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Abstract: Density functional calculations are presented to unravel the first steps of nitrogen fixation of
nitrogenase. The individual steps leading from the resting state to nitrogen binding at the FeMo-cofactor
with a central nitrogen ligand are characterized. The calculations indicate that the Fe-Mo cage opens as
dinitrogen binds to the cluster. In the resting state, the central cage is overall neutral. Electrons and protons
are transferred in an alternating manner. Upon dinitrogen binding, one protonated sulfur bridge is broken.
An axial and a bridged binding mode of dinitrogen have been identified. Adsorption at the Mo site has
been investigated but appears to be less favorable than binding at Fe sites.

Atmospheric N2 is the main natural source of nitrogen, which
makes up about 10% of the dry mass of biological matter.
Nitrogenase, a bacterial enzyme, is able to convert atmospheric
nitrogen into ammonia and thus to break the strongest chemical
bond in nature.

Nitrogenase consists of two proteins, the Fe protein and the
MoFe protein. The former supplies electrons, which drive the
reaction, while the latter contains an MoFe7S9N cluster as the
proposed active site. Despite the fact that the crystal structure
of nitrogenase has been unraveled more than 10 years ago,1-3

the reaction mechanism still remains elusive to date.
A puzzling feature in the crystal structure of the FeMo-

cofactor was the apparent presence of a cavity surrounded by
six iron sites. Most previous ab initio calculations rested on the
assumption that the cage is empty. Recent crystallographic
studies,4 however, identified the presence of a central ligand in
the cavity, being a C, an O, or an N atom. ENDOR studies5

suggest it to be nitrogen (Figure 1), which is also supported by
theoretical investigations.6,7

The reaction consumes eight electrons and protons and
produces at least one sacrificial hydrogen molecule.8

Protons are provided by the solvent and electrons by the Fe
protein. This electron transfer, which requires the proteins to

dissociate and associate, is the rate-limiting factor for nitrogen
fixation. Electrons are transferred to the cofactor at a rate of
about 1 to 10 s-1.9

A number of reaction mechanisms from nitrogen to ammonia
at the FeMo-cofactor have been proposed. They can be classified
according to the way N2 binds to the cofactor: (1) Nitrogen
binds head on to one of the six prismatic Fe atoms in an (η1)
coordination.10-14 (2) Nitrogen forms an N2 bridge between two
octahedrally coordinated Fe atoms after opening of the cage,15-17

and (3) N2 coordinates to Mo.18-22 (4) Binding of N2 to the
face formed by four Fe sites has been ruled out with the presence
of a central ligand.23
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Figure 1. Resting state of the FeMo-cofactor.
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In this paper, we investigate the N2 binding modes to the
FeMo-cofactor using state-of-the-art electronic structure calcula-
tions. Particular emphasis is given to the identification of the
oxidation and protonation state prior to N2 binding in order to
put the model assumption on a safe ground. We employ a more
sophisticated description of the magnetic structure of the cluster
than what has been possible in earlier work.

Inclusion of the central nitrogen ligand changes the reaction
mechanism: The cage of the FeMo cluster opens up upon
binding to nitrogen, supporting earlier suggestions that the
cluster may undergo major rearrangements during the enzymatic
cycle.15 This indicates that the reaction mechanism is more
complex than what has previously been believed. Moreover,
we find that N2 binds to the central cage, whereas binding to
the Mo site, a major contender for the role as the reactive site
of the cluster, is thermodynamically unstable.

1. Calculational Details

We performed first-principles electronic structure calculations based
on density functional theory (DFT)24,25using the PBE functional.26 Our
choice has been motivated by the desire for a functional that is free of
experimental parameters and that is widely distributed.

We employed the projector-augmented wave (PAW) method,27,28as
implemented in the CP-PAW package, which describes the full wave
functions without shape approximation. The PAW method decomposes
the wave function into a plane wave part and two one-center expansions
per atom. The plane wave part describes the wave functions properly
outside the atomic regions, but within the covalent radius, it avoids
the cusps and the nodal structure of the atoms. The true wave function
and its plane wave counterpart are expanded at each atomic site into
partial waves similar to atomic orbitals. To restore the correct behavior
of the wave function near the nucleus, the difference between these
one-center expansions are added to the plane wave part. Thus the full
wave functions can be treated efficiently and accurately.

