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Abstract: The reaction mechanism for the disproportionation of the toxic superoxide radical to molecular
oxygen and hydrogen peroxide by the nickel-dependent superoxide dismutase (NiSOD) has been studied
using the B3LYP hybrid DFT method. Based on the recent X-ray structures of the enzyme in the resting
oxidized Ni(III) and X-ray-reduced Ni(II) states, the model investigated includes the backbone spacer of
six residues (sequence numbers 1-6) as a structural framework. The side chains of residues His1, Cys2,
and Cys6, which are essential for nickel binding and catalysis, were modeled explicitly. The catalytic cycle
consists of two half-reactions, each initiated by the successive substrate approach to the metal center.
The two protons necessary for the dismutation are postulated to be delivered concertedly with the superoxide
radical anions. The first (reductive) phase involves Ni(III) reduction to Ni(II), and the second (oxidative)
phase involves the metal reoxidation back to its resting state. The Cys2 thiolate sulfur serves as a transient
protonation site in the interim between the two half-reactions, allowing for the dioxygen and hydrogen
peroxide molecules to be released in the reductive and oxidative phases, respectively. The His1 side chain
nitrogen and backbone amides of the active site channel are shown to be less favorable transient proton
locations, as compared to the Cys2 sulfur. Comparisons are made to the Cu- and Zn-dependent SOD,
studied previously using similar models.

I. Introduction

Superoxide dismutases (SODs, EC 1.15.1.1) are metallo-
enzymes that catalyze the disproportionation of superoxide to
molecular oxygen and hydrogen peroxide:

Generated by a single-electron transfer to dioxygen, superoxide
radicals are produced in large amounts in respiration and
photosynthesis, during an immune response by phagocytes,
etc.1,2 SODs play an important protective role in aerobes which
encounter toxic O2•- radicals during their metabolism. The
presence of SOD in the intracellular environment reduces
oxidative stress and can play a key role in moderating the aging
process. SOD is therefore used as an antioxidative therapeutic
agent. Other medical applications involve treatment of arthritis
and prevention of side effects of cancer treatment and injury to
transplant organs during surgery. Given that mutations in SOD
are associated with 20% of the cases of familiar amyotrophic
lateral sclerosis (FALS),3-6 the enzyme is used to block the
development of this paralytic disorder.

To date, three independent SOD classes are known, classified
based on their cofactor metal ion: Cu- and Zn-dependent SODs
(CuZnSODs), SODs that use Fe or Mn, or either of the two

(FeSODs, MnSODs, or Fe/MnSODs), and Ni-dependent en-
zymes (NiSODs). While CuZnSODs are the most abundant
superoxide scavengers in living nature, found in all eucaryotes
and many procaryotes,7 the recently discovered NiSOD class
is confined toSteptomycessoil bacteria8-10 and cyanobacteria.11

Extending the short list of Ni-dependent enzymes,12 the novel
class of SOD was initially reported to function as a homotetra-
mer.8-10,13However, the latest X-ray crystallographic structure
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determinations14,15reveal a homohexameric NiSOD, possessing
a three-fold symmetry axis (Figure 1A). Composed of a four-
helix bundle in the all-antiparallel topology, the monomer
subunit is a quite small 117 amino acid protein (Figure 1B).
The residues of the N-terminal loop form the metal-coordinating
“Ni-hook” which is disordered in the absence of a bound metal
ion.14-16 Conserved between the known NiSODs, the Ni-hook
His1-Cys2-X-X-Pro5-Cys6-Gly7-X-Tyr9 motif (Figure 1C) was
proposed as a diagnostic15 of this enzyme class. The nine-residue
hook conformation in the hexamer is stabilized by the inter-
subunit forces, further resulting in the restricted access to the
Ni ion. The backbone nitrogen atoms of the Ni-hook residues
His1, Asp3, Cys6, and Gly7 prevent the contact of the metal
center with solvent, and the side chains of Pro5 and Tyr9 form
the bottleneck of the active site chamber∼5 Å away from
nickel.14,15 The latter residues therefore impose size limits on
NiSOD substrates and inhibitors. Close to the metal center, the
active site channel terminus is as narrow as∼3 Å.15

The amine of N-terminal His1, the deprotonated backbone
amide of Cys2, and the thiolates of Cys2 and Cys6 form a square
planar framework of the Ni coordination sphere. This N2S2
ligand field with the metal incorporation into the backbone
nitrogens and thiolate sulfurs is reminiscent of nickel coordina-
tion by the A-cluster of acetyl-coenzyme A (CoA) synthase
(ACS).18-20 Two distinct conformations for the His1 side chain
were observed in the NiSOD active site: one with the axial
Ni(III) -NHis1

δ coordination to the metal center in its oxidized
(resting, or native) state (Figure 1C) or, alternatively, with the
His1 imidazole ring tilted away from the metal (via the rotation
around the Câ-Cγ bond) in its reduced Ni(II) state. The resting

square pyramidal Ni(III) can be reduced to a square planar Ni-
(II) chemically (with dithionite13 or thiosulfate14) or under
exposure to X-ray radiation.14,15As deduced from the hydrogen
bonding network, His1 imidazole should be doubly protonated
in the reduced state.14 Based on these X-ray structures, and
supported by analysis of EPR and XAS spectra,9,13-15 NiSOD
was proposed15,21,22 to dismutate O2•- by analogy to the
commonly accepted mechanism for CuZnSOD.7,23,24 The Ni-
(III) reduction in this mechanism is redox-coupled to the
protonation of His1, bound to the metal in its resting state (in
CuZnSOD, this role is played by His61, bridging the oxidized
Cu(II) and Zn(II)):

The two successive superoxide radicals penetrate an∼7 Å
deep active site channel and bind to the SOD active site in its
two alternating states, producing a dioxygen molecule in the
reductive phase, eq 2, and a hydrogen peroxide molecule in
the oxidative phase, eq 3. O2

•- contact with Ni can take place
exclusively at the open axial coordination site opposite to the
NHis1

δ metal ligand (above the metal center in Figure 1C).
While formally similar to the catalysis by CuZnSOD, the two-
step mechanism in eqs 2 and 3 is more complicated for NiSOD
due to the topology of its active site. In contrast to NHis61

