubane is Fed (see Figure 1 below).

17

Fed has a vacant coordination site where catalysis is believed to
proceed.18 This site must be important for the oxygen inhibition
process as well since carbon monoxide, a fast and reversible
inhibitor, binds to this site19 and protects the enzyme against
O2-induced damage.14,15,20 Theoretical investigations demon-
strated that oxygen activation at this site is thermodynamically
possible16,21,22 and ROS formation can occur. Very recently, Kubas
et al. determined O2 binding to be exergonic by −7.1 kcal/mol
with an activation free-energy barrier of +12.9 kcal/mol.21

Furthermore, X-ray absorption spectroscopy combined with
electrochemical measurements for the [FeFe] hydrogenase from
Chlamydomonas reinhardtii revealed that the cubane is destroyed
before the [2Fe]H subsite breaks down.15 Thus, the current
picture of O2-induced inhibition of [FeFe] hydrogenases can be
summarized as ROS formation at the [2Fe]H subsite followed by
destruction of the [Fe4S4] cubane by ROS.

14−16,23−25

In contrast to [FeFe] hydrogenases, [NiFe] hydrogenases are
generally not irreversibly inhibited by O2.

26 Hence, a comparison
to [NiFe] hydrogenases is instructive. Two types of oxygen
insensitive or tolerant [NiFe] hydrogenases exist, which achieve
oxygen insensitivity or tolerance by different strategies. The
oxygen insensitivity of [NiFe] sensor hydrogenases (e.g., from
Ralstonia eutropha27), which represents the first type, was
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Figure 1. (left) Model structure of the [FeFe] hydrogenase active site
with protonated bridgehead amine. Spatially fixed atoms are marked by a
star. An oxygen molecule (transparent) is attached to the coordination
site where catalysis proceeds. (right) Truncated structural representa-
tion of this active-site model employed in this work.
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attributed to the narrowing of known gas diffusion channels.28−30

Several studies addressed gas diffusion as a possibility to reduce
O2 sensitivity by mutagenesis experiments31−34 and molecular
dynamics (MD) simulations,35−38 also for a [FeFe] hydro-
genase.39 However, complete oxygen tolerance or full catalytic
activity over long time scales under aerobic conditions could not
be realized yet.10 Recent MD simulations suggest that shutting
down the major diffusion pathways still not fully prevents O2
diffusion to the active site.37

Certain [NiFe] hydrogenases from the bacteria Ralstonia
eutropha, Ralstonia metallidurans, and Hydrogenovibrio marinus,
which belong to the second type of O2-tolerant enzymes, are
reported to catalyze H2 oxidation even under atmospheric con-
ditions and at low H2 concentration.

40,41 They feature a [Fe4S3]
iron−sulfur cluster coordinated by six instead of four cyste-
ines.42−44 The oxygen tolerance of these [NiFe] hydrogenases is
attributed to the ability of this special FeS cluster to access three
redox states within a narrow potential range.45,46 It has been
postulated that the additional reduction equivalents available,
might help the enzymes to reduce O2 to water, which prevents
damage to the active site.45−47

It is therefore central to understand the nature of the active site
of [FeFe] hydrogenases that does not allow for a full reduction of
molecular oxygen to water. Aerobical as-isolated [FeFe] hydro-
genases are in an electron paramagnetic resonance (EPR)-silent
oxidized inactive state Hox

inact. In this state, an oxygenic ligand
(most probably OH− or H2O) is bound at the open coordination
site at Fed

17 and the enzyme is air-insensitive. Early computa-
tional studies suggested a hydroxo ligand.48 Upon one electron
reduction, the enzyme enters the EPR-active transient state Htrans
(presumably [Fe4S4]

1+[Fe(II)Fe(II)]).49,50 The catalytically
active oxidized state Hox is formed by transfer of one electron
from the cubane to the [2Fe]H subcluster with oxidation state
[Fe4S4]

2+[Fe(II)Fe(I)], which is presumably accompanied by a
conformational change.48−53 The Hox state is O2 sensitive

49−51,53

and rapidly inhibited by CO, which reversibly binds to Fed.
19,54−56

Because both species, Htrans and Hox, are EPR detectable, either
zero or two electrons are required in the transition from Htrans to
Hox.

49−51,55 Van Dijk et al. reported that reoxidation of Hox into
theHox

inact state is possible by two-electron oxidation57 in the [FeFe]
hydrogenase from Desulfovibrio vulgaris strain Hildenborough.
An infrared spectroscopy study of the process suggested that
the H cluster is not directly involved in this redox process.55

Upon further reduction of Hox, the active reduced state Hred,
[Fe4S4]

2+[Fe(I)Fe(I)] (EPR-silent) is accessed.58

The observations that the Hox
inact state is air stable (vacant

coordination site is occupied) and that the active site presumably
reduces O2 to a ROS but not fully to water are puzzling;
especially in comparison to [NiFe] hydrogenases, which appear
to achieve oxygen tolerance by oxygen reduction. On the basis of
a first theoretical study on possible oxygen activation reactions at
the active site of [FeFe] hydrogenase,16 where we showed that
O2 activation is thermodynamically possible, we here present a
detailed reaction scheme for various oxidation states including
reaction barriers to elucidate the most likely reaction paths of
oxygen at the [2Fe]H subcluster.
To describe the oxygen activation process, we assume that pro-

tons can be transferred to the active site and that the bridgehead
amine group is the terminal part of the proton transfer relay to
the H cluster. Such a concerted proton transfer from the protein
exterior to the bridgehead amine group was observed in hybrid
quantummechanical/molecular mechanical simulations.59,60 We
will consider oxygen activation at the H cluster with and without

simultaneous reduction steps and draw conclusions on com-
peting oxygen degradation reactions.

2. COMPUTATIONAL METHODOLOGY
Our structural model of the active site includes the H cluster with
dithioethylamine as bridging ligand61 and the side chain of Cys299
(labeling according to PDB structure 3C8Y62). It is depicted in Figure 1.
Apart from the bridgehead group, it is similar to the model of our
previous study.16 The model is derived from the crystal structure of
the [FeFe] hydrogenase from Clostridium pasteurianum (PDB entry
3C8Y62). Bonds that were cut, when the model was extracted from the
crystal structure, were saturated with hydrogen atoms. Their bond
lengths were adjusted to the same length as in ref 24, and both atoms of
the bond were kept fixed during structure optimization to preserve the
structural constraints of the protein matrix (fixed atoms are indicated
in Figure 1). Calculations were carried out with version 6.3.1 of the
Turbomole program package.63,64 The structures were optimized with
the BP86-D3 density functional65−67 approximation and single-point
calculations on optimized structures were conducted with the COSMO
model68 (ε = 4), with a modified radius for iron (1.391 Å) as suggested
in ref 69, to account for electrostatic screening. The def2-TZVP basis
set70 was chosen for all atoms (structure optimization and singlepoint
calculations) and the resolution-of-the-identity (RI) approximation was
invoked to speed up calculations.71 To describe the antiferromagnetic
coupling in the H cluster the broken-symmetry approach72−75 was
chosen. The antiferromagnetic coupling pattern in the cubane was
adjusted as suggested in ref 76. (Both Fe atoms in the cubane proximal
to Fep are antiferromagnetically coupled to the other two Fe atoms of
the cubane and antiferromagnetically coupled to the [2Fe]H subsite, if it
carries spin.) The methodology follows that of previous studies on
[FeFe] hydrogenases in our and other laboratories.16,24,77−79 The dis-
cussed local spins are expectation values of the local ⟨Sẑ,A⟩ operator

80

and obtained by Mulliken population analysis81 as implemented in
Turbomole.64 They are a measure for the difference in α and β electron
density on an atom.