The parameters used for the augmentation are given in Table 1. The
resting state has been investigated with setups Fe(a) and Mo(a), while
the results with Fe(b) and Mo(b) have been reported for the N2 binding
modes. The maximum deviation between the N2 binding energies
calculated with (a) and (b) augmentations is 1.8 kJ/mol per metal atom.
Freezing the semicore states (a) systematically increases the binding
energy.

To isolate the molecules, the artificial electrostatic interaction
between periodic images of the cluster in our plane-wave based method
has been removed.29 Wave function overlap has been avoided by
keeping a distance of at least 6 Å between periodic images. We used

a plane-wave cutoff of 30 Ry for the wave functions and 60 Ry for the
density. This choice has been shown to be sufficient for a wide range
of systems,27 and the accuracy has been verified on smaller iron-sulfur
clusters.

The FeMo-cofactor exhibits a complex spin structure with states that
exhibit a noncollinear spin distribution. In conventional spin-polarized
(spin-unrestricted) calculations, the spin distribution is forced to be
uniaxial. Frustrated antiferromagnets such as the FeMo-cofactor on the
other hand optimize the antiferromagnetic coupling by orienting the
spin directions of different atoms at an angle. Therefore we implemented
the option for noncollinear calculations30-33 of the spin distribution into
our PAW code. Such a description requires the wave functions to be
two-component spinor functions (Ψn,v(rb),Ψn,V(rb)). The charge density
F and local spin densitymb are then obtained as

where we used the nonrelativistic approximation for theg-factorge )
2. In our implementation, the exchange correlation potential is evaluated
from the density and the absolute value of the magnetization as well
as their gradients at each point. The resulting exchange-correlation
potential has the form of a spatially varying magnetic field oriented
parallel to the local magnetization.

An important technical advantage of a noncollinear calculation over
a conventional collinear one is that it greatly simplifies the determination
of the electronic ground state. The energy surface of a conventional
calculation exhibits many metastable states, because every spin-flip
requires an unfavorable transition state with a zero local spin. In a
noncollinear description, the local spins can rotate without changing
their magnitude, thus bypassing those barriers.

Except where explicitely mentioned, the spin ordering is optimized
simultaneously with the atomic structure. This turned out to be important
as the spin state depends strongly on the atomic configuration.

The Kohn-Sham Slater determinant of a noncollinear calculation
is an eigenstate of neitherSz nor S2, while that of a conventional
calculation is an eigenstate ofSz. Within density functional theory, the
physical quantity is the magnetization (mb). Therefore we evaluate the
total spin as integral over the total magnetization.

We considered the complete FeMo-cofactor as shown in Figure 1.
The central ligand has been chosen to be nitrogen. The ligands of the
FeMo-cofactor have been truncated such that only single bonds were
broken, and the open bonds were saturated by hydrogen atoms. Thus
we included an imidazole and a glycolate coordinated to the Mo site
to replace the histidine and homocitrate ligands, respectively, and an
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approach differs from the implementation by Hobbs et al. in that we do
allow for full noncollinearity also for the augmentation spin density.

Table 1. Core Configuration and Number of Projector Functions
and Pairs of Partial Waves per Angular-Momentum State (l, m)
with s-, p-, and d-character as Used in This Study

element core s p d

Fe(a) [Ar] 2 2 2
Fe(b) [Ne] 2 2 2
Mo(a) [Kr] 3 3 2
Mo(b) [Ar]3d10 2 2 2
S [Ne] 2 2 2
O [He] 2 2 1
N [He] 2 2 1
C [He] 2 2 1
H none 2 1 0

F( rb) ) -e∑
n

fn[Ψ*n,v( rb) Ψn,v( rb) + Ψ*n,V( rb) Ψn,V( rb)]

mx( rb) )
ep

2me
∑

n

fn[Ψ*n,v( rb) Ψn,V( rb) + Ψ*n,V( rb) Ψn,v( rb)]

my( rb) ) -i
ep
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n
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n
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SH group instead of a cysteine group at the terminal Fe atom of the
cofactor.

