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ABSTRACT: The properties of the Fe and Mo sites of the iron-molybdenum cofactor of nitrogenase with
respect to binding and activation of N2 have been studied by molecular mechanics calculations on the
local protein environment and by density functional theory (DFT) calculations on subsections of the cofactor.
The DFT calculations indicate that the homocitrate ligand of the cofactor can become monodentate on
reduction, allowing N2 to bind at Mo. In addition, the neighboring Fe atom plays a crucial role in N2

reduction by stabilizing the initial reduced N2 species and by facilitating cleavage of the N-N bond. The
various possible isomers for partially reduced N2 intermediates have been compared by DFT, and a detailed
model for the reduction of N2 is developed based on these results, together with chemical precedents and
the available biochemical data for nitrogenase.

Nitrogenases are enzymes which catalyze the reduction
of dinitrogen to ammonia. The most extensively characterized
nitrogenase contains both Mo and Fe and is referred to as
Mo nitrogenase; in addition, some organisms have alternative
nitrogenases containing Fe and V, or Fe only (1). These
alternative nitrogenases are inferred to have much in common
with Mo nitrogenase in terms of structure, but appear to be
less efficient than the latter and are generally only expressed
when Mo nitrogenase is unavailable to the organism. Mo
nitrogenase consists of two component proteins. The Fe
protein (component 2) is a homodimer of∼60 kDa, contains
an Fe4S4 cubane and acts as a specific electron donor to the
MoFe protein (component 1) (2). When dithionite is used
as the primary reductant in vitro, electron transfer involves
association and dissociation of the two nitrogenase proteins
and is accompanied by the hydrolysis of ATP. The MoFe
protein is anR2â2 tetramer of∼230 kDa which contains two
unique metal-sulfur clusters. The P-clusters (stoichiometry
Fe8S7) mediate the supply of electrons to the iron-
molybdenum cofactor (FeMoco,1 stoichiometry MoFe7S9‚
homocitrate, Figure 1) (2, 3). A considerable weight of
evidence implicates the FeMoco as the site of reduction of
N2 and other substrates, including H+ (3). Detailed spectro-
scopic studies of57Fe-enriched FeMoco led to formal resting
state valency assignments of [MoIVFeIIIFeII

6] (4) or [MoIV-
FeIII

3FeII
4] (5) and suggested that MoIII is accessed on

reduction, while recent theoretical studies have provided
additional evidence that [MoIVFeIIIFeII

6] is the correct alterna-

tive (6). The production of N2 by Mo nitrogenase is believed
(1) to have the limiting stoichiometry shown in reaction 1:

Recently, some doubts have been raised over the stoichi-
ometry of the ATP component of reaction 1 following the
observation that the Fe protein can be reduced to a stable
all-ferrous state, whose crystal structure has been reported
(7). This form of the Fe protein, if biologically accessible,
might be able to transfer two electrons to the MoFe protein
for each protein association-dissociation event, halving the
catalytic ATP requirement. Recent experimental studies
suggest that this is indeed the case (8). The stoichiometry
of reaction 1 with respect to H2 follows from the observation
that very high pressures of N2 still result in approximately
one H2 produced per N2 reduced (9). It is not yet clear,
however, whether this obligatory hydrogen evolution (OHE)
(10) is an essential feature of the enzyme’s mechanism or
merely the consequence of an unavoidable leakage of
reducing equivalents during turnover (3). Such leakage
effects certainly appear to be significant for the alternative
nitrogenases; for example, the limiting H2/N2 ratio for V
nitrogenase is 3.5 (1).
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FIGURE 1: FeMoco, showing Fe atom labeling scheme.

N2 + 8H+ + 8e- + 16MgATPf

2NH3 + H2 + 16MgADP+ 16Pi (1)
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Extensive studies of Mo nitrogenase over several decades
have failed to provide definitive information on the atomic
mechanism of this enzyme. Nevertheless, these studies have
amassed a wealth of experimental data from many different
sources. This includes the X-ray crystal structures of the
MoFe proteins fromAzotobacterVinelandii [both the wild-
type (11) and R-Gln195 mutant (12)] and from Klebsiella
pneumoniae(13). These resting state structures show the Mo
atom of the FeMoco to be chelated by homocitrate and
coordinatively saturated, whereas the six central Fe atoms
are formally three-coordinate and might therefore be reactive.
Together with the discovery of an Fe-only nitrogenase, this
has led many to conclude that N2 fixation probably occurs
at one or more of the Fe atoms of the FeMoco, while Mo is
present only to “fine-tune” the system. However, an alterna-
tive hypothesis that reduction of the MoFe protein allows
for opening of the homocitrate chelate ring, thereby allowing
a more active role for Mo during catalysis, has also been
advanced (10, 14-16).