All species were calculated in the low-spin state (singlet or doublet)
except of isolated oxygen, which was assumed to be in the triplet ground
state before coordination. The spin crossover upon oxygen coordination
might proceed by electron transfer from the H cluster to the O2
molecule, as described in ref 21.

For each species wemay assign the oxidation states of Fep and Fed and
the charge state of the cubane (+3/ +2/ +1). To rationalize oxidation
states, local spins on relevant atoms are discussed in the text. This is
possible because Fe(II) centers feature no spin excess in the strong
ligand environment of the [2Fe]H subsite. In combination with electron
counting this allows us to qualitatively discriminate Fe(I) from Fe(III)
for iron centers that feature local spin. Tables of local spins on every
atom of every intermediate, as well as Cartesian coordinates, are given in
the Supporting Information. For most intermediates there are multiple
conformations possible (e.g., generated by orientation of the thiol
S−H bond). A complete sampling of possible conformations is
computationally not feasible, and we identified the most important
conformations by chemical reasoning. For some reactions we were not
able to optimize transition states but estimated the transition barriers by
a potential energy surface (PES) scan. A PES scan is a stepwise optimi-
zation of structures between reactant and product. If, for example, atom
A is transferred to atom B the distance A−B is varied in steps from the
one in the reactant structure to the one in the product structure with
relaxation of all other coordinates at each step. Note that all barriers of
proton transfer reactions are classical barriers. Tunneling effects are not
considered.

The accurate calculation of ligand dissociation free energies is difficult
as accurate calculation of entropic contributions requires molecular-
dynamics simulations, which is beyond the scope of this work consid-
ering the large number of reactions investigated. For isolated species in
the gas phase, they may be estimated in the particle in the box, rigid rotor
and harmonic oscillator approximations. Within our cluster approach it
is, however, not possible to accurately calculate vibrational contribu-
tions, because atoms are fixed in space. Moreover, the translational
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contribution for a particle in the box is worrisome for reactions in
condensed phase that change the number of reactants as this yields a
constant shift of about 10 kcal/mol per excess molecule.82 In a recent
study, Kubas et al.21 estimated the entropic contribution of oxygen co-
ordination to the H cluster to be 9.9 kcal/mol. These authors accounted
for loss of translational entropy of the O2 molecule due to penetration of
the enzyme and a reduced available volume in the cavity,21,36 zero-point
energy and enthalpy changes. In the present study, the entropic contri-
bution of ligand dissociation reactions is estimated by the rotational and
translational contributions only. Note that for all other reactions
electronic energy differences (ΔEel) are reported, ΔE = ΔEel. For the
calculation of the translational partition function the volume of the
protein cavity was chosen to be Vcavity = 1.13 × 10−28 m3 to incorporate
loss of translational energy due to diffusion through the protein, as
suggested by Kubas et al.21 The resulting entropy contributions at
298.15 K are TΔS(O2) = 11.0 kcal/mol; TΔS(O2

−) = 11.1 kcal/mol;
TΔS(O2

•) = 12.5 kcal/mol; TΔS(O2
−) = 12.6 kcal/mol; TΔS(H2O2) =

12.9 kcal/mol;TΔS(H2O) = 10.4 kcal/mol;TΔS(OH•) = 8.9 kcal/mol;
TΔS(OH−) = 8.9 kcal/mol, where TΔS = T(ΔStrans + ΔSrot).
Approximate ROS dissociation energies are then calculated as difference
in electronic energy (including electrostatic embedding) between
reactants and products plus gain in entropy of the dissociating ligand

Δ = Δ − Δ + ΔE E T S S( )dissoc el trans rot (1)

Energies of ligand association reactions (ΔEassoc) are calculated
analogously.
These dissociation energies contain a contribution originating from

dispersion interactions, which are a sum over atom-pairwise terms
(D3 approximation67). In the ligand-bound reactants there are more
pairwise interactions (dissociating ligand to remaining system) than in the
products, because the products were calculated as separated and isolated
systems. In the reactants, the pairwise interactions of the bound ligand to
the remaining system are on the order of 7 kcal/mol for O2, 8 kcal/mol
for HO2

• andHO2
−, 6 kcal/mol for HO• andHO−, 11 kcal/mol for H2O2,

and 8 kcal/mol for H2O (lower for water bound via hydrogen bonding).
These ligand-H cluster dispersion contributions energetically penalize
ligand dissociation reactions. In the enzyme they are compensated in
parts by new dispersion contacts of the dissociated ligand. Our model,
however, does not account for the new dispersion contacts of the
dissociated ligand. To estimate the effect of dispersion corrections on
ligand dissociation reactions, we calculated the dissociation of H2O2
from [Fe4S4]

3+[Fe(II)Fe(II)]NH/SH−O2H2 also without D3 (reopti-
mized structures, ε = 4). The reaction is endothermic by +3.6 kcal/mol
without D3, instead of +12.9 kcal/mol with D3. Thus, incorporation of
dispersion interactions, which is desired for a correct description of
the active site, will lead to a less favorable ROS dissociation reaction
(9.3 kcal/mol for H2O2) if such interactions cannot be properly
modeled for the dissociated species (e.g., if the reference state is a
dissociated isolated species that lacks dispersion interactions with the
environment as the environment cannot be modeled properly).
Additional contributions to the solvation energy of the dissociated

ligands arise from short-range nonelectrostatic solvation effects such as
cavitation, dispersion, and solvent structural effects. We calculated these
contributions with the solvation model density (SMD) approach of
Marenich et al.83 as implemented in Gaussian09.84 The resulting ener-
gies are small (at most 1.5 kcal/mol for H2O2) and are therefore neg-
lected in the presentation below. However, nonpolar contributions
to the solvation energies for all ligands considered are given in the
Supporting Information.
The calculation of the electronic energy difference is complicated

further because the reference state of the products is not well-defined.
I.e. for determining the reference state it must be assumed whether the
dissociated species still is in a protein cavity with ε ≈ 4 (cavity reference
state, reaction energies denoted by ΔE(4)) or in bulk solvent in the final
state with ε ≈ 80 (solvated reference state, reaction energies denoted by
ΔE(80)). This has a large influence on the dissociation energies of
charged species and we thus calculated the electronic energy of the
dissociated ligand always for the cavity reference state (ε = 4) and for the
solvated reference state (ε = 80) of the dissociated ligand. Protonation
energies were calculated by assuming an energy of−262.4 kcal/mol85,86

for a solvated proton. Reduction energies were calculated as differences
in electronic energy of the relaxed reactant and the one-electron reduced
product structure. Note that, because of the charge of our H cluster
model, protonation energies or coupled reduction/protonation energies
are affected by charge recombination effects that are difficult to model in
our approach. Relative energies for the same total charge state are,
however, most accurate for the chemical interpretation of the data.