Atomic structures have been optimized by damped Car-Parrinello34

molecular dynamics with all degrees of freedom relaxed. The conver-
gence has been tested by monitoring if the kinetic temperature remains
below 5 K during a simulation of 0.05 ps (200 time steps). During that
simulation, no friction has been applied to the atomic motion and the
friction on the wave function dynamics has been chosen sufficiently
low to avoid a noticeable effect on the atomic motion.

Transition states have been determined by applying a one-
dimensional constraint on the atomic positions. In the present applica-
tion, bond-length constraints have been used. The value of the bond
length has been varied to maximize the energy, while all unconstrained
degrees of freedom are allowed to relax to minimize the energy. Proof
that this approach, when converged, determines exactly first-order
transition states is given elsewhere.35

Interaction of the cofactor with the surrounding protein has been
analyzed using a classical force field, namely the UFF force field.36

The protein structure, as obtained from the protein data bank entry
1QGU,37 has been included up to a radius of 15 Å and held rigid beyond
a radius of 14 Å from the FeMoco center and relaxed inside. We
excluded binding sites with an embedding energy greater than 200 kJ/
mol relative to the resting state. This large tolerance has been chosen
to account for uncertainties of the force field.

2. Resting State

Before exploring the N2 binding, we need to determine the
charge and protonation state of the cofactor. Since the driving
forces for protonation and electron transfer are not known a
priori, we derive them by comparing our theoretical results with
experiment. This implies identifying the charge state of the
resting state and to trace the electron- and proton-transfer steps
until N2 binds.

A reference is provided by the clearS ) 3/2 EPR signal38

observed in the resting state. For the charge states with an odd
electron number ranging from-2e to+4e, we find that only
the charge state 0e, which is collinear, can be clearly identified
with anS) 3/2 spin state. In the definition of the charge state,
we count the charge on the MoFe7S9N subunit, while a charge
of -3e is attributed to the ligands. Charges of+2e as well as
+4e result in anS ) 1/2 state, and the charge state of-2e has
a noncollinear spin distribution withS) 0.24. In our analysis,
spin values may differ from half integer values as we deduce
them from the magnetization as described previously. Full
structural relaxation in each charge state has been important
for the determination of the correct ground state as the spin
distribution depends sensitively on the atomic structure. From
this analysis, we conclude that the resting state is neutral,
[MoFe7S9N]0.

This spin arrangement is in agreement with the experimentally
observed distribution of four sites aligned with the main spin
direction and three antiparallel sites, as found in ENDOR39,40

and Mössbauer41 studies. Six Fe atoms form pairs with a parallel
spin alignment. The pairs are antiferromagnetically coupled with

the neighboring Fe sites as shown in Figure 1. One Fe atom,
located next to the Mo site, remains unpaired and is antiferro-
magnetically coupled to all three of its Fe neighbors. Its spin is
oriented in the minority spin direction.

The charge state derived from an analysis of the spin signal
is consistent with that obtained by comparing the structures with
X-ray diffraction data as shown in Figure 2. To compare the
structures, we formed the mean fractional deviation of all inter-
atomic distances within the cofactor. This quantity is a mea-
sure of the overall expansion of the cofactor. We find that the
cluster expands nearly uniformly upon reduction, which is an
indication for antibonding states being filled. The best agree-
ment among the odd-electron states is obtained for the neu-
tral cluster. Individual structural parameters are compared in
Table 2. The atom coordinates are available as Supporting
Information.
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Figure 2. Change of the cluster size at different charges: The mean
fractional deviation of calculated distances in various oxidation states relative
to the X-ray structure.4 All distances in MoFe7S9N are considered. The
error bars indicate the root-mean-square deviation from the mean value.

Table 2. Comparison of Experimental and Theoretical Bond
Lengths (Å)d

experiment

X-ray diffr.