ε of
CuZnSOD, NHis1

δ of NiSOD has no access to the active site
chamber and is essentially blocked from the solvent. Even
though the latter condition may vary when considering the
enzyme dynamics or substrate binding, the presumed proton
exchange at NHis1

δ of NiSOD is likely to be achieved only via a
network of hydrogen-bonded proton mediators. Glu17 of the
neighboring subunit has a contact to NHis1

ε via a hydrogen bond
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Figure 1. NiSOD 2.2 Å map resolution structure in the oxidized Ni(III) (resting) state as found in the 1Q0D14 PDB file. Ni ions are given as green spheres.
(A) The homohexamer overall structure. (B) The ribbon view of the monomer subunit, with the Ni-hook nine-residue structural motif shown in ball-and-
stick representation. (C) The detailed view of the metal-chelating His-Cys-X-X-Pro-Cys-Gly-X-Tyr motif, forming the active site. Pictures A and Bwere
generated using the VMD 1.8.2 molecular visualization program.17
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in both the reduced and oxidized states. Arg47 from the same
subunit as Glu17 is also in a nearby position. The Glu17 and
Arg47 side chains therefore can communicate a proton between
the interior solvent-accessible regions, observed for the NiSOD
homohexamer,14 and His1.

Similar to the suggestion made for [NiFe]hydrogenases,25-27

the metal-bound Cys2 (or Cys6) thiolate of NiSOD could take
part in the proton-coupled electron transfer13,22,28alternatively
to the His1 imidazole in eqs 2 and 3:

For the proton delivery from the solvent-accessible face of
the Ni-coordinating N2S2 square plane, this mechanism implies
less steric hindrance compared to the mechanism involving His1
protonation in eqs 2 and 3. His1 is however an essential residue
for the enzyme activity according to mutagenesis studies.14,21

In the mechanism described by eqs 4 and 5, the NHis1
δ axial

ligand therefore could distinctly modulate the metal properties
during catalysis, as confirmed by the recent spectroscopic and
computational study of NiSOD.29

An alternative scenario might involve a hybrid between the
former two mechanisms. The metal-bound thiolate could serve
as a transient proton location, shuttling the proton between the
two faces of the N2S2 plane in the reduced state:

Another widely debated aspect of SOD catalysis relates to
inner-sphere versus outer-sphere mechanisms of electron transfer
between the substrate and the metal ion. For NiSOD, the data
collected on this subject are controversial. Electrostatic guidance
of anionic superoxide consistent with the inner-sphere mecha-
nism has been implicated in O2

•- scavenging by CuZnSOD;7

however, its importance for NiSOD is debated.13-15 A lack of
strong dependence of the catalytic rate on ionic strength
disfavors the importance of the electrostatic steering.13 While
the enzyme’s activity is inhibited to 50% by 42 mM azide13

and completely abolished by 10 mM cyanide,9 interpretations
of EPR spectra argue against binding of these inhibitor
molecules to the nickel ion.15 Calculation of the NiSOD solvent-
accessible area predicts Ni and the N2S2 square plane atoms to
be essentially buried. Still, a water molecule with elevated
mobility is found close to the vacant axial position at∼3.5 Å
from Ni (with exclusion to the thiosulfate-reduced X-ray
structure, where this distance is∼4 Å).14

For an SOD enzyme to be active, the catalytic metal redox
potential should be low enough to lie between the reduction
potentials of O2 and O2

•-.30-32 In the absence of experimental

data on the NiSOD redox potential,E°′(Ni(III/II)) in aqueous
solution or with O/N ligands is∼1 V, while E°′(O2/O2

•-) )
-0.16 V andE°′(O2

•-/H2O2) ) +0.89 V (E°′ values are given
vs the standard hydrogen electrode at 1 M, 25°C and pH≈ 7).
HoweverE°′(Ni(III/II)) could be lowered using thiolate ligands,
and Ni-cysteinate ligation is considered as a hallmark of redox-
active nickel enzymes.13,33

The goal of the present study is to discriminate between the
mechanistic proposals given above and thereby elucidate the
catalytic pathway for NiSOD. The actual proton delivery to the
reaction center and identity of the protonation site are of
particular interest. The role of His1 in the catalytic process is
also examined.

II. Computational Details

Most of the calculations were done using the B3LYP34-36 hybrid
density functional. Open-shell molecular systems were treated using
unrestricted DFT. Geometry optimizations were generally performed
using a standard valence LACVP basis set as implemented in the Jaguar
5.5 program.37 For the first- and second-row elements, LACVP implies
a 6-31G double-ú basis set. For the nickel atom, LACVP uses a
nonrelativistic effective core potential (ECP),38 where the valence part
is essentially of double-ú quality. In an attempt to assess the quality of
the Ni-ligand coordination geometry, additional calculations were done
using the PW9139 pure (nonhybrid) density functional and the LACVP*
basis set, with the* option placing polarization functions on all atoms
except H and Ni here. Local minima were optimized using the Jaguar
5.5 program. Analytical Hessians (second derivatives of the energy with
respect to the nuclear coordinates) and the corresponding transition
states were obtained using the Gaussian 98 program.40 Accurate single-
point energies (ELACV3P** ) were obtained using the LACV3P** basis
set of triple-ú quality, which has a larger valence basis set for nickel.
For the rest of the atoms, LACV3P** implies a 6-311G** basis set
with a single set of polarization functions added on all atoms except
for transition metals. Contributions from solvent effects (ESOLV) to the
accurate energies were computed using the LACV3P** basis set for
the gas-phase optimized geometries using a Poisson-Boltzmann
solver41,42as implemented in Jaguar 5.5. The radius of the solvent probe
molecule was set to 1.40 Å, corresponding to the water molecule. The
dielectric constantε of the protein was set to 4, in line with previous
studies.43 The Mulliken spin populations reported below in the text
and figures are based on self-consistent reaction field (SCRF) spin
densities, calculated using the LACV3P** basis set and including
corrections from induced solvent charges. Thermochemical contribu-
tions44 to the energies come from the internal thermal energyETHERM
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(including the zero-point energy) and entropy-TS, which were obtained
for the optimized structures at the standard temperatureT ) 298.15 K,
based on the computed Hessians. The ultimate Gibbs free energies
include the individual terms described above:

