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Abstract

The oxidized states of NiFe-hydrogenase and their activations have been studied using hybrid DFT. For Ni-B, which is activated
in seconds, there is good agreement with experiments. The structure has a bridging hydroxide, which can be removed in two ways.
In one pathway an outside electron and a proton is added and water removed, while the other pathway does not involve any outside
electrons but uses a hydrogen molecule instead. For Ni-A, which can take hours to activate, there appears to be a rather severe dis-
crepancy with experiments. Even though a structure was obtained in good agreement with experiment, with a protonated peroxide
side-on bonded to nickel, this is not the lowest-energy structure. Instead, a structure with a bridging, end-on, protonated peroxide is
found to be much lower in energy even for the largest model used with nearly 120 atoms. A remaining deficiency in the chemical
model is the most likely explanation for the error. An error of the hybrid DFT method is also possible but appears much less likely,
since the agreement between hybrid DFT and non-hybrid DFT is very good. The side-on structure of Ni-A is activated by first adding
an outside electron and a proton and then cleaving the O—O bond. Altogether, three outside electrons are required to remove the
peroxide, which could be a reason for the slow activation of Ni-A. To cite this article: Per E.M. Siegbahn, C. R. Chimie 10 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The cleavage of the hydrogen molecule into protons
and electrons,

H, = 2H' + 2¢” (1)

may appear as one of the simplest reactions in chemis-
try. Yet, in biological systems, an active site metal com-
plex is used for this reaction, which is unique in biology
and which requires an intricate sequence of enzymatic
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reactions for its construction [1]. The most surprising
aspect of this metal complex is that it contains CO
and CN ligands, which are very unusual ligands in en-
zymes, due to their poisonous character. There are three
main classes of hydrogenases. The most abundant class
contains a NiFe-active site where two CN and one CO
are ligated terminally to iron. Nickel and iron are
bridged by two cysteine thiolates and two cysteines
are also terminal ligands to nickel. The sulfur of one
of the terminal cysteines on nickel can in some enzymes
be replaced by selenium. For electron transfer from the
NiFe-active site, different numbers of FeS clusters are
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present. The second major class is termed Fe-only be-
cause it has no nickel. Instead it has an FeS cluster at
the active site. The third class is quite different and
does not contain any iron—sulfur clusters at all. In the
present study, hybrid density functional calculations
will be used to investigate what happens when the
NiFe-cluster is oxidized. Reaction with dioxygen leads
to the formation of the so-called unready state (Ni,, or
Ni-A) of the enzyme. This is a reaction of significant
technological interest in the context of coupling hydro-
gen fuel production to the water splitting of photosyn-
thesis. Hydrogen molecule formation is complicated
by the fact that the dioxygen waste product of photosyn-
thesis is an inhibitor for most hydrogenases. Another
oxidized state of the NiFe-complex of interest is the
so-called ready state (Ni,, or Ni-B), which is suggested
to have a bridging hydroxide between nickel and iron.

The present study relies on two recent X-ray crystal-
lographic studies of oxidized NiFe-hydrogenases [2,3].
In these studies, structures have been obtained for the
Ni-A and Ni-B states. After the Ni-A state has been
formed as dioxygen has entered the active site, it takes
several hours to restore the activity of the enzyme,
which is why this state is termed unready. Ni-B returns
faster to the active state, on the time-scale of seconds,
which is the reason why it has been termed ready.

The two different structural analysis for the Ni-A and
the Ni-B states are in basic agreement. The Ni-B state is
concluded to have a bridging single oxygen-containing
ligand between nickel and iron, which most likely is
a hydroxide. The structure of the Ni-A state is inter-
preted to show a hydroperoxide in the bridging region.
A rather surprising aspect of this structure is that the
peroxide has a side-on, bidentate, binding mode to
nickel, quite unusual in biology. In both studies there
are also indications of cysteine ligand oxidation form-
ing S=O0 bonds, more so in the structure of D. vulgaris
(Miyazaki) [3] than in Desulfovibrio gigas [2].

