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ABSTRACT: The energetics for proton reduction in FeFe-hydrogenase has been
reinvestigated by theoretical modeling, in light of recent experiments. Two different
mechanisms have been considered. In the first one, the bridging hydride position was
blocked by the enzyme, which is the mechanism that has been supported by a recent
spectroscopic study by Cramer et al. A major difficulty in the present study to agree with
experimental energetics was to find the right position for the added proton in the first
reduction step. It was eventually found that the best position was as a terminal hydride on
the distal iron, which has not been suggested in any of the recent, experimentally based
mechanisms. The lowest transition state was surprisingly found to be a bond formation
between a proton on a cysteine and the terminal hydride. This type of TS is similar to the
one for heterolytic H2 cleavage in NiFe hydrogenase. The second mechanism investigated
here is not supported by the present calculations or the recent experiments by Cramer et
al., but was still studied as an interesting comparison. In that mechanism, the formation of the bridging hydride was allowed. The H−
H formation barrier is only 3.6 kcal/mol higher than for the first mechanism, but there are severe problems concerning the motion of
the protons.

1. INTRODUCTION

FeFe hydrogenases are the leading enzymes in nature for
forming hydrogen molecules from protons and electrons. The
first X-ray structure appeared in 1998.1 A model of the structure
is shown in Figure 1. The structure is quite unusual with an FeFe

dimer connected by a cysteine bridge to an Fe4S4 cluster,
together termed the H-cluster. The Fe-atom in the dimer closest
to the Fe4S4 cluster is termed the proximal iron (Fep) and the
other one the distal iron (Fed). As in the case of NiFe
hydrogenases, there are CO and CN− ligands, otherwise very
uncommon in nature. Each iron in the Fe-dimer has one
terminal CO and one terminal CN− ligand, and there is also one
bridging CO. Furthermore, the two irons are bridged by a five-
atom dithiolate ligand not seen before in any enzyme. In the
figure, the dithiolate ligand contains a nitrogen atom. However,
whether this atom should be assigned as carbon or nitrogen was
debated initially, because this could not be deduced from the X-
ray structure. There is now consensus that it is a nitrogen atom,
and the dithiolate was therefore identified as an aza-dithiolate
(ADT).3,5 The first decade after the X-ray structure, the
mechanism for H2 formation was studied intensively by both
experimental and theoretical methods.
The oxidation states appearing in themechanismwere studied

by EPR and Mössbauer spectroscopies and by theoretical
modeling studies. The early theoretical development was
described in a review in 2007.2 There are three states involved
in the mechanism, initially termed Hox

air, Hox, and Hred. The
studies converged to assignment for the di-iron part of the H-
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amino acids were included. Starting coordinates were taken from PDB
entry 1FEH of Clostridium pasteurianum (CpI).1 The structure is
identified as Hox.
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cluster with Hox
air as Fe2(II,II), with Hox as Fe2(I,II) and with Hred

as Fe2(I,I). The presence of Fe(I) in the mechanism was
unprecedented and was considered as a key for the efficiency of
FeFe-hydrogenase in forming hydrogen molecules and was
therefore used as a guideline for designing artificial mimics.
For the mechanism, Hall, Hu, and co-workers3,4 suggested

that the formation of H2 occurs at the distal iron center, while De
Gioia et al.5 suggested that it should occur in the region between
the two iron centers in the dimer. Hall and Hu3,4 suggested that
in the first reduction step in the catalytic cycle, there is a binding
of a proton to the nitrogen of the dithiolate (ADT) ligand. This
structure is in equilibrium with a structure with a terminal
hydride on the distal iron and an unprotonated ADT. After
addition of a proton in the region of the distal iron and the ADT,
in the same reduction step, H2 is formed. H2 is released only after
a second reduction. De Gioia and coworkers instead suggested
that H2 is formed from a bridging hydride and a proton bound to
a sulfur of the dithiolate. Both these leading mechanisms thus
suggest that a proton is bound to the dithiolate but differ in the
position of the hydride.
In recent years, there has been an increased number of

spectroscopic studies of the mechanism for FeFe hydrogenase.
Through a combination of nuclear resonance vibrational
spectroscopy (NRVS), FTIR spectroscopy, and DFT calcu-
lations, Cramer et al.6 studied a mutated structure, which was
interpreted as showing a terminal hydride species on the distal
iron, strongly hydrogen bonded to the dithiolate ligand, in good
agreement with the mechanism byHall andHu described above.
Furthermore, using FTIR, nuclear resonance vibrational spec-
troscopy, and DFT calculations, Lubitz and Cramer et al.7−10