Detailed kinetic analysis of the reduction of N2 and
concomitant production of H2 by Mo nitrogenase isolated
from K. pneumoniaerevealed several key mechanistic
features of these processes, which were used to formulate
the Lowe-Thorneley scheme (17-20) for reduction of N2.
In the Lowe-Thorneley scheme, N2 fixation occurs over a
series of eight redox levels, labeled E0-E7. Several of these
levels have associated properties such as the ability to bind
N2 and/or release H2, release of reaction intermediates or
products on quenching, and spectroscopic properties, al-
though the degree of characterization tails of markedly for
the later redox levels. Meanwhile, extensive genetic and
mutagenic studies have provided insights into the effects of
the protein on the inorganic components of nitrogenase (21),
and there is also a very substantial body of model chemistry
which is potentially relevant to nitrogenase function. In
principle, quantum calculations offer a powerful tool for
mapping these chemical data onto the observed biochemistry
of nitrogenase, and several research groups have used
theoretical methods to study the properties of the FeMoco.
However, only methods which properly address key features
of transition metal chemistry, such as unpaired electrons and
electron correlation effects, have the potential to give
meaningful quantitative descriptions of this problem. Density
functional theory provides one such approach, and a number
of DFT studies of nitrogenase have now been published (6,
15, 16, 22-24). A severe limitation is the large size of the
FeMoco; thus, although a recent DFT study demonstrated
that an accurate description of the whole FeMoco can now
be achieved (6), the challenge of attaining a detailed quantum
model of the catalytic properties of the whole cluster remains
formidable. An alternative approach is to use simplified
FeMoco subsections in DFT calculations; to date, the results
of the various published studies do not vary greatly with the
nature and size of the model, suggesting that this approxima-
tion is valid for qualitative studies. Initial DFT studies of
N2 reduction concentrated on the central Fe atoms of the
cluster, in line with the reasoning discussed above. This work
has produced a consensus on several important attributes of
FeMoco, including the presence of many weak metal-metal
bonds within the cluster and the possible significance of low
energy distortions for reactivity. Another key observation is
that initial binding of N2 to the central Fe atoms is weak. In

perhaps the most thorough DFT study of N2 binding and
reduction published to date, Rod and Nørskov constructed a
model for the FeMoco core cluster consisting of an infinite
[MoFe6S9]∞ polymer (23). They examined a variety of
conceivable N2 binding modes and found that the only stable
state with respect to free N2 was end-on binding to a single
Fe atom. The N2 binding energy ranged from ca.-2 to +5
kcal mol-1 depending on the number of H atoms added to
the central three sulfurs of the model cluster (0 to 3).

On the basis of experimental observations of the chemistry
of FeMoco isolated from the protein, we have suggested a
model for nitrogenase action in which the homocitrate ligand
becomes monodentate upon reduction of the enzyme, al-
lowing binding of N2 at Mo (14). This model potentially
explains the key role of homocitrate in defining the catalytic
properties of the enzyme (21, 25-27) as well as the
observation that detectable N2 binding occurs only once state
E3 has been reached in the Lowe-Thorneley scheme (18).
Preliminary DFT studies indicated that binding of N2 at the
Mo site of the FeMoco, although still relatively weak, is
nevertheless somewhat stronger than at the trigonal Fe sites
and also suggested a functional rationale for the distinctive
geometry of the FeMoco in terms of the cleavage of a
partially reduced N2 substrate across a MoFeS2 face of the
cluster (15). In this paper, the DFT calculations have been
extended to explore the feasibility of the homocitrate ring-
opening hypothesis in terms of the energetics of this process
and to define the properties of the resulting Mo coordination
site with respect to N2 binding and reduction. The results
are combined with the findings of a previous analysis of the
nitrogenase protein’s innate ability to control protonation of
both the FeMoco and the N2 substrate during catalysis (28)
and the underlying kinetic features of the Lowe-Thorneley
scheme to develop an atomic level mechanism for nitroge-
nase. This is the first reported model in which the properties
of the individual states of the Lowe-Thorneley scheme are
explained in terms of specific chemical intermediates.

MATERIALS AND METHODS

MM calculations were done with CHEM-X software (29).
The standard atom parameter set was modified to accom-
modate the FeMoco by the inclusion of parameters for Fe
and Mo, as follows. The connectivity of atoms within the
cluster was assumed to be that shown in Figure 1, i.e.,
metal-metal bonding was ignored. Three- and four-
coordinate Fe and six-coordinate Mo atoms were defined,
and bond lengths and angles were specified on the basis of
the crystal structure geometries (11, 13). All force constants
were set to an arbitrary value of 80% of the values for sp3

C-C and C-C-C bond lengths and angles, respectively.
This basic force field reproduced the structure of FeMoco
very well. The distortion of FeMoco upon binding N2 at a
trigonal Fe, observed by DFT (24), was reproduced reason-
ably well by specifying the force field S-Fe-N angle as
90°. MM geometry optimizations on FeMoco and its local
protein environment were carried out using the protein
backbone C and N atoms as a fixed restraint.

All DFT calculations were performed using the B3LYP
functional and LanL2DZ basis set as implemented in
GAUSSIAN 98W (30). Geometry optimizations were carried
out usingz-matrix methods, treating the metal-sulfur section
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of the models as having a plane of symmetry lying through
the Fe and Mo atoms and the terminal SH groups. Because
the models used in this work contain only a part of the
FeMoco, the metal atoms are relatively unconstrained. In
the case of the Fe atom, this resulted in a near-tetrahedral
geometry in some cases, e.g.,19 in Figure 3. For the Mo
atom, the structural constraints imposed by the rest of the
FeMoco were approximated as follows. The angle between
the terminal S atom on Mo (St) and the plane defined by the
Mo and two bridging S atoms was fixed at 109°, and the O
and N atoms were constrained to lie in planes defined by
fixed St-Mo-O and St-Mo-N angles of 89° and 88°,
respectively. Angle values were taken from the means of
those found in the Av1 and Kp1 crystal structures. Initial
geometry optimizations were performed on all spin states
considered possible, using a subset of variables and the
opt ) loose convergence option. A final geometry optimiza-
tion was then carried out on the spin state identified as the
lowest in energy, using all variables and full convergence
criteria. For some of the calculations on the dinuclear models,
the default convergence criteria proved unsatisfactory; after
an initial phase in which the energy fell rapidly on each step,
there followed a large number of steps in which the energy
changed insignificantly. Therefore, for these calculations,
geometry optimization was terminated when the change in
energy was less than 0.1 kcal mol-1 over 10 consecutive
optimization minima. Calculations on the extended dinuclear
models incorporating the glycolate ligand were restricted to
the spin state found to be the ground state in the simpler
dinuclear models, using the same geometry optimization
protocol.