The individual contributions for particular states are listed in Table 2.
Note that in Table 2 the singlet/triplet state nomenclature implies the
total spin of the active site plus reactant superoxide or product molecular
oxygen, when applicable. Errors in the relative energies calculated using
the scheme described above are usually within 3 kcal/mol and rarely
exceed 5 kcal/mol.45

Open-shell calculations for the singlet (S ) 0) states of biradical
character (21, 31, their prime and double-prime versions, and corre-
sponding transition statesTS11, TS31; see section III.b and Figure 2)
resulted in a significant degree of spin contamination with〈S2〉S ) 1.1-
1.5 () 0 for a pure singlet;S subscript stands for singlet); see Table 2.
The high-spin triplet (S) 1) configurations of these states (23, 33, TS13,
TS33) resulted in〈S2〉T ) 2.1-2.2 () 2 for a pure triplet;T subscript
stands for triplet). For the41 singlet, the unrestricted calculation
converged to a closed shell wave function, and no spin contamination
was observed for the43 triplet. For the doublet (S) 1/2) states (1, 5, 6,
TS2, TS5), the spin contamination is comparable to the triplet states
with 〈S2〉D ) 0.9-1.1 () 0.75 for a pure doublet). In the context of the
present study, the most problematic issue of spin contamination is the
inaccuracy of the singlet-triplet energy gap∆unr,ST from unrestricted
calculations.〈S2〉 values reported above imply that the singlet biradicals
in particular suffer from admixtures of higher spin states (triplet, quintet,
etc). A simplespin projectiontechnique46 postulating the triplet to be
a pure spin state and the singlet to be contaminated only by the triplet
component allows an estimation of the singlet-triplet gap for pure
states. It can be shown47 that the same result is obtained from thebroken
symmetry(BS) approach:48

The high-spin biradicals obtained here are however not pure triplet
states either; assuming that the contributions from all the higher spin
states (quintet, septet, etc) for both the singlet and triplet are equal, a
corrected expression which accounts for〈S2〉T would be

The formula in eq 8 is a special case of the formula in eq 9 for a pure
triplet with 〈S2〉T ) 2. It is therefore clear that

The low-spinELACV3P** energies for the biradical states were corrected
using eq 9. This affects only the singlet surface of the reductive half-
reaction; see below. The singlet-triplet gap correction

is normally small (see Table 1) and reaches its maximum absolute value
of 5.9 kcal/mol for state3.

A separate comment should be given on the estimation of the entropy
contributions to the relative energies along the potential energy surface.
The gas-phase calculations for the substrate and products of the

dismutation would overestimate the absolute entropy values. Precisely
prior to binding and after release, the molecular species are confined
within the narrow active site channel and can move freely only a very
short distance. The translational entropyStr contribution to the molar
entropy in this case can be approximated using the modified Sackur-
Tetrode equation:49

whereR is the gas constant,Λ is the thermal de Broglie wavelength of
a molecule, andVf is the free volume in which the center of mass of a
molecule can move inside the cavity. For NiSOD, the diameter of the
active site chamber at its base is∼3.0 Å; see section I. Taking into
account the size of a reactant or product molecule, a simple estimate
for the free volume would be a spherical cavity of 1.0 Å radius with
impenetrable walls. For the superoxide radical, hydrogen peroxide, and
dioxygen this leads to aTStr value of 5.4 kcal/mol, as compared to the
calculated gas-phase 10.8-10.9 kcal/mol range. RotationalSrot and
vibrational Svibr entropies contribute less significantly to the total
entropy, as compared toStr. Srot andSvibr estimates for a molecule in a
cavity are not straightforward, and calculated gas-phase values were
used here.

When discussing the free energy change∆GOOH required for the
protonation of the O2

•- superoxide radical anion in solution, the
following evaluation was used:

where the experimental pKa(OOH) ) 4.8 for the hydroperoxyl
(hydrogen dioxide, hydrodioxyl, or perhydroxyl)•OOH radical50 was
used.

The free energy change associated with the electron-transfer reactions
is calculated from the Nernst equation:

wheren is the number of electrons exchanged in the process,F )
23.06 kcal/mol V is the Faraday constant, and∆E°′ is the corresponding
electromotive force.(45) Siegbahn, P.Q. ReV. Biophys.2003, 36, 91-145.
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G ) ELACV3P** + ESOLV + ETHERM - TS (7)

∆ST
BS ) 2

2 - 〈S2〉S

∆unr,ST (8)

∆ST ) 2

〈S2〉T - 〈S2〉S

∆unr,ST (9)

∆unr,ST < ∆ST < ∆ST
BS (10)

δST ) ∆ST - ∆unr,ST (11)

Table 1. Singlet-Triplet Splittings, kcal/mol, for the States of
Biradical Character: ∆unr,ST from the Unrestricted Calculations;
∆ST

BS from the Broken Symmetry (or Spin Projection) Approach;
(See eq 8); the Presently Proposed ∆ST (See eq 9) and the Final
Singlet-Triplet Gap Correction δST (See eq 11)

statea ∆unr,ST ∆ST
BS ∆ST δST

2 0.6 1.5 1.2 0.6
2′′ 0.5 1.1 1.0 0.5
TS1 0.8 2.0 1.6 0.8
3 -3.2 -12.8 -9.1 -5.9
3′′ 2.0 8.0 6.7 4.7
TS3 2.6 6.5 5.2 2.6
3′ 0.7 1.6 1.4 0.7

a The classification of the states is given in section III.b.

