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We have explored possible mechanisms for the formation of the catalytically active Nia–S state of

the enzyme, nickel iron hydrogenase, from the Ni*r (ready) or Ni*u (unready) state, by reaction

with H2, using density functional theory calculations with the BP86 functional in conjunction with

a DZVP basis set. We find that for the reaction of the ready state, which is taken to have an –OH

bridge, the rate determining step is the cleavage of H2 at the Ni3+ centre with a barrier of B15

kcal mol�1. We take the unready state to have a –OOH bridge, and find that reaction with H2 to

form the Nir–S state can proceed by two possible routes. One such path has a number of steps

involving electron transfer, which is consistent with experiment, as is the calculated barrier of

B19 kcal mol�1. The alternative pathway, with a lower barrier, may not be rate determining.

Overall, our predictions give barriers in line with experiment, and allow details of the mechanism

to be explored which are inaccessible from experiment.

Introduction

Non-heme iron enzymes are ubiquitous in biology and have

important applications in various fields.1,2 One such group of

enzymes are the hydrogenases which are currently of great

interest in view of their possible future use as fuel cells.3–5

Hydrogenases are found both in prokaryotes and eukaryotes

where they catalyse the inter-conversion between H2 and

protons.5

There are three classes of hydrogenase, [Fe–Fe] hydroge-

nases6 (formally called [Fe]- or Fe-only hydrogenases) with

two Fe atoms in the active site, [Ni–Fe] hydrogenases which

contain a Ni and an Fe atom at the active site,7 and [Fe]–

hydrogenases that have a single Fe atom8 (formerly called

‘metal-free’ hydrogenase, whose structure is yet to be char-

acterized crystallographically). Both Fe–Fe and Ni–Fe hydro-

genases have at least one carbon monoxide as a ligand bound

to Fe, and may also have one or more cyanide ligands similarly

bound (Fig. 1). The [Fe–Fe] and [Ni–Fe] hydrogenases also

contain Fe–S clusters, which act as an electron source and

sink.9–11

The first X-ray structure of a [Ni–Fe] hydrogenase was of

the oxidized form of D. gigas.9,12 Subsequently, X-ray struc-

tures for the oxidized form (D. fructosovorans,13,14 D. vulgaris

(Miyazaki)15) and for the reduced form (Dm. baculatum,16

D. vulgaris17) have been reported. A surprising feature of the

Ni–Fe cluster are the two CN and one CO ligands bound to

iron, identified by IR spectroscopy.12 It has been suggested

that D. vulgaris involves an alternative sulfoxide (SO) ligand.17

In the [Ni–Fe] hydrogenases there are four cysteine (Cys65,

Cys68, Cys530 and Cys533, in D. gigas) derived ligands, two

being metal bridging (Cys68 and Cys533), the remainder being

terminal nickel ligands. There has been much speculation as to

the reaction pathway for hydrogen reduction within the

dimetallic cluster, and the role of residues such as the con-

served glutamic acid (Glu18) whose essential role has been

identified by mutagenesis studies.18

The [Ni–Fe] hydrogenases have been extensively studied by

X-ray crystallography, spectroscopy (particularly EPR,

ENDOR and IR) and by electrochemical techniques, in order

to unravel the quite complex catalytic cycle. 9,12–22 It is

generally accepted that there are two catalytically inactive

forms, that are EPR active, and are labelled ‘‘unready’’ (Ni*u
or Ni–A) and ‘‘ready’’ (Ni*r or Ni–B), in which the Ni ion is in

the oxidized state (Ni3+, Fe2+).23 Reduction at the nickel

centre gives at least three redox states of the Ni–Fe cluster that

are believed to be directly involved in catalysis. These have

been labelled Nia–S (or Ni–SI), Nia–C
*, and Nia–SR (Ni–R).

The relationship between the inactive and active cycle is

shown in Scheme 1.