3. OXYGEN ACTIVATION WITHOUT EXTERNAL
REDUCTION EQUIVALENTS

As a first scenario, a complete reduction of O2, in the absence of
external electron supply (electrons for O2 reduction have to be
provided by the H cluster’s Fe atoms), is considered. The fast
oxygen inhibition of different [FeFe] hydrogenases under H2
oxidation conditions in electrochemical experiments,14,20 where
electrons are removed from the active site to the electrode,
implies that external electron supply to the active site might not
be crucial for oxygen activation at the H cluster. Scenarios with
possible transfer of external electrons to the active site are investi-
gated in later sections.

3.1. Oxygen Coordination to Fed and Subsequent
Protonation. The first reaction steps are depicted in Figure 2.
The oxygen activation process starts with coordination of triplet
oxygen to Fed in the Hox state, which is exothermic (ΔEassoc(4) =
−12.3 kcal/mol, ΔEassoc(80) = −12.2 kcal/mol). Population analysis
and the O2 bond length of 1.321 Å, which is typical for a
superoxide,87,88 show that the oxygen coordination leads to
oxidation of Fed and superoxide formation (see refs 16 and 24 for
details). Superoxide dissociation is energetically slightly un-
favored for the cavity reference state (ΔEdissoc

(4) = +7.1 kcal/mol)
and energetically favored for the solvated reference state (dis-
sociated ligand calculated with ε = 80,ΔEdissoc(80) = −18.1 kcal/mol).
Protonation of the bridgehead amine group, which is exothermic
by −55.6 kcal/mol, leads to the stable species [Fe4S4]2+[Fe(II)-
Fe(II)]NH2

+/SH−OO− (compare Figure 2), where the bound
oxygen species is still a superoxide (bond length of 1.334 Å,
local spins of Fep and Fed are 0.0 a.u. and 0.25 a.u., respectively).
Superoxide dissociation is less favored than from the unpro-
tonated species (ΔEdissoc

(4) = +24.6 kcal/mol or ΔEdissoc
(80) =

−0.6 kcal/mol).
Further activation of the bound O2

− requires proton transfer to
the O2

−moiety, which could also trigger additional electron trans-
fer to form peroxide. Our model contains two possible proton
donors, the bridgehead ammonium group (R2N

BH2
+) and the

thiol of Cys299. Proton transfer from the bridgehead R2N
BH2

+

moiety to the oxygen atom distal to Fed (Od) leads to the
hydrogen peroxide anion-bound species [Fe4S4]

2+[Fe(II)-
Fe(III)]NH/SH−OOH−. This proton transfer is triggered by the
rotation of the O2 around the Fe−Op bond (see Figure 1) toward
the R2N

BH2
+ moiety and is exothermic by −3.4 kcal/mol with a

barrier of only +1.8 kcal/mol. The formed hydrogen peroxide
anion in the product structure is bent toward the bridgehead
amine group and the transferred hydrogen points toward the
nitrogen atom of the bridgehead amine NB (see Figure 2). The
assignment of the bound oxygen species as peroxide16 is
corroborated by the O−O bond length of 1.430 Å, which is
typical for peroxides,89,90 and the local spin of +0.80 a.u. on Fed,
indicating that it is formally oxidized to +III. The dissociation of
OOH• from the product is energetically not favored (ΔEdissoc

(4) =
+24.6 kcal/mol or ΔEdissoc

(80) = +22.3 kcal/mol). The dissociation
of OOH−, however, is energetically favored when the solvated
reference state of the dissociated OOH− is considered (ΔEdissoc

(4) =
+22.4 kcal/mol or ΔEdissoc(80) = −5.7 kcal/mol). The second
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possible proton transfer is from the thiol to the distal oxygen
atom with [Fe4S4]

2+[Fe(II)Fe(III)]NH2+/S
−

−OOH− as product.
This proton transfer is slightly endothermic (+3.9 kcal/mol) and
has a barrier of +7.5 kcal/mol. The thiol is an acid too weak to
protonate the bound O2

− at this oxidation state. Bond length and
local spin of coordinated HO2

− are similar to the bond length and
local spin in the first product ([Fe4S4]

2+[Fe(II)Fe(III)]NH/SH−
OOH−).
The next proton transfer to the peroxide moiety is crucial, as

water formation is, in principle, possible by proton transfer to the
distal oxygen atom. The minimum-energy structures resulting
after protonation, however, indicate that water formation com-
petes with hydrogen peroxide formation. To find the favored
product we must consider more than one conformation. The
stable conformations that can be found starting with protonation
of the bridgehead amine are shown in Figure 2. A hydrogen
peroxide anion-bound species [Fe4S4]

3+[Fe(II)Fe(II)]NH2
+/SH−

OOH with protonated bridgehead amine can be optimized.
It is −55.1 kcal/mol more stable than [Fe4S4]

2+[Fe(II)-
Fe(II)]NH2

+/SH−OO−. The proton transfer to the H cluster
triggers shift of a reduction equivalent from the cubane to the
[2Fe]H subsite. This shift is reflected in the decrease of local
spin in the cubane. Fep and Fed carry no local spin (0.00 a.u. and
−0.02 a.u., respectively) and therefore they can be assigned the
oxidation state +II. Proton transfer to the bound O2H

− leads to

a bound hydrogen peroxide, not to water, and is exothermic
by −0.7 kcal/mol. Hydrogen peroxide formation is preferred
to water formation because of the structure of the [2Fe]H
subcluster. The transferred proton is spatially closer to Op than
to OdH. We were not able to optimize a transition state for
the proton transfer reaction but with a PES scan of the NB−H
distance, which resembles the reaction coordinate, we estimated
the proton transfer barrier to be at most +1.0 kcal/mol.
In principle, water could be formed by disproportionation

of the bound H2O2, that is, proton transfer from OpH to OdH.
This reaction is exothermic by −15.9 kcal/mol but has a barrier
of +10.0 kcal/mol, which is relatively high compared to other
competing proton transfer reactions. Note that we were not
able to find a direct proton transfer pathway from NB to OdH in
[Fe4S4]

3+[Fe(II)Fe(II)]NH2
+/SH−OOH− to form water. Water

formation appears to proceed only via the peroxide formation
pathway. Once water is formed, it remains attached to the cluster
because of hydrogen bonding. In the enzyme the water molecule
might form hydrogen bonds to other hydrogen bond acceptors
and could be removed from the active site more facile.
For [Fe4S4]

3+[Fe(II)Fe(II)]NH/SH−O2H2 a second, −2.2
kcal/mol more stable conformation exists, in which the proton
at the distal oxygen atom forms a hydrogen bond to the
cyanide ligand at Fed (Figure 2). Water formation is possible by
proton transfer from the thiol to the distal oxygen atom in this

Figure 2.Oxygen activation reactions triggered by oxygen coordination to Fed and two successive proton transfer steps to the H cluster. The dashed line
separates reactions induced by the first and second protonation reactions. Differences in electronic energies are given in kcal/mol. Reaction barriers are
indicated by ‡. Ligand dissociation energies are given for both reference states (ε = 80 in parentheses). The charge on the upper right of every structure is
the total charge of the system. One asterisk (*) on the upper right of a structure indicates a bound superoxide species, and two asterisks (**) indicate a
bound peroxide species.
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conformation (see Figure 2). In this process, which has a barrier
of +11.4 kcal/mol and is exothermic by −45.0 kcal/mol, the
O−O bond is cleaved and the proton at the proximal O atom is
transferred back to NB and the resulting Fe(IV)O2− species is
in close contact to the thiolate S−.
Hence, if a proton is available, hydrogen peroxide formation is

very likely. H2O2 dissociation therefore directly competes with
the release of water which, in turn, results in a highly oxidized and
reactive Fe(IV)O2− species.
H2O2 dissociation from [Fe4S4]