made observations which also supported that picture but also
showed a more direct involvement of the Fe4S4 cluster through a
redox coupling within the H-cluster. They also showed that
Cys299 is the immediate proton donor to the nitrogen of the
ADT. Ratzloff et al.11 were the first to show experimental
evidence that there is no loss of the bridging CO between the
two irons in the dimer. In the most recent of the spectroscopic
studies of FeFe hydrogenase,12 different intermediate states
were observed. Low-temperature IR spectroscopy and nuclear
resonance vibrational spectroscopy were used. DFT was used to
analyze the experiments. Two of the states in the catalytic cycle
were suggested to have two Fe(I) atoms in the Fe-dimer. The
main conclusion reached was that the catalytic cycle does not
involve bridging hydrides, which was a very surprising
conclusion, because DFT calculations in the same study and
previously had reported a very high stability of the bridging
hydride. The structure was somehow avoided. To block a very
stable structure from protonation, suggests a quite unusual
mechanism, not seen in any other enzyme, to the best of our
knowledge. In all these studies, the H−H bond was suggested to
occur between a hydride and a protonated nitrogen of the
dithiolate. However, also recently, Haumann et al.13,14 obtained
results by infrared spectroscopy and isotope editing that seemed
to contradict the above picture. They showed that the nitrogen
of the dithiolate ligand was not protonated in any intermediate,
in contrast to both mechanisms described above, where the H−
H bond formation occurs with a protonated nitrogen of the
dithiolate. The spectroscopic results indicated that in one of the
intermediates, the Fe4S4 cluster instead becomes protonated,
which was suggested to stabilize a reactive, terminal hydride.
A few other studies of interest in the present context have also

rather recently been published. In one of them, Mulder et al.15

used Mössbauer spectroscopy and DFT to define the doubly

reduced structure, termed Hhyd. They concluded that Hhyd is in a
Fe2(II,II) state with a terminal hydride. They suggested a
mechanism where the terminal hydride appears for the first time
after two reductions. Myers et al.16 presented a detailed
experimental study of the hyperfine interactions in the Hox
state that defined the localization of the unpaired spin on Fed.
Other mechanistic aspects of FeFe hydrogenases have also

been investigated by computational methods. For example, Hall
and coworkers17,18 studied the oxygenated isomers of the di-iron
cluster and found that the relative stabilities of the di-iron-
bridging oxo complex and the oxygenated sulfur complex are
extremely sensitive to the choice of density functional. Reiher
and coworkers19,20 addressed the mechanism of inactivation of
this enzyme by O2 and suggested a protonation mechanism
involving water release and degradation of the ligand environ-
ment, which could explain the irreversibility of the enzyme
inactivation. They have also unraveled the effect of a
homogeneous electric field on the reactivity of the active site
of this enzyme and suggested that the field at the ligand-binding
site is used to tune the reversibility of H2 oxidation and
formation. Greco et al.21,22 performed QM/MM calculations to
understand the electronic structures of the three inorganic
clusters and suggested a mixed Fe(II)Fe(I) state in the H-
cluster. McCullagh and Voth23 used a combination of atomistic
molecular dynamics, dynamics coarse-graining, and Marcus
theory calculations to investigate the electron transfer steps and
suggested a proton-coupled electron transfer (PCET) mecha-
nism to the active site. Ginovska-Pangovska et al.24 performed
molecular dynamics simulations to explore the proton transport
pathways and suggested a five-residue motif for proton delivery.
Sensi et al.25 investigated the reactivity of the excited state of the
H-cluster using combined experimental and TDDFT calcu-
lations, focusing on the photochemical binding and release of
CO.
In light of the recent studies by Lubitz and Cramer et al.8−10,12

and those of Haumann et al.,13,14 a renewed theoretical study of
the mechanism was undertaken. Another reason for the present
study was to investigate the energetics of the reduction steps
where the protons and electrons enter, which had not been
studied by theory before. In that context, a comparison to the
mechanism of NiFe hydrogenase, recently studied using similar
methods as here,26 was made to investigate similarities and
differences of the two enzymatic mechanisms.

2. METHODS
The methods used here are the same as the ones used recently
for NiFe hydrogenase and also for many similar enzyme
mechanisms.27 The starting point is the standard B3LYP
method,28 which has 20% exact exchange. By a large amount
of experience on enzyme mechanisms, it has been noted that the
B3LYP results are almost only sensitive to the exact exchange
part. The key for obtaining a handle on the accuracy is therefore
to vary this fraction from 20 to 15 to 10%.29 Thus far, the best
agreement with experiments for enzyme mechanisms has been
obtained for a fraction of 15−20%. Most notable in this context
is the case of water oxidation in PSII, where a fraction of 15%was
required to reproduce the experimental PCET redox potentials.
The results predicted for the mechanism have been shown to be
in excellent agreement with experiments, performed years
later.30

The geometries are optimized using a LACVP* basis set,
which is of moderate DZP size. For the final geometries (single
points), a much larger basis set was used with cc-pvtz(-f) for the
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nonmetal atoms and with LAV3P* for the metals. Solvation
effects were obtained using a Poisson-Boltzmann solver,31 with a
dielectric constant of 4.0. Zero-point effects were obtained from
computed Hessians with the LACVP* basis. D3 dispersion32

was included in the geometry optimization and D2 was used for
the final energies.33 No essential difference was found between
the D2 and D3 results. Translational entropy effects of −8.4
kcal/mol were included in the step, where the hydrogen
molecule was released; otherwise, they were assumed to be
small. The calculations have been performed with the programs
Jaguar31 and Gaussian 09.34