Str ) R(ln
Vf

Λ3
+ 5

2) (12)

∆GOOH) -RT ln
[•OOH]

[O2
•-]

) RT(ln
[H+][O2

•-]

[•OOH]
- ln [H+])

) RT ln 10(log10

[H+][O2
•-]

[•OOH]
- log10 [H+])

) RT ln 10(pH- pKa(OOH))

) 1.36(7- 4.8) kcal/mol) 3.0 kcal/mol (13)

∆G°′ ) - nF∆E°′ (14)
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III. Results and Discussion

III.a. Chemical Models. The Ni-hook His1-Cys2-X-X-Pro5-
Cys6-Gly7-X-Tyr9 motif is characteristic for NiSOD and
represents a very compact incorporation of the active site by
the backbone. Despite the proposed importance of the inter-
subunit interactions (see sectionI ) for the active site conforma-
tion, a model for a mechanistic study can be limited by the
Ni-hook residues. However, inclusion of every side chain
member in this nine-residue sequence spacer does not appear
necessary. Pro5 plays a hinge role, and Tyr9 provides a gating
function for the enzyme selectivity. Asp3, Leu4, and Val8
probably play only secondary roles during catalysis. Only His1,
Cys2, and Cys6 are likely to be of principal importance during
the actual dismutation of superoxides, as well as for the metal
coordination. Therefore only these three Ni-hook residues were
modeled together with their side chains. The polypeptide
backbone connecting these residues was also included in the
model, with the rest of the side chains omitted and theR-carbons
saturated by hydrogens at theâ-carbon positions. Retaining the
linking backbone gives a structural stability of the model and
also leads to a realistic positioning of the chemical units, which
is otherwise often achieved only via artificial fixations of specific
nuclear coordinates.51,52 Crystal structures found in the 1Q0D
and 1Q0M PDB files14 were used for the modeling of the
oxidized and reduced states.

Before the substrate arrival, the cluster described above
together with the Ni center in its core contains 58 atoms. This
is an average system size for B3LYP calculations,45 and its
possible extension is an attractive target for a QM/MM
modeling. A possible setup can be done similarly to what was
done previously in an ONIOM(B3LYP:MNDO) study on the
hydrolysis by MMP,53 which used the active site formed by
the His-Glu-X-X-His-X-X-Gly-X-X-His backbone spacer, co-
ordinating Zn(II). The present system is of zero charge. The
spin state for the native resting Ni(III) enzyme is a doublet.

III.b. Dismutation Mechanism. The source of two protons
required for the dismutation reaction, eq 1, and the associated
energetics is very important for the NiSOD catalysis. Among
several candidates, the backbone amides of Asp3 or Cys6 and
the side chain phenol of Tyr9 were considered as potential
proton donors for the superoxide, while it accesses the Ni center
moving through the pocket.14,15 Due to the steric hindrance as
discussed in sectionI , His1 in its protonated form is a less likely
proton donor during the oxidative phase. However, the primary
source of the protons is the surrounding bulk water. An
immediate proton donor to superoxide could be a group within
the active site which is reprotonated later from the solvent. The
protons then can be considered implicitly as a combined delivery
of O2

•- and H+, similarly to what was done in a recent study of
catalysis by CuZnSOD.54 The energy cost to protonate O2

•- at
pH ) 7 is 3.0 kcal/mol, as estimated in section II. The resulting
•OOH hydroperoxyl radical is then postulated to be the
immediate substrate for SOD, bearing in mind the 3.0 kcal/mol
correction when discussing the relative energies along the

reaction path. The correction to the translational entropy of the
inbound substrate and products (see section II) is also included
below.

The tightly linked approach of O2•- and H+ to the active site
implies a unified scheme of proton delivery in both the reductive
and oxidative phases here. Ideally, the proton delivered during
the reductive phase to the resting Ni(III) enzyme should be
located in the vicinity of Ni(II) before the oxidative phase starts.
This will probably retain the debated electrostatic steering factor
(see section I) which is similar for the two successive substrate
molecules. In view of the arguments in section I, the thiolate
sulfur of Cys2 or Cys6 can be a direct proton acceptor from
the inbound protonated superoxide during the reductive phase,
eq 4. After the O2 product release, this thiolate could host the
proton and donate it to the second incoming protonated
superoxide molecule during the oxidative phase, eq 5, forming
H2O2. Examination of the active site structure suggests that
SCys2

- has a larger electronic density at the solvent-accessible
face of the N2S2 plane, as compared to SCys6

- , and therefore
would be a preferred H+ acceptor (implying sp3 hybridized
orbitals, for SCys2

- the two lone pairs should be directed at the
different faces of the N2S2 plane; for S-

Cys6both the lone pairs
should be directed toward the solvent-inaccessible face).

Reductive Phase and O2 Formation. Ferromagnetic (S )
1) and antiferromagentic (S ) 0) couplings of the•OOH
hydroperoxyl radical and the doublet (S) 1/2) Ni(III) d7 resting
state1 (see Figure 2) lead to two spin surfaces for the reductive
half-reaction. For the Ni(III) states2-3, the singlet and triplet
spin states have biradical character and are not degenerate, as
reflected in Figure 5 and Table 2. For the square pyramidal
Ni(II) d8 state4, arising after the triplet O2 release, a singlet-
triplet 41-43 gap of 10.0 kcal/mol was found favoring the triplet
metal state (43 + O2 is -7.0 kcal/mol, and41 + O2 is 3.0 kcal/
mol). Taking into account the O2 molecule release, this implies
that a spin crossover is necessary in case the reaction starts at
the overall triplet surface, as shown in Figure 5.

The nonreductive binding of the substrate to Ni(III) in2 is
favorable (by 11.4-12.6 kcal/mol; seeELACV3P** in Table 2)
only when the entropy and solvent effect contributions to the
free energy are omitted. Similarly, state3 with the metal-bound
superoxide is only metastable. States2 and3 are intermediates
only at the LACVP geometry optimization level. TheTS1
transition state (see Figure 3 for the singletTS11 structure)
involves a proton transfer between thedistal oxygen of the
bound hydroperoxyl and SCys2

- and links states2 and 3.
Notably, the diffuse orbitals of SCys2

- allow the sulfur to nickel
coordination to be retained at the transition state (SCys2

- -Ni(III)
) 2.41 Å). The activation energies forTS1 is 9.7 and 7.6 kcal/
mol at the singlet (TS11) and triplet (TS13) spin surfaces,
respectively. The final step3 f 4 + O2 of the half-reaction
involves Ni reduction coupled to O2 release, largely driven by
the entropy factor. This occurs without any activation barrier.
The reductive half-reaction is exergonic by 7.0 kcal/mol and
terminated at43.