2.0 Åa 1.6 Åb 1.16 Åc EXAFS theory

Mo-O 2.02 2.32 2.182 2.142 2.12
Mo-N 2.13 2.48 2.304 2.142 2.40
Mo-S 2.24 2.34 2.345 2.342 2.39
Mo-Fe 2.63 2.69 2.696 2.719 2.74
Mo-Fe′ 5.06 5.062 5.060 5.10
Mo-Fe′′ 6.89 6.97 7.004 7.12
Fe-S3 2.32 2.24 2.237 2.225 2.26
Fe-S2 2.46 2.21 2.208 2.225 2.20
Fe′-S2 2.46 2.23 2.221 2.225 2.20
Fe′-S1 2.35 2.26 2.269 2.225 2.28
Fe′′-S1 2.28 2.268 2.225 2.28
Fe-Fe 2.52 2.65 2.622 2.612 2.60
Fe′-Fe′ 2.59 2.68 2.657 2.612 2.63
Fe-Fe′ 2.55 2.61 2.594 2.612 2.59
Fe-Fe′ d 3.60 3.73 3.700 3.660 3.68
Fe-N 2.003 1.99

a PDB 3MIN.44 b 1QGU.37 c 1M1N.4 EXAFS distances refer to 45. Fe
stands for the iron sites 5, 6, and 7; Fe′ stands for sites 2, 3, and 4; Fe′′
stands for Fe1. S3 are the sulfur sites connected to Mo; S2 are the bridging
sites; S1 are those connected to Fe1.d Values shown are averaged over bonds
related by the approximated three-fold symmetry.
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Our prediction of the charge state agrees with recent calcula-
tions using different functionals and methods,7,23 which deter-
mined the charge state based on a comparison with measured
redox potentials and mean Mo¨ssbauer isomer shifts.

Under the assumption that no central ligand is present, the
comparison of experimental and theoretical results42 lead to the
prediction of a singly positive charged resting state [MoFe7S9]1+.
In the state [MoFe7S9]1+ without central ligand, we obtain a
noncollinear spin distribution. Including the central ligand, the
analogous43 oxidation state would be [MoFe7S9N]2- that is
reduced by two electrons compared to the proposal of this work.
Our spin ordering also differs from previous investigations,6,7

which assumed it to be identical to their predictions without
central ligand.13,42

In the neutral charge state, the formal charges can be assigned
according to Mo4.5+(Fe2.5+)5(Fe2+)2(S2-)9N3-, where the two
Fe2+ cations are located next to the Mo site. While there is no
unique procedure to determine formal charges, it is a useful
concept for rationalizing the electronic structure. In the follow-
ing, we will therefore analyze the chemical bonding in the cluster
and thus rationalize our assignment.

The Fe sites are in a distorted tetrahedral environment formed
by either four S ligands or three S ligands and the central N
ligand, while the Mo site is octahedrally coordinated. The
bonding network is augmented by metal-metal bonds, derived
from the Fe eg and Mo t2g orbitals.

We analyzed the metal-metal bonds in a COOP-like analysis,
by investigating the off-site density matrix elements correspond-
ing to theσ-bond between the metal partners that are the dz2

orbitals pointing toward each other. Atomic orbitals are de-
fined in the PAW method via the partial wave expansion for
each site. We observe a strong metal-metal bond character
between the spin-paired Fe sites and between Mo and its Fe
neighbors. We divided the electrons of these metal-metal
bonds equally among the participating ions and added them to
Mo6+(Fe3+)7(S2-)9N3-, which results in the assignment given
above.

However, it should be noted that a weaker but nonzero
bonding contribution is also found between antiferromagnetically
coupled Fe sites. Those are not considered in the formal assign-
ment, because formally the d-shell is filled in the majority spin
direction of the participating atoms. Thus, metal-metal bonds
connect the spin-paired Fe atoms and the Mo atom to its Fe
neighbors.

Our assignment of formal charges accounts for the total
charge and spin of the cluster. In addition, it explains the pres-
ence of a small magnetic moment of Mo antiparallel to the main
spin direction.