The model used for the active site was built from the X-ray
structure of C. pasteurianum (CpI).1 The model is shown in
Figure 1, to illustrate the atoms included. For the iron dimer
part, there are three CO, two CN, and the bridging dithiolate
ligands. Outside the dimer, Lys358, Met353, Met497, Thr349,
and the backbone parts of Phe417 and Gly418 were included.
For the Fe4S4 cluster, there are four cysteine ligands, Cys300,
Cys355, Cys499, and Cys503. The bridging ligand between the
iron dimer and the Fe4S4 cluster is Cys503. At a rather late stage,
Cys299 was also added to the model, which was found to be
quite important. The reason it was not included in the starting
model was that it is not a ligand of the H-cluster and is not
charged. In cluster modeling, it is necessary to keep some atoms
fixed from the X-ray structure.35 For all amino acids, the α
carbon and two hydrogens bound to it were fixed. The details are
found in the Supporting Information.
In order to study the reduction processes, it is necessary to

have an estimate of the driving force. The redox potential for
proton reduction is −0.41 V at pH = 7. Because hydrogenases
are optimized to avoid a loss of energy, a small driving force
(ΔE) of −3.6 kcal/mol (−0.15 V) was assumed as a reasonable
value, corresponding to a redox potential of the electron donor
of −0.49 V at pH = 7. A driving force greater than 2.8 kcal/mol
leads to a yield of 99%. The overall reaction is as follows

→ + Δ+ − E2(H , e ) H2

The cost for obtaining the reducing (H+, e−) couple becomes
368.0 kcal/mol for 15% exact exchange, which also includes the
translational entropy contribution of 8.4 kcal/mol. To obtain the
same driving force, a value of 366.7 kcal/mol was used for 10%
and 369.5 kcal/mol for 20%. The differences are entirely because
of the different energies for theH2molecule. For the oxidation of
H2, a driving force of −3.6 kcal/mol corresponds to a redox
potential of −0.34 V for the electron acceptor at pH = 7. Under
the conditions used in the spectroscopic studies, the cost of the
reducing (H+, e−) couple becomes 367.1 kcal/mol for 15%. To
obtain a reference value for individual electron and proton
transfers to the H-cluster requires one single parameter obtained
from experimental information, just as for PSII.30 In the present
case, this is not needed because the reductions are proton-
coupled.13 Therefore, only the results for the addition (or
subtraction) of (H+, e−) couples are reported below.

3. RESULTS
Themechanism for FeFe-hydrogenase has been studied by DFT
using the B3LYP functional with 20, 15, and 10% exact
exchange. Most of the results discussed below have been
obtained with 15%. The discussion mostly concerns the
reduction of protons to H2, but the reverse reaction of oxidation
of H2 to protons are also discussed. The reduction reaction is of
higher interest in the context of using light and water for
obtaining H2 as fuel.

The starting point of the study is the X-ray structure, with the
molecular model shown in Figure 1. This structure has been
assigned to Hox. The optimized structure is shown also in Figure
2. An interesting feature is that the distal iron (Fed) of the Fe-

dimer has an open coordination site. Hox has a −3 charge of the
H-cluster, an oxidation state of the dimer Fe2(II,I), and a doublet
total spin-state. The presence of Fe(I) (on Fed) has not been
seen in any other enzyme, to the best of our knowledge, but the
situation here is different with the unusual CN− and CO ligands
and a large negative charge of −3 for the H-cluster. The
oxidation state of the Fe4S4 cluster is Fe4(III,III,II,II) with
antiferromagnetic coupling between the irons. It has 9α
electrons delocalized on one Fe2(II,III) pair and 9β electrons
delocalized on the other pair, forming a broken-symmetry open-
shell singlet. The reason water does not bind to Fed is that the
oxidation state is Fe(I). If there would have been an oxidation
state of Fe(II) for Fed, water would bind strongly, because Fe(II)
prefers an octahedral coordination, see below, which is not the
case for Fe(I). To send an electron from Fed to the Fe4S4 cluster,
to change Fed to Fe(II), is too costly without a simultaneous
protonation of the Fe4S4 cluster. As a final test for the structure
of Hox, a hydrogen bond from Cys299 to ADT was tried, but the
energy was slightly worse than for the structure in Figure 2.

3.1. Mechanism Involving a Blocked Bridging Hydride
Position.An important point in the experiments by Cramer and
Lubitz et al.7−10,12 is that a bridging CO is retained during
catalysis. This conclusion was based mainly on the finding by IR
and NRVS that the characteristic frequency for a bridging CO is
present in all structures studied. All DFT calculations done so
far, including the ones in the recent study,12 agree that the
energy is much lower for the bridging hydride structure, than for
the structures observed in the experiments, and it was therefore
concluded that the bridging hydride position is blocked. In the
first mechanism studied here, the assumption that the formation
of the bridging hydride is blocked is adapted. The conclusion
that a structure with a deep minimum is avoided in a mechanism
is very unusual and, to the best of our knowledge, has not been
seen in any other enzyme.
In the present study, the state obtained after the first reduction

by an (H+, e−) addition is termed HredH
+ and the state obtained

after the second reduction is termed Hhyd, following the
nomenclature used by Haumann and Stripp13 This does not
mean that the structures of these two states are suggested to be
the same as the ones suggested by Haumann et al.
To find the optimal structure after the addition of the first

(H+, e−) couple, to reach HredH
+, turned out to be very difficult.