Experimental studies of [Ni–Fe] hydrogenases have shown

that the ready state is activated by molecular hydrogen or by

low-potential electron donors within a few seconds, whilst the

activation of the unready state by H2 takes several hours.
23,24

Each of these inactive states contains an atom, or small group

(X) which bridges the Ni and Fe atoms and prevents catalysis.

The identification of the precise nature of X presents experi-

mental problems, and is presently not totally resolved, but

small oxygen-containing species are generally favoured, in line

with the loss of catalytic activity of the active states upon the

addition of O2.
25 An exception to this is the enzyme from

D. vulgaris (Miyazaki) for which an exogenous sulfur-contain-

ing ligand, released as H2S upon activation, has been pro-

posed.15 However, it has been suggested that even this enzyme
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may contain an oxygenic species,21 George et al. proposing a

bridging OH group in the ready state and a partially reduced

O2 in the unready state.26 Recently, Volbeda et al.10 and Ogata

et al.27 have reported a crystal structure for the unready state

and suggest hydroperoxide to be the bridging ligand.

Previous computational studies have focused mainly on the

catalytic reaction mechanism itself, and have contributed to an

understanding of the structures and actual spin states of the

intermediates involved in the reaction cycle, as well as their

spectroscopic properties. In particular, Hall and co-workers

have shown how the vibrational frequencies of the CO and CN

ligands are a good probe of the electronic structure of the di-

metal core.28,29 Siegbahn et al. have reviewed a number of

possible reaction pathways predicted by density functional

theory (DFT), by which di-hydrogen is cleaved at the iron

atom in the catalytic cycle.30 Fan and Hall,31 and Bruschi

et al.32 have investigated the problem of defining the spin state

of the nickel atom (Ni2+) in the reduced state. By comparing

measured and computed EPR hyperfine tensors, Lubitz and

coworkers21 have concluded that OH� is the bridging group in

Nir
* but not in Niu

*.

We here suggest a number of possible reaction mechanisms

whereby the inactive ready and unready states can be trans-

formed into the catalytically active Nia–S state, and investigate

their credibility by computation of the associated potential

energy surfaces.

Computational details

In common with most applications of quantum chemical

methods to current problems involving transition metal com-

plexes, the size and number of the systems we shall study here

precludes the use of ab initio methods which explicitly include

a high level of electron correlation. We therefore resort to the

use of DFT methods and faced with the choice of functional

and basis set, have decided to use the BP86 functional33,34 in

conjunction with the DZVP basis.35 This functional was

recently used by Zampella et al.36 to investigate the H2

activation of synthetic model complexes of Ni–Fe hydrogenase

and gave good correlation with structural data. In addition

this basis set gives results consistent with the experimental spin

densities (derived from EPR) for Ni–Fe hydrogenases.37

We have performed geometry optimizations with no con-

straints using GAUSSIAN 03.38 All stationary structures have

been characterized by calculation of their harmonic frequen-

cies, and it was verified that all transition structures connect

the reactants to products by performing an intrinsic reaction

coordinate (IRC) analysis.39,40 A stability check was also

carried out on all wavefunctions.41 Models for the ready and

unready states were extracted from the appropriate enzyme

structure (PDB code: 2FRV-ready state12 and 1YQ9-unready

state10), with the cysteine residue modelled as methyl thiolate

(–SCH3). All calculations were performed on the low spin state

of Fe and Ni, as previously done by Zampella et al. for the

synthetic model compounds.36 All energies have been cor-

rected for zero point effects.

Results and discussion

(a) Activation of the ready state

Both Stein and Lubitz42 and Kurkin et al.23 have proposed

OH� to be the bridging ligand for the ready state (Ni*r) and on

the basis of EPR and DFT studies the former proposed that

protonation and electron reduction of the Ni*r state leads to the

Nia–S state, and that the bridging H2O molecule of this state

then acts as a base to cleave the di-hydrogen (in the catalytic

cycle) forming a hydronium and a hydride ion. Kurkin et al.