3. Protonation of the Cofactor

To understand N2 binding, one needs to determine the number
of protons bound to the cofactor in the docking state.

To determine protonation of the cofactor, we investigated the
protonation energies of all relevant proton acceptor sites for
the singly reduced cofactor. After finding that the spin structure
of the resting state is collinear, we calculated protonation

energies by restricting the spin density to collinear configura-
tions. In accordance with previous calculations without the
central ligand,13,46 we find that only the bridging sulfur atoms
are protonated. Proton addition to the Fe atoms is less favorable
by 19 kJ/mol and to theµ3 sulfur atoms by 47 kJ/mol. A proton
added to the Fe site converts into a hydride (H-), which can
react with a second proton to form a hydrogen molecule. The
central ligand itself cannot directly be protonated.

The major protonation sites are hardly influenced by the
inclusion of the central ligand, as seen from the comparison
with previous studies.13,46

As obtained from collinear calculations, the protonation
energy increases by approximately 250 kJ/mol per proton added
to the sulfur bridges and decreases by the same amount for each
electron added. This shows that a single proton is added to the
cofactor for each additional electron in a ping-pong-like manner.
Note that the dielectric screening by the environment affects
the differences of the calculated protonation energies but not
the qualitative finding of a ping-pong mechanism: The relative
energies between different charge states are scaled down by a
factor 3-5, assumed to be the dielectric constant of a protein.47

The energies of any given charge state lie in a window 35 kJ/
mol wide, which is less than the renormalized energy differences
between different charge states.

Our results combined with experimental data provide us with
the sequence of proton and electron-transfer steps. A reasonable
assumption used in our analysis is that the proton-transfer rate
is fast compared to the slow electron transfer.48-51 This implies
that the protonation state reaches thermal equilibrium before
the next electron is transferred. The protonation state is then
determined by the proton chemical potential reflecting the acidity
of the cavity containing the cofactor. The proton chemical
potential, not accessible in our calculation, will then be calibrated
by comparing our findings with experiment.

The question if the resting state is protonated can be addressed
by comparing our atomic structures with experiment. The main
change upon protonation is a contraction of the mean bond
length by 0.5%. The contraction is driven by the bond-angle
reduction from 75° to 71° of a sulfur bridge upon proton
addition. As the agreement of the unprotonated cluster structure
with X-ray4 and EXAFS45,52 experiments is deteriorated by
protonation, we conclude that the resting state is unprotonated.
This fact provides us, when combined with the results depicted
in Figure 3, with an upper bound for the proton chemical
potential in the cavity.

A lower bound for the chemical potential is obtained from
the observed structural changes after the first reduction step.
EXAFS measurements indicate that the cluster contracts upon
reduction by one electron forAzotobacterVinelandii,52 while
no significant changes have been found forKlebsiella pneu-

(42) Lovell, T.; Li, J.; Liu, T.; Case, D.; Noodleman, L.J. Am. Chem. Soc.
2001, 123, 12392.

(43) We consider as the analogous state one, which has the same formal oxidation
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differ by -3e, the charge of the central ligand.
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moniae.53 While electron transfer alone does not change the
structure of the cofactor appreciably in our calculations, the
protonation decreases the angle of the sulfur bridges, which in
turn contracts the cluster. Thus the first reduction step causes
the first proton to be transferred to one of the three sulfur bridges
of the cofactor inAzotobacterVinelandii,52 while no proton
transfer takes place inKlebsiella pneumoniae.53 The fact that
proton transfer, as apparent by the contraction, depends on subtle
changes of the protein between different bacteria’s nitrogenases
with the same functionality allows us to identify the proton
chemical potential approximately with the first protonation
energy of the cofactor reduced by one electron. Thus the
protonation state can be determined for each charge state to
within one proton.

The notation ExHy describes a cofactor withx electrons andy
protons added to the resting state. Semicolons separate different
possible protonation states for each reduction step. Each arrow
denotes one electron transfer.