Figure 2. Optimized structure of Hox with a charge of −3 for the H-
cluster. The oxidation state of the iron dimer is Fe2(II,I), and the total
spin is a doublet. Atoms not directly involved are not shown.
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HredH
+ has been observed in both of the recent experimental

studies, indicating an exergonic or weakly endergonic transition
fromHox. The suggestion by Haumann et al. was that the proton
should be added to the Fe4S4 cluster, the optimal position being
at Cys499. In contrast, Cramer and Lubitz et al. suggested that
ADT should be the preferred position. Both these positions, and
many more, were tried here without leading to acceptable
energies compared to experimental observations. It was always
found that the cost for adding the (H+, e−) couple to Hox was
much too high. To place the proton on Cys499 was found to be
as endergonic as +12.9 kcal/mol. Other sulfide positions were
found to give quite similar energies. Even considering possible
problems with DFT, this suggestion must be ruled out. Placing
the proton on ADT was found to be the same with a large
endergonicity of +12.9 kcal/mol, and can therefore be ruled out,
as well. These results led to explorations of very different
mechanisms, but without success.
The final solution to this problem was found when also other

positions for the proton were studied, initially considered to be
very unlikely. To find a position with a lower energy by more
than 10 kcal/mol is necessary to get agreement with the
experiments showing that Hred H

+ should be observed. One of
the more unlikely positions for the proton in Hred H

+ was to
place the proton as a terminal hydride in the open site of Fed. In
the formation of this terminal hydride, one electron is taken
from the dimer and the other one from the reduction in this step.
The oxidation state of the dimer is Fe2(II,II), while it remains at
Fe4(III,III,II,II) for the Fe4S4 cluster. A terminal hydride so early
in the mechanism was not suggested in any of the recent,
experimentally based mechanisms, but only later in the process
after the next reduction. There are early theoretical studies that
suggested a terminal hydride at an early stage, but those studies
did not consider the energetics for the reduction steps. Contrary
to our expectations, the terminal hydride position actually gave a
remarkable energy lowering of −13.9 kcal/mol compared to the
previous suggestions of Cys499 by Haumann et al. It is also
lower in energy by −13.9 kcal/mol than the ADT position,
suggested by Cramer and Lubitz et al. The structure is shown in
Figure 3. As seen in the figure, there is a strong alternative

hydrogen bond36 between the negative hydride and the positive
proton on Cys299, stabilizing the hydride. The bond was not
present in our initial investigations, because Cys299 was not
included in the model. However, even without the hydrogen
bond, the position of the proton as a terminal hydride on Fed was
found to be the optimal position. From the results, the effect of
the alternative hydrogen bond on the transition energy fromHox

to HredH
+ can be estimated to be −4.5 kcal/mol, a substantial

and necessary effect on the mechanism. It should be noted that,
even after the finding of the quite stable structure for HredH

+, a
bridging hydride is much lower in energy than the terminal
hydride by −17.8 kcal/mol. Therefore, the bridging hydride
structure still has to be blocked by the enzyme.
In the next addition of a (H+, e−) couple, the Hhyd state is

reached from Hred H
+. Hhyd has also been observed in the two

experimental studies as mentioned above. The oxidation state of
the dimer remains at Fe2(II,II). The electron is added to the
Fe4S4 cluster, leading to an oxidation state of Fe4(III,II,II,II).
This is the lowest oxidation state found in the catalytic cycle for
the Fe4S4 cluster. The added proton here is found to be
preferably placed at a ligand (Cys499) bound to the Fe4S4
cluster, which is expected because the cluster has been reduced.
This is in agreement with the suggestion in the study by
Haumann and Stripp.13 The optimized structure for Hhyd is
shown in Figure 4. The transition from Hred H

+ to Hhyd was

found to be endergonic by +4.2 kcal/mol. Because the structure
has been observed, this result might indicate a minor error of
DFT. However, it is also possible that a slightly endergonic state
could actually be observed, depending on the experimental
detection level.
The next step in the mechanism is to proceed to the TS for

H−H bond formation. First, the proton has to move from
Cys499 to ADT, which is endergonic by +5.4 kcal/mol. Because
the proton transfer leads to an electron transfer from the Fe4S4
cluster to the dimer, a future modeling of the proton transfer
pathway has to involve the direct coupling to the electron
transfer, which is quite difficult to model. To model that has not
been done in any earlier studies of the mechanism, and would
also require a larger model, including the addition of several
water molecules, and was not done in the present study either.
The spin on the resulting Fe2(I,II) dimer is delocalized but is
mainly on Fep, with a spin of 0.52. The structure is shown in
Figure 5 and is here termedHhyd′ . After the oxidation of the Fe4S4
cluster, the oxidation state becomes Fe4(III,III,II,II). The most
interesting feature of the structure is that there are strong
interactions involving three hydrogens, the hydride, the ADT
proton, and the proton on Cys299. The distances between the
hydrogens are remarkably short, with 1.66 and 1.56 Å.
As seen on the structure of Hhyd′ , there may be two possibilities

to reach a TS for H−Hbond formation. The first one is shown in
Figure 6 and is the one suggested in many earlier studies of the
mechanism. At the TS, the distance between the hydrogens is

Figure 3. Structure of Hred H
+with a charge of−3 for theH-cluster. The

oxidation state of the iron dimer is Fe2(II,II). The total spin is a singlet.
Atoms not directly involved are not shown.