3+[Fe(II)Fe(II)]NH/SH−O2H2
is energetically unfavored (ΔEdissoc

(4) = +12.9 kcal/mol orΔEdissoc
(80) =

+10.1 kcal/mol).
If water formation occurs upon protonation of the coordinated

O2, the [2Fe]H subcluster is transformed into an iron-oxo species,
[Fe4S4]

3+[Fe(II)Fe(IV)]NH/SHO2−, with decreased local spin
in the cubane as compared to the hydrogen-peroxide-bound
intermediate. The local spin on Fep is +1.11 a.u. and on the re-
maining oxygen atom +0.85 a.u. These spin populations point to
a formal description of the Fe−O moiety as Fe(III)−O− or
Fe(IV)O2−. The Fe−O bond length of 1.693 Å is slightly larger
than for comparable Fe(IV)O2− species like Compound I in
cytochrome P450 (according to density functional theory (DFT)
calculations: 1.6591 or 1.6392 Å) or a nonheme Fe(IV)O2−

complex (measured: 1.65 Å93). Note, however, that in the
[Fe4S4]

3+[Fe(II)Fe(IV)]NH/SHO2−, the oxo ligand is coordi-
nated by water upon which a bond elongation can be expected.
We therefore favor the Fe(IV)O2− description instead of
Fe(III)−O−, as discussed in our previous study.16

3.2. Reactivity of the Terminal Iron-Oxo Species. The
iron-oxo species [Fe4S4]

3+[Fe(II)Fe(IV)]NH/SHO2−, men-
tioned in the last section, features different competing reaction
channels. Oxygen reduction requires additional protons. If pro-
ton transfer to the active site is not fast enough, oxygen insertion
into the Fed−CN− or Fed−CO bonds might occur, which offers a
pathway for H cluster degradation via disintegration of the
[2Fe]H subsite as discussed in refs 13 and 16. These insertion
reactions are shown in Figure 3. Insertion into the Fe−CN−

bond to form a cyanate ligand (OCN−) is highly exothermic
(−22.3 kcal/mol). This reaction has, however, a considerable
barrier of +25.9 kcal/mol. In the transition state, the Fe−CN−

bond is slightly elongated to 1.939 Å compared to 1.927 Å in the
reactant structure. The oxygen atom is bent toward the CN−

ligand. In the product structure, the cyanate ligand is approxi-
mately in the apical position trans to the bridging CO. The
cubane remains oxidized, but there is no local spin remaining on

the cyanate ligand and the local spin on Fed is only −0.02 a.u.
Hence, cyanate formation is accompanied by reduction of Fed.
Note that the reactant might exist in a different conformation
where the thiol S−H points toward the coordinated oxo atom
(compare Figure 3). It is 1.9 kcal/mol more stable but the barrier
for OCN− formation is about the same. The orientation of the
thiol S−H has thus no influence on the interpretation and will
not be considered for further oxo-insertion reactions.
In comparison to OCN− formation, CO2 formation by

O-insertion into the Fed−CO bond is, with −11.4 kcal/mol,
less exothermic. However, the barrier of +12.2 kcal/mol is
considerably smaller than for the insertion into the Fe−CN−

bond. As a consequence, CO2 formation should be faster than
OCN− formation. In the optimized product structure the CO2 is
still coordinated to Fed and the formerly bridging CO resides at
Fep. A PES scan of the Fed−CO distance indicates that complete
CO2 dissociation is exothermic and has a negligibly low barrier
(estimated to be approximately +0.1 kcal/mol). The facile CO2
formation and dissociation from the cluster offers a putative H
cluster degradation pathway as discussed in refs 13 and 16.
Cluster degradation could be prevented by protonation of the
oxo ligand. Additional proton supply would therefore be crucial
for maintaining the integrity of the [2Fe]H subsite.

3.3. Further Proton Supply to the H Cluster. To fully
reduce O2 to water, two additional external protons are required.
Again, we assume initial protonation of the bridgehead amine to
R2N

BH2
+. The resulting structure does not correspond to a

minimum on the PES and the proton is directly transferred to
the coordinated oxygen atom resulting in a hydroxo ligand,
[Fe4S4]

3+[Fe(II)Fe(IV)]NH/SH−OH− (see Figure 4). Protona-
tion, with the hydroxy ligand-bound species as product, is
exothermic by −26.8 kcal/mol, which is significantly less exo-
thermic than the first two protonation reactions (−55.6 and
−55.1 kcal/mol, respectively). In [Fe4S4]3+[Fe(II)Fe(IV)]NH/SH−
OH−, the local spin on Fed is +0.83 a.u., which is less than in the
iron-oxo species (+1.11 a.u.). We still assign the formal oxidation
states to be Fep(II)Fed(IV), and the charge state of the cubane to
be +3 elementary charges. The proton of the thiol is oriented away
from the hydroxo ligand. An alternative conformation with the
thiol proton pointing above the hydroxo ligand is higher in energy
by +6.0 kcal/mol. Dissociation of a hydroxyl radical from this
species appears to be unlikely to occur (ΔEdissoc

(4) = +42.8 kcal/mol
andΔEdissoc(80) = +41.1 kcal/mol). Dissociation of a hydroxide anion
is energetically even more unfavored (ΔEdissoc

(4) = +86.2 kcal/mol
andΔEdissoc(80) = +55.6 kcal/mol). Note that in the product structure

Figure 3. Oxygen insertion reactions of a putative iron-oxo species. Differences in electronic energies are given in kcal/mol. Reaction barriers are
indicated by ‡. The charge on the upper right of every structure is the total charge of the system. Black charges and boxes correspond to the unreduced
model system; blue charges and boxes correspond to model systems reduced by one electron. The reaction energies in parentheses correspond to an
alternative conformation of the thiol S−H.
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of both dissociation reactions the sulfur atomofCys299 coordinates
Fed, which requires a distortion of the [2Fe]H subcluster with
respect to the cubane. This might be prohibited in the enzyme by
the salt bridge between Lys358 and the cyanide ligand of Fed.

77

Water formation would require a second proton transfer to the
hydroxo ligand. Protonation of the bridgehead amine is
exothermic by only −4.0 kcal/mol. In our model system the
cluster is negatively charged in the active oxidation states. This
negative charge is compensated or screened in the protein.
Hence, protonation energies of our isolated cluster are artificially
exothermic due to charge compensation. Therefore, the low
exothermicity of this protonation step is an indication that it
might not happen in the enzyme. Furthermore, it was not
possible to converge states with antiferromagnetically coupled Fe
atoms in the cubane (two Fe atoms spin up and two Fe atoms
spin down) after proton addition. This might indicate that this
redox state is not accessible. As a consequence of the different
coupling pattern in the cubane, the given oxidation states are not
derived from the Kohn−Sham wave function, but simply fulfill a
labeling purpose. Proton addition to the bridgehead amine group
results in [Fe4S4]

3+[Fe(II)Fe(IV)]NH2
+/SH−OH−. Proton transfer

to form water ([Fe4S4]
3+[Fe(III)Fe(III)]NH/SH−OH2) is exo-

thermic by −8.2 kcal/mol and has a low (classical) barrier
of +2.0 kcal/mol. Water dissociation from [Fe4S4]

3+[Fe(III)-
Fe(III)]NH/SH−OH2 is endothermic by +1.4 kcal/mol or

exothermic by −1.2 kcal/mol for the cavity or solvated reference
state, respectively.