In the present study, hybrid DFT using the B3LYP
functional is used to study the oxidized states of the
NiFe-complex of hydrogenase. Of prime interest is
the structure of Ni-A, but investigations have also
been made for Ni-B and for the return of these states
to the active state of the complex. Major difficulties
have been encountered in modeling the Ni-A state, of
structural and/or methodological nature. Future work
in this area is therefore needed and suggestions of this
type of work are made. There have been several earlier
DFT studies of the Ni-B state of the NiFe-complex,
mostly using quite small models [4—7]. Very recently,
two studies have appeared where also the peroxide of
the Ni-A state has been investigated, again using

minimal models [8,9]. There is also a recent QM/MM
study of the Ni-A and Ni-B states, which focuses on
the structures [10].

2. Methods and models

In the present study, the starting coordinates of the
active site of NiFe-containing hydrogenase were taken
from the X-ray structure 1YQJ for the unready state
of Desulfovibrio gigas [2]. Three different models
were used, see Fig. 1. In the minimal model A, only
the directly liganding groups were included, apart
from nickel, iron and the substrate. In the model used
in most studies here, model B, also Glu25, His79,
Argd76 and Asp541 were included. Since Glu25 and
Cys543 were considered likely to be directly involved
in important proton transfers, the entire side chains of
these amino acids were included in the model. For the
other amino acids, only the functional groups were
modeled, as shown in Fig. 1B. Following the experience
of an earlier study of the same active site [11], some
point(s) of each amino acid was (were) kept frozen at
the corresponding position of the X-ray structure,
marked with a* in Fig. 1. All other atoms in the complex
were fully optimized. This is a procedure well tested for
many enzyme active sites [12], but may turn out to have
larger difficulties in this particular case, as described
below, may be because of the unusually large number
of charged amino acids. The charge states were chosen
as those normal at pH = 7, i.e. carboxylates are negative
and arginine positive. However, from the earlier model-
ing experience of the NiFe-active site [11], His79 and
Glu25 were chosen to be protonated. In the largest
model used here, see Fig. 1C, the entire side chains of
all amino acids were included. In this case three points
of the backbone of each group were kept frozen, no
other atoms. This is a new type of modeling tried here
for the first time, the idea being that this is a perfectly
well-defined procedure. A possible problem is that
this type of coordinate fixing could lead to a structure
too rigidly following the X-ray structure, and this has
been and will be investigated further in the future.

The calculations discussed here were made using the
DFT hybrid functional B3LYP [13]. A small lacvp basis
set was used for the geometry optimizations, a much
larger cc-pvtz(-f) basis set for the energies, and in the
dielectric cavity model calculations the lacvp* basis
set was used with a dielectric constant equal to 4.0. In
the large-basis single-point calculations, the metals
were described by lacv3p in the two smaller models
and by lacv3p+ in the largest model. No significant
effect is expected due to these basis set differences.
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Fig. 1. The three models used for the active site of NiFe-hydrogenase. Positions frozen from the X-ray structure are marked with *.

The spin state for the odd-electron systems is a doublet,
while for the even-electron systems a triplet state was
used. For the hydrogen molecule reaction, a closed shell
singlet description has also been shown to be adequate
[11]. Actually, in that case the results for the triplet
and closed shell singlet are very similar. This cannot
be expected when dioxygen is involved in the reactions
studied, which was the reason why the triplet state was
chosen. The spin state was checked in a number of cases
and the triplet state was always found to be below the
closed shell singlet state, sometimes quite significantly
below. The accuracy aimed at for the present energies
is 3—5 kcal/mol. However, as will be shown below,
there is a particular case where this ambition failed
remarkably. The geometry optimizations and single-
point energies reported here were performed with the

program Jaguar [14], while the Hessian calculations
and transition state optimizations were performed with
Gaussian03 [15].