Figure 4. Structure of Hhyd with a charge of −3 for the H-cluster. The
oxidation state of the iron dimer is Fe2(II,II). The total spin is a doublet.
Atoms not directly involved are not shown.
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1.04 Å, the distance between ADT and the proton has increased
from 1.05 to 1.31 Å, and the distance between Fed and the
hydride has increased from 1.60 to 1.70 Å. The distance from the
Cys299 proton and the hydride has increased from 1.56 to 1.71
Å, indicating that it is involved in the mechanism. The local
barrier from Hhyd′ is only 3.1 kcal/mol.
From the structure of Hhyd′ in Figure 5, there is also another

possible TSwhich is more unexpected. TheH−Hbond could be
formed between the Cys299 proton and the terminal hydride. It
turns out that this is actually a slightly preferred TS with a local
barrier from Hhyd′ of 1.8 kcal/mol, 1.3 kcal/mol lower than the
one for themechanism described above. The energy difference is
quite small and within the uncertainty of the present
calculations. The TS structure is shown in Figure 7. The barrier
fromHhyd is 7.2 (=5.4 + 1.8) kcal/mol. The distance between the
hydrogens is 1.02 Å. The Cys299-H distance has increased to
1.63 Å and the hydride-Fed distance to 1.66 Å. The hydrogen on
ADT forms rather short unconventional hydrogen bonds to the
two hydrogens involved in the bond formation, with distances of
1.89 and 2.16 Å, indicating a charge stabilization of the TS.
However, the most important aspect of the added proton on
ADT is that it forces a Fe(I) oxidation state on the iron dimer. It
should therefore be emphasized that both these mechanisms are
in agreement with experiments showing that ADT is an
important part of the mechanism.37 Experiments cannot observe
a TS directly and can therefore not be used to indicate the
preferred TS. In Hhyd′ and the two TS, the electron is equally
localized on both irons in the dimer, with a sum of the spins of
0.7. It can be added that after the TS, the proton goes
immediately over to Cys299 to form Hox.

There is an interesting similarity between the lowest TS in
Figure 7 and a TS in NiFe hydrogenase. In both cases, the H−H
bond is formed between a metal bound hydride and a
protonated cysteine via a heterolytic mechanism.
The energies discussed above, using 15% exact exchange, are

shown in Figure 8. The most important energy for the

mechanism is the total barrier of +11.4 (=10.4 + 1.0) kcal/
mol from the resting Hred H

+ state. It is also important for the
mechanism that the energies for the two reduction steps are not
lower than the final point at −3.6 kcal/mol, which would
otherwise increase the barriers for the following cycles. In the
final step of H2 release, the increase of the entropy for the free H2
of −8.4 kcal/mol contributes significantly. No bound molecular
H2 state was found when entropy was added. It should also be
noted that the steps between the states marked in the figuremust
be very efficient, not to increase the overall barrier over +11.4
kcal/mol, in particular for the step betweenHhyd andHhyd′ , where
a proton moves from Cys499 to ADT. A proton transfer TS
higher by more than +1.8 kcal/mol compared to Hhyd′ would
increase the overall barrier.

Figure 5. Structure of Hhyd′ with a charge of −3 for the H-cluster. The
oxidation state of the iron dimer is Fe2(I,II). The total spin is a doublet.
Atoms not directly involved are not shown.

Figure 6.Transition state for the H−Hbond formation with a charge of
−3 for the H-cluster. The oxidation state of the iron dimer is Fe2(II,I).
The total spin is a doublet, and the charge of the H-cluster is−3. Atoms
not directly involved are not shown.

Figure 7. Alternative transition state for the H−H bond formation with
a charge of−3 for the H-cluster. The oxidation state of the iron dimer is
Fe2(II,I). The total spin is a doublet, and the charge of the H-cluster is
−3. Atoms not directly involved are not shown.

Figure 8. Energy diagram for themechanism for reduction of protons in
the case of a blocked bridging hydride, using 15% exact exchange and a
charge of the H-cluster of −3.
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The usual test of the accuracy by using different fractions of
exact exchange has been made also in the present case. The
results using 15% in Figure 8 are in sequence: 0.0, −1.0, +3.2,
+8.6, +10.4, and −3.6 kcal/mol. For 20% exchange (normal
B3LYP), the values are 0.0, +3.1, +5.4, +11.9, +14.0, and −3.6
kcal/mol with an overall barrier of +14.0 compared to +11.4
kcal/mol for 15% exact exchange. The barriers for the coming
cycles will be the same, because no level is lower than the final
one of −3.6 kcal/mol. For 10%, the values are 0.0, −5.1, +1.2,
+4.9, +6.3, and −3.6 kcal/mol with an overall barrier of +11.4
(=6.3 + 5.1) kcal/mol. However, because the energy for HredH