4. O2 ACTIVATIONWITH SIMULTANEOUS REDUCTION
REACTIONS FOLLOWING THE SECOND PROTON
TRANSFER

We now consider how the picture for O2 reactions at the [2Fe]H
subsite discussed in the previous section changes when electron
transfer to the H cluster is possible at the same time. After
coordination of O2, the [2Fe]H subcluster is in the formal
oxidation state Fep(II)Fed(II) (corresponding to a coordinated
superoxide). To keep the H cluster formally in this oxidation
state electrons have to be supplied before or simultaneously with
the second protonation step. As a consequence, the reactions
starting after the second protonation step proceed for a more
reduced model system compared to the situation described in
Section 3 (see Figure 5). Note that reduction by one electron
results in the same electron count as starting from Hred.
Proton-coupled electron transfer to [Fe4S4]

2+[Fe(II)-
Fe(II)]NH2

+/SH−OO− is exothermic by −129.8 kcal/mol. In the
resulting structure the bridgehead's proton is transferred to the
proximal oxygen atom to form the hydrogen peroxide bound
product [Fe4S4]

2+[Fe(II)Fe(II)]NH/SH−O2H2 (O−O bond length:
1.484 Å). In [Fe4S4]

2+[Fe(II)Fe(II)]NH/SH−O2H2 the conforma-
tion with thiol S−H pointing to the distal oxygen atom is

Figure 5. Reactions at the [2Fe]H subsite following the second proton transfer coupled to reduction of the model system. Differences in electronic
energies are given in kcal/mol. Reaction barriers are indicated by ‡. The H2O2 dissociation energy is given for both reference states (ε = 80 in
parentheses). The charge on the upper right of every structure is the total charge of the system. One asterisk (*) on the upper right of a structure
indicates a bound superoxide species, and two asterisks (**) indicate a bound peroxide species.

Figure 4.Reactions induced by the third and fourth proton transfer to the active site. Differences in electronic energies are given in kcal/mol. Reaction barriers
are indicated by ‡. The dashed line separates the different protonation states. The charge on the upper right of every structure is the total charge of the system.
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−5.1 kcal/mol more stable than the conformation where the
thiol S−H is oriented away from the coordinated H2O2
(cf. Figure 5). In contrast to the scenario without reduction,
the cubane remains in charge state +2 and Fep and Fed are in
oxidation state +II. These assignments are supported by the small
local spin of +0.18 a.u. on Fed and of +0.10 a.u. on Fep. There is
no local spin on the coordinated hydrogen peroxide and H2O2
dissociation is energetically unfavored (ΔEdissoc

(4) = +10.9 kcal/mol
or ΔEdissoc(80) = +8.1 kcal/mol).
Again, water can be formed in competition to hydrogen

peroxide release. O−Obond cleavage by proton transfer fromOp
toOdH (H2O2 disproportionation) has a barrier of +6.6 kcal/mol
at this oxidation state and leads to the formation of water and,
simultaneously, the thiol proton is transferred to Op to form a
hydroxo ligand. This reaction is exothermic by −30.2 kcal/mol.
Hence, in this reaction step an iron-oxo species is avoided. Water
formation by proton transfer from the thiol to OdH has an even
lower barrier of only +5.0 kcal/mol and is exothermic by −39.4
kcal/mol. The reaction avoids formation of an iron-oxo species as
well. The product is similar to the product of the H2O2 dispro-
portionation but has a different configuration of the bridgehead
amine, resulting from the different reaction pathway (see Figure 5).
It features a bound hydroxo ligand and the water molecule remains
attached to the cluster because of hydrogen bonding.
Although both water formation reactions avoid the iron-oxo

intermediate, a stable iron-oxo structure, [Fe4S4]
2+[Fe(II)-

Fe(IV)]NH/SHO2−, can be obtained after removal of water
from the system. Here, we label the cubane to be in charge state +2
(this is not unambiguously supported by the local spins), in
contrast to the iron-oxo species without reduction steps, where it
is in charge state +3. In the iron-oxo species, local spin on Fed
is +0.98 a.u. and the bound oxygen atom has a local spin of
+0.75 a.u., indicating an oxidized iron atom and reduced oxygen
atom, similar to the scenario without reduction steps. The
oxidation state assignment is corroborated by a Fe−O bond
length of 1.717 Å. The local spins in the proximal cubane layer are
reduced, indicating an electron shift from the cubane to the
[2Fe]H subsite.
We now consider the same insertion reactions of the iron-oxo

species as in Section 3.2, but with a model system reduced by
one electron. At this oxidation state, CO2 formation by insertion
into the Fe−CO bond has a barrier of only +6.1 kcal/mol

(compared to +12.2 kcal/mol without reduction) and is
exothermic by −21.8 kcal/mol (see Figure 3). CO2 dissociation
from the product structure is exothermic (−2.7 kcal/mol).
Hence, formation of the iron-oxo species in the one-electron
reduced state enables a faster cluster degradation pathway via
CO2 formation compared to the more oxidized system.
OCN− formation by oxygen insertion into the Fe−CN− bond

is exothermic by −29.9 kcal/mol (−22.3 kcal/mol without
reduction) but still has a large barrier of +18.0 kcal/mol
(+25.9 kcal/mol without reduction). The structure of the
product is similar to the structure obtained without simultaneous
electron transfer steps and is depicted in Figure 3. The local spins
in the cubane are increased again, compared to the reactant.
The local spin on Fed is +0.87 a.u., whereas the local spin on the
cyanate is nearly zero. The coordination sphere of Fed is distorted
compared to the reactant. The OCN− ligand resides in between
the apical and basal coordination sites, which were occupied by
the oxo and cyanide ligands in the reactant.
Additional proton-coupled electron transfers to the active site

after release of the first water molecule leads to full reduction of
oxygen (see Figure 6). The first reduction and protonation
results in the formation of [Fe4S4]

2+[Fe(II)Fe(III)]NH/SH−OH−,
and is exothermic by−126.1 kcal/mol. The thiol S−H is oriented
away from the bound hydroxo ligand in the product structure.
There is still local spin on Fed (+0.94 a.u.) and small local spin
excess on the oxygen atom of the hydroxo ligand (+0.25 a.u.).
The cubane can be assigned a charge state of +2. Dissociation
of a hydroxyl radical is unlikely (ΔEdissoc

(4) = +48.2 kcal/mol and
ΔEdissoc

(80) = +46.4 kcal/mol). Also, dissociation of a hydroxide
anion is energetically unfavored for the cavity reference state
(ΔEdissoc(4) = +25.0 kcal/mol), but energetically slightly favored for
the solvated reference state (ΔEdissoc

(80) = −5.6 kcal/mol). When
the thiol S−H is oriented toward the hydroxo ligand the thiol
proton can be transferred to the hydroxo ligand to form H2O

([Fe4S4]
3+[Fe(II)Fe(II)]NH/S

−

−OH2). In the product structure,
the cubane presumably is in charge state +3 (local spins are
decreased) and there is only little local spin on the thiolate sulfur
atom (−0.27 a.u.). Fep and Fed carry no local spin. The water
formation reaction is exothermic by −9.9 kcal/mol and an upper
bound for the barrier was estimated by a PES scan to be smaller
than +1.0 kcal/mol.