4. N2 Binding: Axial Coordination to Fe

We have investigated N2 binding after transfer of one, two,
and three electrons with the corresponding number of pro-
tons, that is, E1H1, E2H2, and E3H2. Our calculations indicate
that N2 binds only at E2H2 and E3H2, while the binding energy
at E1H1 vanishes within our numerical accuracy. Our result that
N2 binds to the doubly protonated cofactor seems to disagree
with the Thorneley-Lowe scheme49-51 which predicts that
3-4 electrons reach the MoFe protein before N2 binding.
However, EPR measurements during turnover9 indicate that only
two of the three first electrons transferred to the protein actually
reach the cofactor. Thus we need to add one electron (and one
proton) before comparing our results for the cofactor with the
Thorneley-Lowe scheme. If that is taken into account, our
calculations are consistent with the predictions of Thorneley
and Lowe.

On the basis of the doubly reduced cofactor, that is E2H2,
we investigated several binding modes of N2: (1) on the faces

of the central cage, (2) in the bridging position between Mo
and Fe, (3) at the Mo site, and at the Fe atoms of the central
cage in (4) axial, (5) equatorial, and (6) side-on orientations.
All of these complexes have been previously discussed and
investigated theoretically for the complex without the central
nitrogen ligand.

According to our calculations, only binding to an Fe atom
on the central cage is stable. All relevant energies are given in
Table 3. Upon binding of N2 to an Fe site next to a protonated
sulfur bridge, we find that the sulfur bridge breaks so that the
cage structure of the cofactor is disrupted. Binding and cage
opening occur in a concerted mechanism. The resulting structure
is shown in Figure 4. The barrier for N2 binding is 27 kJ/mol,
which can be overcome by thermal fluctuations. The binding
energy is 19 kJ/mol.

Given the approximation of our methods, we cannot com-
pletely rule out binding at this point to be slightly endothermic.
However, we find that the binding energy increases with the
number of transferred electrons and protons. Thus even if

(53) Eady, R.; Smith, B.; Abraham, Z.; Dodd, F.; Grossmann, J.; Murphy, L.;
Strange, R.; Hasnain, S.Journal de physique1997, C2, 611.

Figure 3. Protonation energies for different charge states of the cofactor.
E0 refers to the resting state, for which the cluster is charge neutral. E1 to
E3 denote the states with 1-3 additional electrons.

E0 f E1; E1H1 f E2H; E2H2 f E3H2; E3H3

Table 3. Binding Energies and Reaction Barriers Concerning N2
Bindinga

binding site barrier binding energy

axial open 27 -19
axial closed +12
bridged 66 -14
Mo +30 to+33

a All energies are given in kJ/mol. Negative values indicate exothermic
binding.

Figure 4. Structures of the three N2 binding modes investigated in this
work: the open axial mode (top), the bridged mode (middle), and Mo
coordination (bottom).
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binding at this point is inefficient, the system will proceed to
the next electron transfer and protonation step and bind there.
We do not expect this to qualitatively affect our results.

For the cofactor without the central ligand, Rod et al.12 found
that N2 binds in an axial mode to the same Fe site, but the cage
structure of the cofactor remained intact in these calculations.
We find that this result changes radically when the central
nitrogen ligand is included. Compared to the metastable structure
analogous to that of Rod et al., the cage opening stabilizes N2

binding by 31 kJ/mol, indicating that N2 does not bind unless
the sulfur bridge breaks away. N2 docking to the cofactor
without opening of the cage is endothermic with 12 kJ/mol.
The structure with a closed cage is metastable, with a small
barrier< 10 kJ/mol toward the ground state.

One might have expected that the additional bonds to the
central ligand result in a more rigid cofactor. Surprisingly the
opposite is true, and the central ligand apparently leads to a
more flexible structure of the cofactor. The reason for this
behavior is that the number of bonds to the Fe sites is increased,
which facilitates the dissociation of Fe ligands. As we will show
below, the central ligand furthermore offers a variable number
of bonds and thus lends additional flexibility to the cofactor.

With an N-H distance of 3.0 Å, the SH group seems to be
well positioned for the first protonation of dinitrogen, which is
believed to have the largest energy barrier in the catalytic cycle.
However, according to our calculations, this proton transfer is
energetically not favorable.