+

of −5.1 is lower than the final point of −3.6 kcal/mol, the
barriers for the coming cycles will be increased by this difference
of +1.5 to +12.9 kcal/mol. The overall barriers for 10, 15, and
20% are +12.9, +11.4, and +14.0 kcal/mol. The values are thus
quite similar, and the differences do not affect the mechanism or
the assignments.
Finally, two other commonly used functionals were used to

calculate the single-point energies for HredH
+ and Hhyd. The

energy to obtain a (H+e−)-couple was first adjusted to give the
same driving force for these functionals as the one used above for
B3LYP. For the PW6B95-D3 functional,38 the energy was found
to be +2.3 kcal/mol for HredH

+ and for Hhyd +12.3 kcal/mol,
while for the PBE0-D3 functional,39 the corresponding values
were +1.6 and +8.3 kcal/mol. Because these states have been
observed experimentally, they should have energies not higher
than +3 kcal/mol, and the accuracies for these functionals are
therefore not sufficient for the mechanism studied here.
However, both functionals agree with the ones above (B3LYP
with different fractions) that HredH

+ should have a hydride on
Fed and not a proton on a cysteine of the Fe4S4 cluster as has
been suggested by spectroscopic analysis based on calculated
frequencies.13 The latter frequency approach has not been as
well tested as the one used here with calculated energies.40

The above mechanism relies on the possibility of blocking the
formation of the bridging hydride, because there will be a
competition between bridging hydride formation and the overall
rate of catalysis. The experiments clearly show that the rate of
catalysis is indeed faster than that of forming the bridging
hydride. To actually calculate the rate of bridging hydride
formation is quite difficult, because there are many possibilities.
There has actually been an attempt to calculate the barrier for
forming the bridging hydride position. Reiher et al.38

investigated two possible protonation pathways. The first
pathway studied was the one from a terminal to a bridging
position. It was found to have a very high barrier of +29 kcal/
mol, but only an internal transfer was investigated, involving a
large structural rearrangement of the ligands. The second
protonation pathway investigated, leading to a bridging hydride,
was deprotonation of a nearby lysine. Lysine has a very high pKa
and furthermore requires a release from the salt bridge to a
cyanide. The pathway was therefore found to be endergonic and
to have a very high barrier of +39 kcal/mol.
In a study of the efficiency of blocking the bridging hydride

formation, the most critical point is the addition of the first (H+,
e−) couple. The question here is how much lower the barrier is
for hydride formation at a terminal position compared to one at
a bridging position, where the latter position is energetically
strongly preferred. The number of possible pathways is
numerous, for example, involving outside water molecules
which is a common way to move protons in enzymes. Such a
very difficult study could possibly be a future project.

The calculated energies for reduction can also be used to
study the reverse reaction of oxidation. The energy diagram is
shown in Figure 9 for 15% exact exchange. The barrier is 14.0

kcal/mol compared to 11.4 kcal/mol for reduction, a substantial
difference showing that FeFe hydrogenase is mainly used for
reduction. The oxidation barrier is very similar to the one
recently computed for NiFe hydrogenase using a heterolytic
cleavage mechanism.

3.2. Mechanism Involving a Bridging Hydride. Blocking
a position that is very low in energy is extremely unusual in
enzyme mechanisms; in fact, it has never been observed in any
mechanism studied theoretically before. It is therefore of high
interest to investigate what would happen if that position was
not blocked. If the charge of theH-cluster is chosen as−3, like in
the case of the mechanism discussed above, the bridging hydride
would bind very strongly and the process would end up at that
point. However, a charge of−3 is far from obvious. In fact, such a
large negative charge for a cluster is very unusual, in particular,
when there is only one positive residue in the immediate
surroundings of the cluster. The study of the case where the
bridging hydride is not blocked was therefore done with a charge
of the H-cluster of −2. This would lead to a starting structure,
here termed HA, with an oxidation state of Fe2(II,II) for the iron
dimer. The oxidation state of the Fe4S4 cluster is
Fe4(III,III,II,II), the same as for Hox described above. The
optimized structure is shown in Figure 10. Water binds quite
strongly to the distal iron with a Fe−O bond distance of only
2.01 Å. The reason for the strong binding is that Fe(II), unlike
Fe(I), prefers an octahedral coordination; see above.
If the H-cluster is reduced by adding a (H+, e−) couple, the

added hydrogen would bind as a bridging hydride trans to the
dithiolate ADT, assuming that the position is not blocked. The
optimized structure, termed HB, is shown in Figure 11. The
reduction is exergonic by −5.0 kcal/mol. The spins are still zero
for the dimer, indicating that the oxidation state is Fe2(II,II).
The bridging hydride structure is quite strongly preferred, by
−13 kcal/mol, compared to protonation of a cysteine on Fe4S4.
There would be a structural change associated with binding the