Protein coordinates were retrieved from the Brookhaven
Protein Data Bank (31), accession codes 1QGU (Kp1) and

2MIN (Av1). Figures were prepared using RASMOL mo-
lecular graphics software (32).

RESULTS

MM Calculations.As discussed above, the most advanced
DFT calculations on the character of N2 binding to the
FeMoco published to date (24) indicate that binding of N2
at Fe is weak, and furthermore that terminal coordination of
N2 to a single Fe center is the only stable mode. In the
absence of protein environmental effects, the six central Fe
atoms of the FeMoco should display virtually identical
affinities for N2. Therefore, if N2 does bind at Fe during
nitrogenase catalysis, it would be reasonable to expect that
one of the six central irons be clearly distinguished from
the others. There are two ways in which this could be done.

FIGURE 2: Geometry-optimized glycolate structures with relative
energies (kcal mol-1) in parentheses. All the Fe atoms are FeII; the
Mo atoms are MoIV in 1-4, MoIII in 5-9. Color code: C, gray; H,
pale blue; N, dark blue; O, red; Fe, green; Mo, purple; S, yellow.

FIGURE 3: Geometry-optimized structures for N2 binding and
reduction. Color code as in Figure 2. Note that in25, the N-N
bond length was fixed at 1.56 Å (see text).
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First, the protein might provide steric protection to five of
the sites while leaving the sixth available for N2 coordination.
Second, the protein might exert kinetic control of protonation
of N2 by an efficient proton transfer pathway to a particular
Fe site. With these possibilities in mind, the protein environ-
ment around the FeMoco in both the Av1 and Kp1 structures
has been analyzed. The analysis was done in two ways. First,
a completely rigid model taken directly from the crystal
structures was used. An N2 ligand was attached to each of
the central Fe atoms of the FeMoco in turn, using fixed
Fe-N and N-N bond lengths of 1.81 and 1.15 Å, respec-
tively (taken from the complex [FeH(N2)(Me2PCH2CH2-
PMe2)2]+, 33), an Fe-N-N angle of 180°, and coequal
S-Fe-N angles. Hydrogen atoms were added to the protein
residues in the vicinity of the N2 ligand, and the degree of
overlap between the N2 and the surrounding protein (exclud-
ing waters and the FeMoco) was calculated from the shared
van der Waals’ volume. The results are given in Table 1. In
the second set of calculations, the local geometry around
the N2 ligand was allowed to relax by MM optimization.
The protein backbone atoms were kept rigid, and the FeMoco
was also treated as a rigid object except for the FeS3 moiety
to which the N2 was coordinated. The van der Waals overlap
of the N2 ligand was then measured as above.

The results in Table 1 are very consistent for the two
different crystal structures. Of the six central Fe atoms, only
Fe4 can be clearly ruled out as a potential site for N2 binding.
Fe3, Fe6, and Fe7 can all readily accommodate an N2 ligand,
while Fe2 and Fe5 show only moderate steric hindrance.
Considering potential proton transfer groups, here also the
Fe atoms are poorly discriminated by the protein. In the case
of Kp1, an N2 on Fe2 is well placed to receive a proton
from eitherR-His194 or R-Ser276. Fe3 is served byR-His272

and a water (number2 56), Fe5 by a water (number 53), Fe6
by homocitrate, and Fe7 by a water (number 10). Of these,
previous studies (28) have identifiedR-His194 and water
number 56 as components of proton relay channels to
FeMoco, while water numbers 10 and 53 are associated with
the “water pool” (2) around homocitrate, which is linked to
the protein exterior via a hydrogen bonded chain of water
molecules (28). Hence, there is a distinct absence of kinetic
discrimination in favor of any of the five Fe sites which can
accommodate N2 in terms of the rate of protonation of the

coordinated N2. Analysis of the Av1 structure gave very
similar results. In summary, five of the six central Fe atoms
are very poorly discriminated in terms of their ability both
to bind and to protonate N2.

DFT Calculations.The subsections of the FeMoco used
in the DFT studies are shown in Scheme 1, and the output
from the calculations is summarized in Figures 2 and 3. All
spin state permutations considered possible (up to four states)
were investigated for each of the structures shown in Figure
3. For all of the ground state structures, the calculated spin
density on Fe was relatively invariant at 3.1-3.7, regardless
of whether the structure was formally FeII or FeIII . The spin
on Mo was more variable, ranging from∼0 for structure19
(formally MoVI) to 2.9 for 13 (formally MoIII ). Generally,
antiferromagnetic coupling between Fe and Mo was pre-
ferred, except those for13 and22, for which ferromagnetic
coupling was marginally more stable. The optimized DFT
geometries generally overestimated the terminal and bridging
M-S bond lengths by 3-6% and 10-13%, respectively,
compared to the crystal structure values; similar trends have
been found for the same DFT method applied to structurally
related simple Fe complexes, whereas other bond lengths
were more accurately reproduced (34). Concerning the
Mo-N and Mo-O distances, detailed comparison with
experiment is hampered by significant disagreements in the
available data. For example, a Mo-N (His) distance of 2.15
Å was found in the Av1 crystal structure (11), but the
equivalent distance in the higher resolution Kp1 structure
was 2.48 Å (13). Similarly, the average Mo-O distance was
2.04 Å for Av1 but 2.32 Å for Kp1, while EXAFS studies
gave an overall Mo-O/N distance of ca. 2.2 Å (35). In the
present DFT study, the calculated Mo-N and Mo-O
distances in1 were 2.25 and 1.93 Å respectively.