Oxidative Phase and H2O2 Formation. The oxidative phase
proceeds on the doublet spin surface. The•OOH substrate
molecule antiferromagnetically couples to the high spin (S )
1) Ni(II) d8 state43. The oxidative binding results in an-OOH
hydroperoxide anion axially bound to the doublet Ni(III)d7 in

(51) Pelmenschikov, V.; Siegbahn, P. E. M.J. Biol. Inorg. Chem.2003, 8, 653-
662.

(52) Pelmenschikov, V.; Cho, K.-B.; Siegbahn, P. E. M.J. Comput. Chem.2004,
25, 311-321.

(53) Pelmenschikov, V.; Siegbahn, P. E. M.Inorg. Chem.2002, 41, 5659-
5666.

(54) Pelmenschikov, V.; Siegbahn, P. E. M.Inorg. Chem.2005, 44, 3311-
3320.

A R T I C L E S Pelmenschikov and Siegbahn

7470 J. AM. CHEM. SOC. 9 VOL. 128, NO. 23, 2006



state52. In the case of ferromagnetic coupling, this would require
the formation of a quartet (S ) 3/2) Ni(III) which is unprec-
edented in biochemistry. The redox binding process is strongly
exothermic in gas phase with 25.2 kcal/mol at the LACV3P**
level, but the entropy andESOLV contributions balance this43

+ O2
•- f 52 step. The H2O2 product is formed at theTS2

transition state (see Figure 4) involving the proton transfer
between the H-SCys2 and theproximal oxygen of the metal-

bound hydroxide. The interligand proton transfer in the cyclic
TS2 imposes a considerable degree of strain and forces the sulfur
to nickel coordination to become nearly lost (SCys2

- -Ni(III) )
2.68 Å). The activation energy forTS2 is 12.1 kcal/mol (starting
from the 5 state), and this is the rate-limiting process of the
dismutation reaction (Figure 5). The H2O2 to Ni(III) binding
LACV3P** energy in6 is 12.2 kcal/mol, which is similar to
the •OOH binding in2. This binding is turned into repulsion

Figure 2. Chart showing the presently investigated states of NiSOD (double-prime states1′′-6′′ are not shown here; see the text). See the Supporting
Information for the corresponding coordinates. The upper cycle spanning nonprime states1-6 represents the currently proposed reaction mechanism, with
the two transition statesTS1 andTS2 (see Figure 3 and Figure 4 for the structures). The prime states3′-5′ lie outside the normal reaction pathway. For the
reductive phase, the overall singlet spin states are shown.
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by the entropy andESOLV factors. The oxidative half-reaction
is exergonic by 17.0 kcal/mol.

III.c. Importance of His1. The His1 residue has been
experimentally shown to be extremely important for the NiSOD
catalytic function. The His1Gln mutation produces an enzyme

with only ∼1% activity21 of the wild-type NiSOD. A set of
His1 mutants were recently reported14 to give very small (<5%)
enzyme activities. While a proton-donating role was previously
attributed for His1 during the oxidative phase as in eq 3, in the
present mechanism the Ni-NHis1

δ coordination remains intact

Table 2. 〈S2〉 Values for the Metal-Containing Cluster, Mulliken F(Ni) Spin Density at Ni and Contributions to the Energies (kcal/mol) of the
Reductive and Oxidative Half-Reactions, Relative to the Reactants 1 + O2

•- and 4 + O2
•- (see also Figure 5)a

stateb 〈S2〉 F(Ni) ELACV3P**
c ESOLV ETHERM −TS ∆tr(−TS)d ∆GOOH

e G

1 + O2
•- 0.9 1.12 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1′′ + O 2
•- 0.8 0.84 2.4 3.9 - - 0.0 0.0 6.3

2 1.2/2.2 1.17/1.10 -11.4/-12.6 7.2/7.3 0.2/1.1 15.6/12.2 -5.5 3.0 9.2/5.5
2′′ 1.1/2.1 1.12/1.03 -2.1/-3.1 9.2/8.9 - - -5.5 3.0 20.4/18.6
TS1 1.2/2.2 1.15/1.09 -8.9/-10.5 7.4/7.4 -1.5/-1.5 15.1/14.6 -5.5 3.0 9.7/7.6
3 1.5/2.2 1.37/1.12 -22.3/-13.2 7.6/6.5 0.2/0.1 13.5/13.1 -5.5 3.0 -3.5/4.3
3′′ 1.5/2.1 1.38/0.80 -1.0/-7.7 11.4/10.1 - - -5.5 3.0 21.6/13.6
TS3 1.2/2.2 1.13/1.04 12.1/6.9 2.6/2.7 - - -5.5 3.0 25.9/20.8
3′ 1.1/2.1 1.04/0.88 -6.3/-7.7 1.2/-0.1 2.2/2.9 14.1/12.3 -5.5 3.0 8.7/4.9
4f + O2 2.0/0.0 1.61/0.00 -19.8/-11.7 10.0/11.1 -1.1/-1.0 0.9/1.7 -0.03 3.0 -7.0/3.0
4′′f + O2 2.0/0.0 1.53/0.00 -16.2/-19.6 12.1/11.7 -/-1.1 -/4.0 -0.03 3.0 1.6/-2.1
TS4f + O2 2.0/0.0 1.57/0.00 0.6/1.6 4.7/6.3 - - -0.03 3.0 8.1/10.7
4′f + O2 2.0/0.0 1.54/0.00 3.5/-7.6 -1.3/-0.2 -/-2.3 -/2.3 -0.03 3.0 5.2/-4.8