Fig. 1 Active site structures of (i) Fe–Fe and (ii) Ni–Fe hydrogenase.

Scheme 1 The relationship between various states of Ni–Fe hydro-
genase.
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suggest a pathway in which the addition of H2 to the Ni*r state

leads to the Nir–S state. 23 In this mechanism the bridging

–OH group itself cleaves the di-hydrogen to yield H2O and the

hydride ion which leaves as a proton and two electrons,

reducing both the Fe–S cluster and the nickel atom (to

Ni2+). Based on stopped-flow experiments, they identified

that the ready state (Ni*r) takes only 6 s to become activated

when treated with H2. With different concentrations of H2, the

development of IR bands at 1950 cm�1 and at 1936/1921 cm�1

are observed, and are interpreted in terms of the production of

both Nia–C
* and Nir–S states, respectively.23

Guided by these previous studies we propose a reaction

mechanism for the activation of the ready state shown in

Scheme 2, and now describe the results of modelling this

process.

In the Ni*r state, we have chosen an unprotonated terminal

sulfur which is suggested from a comparison of experimental

and computed EPR data.42 This Ni*r state (1) can be converted

into the Nir–S state (5) via two pathways, I and II (Scheme 2),

both of which have been suggested on the basis of experi-

mental studies.23 The first involves the addition of di-hydro-

gen, and the second involves the protonation of a terminal

sulfur and nickel atom reduction.

Our optimized structure of the Ni*r state (1) is in good

agreement with other computational results.28,42 When

compared with experiment10 (Fig. 2), the Fe–Ni distance

is in good agreement, but there are significant differences for

the Ni–O and Fe–O values. This could well be due, at least

partly, to uncertainties in the experimental values (2.54 Å

resolution).

The addition of di-hydrogen to the Ni*r state leads to the

weakly bound Ni*r–H2 complex (2), in which the Fe–Ni

distance is essentially unaltered, this species (2) being only

0.6 kcal mol�1 higher in energy than 1. The conversion of 2 to

the product (Nir–S state, 5) proceeds via a transition state (3)

and an intermediate (4). In the transition state, the nickel

oxygen bond (of the bridging OH– group) is broken (3.40 Å),

which facilitates the binding of H2 to nickel. There are two

possible transition states for hydrogen molecule cleavage, in

which H2 is bound either side- or end-on to the nickel. The

activation energy for the side-on structure is higher than that

for the end-on by B10 kcal mol�1, due to the lack of a second

Ni–H bond in the side-on, but not in the end-on structure. In

addition, the main geometric change between the side-on and

end-on bound transition state is the Ni–Fe distance, which is

3.05 Å in the side-on species, but for the end-on species (3) this

distance is longer by B0.3 Å.

The lower energy transition state leads to an intermediate

(4) with the bound water molecule at the Fe-site and a hydride

ion on the Ni-site. Due to the cleavage of the bridgehead in

the transition state, the Fe–Ni distance is now increased

(3.43 Å). The conversion of this intermediate 4, which is only

Scheme 2 Proposed reaction mechanisms for the conversion of the Ni*r state (1) to the Nir–S state (5). Relative energies (kcal mol�1) of the
structures are given in parentheses.
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3.9 kcal mol�1 higher in energy than 2, to the final Nir–S state

(5) involves the loss of the hydride ion, reduction of the nickel

centre, and protonation of the terminal thiolate, with the Fe–S

cluster also being reduced. The reduction of the Ni ion and the

medial 3Fe–4S cluster has been suggested on the basis of

experimental data,23 and is thus consistent with our proposed

pathway. The final Nir–S state (5) has a bound water molecule

which is consistent with experiment.23 This species will become

catalytically active (Nia–S) when this water molecule leaves the

active site.