The first crucial consideration for involvement of molyb-
denum in catalysis concerns the energetic feasibility of
opening the homocitrate ring. To address this question, DFT
calculations were carried out on model sites containing a
glycolate ligand as a simple homocitrate analogue, Scheme
1b,c. By the use of both mononuclear and dinuclear models,
the effects of different levels of protonation of the oxygens
and different Mo oxidation states could be compared. The
optimized structures and their relative energies are given in

2 Water numbering is taken from theR-subunits of Kp1 structure
1QGU and Av1 structure 2MIN in the Brookhaven protein data bank.

Table 1: Degree of van der Waals Overlap (%)a between N2
Ligands Attached to the Fe Atoms of FeMoco and the Surrounding
Proteinb

Av1 Kp1

atom rawc opt.d closest residues raw opt. closest residues

Fe2 16 6 His195,Ser278 23 3 His194, Ser276

Fe3 10 0 Tyr229 13 0 Tyr227

Fe4 49 -e Gly357, Leu358, Arg359 45 -e Gly355,Leu356

Fe5 23 5 Ile355, Gly356, His442 16 5 Met353, Gly354, His440

Fe6 5 0 Gln191, hca 10 0 Gln190, hca
Fe7 7 0 Arg96, hca 0 0 -

a Expressed as percentage of van der Waals volume of free N2 (23.7
Å3). b All protein residues are from theR-subunits; hca) homocitrate.
c Before geometry optimization.d After geometry optimization.e Failed
to give a satisfactory energy-minimized structure.

Scheme 1: Model Structures Used for the DFT
Calculations: (a)x ) 1 or 2; (b)x ) 0 or 1,y ) 0 or 1;
(c) x ) 0 or 1,y ) 0 or 1a

a Dashed bonds were absent in ring-opened models.
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Figure 2. In this and subsequent figures, the energy changes
for the reactions indicated or the relative energies of the
individual structures as appropriate (in kcal mol-1) are given
in parentheses, with one structure at each redox level
arbitrarily assigned as the reference state. The first important
result from these calculations is that the ease of chelate ring
opening is determined primarily by the state of protonation
of the carboxylate group. Thus, addition of an H atom to
the noncoordinated carboxylate oxygen atom reduces the cost
of chelate ring opening from+37 to +8 kcal mol-1. This
situation is analogous to organic substitution reactions, where
protonation of carboxylate invariably makes it a better
leaving group. Other factors such as the oxidation state of
Mo and protonation of the alkoxide oxygen have smaller
effects. A further point of interest is that all of the ring-
opened structures show a hydrogen bond between the
carboxylic oxygen and the NH3 ligand, which appears to be
responsible for the existence of structures2, 4, 6, and8 as
local minima. Although this hydrogen bond is serendipitous,
in the sense that the NH3 group is present as a model for the
imidazole ligand to Mo, it highlights the likely role of
hydrogen bonds in facilitating homocitrate ring opening. We
have previously postulated a stabilizing hydrogen bond
between the homocitrate CH2CH2CO2

- arm and a conserved
lysine in the ring-opened conformation, along with a weaker,
Mo-activating hydrogen bond to the coordinated histidine
(14). The pool of water molecules around the homocitrate
might also make a contribution in this regard. Finally, ring
opening followed by coordination of N2, as in conversion
of 7 to 9, is exothermic overall, in this case by-10 kcal
mol-1. Hence, the hypothesis of transient homocitrate ring
opening allowing coordination of N2 at Mo is entirely
consistent with the present DFT calculations.

The point charges on the carboxylic and alcoholic protons
in 7-9 are very similar (0.40-0.42 and 0.39-0.43, respec-
tively), suggesting that these groups might have similar pKa’s.
There are good precedents for the protonation of both types
of group in model complexes. For example, molybdenum
complexes containing alcohol ligands (Mo-OHR) are well-
known. Indeed, dialcohol ligands can display simultaneous
Mo-OR and Mo-OHR coordination, as, for example, in
the methoxide-bridged dimeric complex [{MoO2(OCMe2-
CMe2OH)(OMe)}2] (36). In the crystal structure of the
complex [MoO2(Hmal)2]2- (H3mal) malic acid, HO2CCH2-
CH(OH)CO2H), the alcohol group is coordinated to Mo and
deprotonated, and the remaining acidic proton is located
approximately midway between the coordinated and non-
coordinated carboxylate groups (37), emphasizing the im-
portance of hydrogen bonding in the protonation state of
coordinated carboxylate. In principle, the Mo-O bond
lengths could be used to assess the protonation state of the
homocitrate in nitrogenase, since the calculated geometries
show significant increases for both types of Mo-O bond
on protonation, as also noted previously (16). However, in
view of the disagreements between the available crystal
structures and EXAFS data discussed above, this cannot be
done with confidence at present. One feature which is clearly
supported by the nitrogenase crystal structures is that
protonation of homocitrate may be facilitated by water. Thus,
although the FeMoco is completely buried within the protein,
there is a pocket of ca. 20 water molecules within about 5
Å of the homocitrate. This “water pool” (2) shows extensive

hydrogen bonding with the homocitrate oxygens and more-
over is in contact with the exterior of the protein via a water-
filled channel (28). Therefore, there should be a ready supply
of protons to the homocitrate end of the FeMoco during
catalysis. The water pool also gives space for ring-opening
of homocitrate and coordination of N2 with minimal pertur-
bation of the surrounding protein (14).