43 + O 2
•- 2.0 1.61 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5 1.1 1.21 -25.2 7.5 2.9 16.8 -5.5 3.0 -0.6
5′′ 0.9 1.09 -12.7 3.1 - - -5.5 3.0 7.5
TS5 0.9 1.05 -1.1 3.4 - - -5.5 3.0 18.2
5′ 0.9 1.11 -9.6 -5.9 4.7 13.5 -5.5 3.0 0.2
TS2 1.1 1.27 -12.3 8.5 0.9 16.9 -5.5 3.0 11.5
6 0.9 1.17 -27.4 7.2 4.7 15.4 -5.5 3.0 -2.6
6′′ 0.9 1.13 -21.4 8.0 - - -5.5 3.0 4.2
1 + H2O2 0.9 1.12 -15.2 -7.2 2.2 0.2 0.02 3.0 -17.0

a For the reductive phase, singlet and triplet spin state energies are given with a slash separator (singlet/triplet). In cases when the data on thermochemical
corrections are missing, the totalG free energies are estimated based onETHERM and -TS contributions for the corresponding nonprime states.b The
classifications of the states is given in section III.b.c For the states of biradical character, the singlet stateELACV3P** unresticted energies were corrected by
δST; see Table 1.d ∆tr(-TS) implies correction to the translational contributions of the entropy according to eq 12.e ∆GOOH is the correction due to the pH
factor; see eq 13.f The overall singlet state here implies the Ni-containing cluster to be triplet and vice versa. For the singlet, unrestricted calculations
resulted here in a closed shell wave function; for the triplet, a pure spin state was obtained.

Figure 3. Transition stateTS11 of the presently proposed mechanism,
involving O2 formation. Important distances are given. The corresponding
imaginary frequency is-685 cm-1; see the Supporting Information for the
visulalized vibration.

Figure 4. Transition stateTS2 of the presently proposed mechanism,
involving H2O2 formation. Important distances are given. The corresponding
imaginary frequency is-523 cm-1; see the Supporting Information for the
visulalized vibration.
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(states1-6, TS1, TS2, see Figure 2). For all the oxidized metal
states, the Ni(III)-NHis1

δ axial coordination was found favor-
able with at least 6.3 kcal/mol (see Table 2) for the1′′-1
splitting (double-prime statesimply that the Ni-His1 coordina-
tion was intentionally destroyed, and the structures were then
reoptimized without any constraints). Maximal splittings of 25.1
and 13.1 kcal/mol at the singlet and triplet spin surfaces,
respectively, were found for the3′′1-31 and2′′3-23 gaps. The
relative energies of the double-prime states provide a possible
explanation for the lack of activity of the His1-deficient enzyme.
Indeed, relative to1′′ + O2

•-, state2′′ is 14.1/12.3 kcal/mol
(singlet/triplet) and state3′′ is 15.3/7.3 kcal/mol higher.
Therefore, the relative2′′ vs 2 increase is 4.9/6.8 kcal/mol, and
the3′′ vs 3 increase is 18.8/3.0 kcal/mol. This implies that the
1′′ + O2

•- f TS1′′ activation energy should be at least 3.0
kcal/mol higher than1 + O2

•- f TS1. Analysis of the
energetics of the oxidative phase shows that the activation
energy5′′ f TS2′′ for the double-prime surfaces should be
essentially the same as that for5 f TS2 (the5′′-5 splitting is
8.1 kcal/mol, and the6′′-6 splitting is 6.8 kcal/mol). A depletion
in activity of 2 orders of magnitude observed for the His1
mutants corresponds to a rate-limiting activation barrier increase
by 3 kcal/mol only. It is very likely therefore that in the absence
of the Ni(III)-NHis1

δ axial coordination, modeled by the
double-prime states, the reductive phase activation barrier is
the rate-limiting process and this is very slow compared to the
native NiSOD kinetics.

A separate comment should be given on the Ni(II) square
planar state4′′, which shows a small4′′3-4′′1 splitting of 3.7
kcal/mol favoring the singlet. This is in contrast to the square
pyramidal coordination of Ni(II) in4, favoring the triplet by
10.0 kcal/mol as discussed above. Among all the nonprime
states, only for the low-spin reduced state4 is the Ni(II)-NHis1

δ

coordination unlikely, with a negative4′′1-41 gap of-5.1 kcal/
mol. Preference toward a square planar coordination and axial
ligand release is expected for the low-spin Ni(II).

Relocation of the H-SCys2 proton to Nδ generates the
experimentally observed diamagnetic square planar state4′1
(here and below,prime statesimply no Ni-His1 coordination,
and the proton located at NHis1

δ instead of SCys2
- ; see Figure 2).

4′1 is only 2.2 kcal/mol higher than the most stable reduced
state43 presently found. In view of the mechanism proposed
here NiSOD can actually bypass the observed reduced state4′1
when disproportionating superoxides. See also the following
subsection evolving this idea.

III.d. Proton Mediators, Alternative to S Cys2
- . In the

present mechanism it is suggested that in the interim between
the two half-reactions the SCys2

- thiolate sulfur remains proto-
nated (state4, Figure 2). The proton located at SCys2

- is
necessary for the H2O2 formation during the oxidative phase.
However, this proton can easily migrate, considering that O2

product release to the outside and the subsequent substrate
molecule approach are relatively slow diffusion processes. The
proton migration can take place even before O2 release (at3)
and immediately after the•OOH coordination (at5). Therefore,
alternative proton locations should be considered for states3,
4, and5.

In view of the structural data and the mechanistic proposals
in eqs 2 and 3, a likely candidate for an alternative proton
location is His1. Within the constant proton content model,
NHis1

δ can receive a proton from SCys2
- as suggested in eq 6.

Among all the states with H-SCys2 protonation, only the low-
spin reduced Ni(II)41 was found to easily lose the axial NHis1

δ

ligand, resulting in4′′1. The singlet4′′1 can undergo proton
transfer to4′1, which is favorable by 2.7 kcal/mol. However an
obstacle for this conversion is the proton-transfer transition state
4′′1 f TS41, which is 12.8 kcal/mol. Starting from the ground
state43 for the reduced metal cluster (square pyramidal high-
spin Ni(II)), this43fTS41 transition state is 17.7 kcal/mol high.
43 f TS43 has a somewhat lower activation energy of 15.1
kcal/mol. TS43 will also imply a subsequent triplet-to-singlet
conversion for4′, given that the4′3-4′1 gap is 10.0 kcal/mol.