Besides the Nir–S state (5), the intermediate 4 can lead also

to a species 7, which is the precursor to the Nia–C
* state

(8) (Scheme 2) via the transition state 6. Unlike the previous

structure (Nir–S, 5), this transition state (6), which is 4.6 kcal

mol�1 higher in energy than 4, still has a hydride ion bound to

Ni but the water molecule is leaving the iron atom, the Fe–O

distance being 2.80 Å. This transition structure leads to 7

which has a bridging hydride, as suggested by George et al.26

This species (7) is 17.7 kcal mol�1 lower in energy than 4, and

has a strong Ni–Fe interaction (2.58 Å), but the water

molecule has only a very weak interaction with the Fe centre

(4.63 Å). This state (7) is finally converted into the Nia–C
*

state (8), when the loosely bound water molecule leaves the

pocket.

The second pathway (path II) is the formation of the Nir–S

state by reduction, via the Fe–S cluster, and protonation of the

Ni*r state (1) to give (9), where the proton is added to the

terminal sulfur of 1. The main geometric change in this

structure is that one of the bridging sulfur to nickel bonds

is broken (2.94 Å, Fig. 2) and there is a corresponding

lengthening of the Ni–Fe length (3.02 Å). Subsequent

protonation of 9 leads to the final product 5, consistent

with the reaction pathways of Stein and Lubitz42 and

Kurkin et al.23

(b) Activation of the unready state

Stadler et al.43 proposed that both ready and unready states

contain a bridging hydroxide, but differ in the way in which

the terminal cysteine interacts with the nearby glutamate

group. They suggest that the ready, but not the unready, state,

has this interaction (H-bond) and also propose that the two

states are interconvertible. However, a recent crystallographic

study10 suggests the presence of a –OOH group as the bridging

ligand between Ni and Fe in the unready state and this is

further supported by Lamle et al.24,44 through electro-kinetic

studies. Although these kinetic studies provide mechanistic

insights, they cannot provide the corresponding structural

information. Our study is the first computational investigation

of the conversion of the Ni*u state, having a –OOH bridgehead,

to the Nir–S state.

We start with the model for the Ni*u state extracted from the

enzyme structure (PDB code: 1YQ9),10 and propose that it can

be converted into the Nir–S state via two pathways. In path III

the bridgehead group finally leaves as hydrogen peroxide

(H2O2) (Scheme 3a) and path IV involves the cleavage of this

group to yield two water molecules as in scheme 3b.

The optimized structure of the Ni*u state (10) is in good

agreement with the X-ray data for the Fe–Ni bond length, but

the Ni–O and Fe–O distances are somewhat longer in our

Fig. 2 Bond lengths (Å) for the species involved in the reaction mechanism for the conversion of the Ni*r state to the Nir–S state. Experimental

values are given in parentheses.12
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predicted structure (Fig. 3a). This could again be due to the

inaccuracy in the low resolution (2.35 Å) crystal structure. The

conversion of the Ni*u state (10) to the Niu–S (11) state requires

one proton and an electron, where the electron reduces the

oxidized nickel, and the proton preferentially resides on the

terminal sulfur (11).45,46 In the enzyme, Glu18 (in D. gigas)