Figure 9. Energy diagram for oxidation of H2 using 15% exact exchange
and a charge of the H-cluster of −3. The bridging hydride position is
blocked.
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hydride. The water leaves, and the bridging COmoves to a distal
position on Fed. Moving the CO forces the other CO on the
distal iron to take the position previously held by the water. The
oxidation state of the Fe4S4 cluster becomes Fe4(III,III,III,II)
still with antiferromagnetic coupling between the irons. The
spins are totally delocalized [10α electrons on one pair of
Fe2(III,III) and 9β electrons on the other pair of Fe2(III,II)].
One of the two electrons on the hydride would come from the
Fe4S4 cluster.
If there is yet another reduction of the H-cluster by adding a

(H+, e−) couple, the proton would end up on Cys499 bound to
the Fe4S4 cluster. Several other protonation sites of the Fe4S4
cluster were also tried, including the bridging sulfides, but
Cys499 was the best one. Also this reduction is exergonic, now
by−2.3 kcal/mol. The optimized structure, termedHC, is shown
in Figure 12. The reduction would occur on the Fe4S4 cluster,
which should now have the oxidation state Fe4(III,III,II,II). The
oxidation state of the dimer would still be Fe2(II,II). Thus far,
there is no indication of any Fe(I) oxidation state of the dimer.
The next step in the mechanism would be to move the proton

from Cys499 to the nitrogen of the bridging dithiolate and to
move the bridging hydride to a terminal position on Fed; see
Figure 13. This change of structure would be needed to prepare
the dimer for H−H bond formation. To move the hydride to the
terminal position would not be a trivial step. However, the
transfer does not necessarily occur by a rotation of the structure.
A more likely pathway would be to move the bridging hydride
back to the Fe4S4 cluster, and then, from there, to the terminal
position. However, the pathway is still expected to lead to a high
barrier. The thermodynamics of the transfer step is only uphill
by +5.8 kcal/mol. There is no change of the oxidation state of

the dimer by this change of hydride position, and the oxidation
state would therefore still be Fe2(II,II). The distance between
the proton on ADT and the terminal hydride is 2.14 Å. There is a
strong alternative hydrogen bond for the structure in Figure 13,
just like in the mechanism discussed above for the blocked
bridging hydride. The bond distance from the hydride to the
Cys299 proton is only 1.65 Å.
The transition state for H−H bond formation is shown in

Figure 14. The distance between the hydride and the proton has
now decreased to 0.91 Å. The barrier from HC is 15.0 kcal/mol.
After the TS, there is a very flat region at a similar energy as the
TS with a binding of H2 to Fed. Unlike the case discussed above
for a blocked bridging hydride position, H2 would not be easily
released. The reason for this difference is that the oxidation state

Figure 10. Structure of HA with a water molecule bound to the distal
iron. The oxidation state of the iron dimer is Fe2(II,II). The total spin is
a singlet, and the charge of the H-cluster is −2. Atoms not directly
involved are not shown.

Figure 11. HB structure obtained after addition of one proton and one
electron to HA. The oxidation state of the iron dimer is Fe2(II,II). The
total spin is a doublet, and the charge of the H-cluster is −2. Atoms not
directly involved are not shown.

Figure 12. Structure of HC obtained after addition of one proton and
one electron to HB. The added proton is bound to Cys499, which is a
ligand of the Fe4S4 cluster. The oxidation state of the iron dimer is
Fe2(II,II). The total spin is a singlet, and the charge of the H-cluster is
−2. Atoms not directly involved are not shown.

Figure 13. Structure of HD with a protonated ADT and a terminal
hydride. The oxidation state of the iron dimer is Fe(II,II). The total spin
is a singlet, and the charge of the H-cluster is −2. Atoms not directly
involved are not shown.

Figure 14. Transition state for the H−H bond formation. The
oxidation state of the iron dimer is Fe2(II,II). The total spin is a singlet,
and the charge of the H-cluster is −2. Atoms not directly involved are
not shown.
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of Fed in the dimer in Figure 14 is Fe(II), which does not like to
be five-coordinated in contrast to the case of Fe(I). To complete
the catalytic cycle by releasing H2 would therefore be more
complicated, requiring another reduction by adding (H+, e−),
forming HB of the next cycle. The proton would be added as a
bridging hydride, leading to a six-coordinated Fed even after H2
release. The step from HD is exergonic by −7.1 kcal/mol. A
water molecule might be involved in the reduction step, first
forming HA before the reduction. A more likely scenario would
be that the water bound structure should not be involved in the
catalytic cycling. The final driving force for the catalytic cycle is
−3.6 kcal/mol, as above.
The alternative to form the H−H bond between the hydride

and the Cys299 proton was also tried. Shortening the H−H
distance leads to a very flat potential surface all the way to a very
short H−H distance of 1.0 Å, which at first appears to generate
an even lower barrier than for the case where the proton was
taken from the nitrogen of the dithiolate. However, this reaction
path never releases H2 without making major structural changes.
The reason is that the product with an unprotonated Cys299 is
very unfavorable energetically in this case and would therefore
bind to the empty site on Fed, which is Fe(II). It should be noted
that the same problem does not occur for the case with the
blocked hydride, because Fed is Fe(I), which does not require
six-coordination.
The computed energy diagram for proton reduction with a

charge of the H-cluster of −2, where the hydride position is not
blocked, is shown in Figure 15 for the case of using 15% exact

exchange. The rate-limiting barrier is +15.0 (=12.7 + 2.3) kcal/
mol. The mechanism in Figure 15, with the rather low barrier,
would be hard to rule out, without the experimental
demonstration that a bridging CO is always present in the
mechanism.12 It is quite remarkable that the energy levels of the
intermediates are so close in energy, without any deep minima
on the pathway, even though the mechanism is not used by the
enzyme. It is also interesting that the barrier is so low, with a
mechanism that keeps the oxidation state of the dimer as

Fe2(II,II) along the entire cycle. The bridging hydride appears
already in the HB state and is present also in HC.