Figure 5. Free energy profile obtained for the two half-reactions catalyzed by NiSOD (involving nonprime states only). Individual contributions to the free
energy values are given in Table 2. The vertical arrow symbolizes a spin transition for state4.
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For the Ni(III) states, the splittings between the nonprime and
prime states are as follows:3′1-31 is 12.2 kcal/mol,3′3-33 is
0.6 kcal/mol, and5′2-52 is 0.8 kcal/mol. Again, the direct
proton-transfer activation barriers between the SCys2

- and NHis1
δ

sites are high:31fTS31 is 29.4 kcal/mol,33fTS33 is 16.5
kcal/mol, and52fTS52 is 18.8 kcal/mol.

The backbone amide of Cys6 was also tried as a proton
mediator, alternative to S-Cys2. The proton migration to the
backbone was not studied systematically, but only for state33,
leading to a state∼15 kcal/mol higher in energy relative to33.

The results reported above imply that (i) based on the relative
energies, the protonation of NHis1

δ vs SCys2
- cannot be ruled out;

(ii ) however, in the absence of additional proton donors to
NHis1

δ besides H-SCys2 the direct proton transfer between these
two locations is not likely. TheTS1 and TS2 rate-limiting
barriers of the reductive and oxidative half-reactions are smaller
thanTS3, TS4, andTS5, and therefore the prime states can be
regarded as local minima lying outside the normal reaction
pathway. Also, (iii ) the backbone amides in the active site are
disfavored as proton mediators.

III.e. On Possibility of the Reductive Phase Proceeding
without an Extra Proton. One more alternative to the mech-
anism explored above is O2 formation bypassing the involve-
ment of a solvent proton. In this scenario, it is problematic to
estimate the binding energy of the anionic O2

•- to the active
site. An enzyme-substrate complex3- (with a proton missing
at SCys2 in contrast to3) with Ni(III)-bound superoxide will be
considered here as an initial point. The triplet3-3 is the ground
spin state with a singlet-triplet gap3-1-3-3 of 2.2 kcal/mol.
Starting from3-3, the metal reduction concomitant with the O2

release is exergonic by 8.3 kcal/mol, producing the Ni(II) state
4- (with a proton missing at SCys2

- in contrast to4). Similarly
to the product release steps described above, this process is
entropy-driven. The triplet and singlet surfaces are degenerate
for 4-, with the singlet-triplet gap4-1-4-3 less than 0.1 kcal/
mol.

III.f. Ni-Ligand Bond Lengths. The present geometry
optimization (B3LYP/LACVP) results in relatively long Ni-
thiolate bonding distances of 2.33( 0.05 Å (averaged between
the 21 Ni-thiolate Ni-SCys2

- and Ni-SCys6
- bond lengths for

local minima in Table 3), as compared to the corresponding
values from the NiSOD X-ray structure analysis: 2.16-2.19
Å by Wuerges et al.14 and 2.18-2.30 Å by Barondeau et al.15

(here and below, standard deviation errors are used). The
overestimation of the Ni-thiolate bond lengths is also implied
by the corresponding value of 2.24( 0.12 Å from the
Cambridge Structural Database (CSD),15,60 as averaged over
more than 5400 samples. A modified geometry optimization
approach has been examined, using (i) the PW91 functional and
(ii ) a larger LACVP* basis set. See the Supporting Information
for the Ni-ligand bond lengths optimized using different
methods. PW91/LACVP* predicts the Ni-thiolate bond lengths
of 2.26 ( 0.04 Å, ∼0.1 Å shorter as compared to those by

B3LYP/LACVP and in better agreement with the above
experimental data. The metal-to-protonated thiol distances were
found sensitive to the modified optimization method as well,
again becoming∼0.1 Å shorter: 2.33( 0.14 Å from PW91/
LACVP* vs 2.43( 0.16 Å from B3LYP/LACVP (averaged
between the 9 Ni-[H-SCys2] bond lengths in Table 3). For the
Ni-thiol coordination, PW91 most probably underestimates the
bond distances and B3LYP performs better, since the limited
data (five examples from CSD) on Ni-thiol bond lengths are
2.46 ( 0.14 Å.15 The present observation is that it is mainly
the PW91 functional, not the basis set enlargement, that is
responsible for the bond distance shift. Since the present study
primarily concerns the energetics, the relative single-point
B3LYP/LACV3P** energies (corresponding toELACV3P** in
Table 2) were compared for the 15 local minima in Table 3,
optimized using B3LYP/LACVP and PW91/LACVP* . The
average absolute deviation between the B3LYP/LACV3P**
potential energy surfaces for the B3LYP/LACVP and PW91/
LACVP* structures is 0.7 kcal/mol only, and the maximum
deviation is 3.5 kcal/mol; see the Supporting Information for
the full list of energies. Thus there is only an insignificant effect
of the above structural issue on the final reaction energy profile.
The above comparison is in line with a wealth of experience
indicating that the relative energetics is very insensitive to details
of the geometries.61,45 In the case of manganese catalase
internuclear distance improvements of 0.05-0.10 Å led to
changes of the relative energies of only a few tenths of a kcal/
mol.61

III.g. Reaction Energetics. Redox potentials for reactants
vs products (E°′(O2/O2

•-) ) -0.16 V andE°′(O2
•-/H2O2) )

+0.89 V) of the dismutation reaction in eq 1 give a total reaction

(55) Fee, J. A.; DiCorleto, P. E.Biochemistry1973, 12, 4893-4899.
(56) Lawrence, G. D.; Sawyer, D. T.Biochemistry1979, 18, 3045-3050.
(57) St. Clair, C. S.; Gray, H. B.; Valentine, J. S.Inorg. Chem.1992, 31, 925-

927.
(58) Azab, H. A.; Banci, L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli, M.

S. Inorg. Chem.1992, 31, 4649-4655.
(59) Verhagen, M. F.; Meussen, E. T.; Hagen, W. R.Biochim. Biophys. Acta

1995, 1244, 99-103.
(60) Allen, F. H.Acta Crystollagr. B2002, 58, 380-388. (61) Siegbahn, P. E. M. J.Comput. Chem.2001, 22, 1634-1645.