Given the availability of a coordination site on Mo upon
reduction, the character of N2 binding at both the trigonal
Fe sites and the Mo site of the FeMoco needs to be
considered. The results of DFT calculations on the various
possibilities for N2 binding and initial protonation using the
dinuclear model10, Scheme 1a, are shown in Figure 3. The
intrinsic N2 BE’s at the FeII and MoIII sites are-8 and-13
kcal mol-1, respectively. Clearly, weak binding of N2 at both
the Fe and Mo sites is predicted, with the Mo site moderately
preferred over Fe. The N2 BE for the Mo site is the same as
that calculated for the MoIII amide complex [Mo(N2)(NH2)3]
(15). Experimentally, N2 is weakly bound at [Mo{N(R)Ar}3]
sites [R ) C(CD3)2CH3, Ar ) 3,5-C6H3Me2], and the N2

complex cannot be isolated from solution (38). Interestingly,
the N2 ligand is nevertheless found to be strongly activated,
in this case with respect to cleavage to the corresponding
nitride.

A more dramatic difference between the Fe- and Mo-
bound N2 ligands is found in their ease of reduction. It is
well-known that the first N2 reduction step, to the diazenido-
(1-) (NNH) ligand, is energetically the most difficult. In
the present model, the Mo-bound diazenido intermediate14
was found to be significantly more stable than its Fe-bound
counterpart13, with an energy difference between the two
isomers of 17 kcal mol-1. Most interestingly, when the
MoNNH species was input into the geometry optimization
in a terminally bound mode, similar to the N2 complex12,
it spontaneously adopted the bridging mode shown in14.
The net stabilization gained by bridging to the Fe atom is
approximately 5 kcal mol-1. The NNR-µ-η2 bridging
geometry predicted in this study has been observed experi-
mentally in a number of dinuclear complexes, and the
calculated NdN bond length of 1.27 Å for14 agrees very
well with the experimentally observed range of 1.20-1.29
Å (39). A particularly relevant example in the current context
is the dinuclear complex [Mo2(C5H5)2(µ-SMe)3(NNMe-µ-
η2)], which has an NdN bond length of 1.20 Å (40). Like
its phenyl analogue, this NNR-µ-η2 complex was found to
be in equilibrium with its NNR-µ-η1 isomer (41). However,
in the present calculations, the NNH-µ-η1 isomer15 was
found to be 15 kcal mol-1 less stable than14 and can be
excluded.

Addition of a further H+/e- couple to14 gives the N2H2

isomers16-18. The bridging (16) and linear (17) hydrazido-
(2-) structures are both local minima and essentially
isoenergetic, while the bridging diazene isomer18 is only a
little higher in energy, and cleavage of the diazenido(2-)
ligand to give 19 can be ruled out at this redox level.
Experimentally characterized (NNR2-η2) complexes compa-
rable to16 are very rare compared to their well-knownη1

isomers. Nevertheless, Glassman et al. (42) have character-
ized complexes [(C5Me5)WMe3(NNHR-η2)] (R ) H or Me)
in solution; these isomerize readily to theη1 isomers,
apparently to relieve steric congestion. Regarding precedents
for structure18, several bridging diazene complexes have
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been described; perhaps the most relevant here are
[{Fe(“S4”)(PPh3)2}2(NHNH-µ-η2)] [“S4” ) (CH2SC6H4S-)2]
(43) and [(C5H5)Mo2(µ-SMe)3(NHNPh-µ-η2)] (41), both of
which have been fully characterized.

The metal oxidation states in17 are FeII and MoV. It has
been assumed in this study for the reasons given in the
discussion of the Lowe-Thorneley state E5 (see below) that
the next H+/e- couple is added to the FeMoco core rather
than the N2H2 ligand. This was modeled by replacing the
OH ligand to Mo with OH2, giving isomers20-22. The order
of stabilities in this redox manifold is different from that of
the previous one; the diazene species22 is now more stable
than the hydrazido(2-) species20 and21. Cleavage of the
N-N bond to give23 is also now energetically allowed.
Once formed, the NH2 ligand in23 would rapidly protonate
to give ammonia (cf. structure27), driving the reaction to
completion. The energetics of cleavage of the N-N bond
under these conditions were studied, with the results shown
in Figure 4. The first step in the cleavage pathway is the
transformation of the linear hydrazido(2-) species21 into
its bridged form20, shown by the dotted part of curve (a).
The energy barrier for conversion of21 to 23 was then
estimated by carrying out a series of calculations in which
the N-N distance was constrained to a series of values
between those found in20 and 23 (1.50 to 4.21 Å,
respectively). The energy maximum occurred at an N-N
distance of 1.95 Å and an energy of+12 kcal mol-1 relative
to 20 (+19 kcal mol-1 relative to 21), suggesting that
cleavage of the N-N bond in21 is both thermodynamically
and kinetically feasible. However, the rate of cleavage at
this redox level could be attenuated by competition from the
bridging diazene isomer22, which would not itself undergo
N-N bond cleavage. If so, further substrate-based reduction
would then be required, giving the (NHNH2-µ-η2) species
24. Cleavage of the N-N bond at this stage to give26 was
also investigated (Figure 4). This time, the first step is
promotion of theS ) 1/2 ground state (formally FeII, MoIII ;
calculated spins+3.6 and-2.9, respectively) to anS ) 5/2