Figure 6. Reactions initialized by the third and fourth proton transfer steps to the active site coupled with electron transfers. Differences in electronic
energies are given in kcal/mol. Reaction barriers are indicated by ‡. The dashed line separates the different protonation states. The charge on the upper
right of every structure is the total charge of the system.
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Proton-coupled electron transfer to [Fe4S4]
3+[Fe(II)-

Fe(II)]NH/S
−

−OH2 is exothermic by −123.1 kcal/mol (Figure 6).
The resulting product [Fe4S4]

2+[Fe(II)Fe(II)]NH/SH−OH2 has
reduced local spins in the cubane. Fep and Fed have local spins of
+0.20 a.u. and 0.31 a.u., respectively. A −5.0 kcal/mol more stable
conformation with the SH pointing toward the coordinated water
molecule can be found. Water dissociation from the final species is
energetically slightly unfavored by +3.7 kcal/mol or +1.0 kcal/mol
for ε = 4 or ε = 80, respectively.

5. O2 ACTIVATION AT THE [2FE]H SUBSITE BY FOUR
PROTON-COUPLED ELECTRON TRANSFER STEPS

Now we investigate a scenario, in which proton transfer to the H
cluster is always coupled to simultaneous electron transfer. Since
we assume oxygen coordination to Hox (Fep(II)Fed(I)), com-
plete O2-degradation with proton-coupled electron transfer leads
to a water-bound H cluster in Hox oxidation state as final product
and can be considered as the other extreme scenario in contrast to
proton supply without reduction (Section 3).
The reactions triggered by only proton-coupled electron

transfer steps after O2 coordination to Fed are shown in Figure 7.
With reduction coupled already to the first proton transfer, the
initial structure (proton at NB) is not a stable minimum structure
and structure optimization directly converges to a product where
the thiol proton (not the proton of the ammonium group) is

transferred to the distal oxygen atom of the coordinated O2

([Fe4S4]
2+[Fe(II)Fe(II)]NH2+/S

−

−OOH−, compare Figure 7).
This reaction is exothermic by−119.3 kcal/mol. In [Fe4S4]2+[Fe-
(II)Fe(II)]NH2+/S

−

−OOH−, one proton of the ammonium group
points toward the proximal oxygen atom of the coordinated
OOH− and has a slightly elongated NB−H bond (1.124 Å vs
1.104 Å for the other N−H bond). The O−O bond length is
1.492 Å, corresponding to a hydrogen peroxide anion.
Dissociation of OOH• is unlikely (ΔEdissoc

(4) = +21.5 kcal/mol or
ΔEdissoc

(80) = +19.2 kcal/mol). Dissociation of OOH−, however,
is energetically only unfavored for the ε = 4 reference state
(ΔEdissoc(4) = +9.3 kcal/mol) and strongly favored for the hydrated
reference state (ΔEdissoc

(80) = −18.8 kcal/mol).
For the OOH−-bound intermediate another minimum struc-

ture ([Fe4S4]
2+[Fe(II)Fe(II)]NH/SH−OOH−, O−Obond length:

1.447 Å) can be found where the proton of the ammonium group
is transferred to the distal oxygen atom of the bound oxygen,
similar to the reaction without reduction (compare [Fe4S4]

2+-
[Fe(II)Fe(III)]NH/SH−OOH−, Figure 2, upper right). The
oxygen molecule is bent toward the bridgehead amine group.
This structure is by +1.1 kcal/mol less stable and the barrier
for its formation is +7.8 kcal/mol. In both structures, the cubane
is in charge state +2 and there is nearly no spin polarization on
Fep and Fed. Especially the fact that the thiol proton is transferred
more easily to the bound oxygen than the ammonium proton

Figure 7.O2 reactions at the H cluster if proton-coupled electron transfer to the active site is considered. Differences in electronic energies are given in
kcal/mol. Reaction barriers are indicated by ‡. Ligand dissociation energies are given for both reference states (ε = 80 in parentheses). The dashed lines
separate the different protonation states. The charge on the upper right of every structure is the total charge of the system. One asterisk (*) on the upper
right indicates a bound superoxide species and two asterisks (**) a bound peroxide species.
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raises the question whether water or hydrogen peroxide for-
mation would be possible already at this stage. However, starting
structures with a proton transferred from NH2

+ to Op starting
from [Fe4S4]

2+[Fe(II)Fe(II)]NH2+/S
−

−OOH− or with a proton
transferred from SH to OdH starting from [Fe4S4]

2+[Fe(II)-
Fe(II)]NH/SH−OOH− converged back to the corresponding
reactant structures indicating that water or H2O2 formation do
not occur at this stage.
If the second electron transfer is coupled to proton transfer,

water is formed directly. Starting structures with protonated
bridgehead amine group directly converge to intermediates
where the thiol proton is transferred to the distal oxygen atom to
form water from the bound hydrogen peroxide anion. Simul-
taneously, one proton of the bridgehead ammonium group is
transferred to the proximal oxygen atom forming a hydroxo
ligand. With [Fe4S4]

2+[Fe(II)Fe(II)]NH2+/S
−

−OOH− as reactant,
this reaction is exothermic by −169.6 kcal/mol (cf. Figure 7).
The direct formation of the hydroxo ligand avoids creation of an
iron-oxo intermediate. The water molecule stays attached to the
[2Fe]H subsite via hydrogen bonding. In the product structure,
the local spins in the cubane are decreased, indicating a shift
of electron density from the cubane to the [2Fe]H subcluster.
The local spin on Fep and Fed is zero. Water dissociation is ener-
getically slightly unfavored (ΔEdissoc

(4) = +4.0 kcal/mol ΔEdissoc(80) =
+1.4 kcal/mol). In the resulting hydroxo ligand-bound species
the local spins in the cubane are increased again (charge state +2)
and the local spins on Fep and Fed are −0.04 a.u. and +0.70 a.u.,
respectively.
Starting structures, corresponding to an iron-oxo species were

no minimum structures on the PES, and the thiol proton is tran-
sferred to the bound oxygen atom to form a hydroxo ligand.
Hence, at this oxidation state of theH cluster the iron-oxo species
can apparently be avoided by direct protonation. CO2 or OCN

−

formation are therefore unlikely to occur.
The third proton-coupled electron transfer step to the H

cluster is exothermic by −139.2 kcal/mol and leads to
[Fe4S4]

2+[Fe(II)Fe(II)]NH/SH−OH−. Here, the cubane is in
charge state +2 and the local spins on Fep and Fed are nearly zero
(−0.01 a.u. on Fed and 0.00 a.u. on Fep). Again, dissociation
of OH• is unlikely with ΔEdissoc

(4) = +60.8 kcal/mol or ΔEdissoc
(80) =

+59.1 kcal/mol, while dissociation of OH− is energetically
favorable only for the solvated reference state (ΔEdissoc(4) = +22.3
kcal/mol vs ΔEdissoc(80) = −8.4 kcal/mol).
Formation of a water ligand by proton transfer from the thiol

to the hydroxo ligand is endothermic by only +2.2 kcal/mol
resulting in [Fe4S4]

2+[Fe(II)Fe(II)]NH/S−−OH2. The next
proton and electron addition, which is exothermic by −112.2
kcal/mol, would lead to cleavage of the Fed−H2O bond. The
water molecule remains attached to the complex via hydrogen
boding and water dissociation is energetically slightly favored
(ΔEdissoc

(4) = −0.8 kcal/mol or ΔEdissoc(80) = −3.5 kcal/mol). After
water dissociation the Hox state ([Fe4S4]

2+[Fe(II)Fe(I)]NH/SH) is
recovered−ready for catalytic action. Hence, with sufficiently
many reduction equivalents and protons available, oxygen could
be oxidized to water. Of course, harmful side reactions, like
ROS formation, are still possible but we would expect their ratio,
compared to H2O formation, to be smaller.