Table 3. Ni-Ligand Bond Lengths (Å) for Various Model States
(Nonprime, Prime, Double-Prime, Transition States) Discussed in
the Texta

axial ligands equatorial ligands

state Ni−Ob Ni−NHis1
δ Ni−SCys2 Ni−SCys6 Ni−N Cys2 Ni−NHis1

12 - 2.07 2.28 2.32 1.95 2.04
23 2.15 2.10 2.34 2.37 1.95 2.04
31 2.02 2.05 2.65d 2.42 2.00 2.11
43 - 2.06 2.60d 2.37 2.03 2.12
52 1.97 2.03 2.64d 2.40 1.99 2.11
62 2.34 2.10 2.33 2.39 1.94 2.05

3′3 2.09 - 2.27d 2.32 1.93 2.03
4′1 - - 2.25d 2.31 1.91 1.98
5′2 2.01 - 2.30d 2.34 1.94 2.03

1′′2 - - 2.26 2.21 1.86 2.00
2′′3 2.02 - 2.29 2.36 1.88 2.01
3′′3 2.01 - 2.41d 2.31 1.92 1.98
4′′1 - - 2.33d 2.28 1.91 1.94
5′′2 2.00 - 2.43d 2.33 1.92 1.99
6′′2 2.10 - 2.26 2.35 1.92 2.03

TS13 2.10 2.10 2.40 2.37 1.95 2.05
TS22 2.02 2.04 2.68 2.43 1.98 2.08
TS33 2.05/2.17c - 2.33 2.34 1.95 2.08
TS43 - - 2.45 2.29 1.99 2.11
TS43 - - 2.45 2.29 1.99 2.11
TS52 1.95 - 2.38 2.33 1.94 2.05

a In cases when the corresponding coordination site is empty, the data
are absent. For a given state, only its most stable spin configuration data
are given.b The substrate derived oxygen atom.c Bidentate superoxide
coordination was obtained for this state.d These values for3-5 states
correspond to the protonated SCys2 ligand.
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energy of-24.2 kcal/mol according to eq 14. This is in a very
good agreement with the currently obtained value of-7.0 -
17.0 ) -24.0 kcal/mol summing over the reductive and
oxidative half-reactions. This agreement merely shows that the
presently applied energy correction of 3.0 kcal/mol is a good
estimate for the O2•- protonation in solution; see section II. The
overall energetics includes no influence from the Ni redox
properties: states12 (the resting Ni(III) enzyme) and43 (the
intermediate Ni(II) between the two half-reactions) cancel out
when considering the full reaction cycle. Only the individual
half-reaction energies allow a prediction of the Ni coupled redox
potentialE°′(Ni(III/II)) ) 0.14-0.15 V, relevant for the catalytic
process. This value is within the redox potential range experi-
mentally obtained for CuZnSOD,E°′(Cu(II/I)) ) 0.12-0.42
V,55-59 and closely approaches the values for FeSOD,E°′(Fe-
(III/II)) ) 0.25 V,62 and MnSOD,E°′(Mn(III/II)) ) 0.31-0.40
V63 (the MnSOD coupled redox potential was derived from the
reaction kinetics64,65). While the experimental data on the
NiSOD redox potential are missing, the presently obtained data
suggest that the metal ligand field in NiSOD with the two Cys2
and Cys6 thiolates indeed noticeably lowers theE°′(Ni(III/II)),
expected to be∼1 V for O/N ligand coordination.

IV. Conclusions

The present DFT study focuses on exploration of the potential
energy surface of the NiSOD reaction mechanism. Over 30
different states (counting local minima and transition states, and
considering the proton location and spin alternatives) of the
active site model were analyzed. An accurate description of spin
crossovers, common in transition metal chemistry, was presently
omitted. The singlet-triplet spin transitions were merely ad hoc
considered above. In view of the recent theoretical study on
CuZnSOD,54 an important assumption currently made is that
superoxides and protons are concomitantly delivered to the
active site as a neutral‚OOH hydroperoxyl radical. This
concerted delivery scheme applies to both the reductive and
oxidative half-reactions. The correction to the relative energies
of 3.0 kcal/mol (see sections II and III.b) is made considering
that the O2

•- superoxide radical is unprotonated at pH) 7.
Consistent with the observed rapid decrease of the NiSOD
activity at higher alkaline pH’s above 8,9,13the correction energy
will increase with pH.

The NiSOD dismutation scenario obtained has characteristic
features very similar to the recently studied mechanism of
CuZnSOD:54 (i) the redox processes (3 f 4 + O2 and4 + O2

•-

f 52 here) are spontaneous, and (ii ) the only transition states
involve proton transfer between the inbound substrate and a

group, present in the enzyme active site. This group accepts
the proton during the reductive phase allowing for O2 release,
hosts the proton in the reduced state, and donates the proton
back allowing for H2O2 release during the oxidative phase.
Additionally, (iii ) the substrate binding is favorable only in the
oxidative phase, and this oxidative binding results in the only
stable minimum5 on the profile. The rest of the intermediates
(2, 3, and6 here) are metastable when considering the accurate
Gibbs free energies. For NiSOD, the substrate binding in5 is
nearly thermoneutral (0.6 kcal/mol only), and therefore existence
of intermediates can be argued for the entire dismutation
reaction. Notably, the absence of the intermediates can be
interpreted in favor of the outer-sphere electron transfer mech-
anism, where superoxide approaches closely to the Ni center
but does not actually coordinate to it.

The most likely group to host the proton between the
reductive and oxidative phases is the SCys2

- thiolate sulfur. NHis1
δ

of His1 imidazole and backbone amides of the residues forming
the active site walls can be considered as states lying outside
the normal reaction pathway. Notably, protonation of NHis1

δ

was observed only in the chemically or X-ray-reduced NiSOD,
which led to mechanistic proposals analogous to CuZnSOD as
in eqs 2 and 3. The present scenario favors that the Ni-NHis1

δ

axial coordination remains intact throughout the catalytic cycle.
The main role for the His1 axial ligand in the present mechanism
is the indirect influence on the Ni(III) SCys2

- thiolate ligand,
allowing for its facile protonation as in eqs 4 and 5 (see the
discussion on double-prime states relative energies in section
III.c).

Among alternative reaction mechanisms, the reductive phase
was shown (see section III.e) to proceed without an extra proton
as well. Starting from the Ni(III)-O2

•- complex3-, O2 release
coupled to the metal reduction is a favorable entropy-driven
process.
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