may donate this proton to the terminal sulfur Cys530, the

activity being reduced when Glu is mutated to glutamine

(Gln).18 In this species (11) there is a weakened interaction

between the Ni and a bridging sulfur atom (3.12 Å). From 11,

there are two possible pathways by which –OOH can be

removed either as H2O2 (path III in scheme 3a) or cleaved

to form two water molecules (path IV in scheme 3b). In

pathway III, 11 is converted to 13 via the transition state 12

with a barrier of 3.1 kcal mol�1 in which the Ni–S (bridging

sulfur) bond is formed (2.46 Å) and the Ni–O (of –OOH) bond

is broken (2.14 Å, Fig. 3a). This transition state leads to 13

where the Ni–O bond is completely broken (2.70 Å). Addition

of di-hydrogen to 13 leads to species 14 in which the di-

hydrogen interacts weakly with the nickel atom (3.30 Å). This

species is 6.5 kcal mol�1 higher in energy than 11 (taking into

account the energy of H2), the bridging Ni–O bond length (of

–OOH) being 3.42 Å, (Fig. 3a). Transformation of 14 to 17

proceeds via a concerted transition state (15) and an inter-

mediate (16). In the transition state, the di-hydrogen bond

is breaking (1.01 Å) and a new O–H bond (1.26 Å) is

being formed. The activation energy for this reaction is

9.0 kcal mol�1 which is lower than the experimentally estimated

barrier (from electro-kinetics measurements).24,44 In the

transition state, the Fe–Ni bond length is 3.31 Å which is

B0.1 Å shorter than in 14. The intermediate 16 has an

elongated Fe–Ni bond (3.73 Å), a hydrogen peroxide molecule

at the iron centre and a hydride ion on the nickel atom.

Cleavage of the hydride ion from the intermediate (16) as a

proton and two electrons (to the Fe–S cluster) leads to the final

Nir–S state (17) which has a Fe–Ni distance (3.25 Å) shorter

than that in 16 by B0.5 Å

In the second pathway (IV), the hydroperoxide ion is

cleaved as two water molecules by the consumption

of di-hydrogen and a proton from the terminal sulfur

(Scheme 3b). Both the cleavage of the peroxide O–O bond

and the proton transfer from the terminal sulfur of 11 to form

the first water molecule is the first reaction in this path-

way (Scheme 3b) and occurs via a concerted transition state.

In order for the reaction to be facilitated, the –SH should

orientate towards the –OOH group as in structure 18, and this

rearranged species is only 1.5 kcal mol�1 lower in energy than

11. In the subsequent transition state (19), the Fe–Ni bond

length changes only slightly. The water molecule is formed via

breaking the S–H (1.53 Å) and the O–O (1.65 Å) bonds, and

by formation of a new, O–H bond (1.39 Å).

The corresponding activation energy is –0.7 kcal mol�1

(without zero point correction this value is 1.2 kcal mol�1)

This transition state leads to an intermediate (20), where the

bridging Ni–S bond is broken (4.00 Å) and the leaving water

molecule is hydrogen bonded to the terminal sulfur. The

addition of one electron (which could be donated from the

Fe–S cluster) and the electron transfer from the nickel to the

bridging oxygen leads to the species 21, where all the bonds are

conserved compared to 20 and the Fe–Ni distance is short

(B2.88 Å) in agreement with Li and Hall (species 1a in the

article).28 The addition of di-hydrogen to the nickel atom is the

next step in the reaction. The di-hydrogen is only weakly

interacting with the nickel atom (44.00 Å) in 22 which is

consistent with a previous computational investigation,42 this

structure being slightly lower in energy (0.7 kcal mol�1) than

21. This oxygen bridged molecule is converted to the

hydroxide species via a concerted transition state (23). In this

transition state, the O–H bond is forming (1.53 Å) and some

H–H bond elongation occurs (0.84 Å) leaving the hydride

ion residing on the nickel atom. The activation energy of this

reaction is 18.8 kcal mol�1 which is consistent with the

experimental barrier of B21 kcal mol�1.24,44 The transition

state (23) leads to another intermediate (24) which has a long

Fe–Ni distance (3.52 Å) which may be due to the absence of

the third bridging ligand. The removal of two electrons (to the

Fe–S clusters) from species 24 and a proton shift from the

nickel to the terminal sulfur is the next step in the reaction to

form 25 (Scheme 3b) which facilitates the bridging of the Fe

and Ni atoms by the OH group and leads to a shorter Fe–Ni

distance (2.92 Å) the Ni-bridging sulfur bond being partially

broken (2.53 Å). The removal of the second water molecule

from 25 to yield 27, occurs via the transition state (26). In this

transition state, the S–H bond is breaking (1.48 Å) and the

new O–H bond is forming (1.52 Å), which leads to a weaken-

ing of the Fe–O bond (2.11 Å). The newly formed water

molecule interacts very weakly with the nickel atom (3.04 Å)

in 27 and the addition of an electron to 27 weakens the Fe–O

interaction (2.24 Å) further (28). This species can abstract a

proton from the neighbouring residues to form protonated

terminal sulfur as in 5 (Scheme 2, Nir–S). Finally, the species

28, can be activated by the removal of the bound H2O

molecule to form the Nia–S state.