excited state (calculated spins Fe+3.6, Mo +1.1), shown
by the dotted line in curve b. The curve for N-N bond
cleavage was then calculated as before, giving an overall
maximum of+20 kcal mol-1 at an N-N distance of 1.92
Å. The initial cleavage product26 rearranges easily to
structure27; indeed, the calculation of curve b required an
extra geometrical restraint in order to prevent spontaneous
rearrangement to27 for N-N distances above 2.4 Å. It is
possible that the value of the energy required to promote
the spin state of24 prior to cleavage may be overestimated
due to the limited size of the FeMoco model used in the
present calculations; if so, the true energy barrier for cleavage
of the N-N bond at this redox level may be lower than
indicated by these results.

The alternative structure to24, namely, the NNH3 isomer
25, is interesting in that calculations on theS) 3/2 spin state
resulted in spontaneous cleavage of the N-N bond to give
a molybdenum nitride plus ammonia, without any direct
involvement of the Fe site. For this reason,25 is the only
structure in the figures which is not a local minimum; it was
produced by constraining the N-N bond to 1.56 Å, the mean
value obtained from theS ) 5/2 and 7/2 spin states, which
did not show N-N cleavage. Spontaneous cleavage of the
NNH3 ligand was also observed by Dance in his DFT studies
(22); in this case, the reaction was modeled on an Fe4 “face”
of the FeMoco. However, in the current work, the initial
formation of 25 can be ruled out as this species is much
higher in energy than24. It is worth noting here that DFT
calculations using the same method as the present studies
predicted [MoCl(NNH3)(PH3)4]2+ to be 11 kcal mol-1 more
stable than [MoCl(NHNH2)(PH3)4]2+ (44), in agreement with
the experimental isolation of [MoCl(NNH3)(PMe3)4]Cl2 (45).

DISCUSSION

Initial Binding of Dinitrogen at the FeMoco.The ability
of the FeMoco to bind small molecules such as N2, H2, and
CO depends on a number of factors. As well as the
constraints imposed by the protein environment, there are
electronic considerations. The first of these is the overall
redox level of the FeMoco core cluster. The DFT calculations
of Rod and Nørskov (24) suggest that this is not decisive in
determining the strength of binding at single trigonal Fe sites
provided that the overall charge on the cluster is constant.
However, these authors did find a significant variation in
the CO and N2 BE’s when the charge on the cluster was
varied; for example, binding of CO was significantly stronger
when a negative charge was placed on the cluster, and
especially so when the NH4+ counterion was able to interact
with the bound CO. In addition to reduction steps of this
type, in which e- is formally added to the FeMoco core and
H+ to a nearby amino acid, it is possible to add both the
electron and the proton to the FeMoco cluster itself. This
has been demonstrated for isolated FeMoco in NMF solution,
where reduction is accompanied by two successive protona-
tion equilibria (46). Calculations indicate that the preferred
sites for H atom addition are the three central sulfurs of the
FeMoco (24).

The predicted weak binding of N2 at both the Fe and Mo
sites of the FeMoco raises an important problem, since the
solubility of N2 in water is only∼0.7 mM. To effectively
capture N2 from solution, nitrogenase must build up the local

FIGURE 4: Plots of energy vs N-N distance for N-N bond
cleavage. Curve a, transformation of21 into 23; the horizontal line
represents the energy of structure21, taken as the reference state.
The spin state of all three species isS) 2. The dotted line represents
the transformation of the linear NNH2 species21 into the bridging
form 20. Curve b, transformation of24 into 26; here, the horizontal
line represents24, S ) 1, taken as the reference state, while the
species described by the curve have spinS ) 5/2. The dotted line
represents the promotion of24 from theS ) 1 to theS ) 5/2 spin
state.
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concentration of N2 at the active site. A similar problem
pertains in hydrogenases, where H2 must be captured from
solution. Like nitrogenase, the active site of Ni-Fe hydro-
genase fromDesulfoVibrio fructosoVorans is buried in the
protein matrix. However, the hydrogenase active site is
connected to the protein exterior by a network of hydrophobic
cavities. Treatment of the protein with xenon allowed the
observation of approximately ten Xe atoms within the
structure, located within these cavities (47), and it was
concluded that the hydrophobic pockets serve to concentrate
H2 in the vicinity of the active site. However, a similar
analysis on nitrogenase (48) located only four Xe binding
sites perRâ-dimer, and of these, only two were buried within
the protein. This suggests that although nitrogenase shares
a common problem with hydrogenase in terms of accumula-
tion of substrate concentration at the active site, it utilizes a
different solution. One possible answer is suggested by the
analysis of N2 binding at the Fe sites of FeMoco, given in
Table 1. Five of the six central Fe atoms are available for
weak binding of N2. Since the FeMoco is wholly enclosed
by the protein, this suggests a mechanism whereby N2 or
other small molecules might be concentrated at the active
site; the FeMoco itself attracts N2 by transient, nonspecific
binding to multiple Fe sites during the early stages of
catalysis (i.e., at levels in the Lowe-Thorneley scheme
which do not detectably bind N2). There are two important
points which follow from this hypothesis. First, since there
is a limit to the available volume around the FeMoco (in
that N2 or other species must approach the cofactor by
displacing water molecules from its vicinity), there must be
a strict limit to the number of hydrophobic molecules (N2,
H2, CO etc.) which can accumulate in the FeMoco pocket.
This may give rise to subtle competitive effects. Second,
since CO usually binds to metal sites in an analogous, but
stronger, fashion to N2, nitrogenase should exhibit multiple
CO binding modes. This is indeed the case. Thus, in studies
on isolated FeMoco, between two and four CO bands were
always observed when the FeMoco was reduced under a CO
atmosphere (49). Similarly, stopped-flow infrared measure-
ments on nitrogenase under turnover conditions showed four
CO bands for a CO concentration of 0.5 mM under turnover
conditions (50). The use of a lower concentration of CO (60
µM) did give a single CO band; however, the signal-to-noise
ratio of this spectrum was∼9, and hence bands of 10-fold
lower intensity would not be observed. In terms of energy,
a 10-fold ratio in equilibrium concentrations between two
different CO-bound species would require an energy differ-
ence of only 1.4 kcal mol-1. CO binding to the FeMoco has
also been studied by ENDOR spectroscopy (51). In these
studies, a single CO-bound form of FeMoco was observed
under a partial pressure of 0.08 Atm of CO, while at 0.5
Atm of CO, a second CO was found to bind to the same
FeMoco moiety (note that molecular modeling readily shows
the impossibility of binding more than one CO at a single
trigonal Fe atom of the FeMoco). These spectroscopic results
are fully consistent with the concept of binding of CO (and,
by extension, N2) to multiple Fe sites on the FeMoco, with
small energy differences between the different binding
modes; hence, observation of a single CO-bound species
requires very low solution concentrations of CO. Another
interesting observation in this context relates to a mutant Av
nitrogenase in whichR-Arg277 was substituted by His (52).