3. Results

The B3LYP results for the structures of Ni-B and
Ni-A and their activations will be described in the pres-
ent sections. Three models have been used, as described
above. The two models used for most of the results de-
scribed here are shown in Fig. 1B and 1C. Which model
has been used will be stated in each case with reference
to this figure. The description will start with Ni-B since
the results are less controversial in this case, with nearly
full agreement with experimental interpretations. The
results for Ni-A will then be discussed. As will be
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shown, there are striking discrepancies between the
Ni-A results and those suggested by experiments. It is
concluded that the most reasonable explanation for this
discrepancy is a remaining problem in the chemical
models used in the calculations. However, this problem
is not easy to identify since the model is already quite
large with nearly 120 atoms, and remains for future
QM/MM investigations. A problem with the DFT
method itself cannot be ruled out, but appears less likely.

3.1. Ni-B

The optimized structure for the Ni-B doublet state
using the largest model is shown in Fig. 2. Although
there are some minor discrepancies, the overall struc-
ture is in good agreement with structure 1YRQ of the
X-ray analysis [2]. The discrepancies show the normal
pattern for the present type of modeling: covalent and
ionic bonds are too long and hydrogen bonds too short.
The calculated Ni—Fe distance is thus 3.0 A (exp.
2.8 A), the Ni—OH distance 1.94 A (1.89 A) and the
Fe—OH distance 2.04 A (1.88 A). The Ni—S distances
are all too long by about 0.2 A. The hydrogen bond be-
tween Cys546 and His79 leads to an S—N distance of

Fig. 2. Optimized structure of Ni-B using the largest model. Impor-
tant spins and distances are given. Positions frozen from the X-ray
structure are marked with *.

2.9 A (3.3 A), the one between Cys543 and Glu25 to
an S—O distance of 3.2 A 3.5 A), and the one between
Arg476 and OH to an N—O distance of 3.4 A (3.5 A).
All these distances would most likely be improved if
a larger basis set was used in the geometry optimization
than the present small double-zeta quality lacvp basis
set. However, numerous investigations have shown
that the present accuracy of the geometry is sufficient
for the mechanistic and energetic issues discussed
here [16]. Some of the discrepancies to the Ni-B struc-
ture of D. vulgaris (Miyazaki) [3] are larger. For exam-
ple, for that species the Ni—Fe distance is as short as
2.69 A and, even more remarkably, the Ni—O distance
is only 1.67 A. This very short Ni—O distance indicates
some double-bond character not seen in the present
modeling. This result could perhaps suggest that the
bridging oxygen-derived ligand is not protonated in
this species.

Two different pathways have been experimentally
suggested for the activation of Ni-B [17—19,2]. One
pathway activates Ni-B without additional electrons
and is suggested to involve a hydrogen molecule. An
approximate transition state for this type of activation
using the medium-size model is shown in Fig. 3. The
computed barrier is 19.4 kcal/mol, which is in line
with an activation of Ni-B within seconds [2]. Attempts
to locate a true transition state with one imaginary fre-
quency failed because the potential surface is very flat
and anharmonic in this region. However, the true TS
should not have a significantly different barrier.

His79 *

Fig. 3. Approximate doublet transition state for the reaction between
Ni-B and a hydrogen molecule.



770 P.EM. Siegbahn | C. R. Chimie 10 (2007) 766—774

The second pathway suggested experimentally in-
volves activation of Ni-B by adding an additional elec-
tron and proton. A fully optimized TS is shown in Fig. 4
for the medium-size model. The computed barrier is
19.2 kcal/mol, very close to the barrier for the other ac-
tivation mechanism, and a rate in reasonable agreement
with the experimentally observed activation in seconds.

The transition state obtained for activation of Ni-B
by a hydrogen molecule is similar to the one found in
arecent study by Jayapal et al. [8]. They obtained a bar-
rier of 15.1 kcal/mol compared to the present 19.4 kcal/
mol. This difference was expected, since they used the
non-hybrid BP86 method, which is known to yield
lower barriers than B3LYP. Another difference is that
the hydroxide is pushed to the iron site in their TS rather
than to the nickel site as in the present TS. Both TS were
tested here, but the one in Fig. 3 was found to be signif-
icantly lower, probably due to the interaction between
the hydroxide on iron with Arg476, not included in
the model used by Jayapal et al. The second transition
state, the one activated by adding an electron and a pro-
ton, was not determined by Jayapal et al. and any barrier
was therefore not given.