5. N2 Binding: Bridged Coordination to Fe

The axial binding mode is not the only possible configuration
for the N2 complex with the FeMo-cofactor. We find that, in
the axial mode, dinitrogen can tilt to form a dinitrogen bridge
between the two Fe atoms formerly bridged by an SH group.
As dinitrogen binds to the second Fe atom, the bond of this Fe
atom to the central N ligand breaks in a concerted mechanism,
so that the tetrahedral coordination of the Fe atom is recovered.
This bridging configuration shown in Figure 4 is energetically
less stable by 5 kJ/mol than the open axial mode; thus its binding
energy is 14 kJ/mol. The reaction barrier of 66 kJ/mol
corresponds to a reaction rate somewhat smaller than the electron
transfer rate from the Fe protein to the MoFe protein. Thus both
structures, with an axial and bridged dinitrogen, are equally
likely intermediates for the N2 fixation cycle.

A similar binding mode with N2 bridging two Fe sites has
been proposed earlier by Sellmann et al.16 Sellmann’s model
differs from our bridged complex in that the Fe sites are
octahedrally coordinated, while in our cluster the Fe atoms are
tetrahedrally coordinated. The different coordination reflects in
a major difference of the electronic structure: The octahedral
complex results in low-spin Fe atoms while the tetrahedral
coordination results in high-spin Fe atoms, which have different
chemical behavior. The chemical analogy to octahedral low-
spin complexes54 has been one of the main motivations for
Sellmann’s proposal.

The additional ligands in Sellmann’s model are water
molecules and the nitrogen atoms from two amino acids of the
protein, glutamine GlnR191 and histidine HisR195.55 We have
investigated the model proposed by Sellmann by modeling the

nitrogen ligands with ammonia molecules. We find this structure
at least metastable in the absence of the central nitrogen ligand.
Addition of the central ligand, however, results in the spontane-
ous desorption of the three water ligands from the two bridged
Fe sites. The ammonia ligands remain bound to the Fe sites, so
that the latter assume a pentacoordinate coordination with high-
spin Fe atoms.

6. Embedding in the Protein Environment

An important question is if the protein environment is able
to accommodate the expansion of the cage after N2 binding.
Therefore we embedded the rigid FeMo-cofactor as obtained
from our calculations into the protein simulated with classical
force fields.

The cofactor with N2 adsorbed at sites Fe3 and Fe7 can easily
be accommodated both in the axial and in the bridged config-
uration. These binding modes have the lowest embedding
energies. Unless access to these sites is kinetically hindered,
Fe3 and Fe7 are the preferred binding sites.

Szilagyi et al.56 and Durrant57 have investigated potential
proton pathways from the surface to the cofactor and find a
single path which can transfer protons from the inner surface
of the protein toward homocitrate. Our own estimates confirm
this finding. While Szilagyi et al. only considered crystalline
water molecules, our investigation included also residues with
flexible proton acceptor or donor sites and cavities that may
contain noncrystalline water. We did not find any other proton
paths from a cofactor molecule to the protein surface. This one
path starts at various atoms at the inner surface between the
two parts of the dimer and then leads via about 18 atoms (most
of them water and two alcohol-OH groups of residues) to a
water molecule near the cluster. This water molecule resides
near Fe7 and is 3.7-4.0 Å away from the three sulfur neighbors
around Fe7. Thus it is able to protonate the sulfur site bridging
Fe7 and Fe3.

It is notable that the proton pathway directly leads to that
region of the cofactor, which most easily accommodates N2.

Mutagenesis studies,58,59in which ValR70 has been replaced
by glycine conclude that the binding occurs at the face spanned
by the iron sites 2, 3, 6, and 7. This is consistent with binding
to Fe3 or Fe7 as predicted by our study.

We conclude that the adsorption complexes can be accom-
modated in the central cage. The most likely adsorption sites
are Fe3 and Fe7.