6. DISCUSSION

6.1. Comparison to Previous Results. Several computa-
tional studies on [FeFe] hydrogenases from our group and others
have been published. However, there are slight modulations in

reaction energies given in the different studies, which deserves a
comment.
H cluster models can have subtle differences. Important factors

are (i) the oxidation state of both iron atoms. (ii) The size of the
model and the crystal structure where it was derived from. (iii)
Within the cluster approach the model system is usually fixed in
space at bonds linking to the protein. This fixation (atoms or
bond lengths and orientations) has to be kept consistent for the
calculation of reaction energies but can vary between studies. (iv)
The identity of the central atom of the bridging ligand and its
protonation state. The fourth topic was discussed controversially
and several models were applied: 1,3-propanedithiolate,76,94

dithiomethyl ether,16 di(thiomethyl)amine.24,77,94,95 (v) There
are different antiferromagnetic coupling patterns possible for the
cubane and of the cubane to the [2Fe]H subsite. The choice of the
coupling pattern can affect the results. A large effect (>6 kcal/mol)
of the coupling pattern on energies was only found for species
where oxygen attacked the cubane.79 The iron atoms of the
cubane can also be treated as low spin Fe.16 (vi) Structures were
optimized with and without the COSMO model for solvation.
(vii) Reaction energies can be calculated differently. For example,
H2O2 formation energy can be calculated as HO2

− dissociation
and successive HO2

− protonation.79 Then, the energy of this
reaction depends on the reference state chosen for the proton
(energy of the solvated proton) and thus differs from the way
H2O2 dissociation is investigated in this work. The choice of the
reference state of the proton can then yield very exothermic “net”
dissociation energies of −60 kcal/mol and more as reported in
ref 79 (see Table 1).
Apart from these factors the reaction energies are dependent

on the electronic structure method. In this study we applied the
BP86 exchange-correlation functional.65,66 It has the advantage
of being computationally efficient and reliably yielding good
structures for Fe−S systems16,96,97 also in comparison to the
B3LYP98−100 exchange-correlation functional. Still, the accuracy
of DFT methods is limited (errors can be up to 10 kcal/mol and
even larger101) and reaction energies can vary between different
functionals. However, we observed overall consistent results with
B3LYP and BP86 (B3LYP always yields higher barriers77) in
previous studies and energy variations did not affect the chemical
conclusions.16,24,77,79

Furthermore, the calculation of dissociation energies depends
on the inclusion of entropic effects and on the chosen reference
state of the dissociated ligand (protein cavity or fully solvated),
as discussed in Section 2. For a comparison we added the
entropy correction and reference state dependence to the ROS
dissociation energies (dissociated ligand calculated with ε = 4
and ε = 80) published in ref 79. The original ROS dissociation
energies of ref 79 and the corrected values are shown in Table 1.
The dissociation of superoxide from Hox is the only reaction that
was also calculated in this work and is therefore given in Table 1
for comparison as well. Note that for this reaction, we obtain a
different reaction energy calculated from the electronic energies
(i.e., +18.1 kcal/mol compared to +12.9 kcal/mol in ref 79),
which originates from a different orientation of the thiol group
compared to the structure reported in ref 79.

6.2. ROS Dissociation Reactions. We explored a cascade
of activation reactions of O2 coordinated to Fed. Several
intermediates in this cascade correspond to a bound reactive
oxygen species which could detach from the [2Fe]H subsite and
react with the nearby cubane, as observed in theory and experi-
ment.15,24 We observed that most ROS dissociation reactions are
energetically unfavored for the oxidized systems investigated.
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Only for anionic ROS an energetically favored dissociation is
obtained for the fully solvated reference state (dissociated ROS
calculated with ε = 80). Thus, dissociation of O2

− and HO2
− is

likely. H2O2 dissociation is energetically unfavored by +8 to
+12 kcal/mol, depending on the oxidation state of the H cluster.
We expect H2O2 dissociation to be still possible. In our previous
work we found that for more reduced systems O2

−, HO2
− and

H2O2 dissociation are energetically favored
79 (compare Table 1).

6.3. Oxygen Activation. Oxygen activation chemistry,
similar to the reactions discussed here, is well understood for
other iron-containing enzymes, which are known for producing
ROS in biology.102 Heme proteins, like the well characterized
cytochrome P450, oxidize organic compounds by activating
oxygen via successive reduction and protonation reactions, and
hydrogen peroxide or superoxide are side products in this pro-
cess.103 There are also enzymes with nonheme Fe(II) centers
known, which catalyze a variety of oxidation reactions (i.e., oxy-
genases) involving reactive oxygen species bound to Fe.104−106

Highly oxidized iron-oxo species are common intermediates in
these catalytic cycles.107 A similar oxygen activation mechanism,
where a nearby acid protonates an activated coordinated oxygen
molecule and finally reduces it to water, was recently demon-
strated for electron-deficient cobalt(II) hangman porphyrins.108

Thus, a group capable of proton transfer in the vicinity of the
active site can promote oxygen activation.108

[FeFe] hydrogenases fulfill several prerequisites for oxygen
activation. (i) They possess a Fe(II) center with a vacant co-
ordination site. (ii) Reduction reactions by two electrons are
possible, and (iii) protons can be transported to the active site.104

The detailed kinetics of the reaction steps which ultimately
lead to ROS formation and potential H cluster damage were not
known.
The dissociation reactions for ROS compete with further

reduction steps to finally form two water molecules, a formally
complete reduction and detoxification of O2. On the pathway to
water formation, we identify two major branching points where
water formation directly competes with harmful side reactions,
which could explain the cluster degradation observed in
experiment.15 The first branching point is the second proton
transfer via the bridgehead amine to yield Fe-bound hydrogen
peroxide. In the first and second scenario investigated, this
step leads to hydrogen peroxide and not to water formation.