3.2. Ni-A
As already indicated, the study of Ni-A led to serious

modeling problems. After a large number of attempts,
a structure very similar to the ones observed

His79

%

Fig. 4. Optimized triplet transition state for the activation of Ni-B
with one electron and one proton.

experimentally was finally found, see structure A in
Fig. 5. As in the experimental structures, the protonated
peroxide is bound side-on to nickel. There is a hydrogen
bond to Arg476 holding it in place. Convergence to this
structure was only obtained after first converging a quar-
tet solution and then using this state as a starting point
for the doublet. The critical peroxide-to-metal distances
are all reasonably well reproduced by the calculations.
The Ni—O distances are both 2.05 A, while they are
1.90 A and 2.11 A experimentally [2]. Again, the dis-
crepancy compared to the D. vulgaris (Miyazaki) [3]
is larger. The short Ni—O distance reported for this
structure is only 1.70 A. Tt is not possible to explain
the extremely short Ni—O distance by a possibly unpro-
tonated peroxide for this species, since removing the
proton (and an electron) makes the Ni—O distances still
longer in the model calculations. The computed Ni—Fe
distance of 3.0 A is in reasonable agreement with the
experimental values of 2.93 A [2] and 2.80 A [3], and
50 is the Fe—O distance of 2.09 A compared to 1.90 A
[2] and 2.20 A [3]. Overall, there is no question that
structure A corresponds to the one observed experimen-
tally. It should in this context be emphasized that no
constraint was put on the Ni—O distances in the
calculations.

The problem of modeling Ni-A does not concern
structure A in Fig. 5 but the tendency for the optimization
to reach structure B in the same figure instead. This struc-
ture turns out to be as much as 13.7 kcal/mol more stable
than structure A at the B3LYP level, which is clearly a se-
vere discrepancy compared to experiments. The same
problem has been noted in some earlier DFT studies
[8,9]. The difference of 13.7 kcal/mol can be decom-
posed into different contributions. With the small lacvp
basis set used for the geometry optimization, the differ-
ence is only 2.2 kcal/mol. The large cc-pvtz(-f) basis
set increases the difference to 9.6 kcal/mol, and the dif-
ferential dielectric effects of 4.1 kcal/mol leads to the fi-
nal difference of 13.7 kcal/mol. The first suspicion of
where the problem might be concerns the use of the
B3LYP functional. The most critical parameter in
B3LYP is the amount of exact exchange. Varying the
amount of exact exchange is therefore a useful test to
get an indication of the reliability of a B3LYP result. In
all cases with significant discrepancies between B3LYP
and experiments detected so far (an error of more than
5 kcal/mol), the results with non-hybrid methods (with-
out exact exchange) have thus turned out to give results
significantly different from those obtained with B3LYP.
No counter-example of this rule of thumb has so far
been found. In the present case, the results obtained using
the non-hybrid methods BP86 and BLYP are quite
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Fig. 5. The three alternative structures obtained for Ni-A.

similar to the ones obtained using B3LYP. The energy
difference between the two structures is 13.0 kcal/mol
at the BP86 level and 17.2 kcal/mol at the BLYP level.
Following the normal rule of thumb, the conclusion
would be that the B3LYP result should be quite reliable
in this case.

Many alternative structures for the peroxide in Ni-A
were tried. The best one of these is shown as structure C
in Fig. 5. This structure is in fact very similar in energy,
within 1 kcal/mol, to the best of the peroxide structures,
structure B, and is thus nearly 14 kcal/mol more stable
than the structure observed experimentally, structure A.