7. N2 Binding to the Mo Site

Coordination of N2 to Mo has been discussed in great detail
in the literature.18-22 There is a large experimental effort to
produce Mo-based model systems of nitrogenase. Recently such
a system has been presented that reduces N2 to NH3 and that
rivals natural MoFe-nitrogenase in efficiency.60,61

While the presence of the Mo atom in the cofactor stands
out, it is not essential: there are other nitrogenases, where the
Mo atom of the cofactor is replaced by V or Fe.62,63

(54) Sellmann, D.; Sutter, J.J. Biol. Inorg. Chem.1996, 1, 597.
(55) Our notation refers to nitrogenase ofAzotobacterVinelandii.

(56) Szilagyi, R.; Musaev, D.; Morokuma, K.THEOCHEM2000, 506, 131.
(57) Durrant, M.Biochem. J.2001, 355, 569.
(58) Mayer, S.; Niehaus, W.; Dean, D.J. Chem. Soc., Dalton Trans.2002, 5,

802.
(59) Benton, P.; Laryukhin, M.; Mayer, S.; Hoffman, B.; Dean, D.; Seefeldt, L.

Biochemistry2003, 42, 9102.
(60) Yandulov, D.; Schrock, R.Science2003, 301, 76-78.
(61) Leigh, G.Science2003, 301, 55-56.
(62) Eady, R.Chem. ReV. 1996, 96, 3013-3030.
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The Mo atom is octahedrally coordinated to three sulfur sites
of the cofactor, to two oxygen atoms of homocitrate, and to the
nitrogen atom of a histidine. N2 association on the Mo atom is
initiated by a proton transfer to the carboxyl group of homoci-
trate. After protonation, the Mo-O bond becomes very labile.
Nevertheless, N2 binding to the vacant coordination site at Mo
is endothermic by 30-33 kJ/mol irrespective of the protonation
state of the carboxyl group of homocitrate. The corresponding
complex is metastable. While hydrophobic forces of the
environment, not considered in this work, may increase the
affinity to N2, the presence of more stable binding modes at
the Fe sites provides strong evidence that the mechanism does
not proceed at the Mo site.

Our finding that binding of N2 to Fe is exothermic is in
agreement with earlier calculations.10-14 We attribute disagree-
ment with predictions in favor of binding to Mo20,21to the small
cluster size, that is, 1-2 metal sites, used in those calculations.

8. Conclusion

In this work, we analyzed the N2 binding at the FeMo-cofactor
of nitrogenase containing the recently detected central nitrogen
ligand by means of DFT calculations. The spin structure has
been analyzed as a function of the oxidation state. Comparison
with the experimental spin signal indicates that the charge state
of the resting state is [MoFe7S9N]0.

An investigation of the protonation cascade results in a ping-
pong mechanism for electron and proton transfer. Protons attach
to the bridging sulfur atoms. Molecular hydrogen is produced
if protons add to an Fe site next to a protonated sulfur bridge.
After at least two electrons and protons have been transferred
to the resting state, dinitrogen binds to the cofactor.

Our calculations indicate that N2 does not bind to the Mo
site. We find that N2 binds to an Fe site of the central cage. N2

binding disrupts the cage of the FeMo-cofactor. In contrast to
the obvious assumption that the central ligand adds rigidity to
the cofactor, the additional nitrogen atom offers a variable
number of bonds to its Fe neighbors and thus adds flexibility
to the structure. One stable binding mode is head-on binding to
one Fe site, which opens the protonated sulfur bridge. Opening
of the sulfur bridge strengthens the nitrogen bond to the cofactor.

The complex can transform into a second structure where
dinitrogen bridges the Fe sites formerly connected by a sulfur
bridge. Both configurations are energetically nearly degenerate
and transform substantially faster than the turnover rate. This
transformation is facilitated by the presence of the central ligand.

Simple force field estimates of the embedding energy indicate
that the most likely N2 binding sites will be the iron atoms Fe3
and Fe7. An analysis of the proton transport channels confirms
earlier results that predict only a single channel to the cavity
holding the cofactor. The sites Fe3 and Fe7 are located next to
this channel.

The observation of the significant role of the central ligand
on the nitrogen binding provides new directions for the search
of the mechanism of biological nitrogen fixation.
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