Proton transfer from OpH to OdH, to form an iron-oxo species
and water, will be exothermic and will have barriers on the order
of +10 kcal/mol without reduction steps and of +6 kcal/mol if
the system is reduced by one electron. It is therefore decisive for
the reaction events to follow whether either H2O2 dissociates
(ROS formation) or the H2O2 bound species is persistent
enough to be converted to water and an iron-oxo species.
H2O2 dissociation would open the way for Fenton-type reactions
(H2O2 cleaved to water and production of highly reactive
hydroxyl radicals, catalyzed by Fe(II)109). H2O2 dissociation is
energetically only slightly unfavored (by about +10 kcal/mol).
Hence both processes (water plus iron-oxo formation or H2O2
dissociation) may happen.
The iron-oxo species that is formed after water dissociation

is the second potential branching point. In the one-electron
reduced system ([Fe4S4]

2+[Fe(II)Fe(II)]NH/SH−O2H2) hydro-
gen peroxide cleavage directly leads to hydroxo ligand formation
and the iron-oxo intermediate might not occur. Still, a stable iron-
oxo species can be optimized after water removal from the system.
Starting from this iron-oxo species, OCN− formation by oxygen
insertion into the Fe−CN− bond is unlikely because of the high
reaction barrier that is about +18 to +26 kcal/mol, dependent
on the oxidation state. CO2 formation by oxygen insertion
into the Fe−CO bond is, however, feasible with a barrier of
+12.2 kcal/mol without reduction and of only +6.1 kcal/mol for a
by one electron reduced H cluster. If an additional proton is
supplied to the iron-oxo species, hydroxo ligand formation is
spontaneous. Hence, proton transfer will be essential to prevent
damagingCO2 formation by an iron-oxo species. However, without
additional reduction equivalents the third and fourth proton
transfers to the active site appear to be energetically not favored.
We find hydroxyl radical dissociation to be energetically

unfavored for all investigated oxidation states. However, if OH•

is formed, sulfur oxygenation and other degradation reactions
presumably will be strongly exothermic, leading to an overall
exothermic “net” reaction (dissociation and sulfoxygenation).
Dissociation of a hydroxide anion is energetically strongly
favored for the scenario without reductions and slightly
favored for the second scenario, if the solvated reference state
is considered.
If the first and second proton transfer are coupled to electron

transfer, water will be formed directly, and simultaneously,

Table 1. Reaction Energies of ROS Dissociation Reactions of Ref 79 Augemented by Entropy Corrections (in kcal/mol)

reactants dissociating ROS ΔEel(4) a ΔEdissoc(4) b ΔEdissoc(80) b

−+ −[Fe S ] [Fe(II)Fe(I)] O4 4
2

2
O2

− −19.679 −30.7 −55.9

−+ −[Fe S ] [Fe(II)Fe(II)] O4 4
2

2
O2

− +12.979 +1.8 −23.4

−+ −[Fe S ] [Fe(I)Fe(II)] O H4 4
2

2
O2H

− −11.279 −23.9 −52.0

−+ −[Fe S ] [Fe(II)Fe(II)] O H4 4
2

2
O2H

− +18.679 +5.9 −22.2

−+ −[Fe S ] [Fe(II)Fe(II)] O H4 4
2

2
O2H

• +31.579 +19.0 +16.5

−+ −[Fe S ] [Fe(II)Fe(III) O H4 4
2

2
O2H

• +30.079 +17.5 +15.2

− ++ − +[Fe S ] [Fe(II)Fe(I)] O H H4 4
2

2
O2H2 −86.979 −100.1 −102.9

− ++ − +[Fe S ] [Fe(II)Fe(II)] O H H4 4
2

2
O2H2 −60.979 −74.1 −76.9

this work

* −+ −[Fe S ] [Fe(II)Fe(II)] O4 4
2 NH/SH

2
O2

− +18.1 +7.1 −18.2

aOriginal data of Ref 79. bTranslational and rotational entropy corrections added (indicated with subscript “dissoc”) for cavity (ε = 4) and solvated
reference state (ε = 80). *The reactant structure has a different orientation of the thiol group compared to ref 79, which is the reason for the
different reaction energy.
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the oxo ligand will be protonated by the thiol group of Cys299,
which yields a hydroxo ligand coordinated to Fed. This prevents
CO2 or OCN

− formation. As a consequence, constant proton
and electron supply to the H cluster facilitates water release to
successfully compete with ROS formation. The reduction of
O2 to water would follow a mechanism similar to that of certain
[NiFe] hydrogenases, which achieve oxygen tolerance by com-
plete O2 reduction (type II, see Introduction).
In this context, it is interesting to note that Goldet et al.

electrochemically measured and compared inhibition kinetics
of the [FeFe] hydrogenases from Desulfovibrio desulfuricans
(DdHydAB), Clostridium acetobutylicum (CaHydA) and
Chlamydomonas reinhardtii (CrHydA1).20 One of their observa-
tions was that under H2-oxidizing conditions, that is, at a poten-
tial of −0.05 V versus standard hydrogen electrode (SHE),
the O2 inhibition rate anticorrelates with catalytic H2 oxidation
activity. The oxygen inhibition rate decreases in the following
order: DdHydAB > CrHydA1 > CaHydA. Furthermore, the
inhibition rate under hydrogen-production conditions (−0.4 V
vs SHE) was estimated to be significantly slower for CrHydA1
and DdHydAB than under hydrogen-oxidizing conditions. For
CaHydA it is about the same, which was attributed to diffusion
control.20 A model was proposed by Goldet et al.,20 which
explains the catalytic reaction discrimination (faster inhibition
under oxidative conditions) by selective reaction of O2 with Hox
and not Hred.
With the conclusions drawn from our model calculations we

may extend the model of Goldet et al. of the inhibition process by
the following proposals. (i) The fact that the inhibition kinetics
under oxidative conditions (i.e., electron flow from theH cluster)
anticorrelates with reactivity (the faster H2 production, the
slower O2 inhibition) may also be rationalized with more active
enzymes being able to faster supply protons to fully reduce O2 to
water. (ii) One would expect ROS-induced damage to be faster at
more negative potentials, because ROS formation is a reductive
activation of O2. This was, however, not observed in experiment
by Goldet et al.20 As explanation the authors point to the
selectivity of O2 for Hox and not Hred.

20 From our calculations
we conclude that a full reduction of O2 to water requires
electron transfer to the H cluster, otherwise the third and fourth
protonation steps become unlikely. For a more reducedH cluster
the probability of water formation instead of ROS dissociation
is increased. This could be an additional reason for a slower
H cluster destruction under more negative electrode potentials.

7. CONCLUSIONS
The optimization of all relevant reaction barriers allowed us to
establish a comprehensive kinetic picture of oxygen activation
at the H cluster of [FeFe] hydrogenases. Proton transfer to
Fe-coordinated reduced O2 species is fast with low activation
barriers. Water formation is preceded by H2O2 formation, espe-
cially when the proton transfer chain ends with the bridgehead
amine group as terminal proton donor of the proton transfer
relay. In a more reduced state of the H cluster, proton transfer
to the oxygen species coordinated to Fed is accelerated. Every
intermediately formed Fe-coordinated ROS could dissociate
from the H cluster. However, only dissociation reactions of
negatively charged ROS are energetically strongly favored for a
fully solvated reference state. ROS formation is therefore
kinetically controlled by competition with further proton supply
that ultimately results in water production. If sufficiently many
protons and electrons are available oxygen reduction to water
will be feasible. Water formation is always the most exothermic

reaction. In a scenario without electron transfer to the H cluster
during O2 activation and with electron transfer coupled to the
second proton transfer to the H cluster, two major branching
points were identified. In the hydrogen peroxide-bound inter-
mediate, the O−O bond could be cleaved to form water and
an iron-oxo species before H2O2 dissociates. This reaction has
barriers of about +10 kcal/mol, and hence is feasible but not fast
in comparison to proton transfers. At the second branching
point, CO2 formation, which has a barrier of +12.2 kcal/mol
(oxidized H cluster) or +6.1 kcal/mol (one-electron reduced
H cluster), could occur if an iron-oxo species is formed.
Additional proton supply leads to hydroxo-ligand formation
followed by water formation. If all proton transfer steps to the
H cluster are sufficiently fast and coupled to electron transfer,
oxygen reduction to water without harmful side reactions will
be possible.
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