Assuming that the tests described above indicate that
there is no problem in this case to describe Ni-A using
the B3LYP functional, only one possibility remains to
explain the error. This possibility is that the chemical

model used is not adequate for some reason. Maybe,
with a still larger model, some steric interaction will se-
verely limit the stability of structure B (and C) in Fig. 5.
The group most directly interacting with the peroxide is
Argd76. In fact, if Arg476 is removed from the model,
there is no longer a local minimum for structure A.
Starting with structure A then leads directly to structure
B without any barrier. The main interaction between the
substrate and Arg476 should already be included in the
model, but a remaining possibility is that in a larger
model its position is even more rigid, even though three
points in the backbone were kept frozen from the X-ray
structure. A higher rigidity might be introduced by
interactions with Arg476 from groups not included in
the model. Another possibility is that some other atoms
in the protein actually reach all the way to the substrate
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and cause a steric hindrance for structure B (and C). In-
vestigations using QM/MM with much larger models
are in progress to investigate these possibilities. It
should in this context be noted that the only QM/MM
investigation performed so far for Ni-A actually does
obtain the correct structure A [10]. However, in that
study X-ray scattering data were also directly used to
define the structure. At the present stage, it will be
assumed that some steric interaction is missing, even
in the largest model used here, which, if included,
would prevent the formation of structure B (and C). It
will also be assumed that the present model is capable
of adequately describing structure A.

For completeness, the activation of structure B of
Ni-A was investigated following the pathways de-
scribed above for Ni-B, even though structure B of
Ni-A is not considered to be well represented by the
model. The results indicate activation barriers using
a hydrogen molecule, and using an electron and a pro-
ton, which are quite similar to the ones for Ni-B. If
structure B was the optimal structure of Ni-A, the cal-
culations therefore give no explanation for the experi-
mental fact that Ni-A is so much harder to activate
than Ni-B. Experimentally, Ni-B is activated in sec-
onds, while it takes hours to activate Ni-A [17—19].
Furthermore, Ni-B is found experimentally to be acti-
vated without additional electrons, while this is not
possible for Ni-A. The lack of differences in the acti-
vation of Ni-B and structure B of Ni-A could therefore
be taken as another, independent, reason to disregard
structure B as the one in Ni-A.

The activation of structure A of Ni-A is quite differ-
ent from the one of structure B and the one of Ni-B. If
a proton (and an electron) is transferred to the NiFe-
complex, with the added proton going to the unproto-
nated oxygen of the peroxide, the O—O bond of the
peroxide is automatically cleaved without any barrier.
The product structure is shown in Fig. 6. This structure,
which has one hydroxide in between nickel and iron,
and one terminal hydroxide on nickel, is 46 kcal/mol
more stable than H>O, bound in between nickel and
iron. The electronic structure of this state can be de-
scribed as Ni(Il)-triplet, coupled to Fe(II)-doublet,
coupled to a sulfur radical delocalized on Cys72 and
Cys543. To remove the two hydroxides to activate the
enzyme would require two additional electrons and pro-
tons. Altogether, starting with the experimental struc-
ture A of Ni-A, three outside electrons and three
protons would thus be required to activate the enzyme.
This should be compared to the activation of Ni-B,
which only requires one outside electron and one proton
and which can even be activated without outside

Fig. 6. The triplet product structure after the dissociation of the O—O
bond. One electron and one proton have been added to Ni-A.

electrons if a hydrogen molecule is used. These scenar-
ios could be the reason for Ni-A being so much harder
to activate than Ni-B. However, additional calculations
using QM/MM models would be required to substanti-
ate these suggestions. Another indication that the pres-
ently suggested scenario could be correct is the fact that
adding CO in fact helps activating Ni-A [17—19]. CO
would then add at the empty terminal coordination
site of nickel and could perhaps prevent the formation
of structure A of Ni-A, which requires two empty coor-
dination sites on nickel.