4. DISCUSSION AND CONCLUSIONS
The mechanism of proton reduction in FeFe-hydrogenase has
been investigated by theoretical modeling techniques. Two
differentmechanisms have been studied. For the first case, where
the position for a bridging hydride is blocked and with a charge
of the H-cluster of −3, a mechanism is found that agrees with
available experimental thermodynamics and kinetics. The most
difficult step to reach agreement for turned out to be the first
reduction, in which HredH

+ was formed. There have been two
recent different experimental suggestions for the protonation
site in this reduction. In the first one,8−10,12 a protonation of the
nitrogen of the bridging dithiolate was considered most likely. In
the second, vibrational spectroscopy experiments instead led to
the conclusion that there should be a protonation of a cysteine
on the Fe4S4 cluster.

13,14 Surprisingly, after investigating many
different possibilities, the calculations instead gave a large
preference for forming a terminal hydride on the distal iron
(Fed) of the Fe2 dimer, in the first reduction. The preference is so
large, 13.9 kcal/mol, that the result for the preferred protonation
site must be considered as quite certain. In the second reduction,
forming Hhyd, the preferred protonation site is on one of the
cysteines on the Fe4S4 cluster, in agreement with the
experimental suggestion by Haumann et al.13,14

The preferred TS for H2 formation gave another unexpected
result. In agreement with most suggestions, prior to forming the
TS, the proton moves to the nitrogen of the bridging dithiolate,
forming Hhyd′. Hhyd′ was found to have a surprising structural
feature with two very short unconventional hydrogen bonds to
the terminal hydride, one from the added proton on the nitrogen
of the dithiolate and another one from the proton on Cys299.
The proton on the nitrogen of the dithiolate appears not to be
used for forming H2, and the slightly preferred possibility instead
forms the H−H bond between a proton on Cys299 and the
terminal hydride. This mechanism has strong similarities to the
one for heterolytic cleavage in NiFe hydrogenase,26 where the
H−H bond is cleaved between a (bridging) hydride and a
proton on a cysteine. The presently calculated barrier is very low
with only 11.4 kcal/mol.
In the second mechanism studied, the bridging position is not

blocked for hydride formation. The mechanism is not supported
by experiments, but was studied anyway for comparison. The
preferred charge of the H-cluster in this case is −2. The rate-
limiting barrier found is 15.2 kcal/mol compared to 11.4 kcal/
mol for the first mechanism. The difference of only +3.8 kcal/
mol may be considered surprising. Still, this difference of +3.8
kcal/mol is the reason the enzyme has blocked the pathway to
the bridging position. If the energy difference would have been
negative, it would have been very easy for the enzyme to
organize a pathway to the bridging position by placing suitable
amino acids along the pathway.
To understand the mechanism, it is very important to

consider also the reduction steps, which have here been studied
energetically for the first time. In order to optimize the overall
rate, the reduction steps have to be close to isogonic, which
could be one reason the unusual structure with cyanide and
carbonyl ligands was chosen by nature.
Comparisons have been made here to the mechanism of NiFe

hydrogenase, recently studied by similar techniques; see Figure
16.26 The rate-limiting barriers for oxidation in NiFe hydro-
genase, using a heterolytic cleavage mechanism, and for

Figure 15. Energy diagram for the reduction of protons using 15% exact
exchange, where the bridging hydride position (termed Br−H−) is not
blocked and the H-cluster has a charge of −2.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c08705
J. Phys. Chem. A 2020, 124, 10540−10549

10547

https://pubs.acs.org/doi/10.1021/acs.jpca.0c08705?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08705?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08705?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08705?fig=fig15&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c08705?ref=pdf


oxidation in FeFe hydrogenase with a charge of −3, are very
similar. Another similarity is that the oxidations are almost
isogonic, which is optimal for this type of process. A difference is
that in NiFe hydrogenase, the H−H cleavage directly leads to an
exergonic product, while in FeFe hydrogenase, another
oxidation is needed to reach an exergonic product.
Another purpose of the present study has been to continue to

investigate the accuracy of DFT for redox enzyme mechanisms.
Good agreement with experiments is obtained for the energetics.
To further test the accuracy, the calculations of the reaction
scheme have been calculated for different fractions of exact
exchange in the B3LYP functional, for the case of a−3 charge of
the H-cluster. The resulting rate-limiting barriers are quite
insensitive to this fraction, which indicates a high accuracy of the
results. As for other reactions studied, it is found that a fraction
of 15% generally gives results in very good agreement with
experiments.
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The mechanism shown is the one for heterolytic cleavage.
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