Experiments on this mutant’s inhibition of C2H2 reduction
by low concentrations of CO were interpreted in terms of
two independent sites for C2H2 reduction, inhibited by CO
binding at a third site.3

Homocitrate Ring Opening.Although poorly discriminated
binding of N2 to multiple Fe sites of the FeMoco may serve
a useful purpose in terms of raising the local concentration
of N2, it seems most unlikely that the reduction of the
biological substrate N2 would proceed indiscriminately on
this basis. However, opening of the homocitrate ring
produces a new, unique site; in the case of Mo nitrogenase,
this is the Mo atom. The DFT calculations presented here
indicate that homocitrate ring opening is energetically
feasible, and that N2 binds preferentially at Mo once this
site is available.

Experimentally, the activities of nitrogenase preparations
display an exquisite sensitivity to chemical modifications of
the homocitrate ligand, especially with respect to N2 reduc-
tion (25-27). Replacement of homocitrate by citrate in an
in vitro synthesis of FeMoco diminished the enzyme’s N2-
reducing activity to 7-17% of that observed with homoci-
trate (26, 27). We have interpreted this result in terms of
the formation of a hydrogen bond between the CH2CH2CO2

-

arm of homocitrate and the imidazole ring hydrogen of
R-His442 (Av1) upon opening of the homocitrate chelate ring
(14). Citrate is incapable of an analogous interaction.4

3 It should be noted that CO appears to be a noncompetitive inhibitor
of both N2 and acetylene reduction, as shown by the lack of a common
intercept in the respective Lineweaver-Burk plots (53), although the
Ki’s reported appear to be close to the concentration of the MoFe-
protein. If the inhibition is indeed noncompetitive, this can be
accommodated within the model described in this paper as follows.
Under low CO conditions, reduction of N2 at the Mo-Fe7 face of the
FeMoco will be inhibited by binding of the electron-withdrawing CO
ligand at one of the other Fe sites. In principle, a higher pressure of N2

would relieve this inhibition via displacement of the CO by a second
N2 ligand. However, CO binding to a given metal centre is invariably
much stronger than N2 binding at the same site. According to Rod and
Nørskov’s calculations, the CO binding energy at a single trigonal Fe
site of the FeMoco is∼24 kcal mol-1 higher than that of N2 (24). This
means that a pN2 in the order of thousands of Atmospheres would be
required to detect competitive inhibition (manifested by deviations in
linearity towards a common intercept in the Lineweaver-Burk plot)
under typical experimental conditions. A similar argument can be made
for inhibition of acetylene reduction by CO.

4 Our hypothesis requires that the NH group of the histidine imidazole
ring which acts as a ligand to Mo remains protonated throughout the
catalytic cycle. It has recently been suggested from DFT calculations
that the imidazole ring might be deprotonated in the enzyme’s resting
state (16). This followed from a comparison of the calculated Mo-N
bond lengths for neutral and deprotonated methylimidazole ligands (2.31
and 2.16 Å, respectively) with the Mo-N bond length of 2.15 Å
obtained from the Av1 crystal structure (11). However, several pieces
of experimental data are relevant here. First, the higher resolution Kp1
structure returned a much longer Mo-N distance, of 2.48 Å (13).
Second, the X-ray crystal structures of imidazole and imidazolate
complexes show that in general, the M-N bond length does vary a
little with the state of protonation of the imidazole ligand, but is also
linked to the spin state of the metal (54-56). Given the pH’s used to
obtain the Kp and Av crystal structures (8.0 and 8.5, respectively), in
order for the Mo-His imidazole to be 90% deprotonated, its pKa would
have to bee7.5. Measurements on imidazole coordinated to a range
of metal centres gave significantly higher pKa values, of 8.9-11.4 (57).
Finally, the normal pKa of a carboxylate group is∼4.8. Given the pKa