As mentioned above, the experimental structures of
Ni-A also show oxidation of some of the cysteines, form-
ing S=O bonds. A possible route to the formation of
these bonds has finally been investigated. A transition
state was first located for the reaction between O,, bound
between nickel and iron, and the terminal cysteine
Cys543, see Fig. 7. The calculated barrier, without en-
tropy contributions, is 13.8 kcal/mol. Previous experi-
ence is that the van der Waals interaction with the
protein, which is neglected here, and the underestima-
tion of the bonding of O, to transition metals by
B3LYP tend to cancel essentially the effects of entropy.
The estimate of 14 kcal/mol for the barrier is therefore
probably not far away from the true result. This barrier
will lead to a reaction in milliseconds and is thus an
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Fig. 7. Optimized triplet transition state for the reaction between the
bridging peroxide and Cys543.

alternative to the formation of structure A of Ni-A. How-
ever, formation of Ni-A is likely to involve much smaller
barriers and would therefore occur on a shorter time-
scale, but not ruling out the formation of S—O bonds oc-
casionally. The formation of the sulfur—peroxide bond is
exergonic by 3.0 kcal/mol. It should be noted that the
modeling of this reaction contains some uncertainties.
First, the starting point is an end-on structure of the per-
oxide which may be hindered by the protein surround-
ing, see above. However, in this case the reactant
energy for an end-on and a side-on peroxide is rather
small and this should therefore not affect the barrier sig-
nificantly. Second, in spite of the freezing of many coor-
dinates from the X-ray structure, the transition state is
surprisingly distorted. It is likely that a more realistic
modeling would give a much smaller distortion. The en-
ergetic effect of the distortion is difficult to estimate at
present and future QM/MM modelings will therefore
be required for a better estimate of the barrier.

The final step in the formation of an S=O bond, af-
ter the sulfur—peroxide bond has been formed, is to
cleave the O—O bond. The transition state for this pro-
cess is shown in Fig. 8. The barrier is very low with
5.4 kcal/mol and the reaction is very exergonic after
protonation of the bridging oxo, and is thus irreversible.

Fig. 8. Optimized triplet transition state for the O—O bond cleavage
of the sulfur—peroxide.

A possible pathway for the removal of the S=0 bond
was also followed. This pathway requires the addition
of four electrons and four protons and involves a step
where an S—OH bond is cleaved and where the hydrox-
ide ends up in between nickel and iron, just as in Ni-B.
The transition state is shown in Fig. 9. Overall, this
pathway represents a plausible scenario where S=0
bonds will be formed occasionally and the reactivation
will take a time on the order of seconds or longer.

4. Conclusions

Two of the oxidized states of the NiFe-complex of
hydrogenase have been studied with hybrid DFT using
the B3LYP functional. The results obtained for Ni-B are
in good agreement with experimental structures and
other information. Ni-B has a hydroxide bound between
nickel and iron, which can be activated in two ways both
on the time-scale of seconds. One pathway uses a hydro-
gen molecule and does not involve external electrons,
while the second pathway leads to water formation after
addition of one electron and one proton.
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Asp541

Fig. 9. Optimized doublet transition state for the S—O bond cleavage
of the sulfur—hydroxide.

The modeling of Ni-A turned out to be much more
problematic than for Ni-B. The structure observed ex-
perimentally, with a peroxide side-on bonded to nickel,
was only obtained after a large number attempts. With-
out Arg476 this side-on structure is not a minimum but
collapses to a structure where the peroxide is only bound
with one of its oxygens to both nickel and iron. This end-
on structure is strongly preferred by 14 kcal/mol also in
the largest model used compared to the correct side-on
structure. Varying the amount of Hartree—Fock ex-
change in DFT did not give any indication that the
B3LYP result should be unreliable. Instead, a problem
with the chemical model used appears most likely at
the present stage. The model is probably still too small,
even though it contains nearly 120 atoms. Calculations
including a substantial part of the protein using QM/
MM is in progress to shed further light on this problem.

The activation of Ni-A with the side-on bonded per-
oxide is likely to involve an initial addition of a proton
to the peroxide and an outside electron. This will lead to

an automatic cleavage of the O—O bond of the perox-
ide, forming two hydroxides. One of the hydroxides is
bound inbetween nickel and iron, just as for Ni-B, while
the other hydroxide is bound terminally to nickel. The
cleavage of the O—O bond involves a very low barrier,
if any, and is very exergonic and thus irreversible. The
rest of the activation of Ni-A will then require two addi-
tional outside electrons and two protons, which could
explain why the activation of Ni-A is so much slower
than the one for Ni-B.
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