Conclusions

We have investigated here how the Ni*r (ready) and Ni*u
(unready) states might be converted into the Nir–S state upon

H2 addition, using DFT methods and a cluster model of the

enzyme active site. We have estimated the contribution from

the rest of the enzyme by using a continuum model (CPCM)38

with a dielectric of 4.9. We find that the barriers, which are

central to our proposed mechanisms, are changed by less than

B3 kcal mol�1, showing that isolated cluster models are

appropriate for these systems.

We have explored a series of possible species including a

number of transition states on the potential energy surface

Scheme 3 (a) Proposed reaction mechanisms for the conversion of the Ni*u state (10) to the Nir–S state (17) via removal of H2O2. Relative energies
(kcal mol�1) of the structure are given in parentheses. (b) Proposed reaction mechanisms for the conversion of the Ni*u state (10) to the Nir–S state
(28) via removal of 2H2O. Relative energies (kcal mol�1) of the structures are given in parentheses.
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involved in these conversions. Our studies of possible path-

ways is naturally not exhaustive, but our calculations do

complement experimental studies and highlight the role of

H2 in these reactions. The major features of our proposed

mechanisms are as follows.

(i) The ready state, which is generally agreed to have an –OH

bridge, can initially react directly with H2 followed by a

sequence of reactions, to form the Nir–S state. The rate

determining step, having an activation energy of B15 kcal

mol�1, is the cleavage of H2 at the Ni3+ centre, where reaction

with the –OH bridging group leads to the formation of H2O

(Scheme 2, species 3). Our calculation supports the experimen-

tal formation of both the Nir–S and Nia–C
* state, after the

removal of an electron from the intermediate 4, or formation of

the bridging hydride ion to form 8.

(ii) There is growing evidence that the unready state has a

partially reduced dioxygen species as the bridging ligand.

We here describe the first computational study of possible

mechanisms whereby such a –OOH bridging species can

react with H2 to form the Nir–S state. We suggest two

pathways for the formation of the Nir–S state following

reaction with H2, leading to the formation of either H2O2 or

two water molecules. These two pathways (path III in

Scheme 3a and path IV in Scheme 3b) differ in the actual

point in the reaction scheme at which the di-hydrogen reacts,

and in the nature of the rate determining step. To form H2O2

(path III) H2 reacts with species 13 formed through the

reduction of the Ni*u state (10) and a transition state (12).

Here the rate determining step is the cleavage of H2 at

the Ni2+ centre and the formation of H2O2, this step

having a barrier ofB9 kcal mol�1. In the alternative pathway,

leading to the reduction of the peroxy species to form two

water molecules (path IV), the H2 molecule reacts with

the species 21 having a single bridging oxygen atom. Here

the rate determining step again involves H2 cleavage and

O–H bond formation. The corresponding activation energy

for this reaction is B19 kcal mol�1 which is very close to an

experimental estimate of B21 kcal mol�1.24,44 However,

path III, which has a considerably lower barrier, may not

be the preferred pathway, since here removal of H2O2 from

the active site may be rate determining.10 The experimental

observation that activation of the unready state by H2

requires many (N 4 1) electron transfers is consistent with

our path IV scheme which has a number of steps involving

electron transfer.44 Further, both of the two candidates for

the Nir–S species which arise from path III (17), and path IV

(28), and which differ in the protonation of terminal sulfur,

have been suggested to be possibilities for the Nia–S state after

the removal of H2O2 or H2O molecules.28,32
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