range observed above for coordinated imidazole, it seems unlikely that
a single proton would add to carboxylate rather than imidazolate.
However, if both the homocitrate and imidazole groups are deprotonated
in the protein, it is very difficult to conceive of any significant
interactions between these two groups, and the NifV- experimental
data would be inexplicable.
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A particularly intriguing set of experiments was conducted
on fluorohomocitrate isomers (25). In these studies, in vitro
synthesis was used to incorporate modified forms of FeMoco,
containing fluorohomocitrate isomers, into the MoFe protein.
Whereaserythro-fluorohomocitrate retained 25-30% of the
N2 reduction activity of homocitrate itself,threo-fluoro-
homocitrate showed virtually no N2 reduction at all. These
isomers have been examined by molecular modeling in the
present study. First, on modeling the two isomers into the
Kp crystal structure, neither fluorine atom has any potential
for forming new hydrogen bonds with the surrounding
protein. Theerythro-fluorine atom projects into the homoci-
trate water pool and, consequently, has essentially no effect
on the protein structure. Thethreo-fluorine has a rather close
contact with S3B of the cluster core; this can be relieved by
adjustment of the torsion angles in the CHFCO2

- arm, but
this perturbs the hydrogen bond between the CHFCO2

- arm
of the fluorohomocitrate and the NH2 group ofR-Gln190 (R-
Gln191 in Av1). This could impact on the enzyme’s activity,
since this hydrogen bond is implicated in electron transfer
from the P-cluster (14). In the homocitrate ring-opened
conformations, this steric congestion around thethreo-
fluorine atom becomes even more acute due to the rotation
of the homocitrate CO2- arm through ∼90° following
dechelation, whereas once again theerythro-fluorine has little
effect on its surroundings.

Reduction of Dinitrogen.A more crucial distinction
between the Mo and Fe sites of the FeMoco than the
difference in N2 BE’s noted above is the difference in
stabilities of the first reduced N2 intermediates. Thus, the
MoNNH species14 is 17 kcal mol-1 more stable than the
FeNNH species13. Given that addition of the first H atom
to N2 is thermodynamically the most difficult step, this
energy difference is potentially very important. It arises in
part from the distinctive topology of the FeMoco core cluster.
Whereas the tetrahedral geometry of the Fe atoms in a cluster
of the [Fe3MS4]-type precludes their direct involvement in
chemistry occurring at the heterometal, the low coordination
number of the Fe atoms in FeMoco, together with the
inherent flexibility of the cluster as suggested by EPR
analysis (58) and by DFT calculations (24), allows the Fe
atom adjacent to the Mo atom’s free coordination site (Fe7
in Figure 1) to participate directly in the chemistry occurring
at Mo, via the formation of bridging N2 intermediates such
as14. This appears to be a key feature of the chemistry of
FeMoco, not just for the initial protonated N2 species but
also for more reduced states in which it facilitates cleavage
of the N-N bond (see below).

Extensive chemical studies have revealed a number of
possible isomers for reduced N2Hx species whenx ) 2 or 3;
these have been compared, as shown in Figure 3. It seems
likely from the results obtained that some nitrogenase redox
states consist of equilibria between different partially reduced
N2 intermediates, most notably hydrazido(2-) and diazene
isomers. During catalysis, nitrogenase must carry out two
fundamental chemical reactions: N-H bond formation and
N-N bond cleavage. The order of these reactions is not
known from experiment, although the present and previous
(24) DFT studies rule out an initial scission of the N-N
bond, as occurs in the Haber process. Unfortunately, the exact
nature of the N-N bond cleavage step is also unknown in
many of the available chemical models. The results from

this study suggest that for nitrogenase it can occur following
the addition of two or three protons to the N2 ligand and is
facilitated by bridging of the reduced N2 species between
Mo and Fe across the face of the MoFe3S3 sub-cube of the
FeMoco. As noted above, this appears to be a critical feature
of the FeMoco’s very distinctive structure. If there is not an
efficient pathway for N-N bond cleavage, some of the
product will be diverted to hydrazine rather than ammonia;
this is observed for many chemical model systems as well
as for vanadium nitrogenase (1).

Assignment of States within the Lowe-Thorneley Scheme.
The course of N2 reduction described above can be used to
deduce an atomic mechanism for nitrogenase based upon
the MoFe protein cycle of the Lowe-Thorneley scheme (18).
The overall mechanism is shown diagrammatically in
Scheme 2. In the following discussion, it is assumed that
each electron added to the MoFe protein is associated with
the movement of a proton to a specific location. However,
the proton does not necessarily become attached to the
substrate or the FeMoco core cluster; it may rather be added
to a protein residue or to homocitrate. Such nonlocated
protons are designated with circles in Scheme 2. Each state
may also involve proton equilibria between two or more
individual species. Hence the designation of hydrogen atoms
in individual states E1, E2, etc. has been omitted for
simplicity.

Spectroscopic and theoretical studies have been used to
assign the resting state FeMoco cluster core as [MoFe7S9]+

(4, 6) or [MoFe7S9]3+ (5). It will be assumed here that the
former assignment corresponds to E0 in the Lowe-Thorneley
scheme. The first reduction will then give E1 as [MoFe7S9]0.
A distinctive feature of state E1 compared to E2-E4 is that
it does not give a measurable release of H2, either at pH 7.4
during turnover or on quenching (17). In an earlier analysis
of the protonation characteristics of the FeMoco, loss of H2

from reduced FeMoco states was interpreted in terms of the
migration of H atoms from their initial sites of addition at
the central S atoms of the FeMoco onto neighboring Fe
atoms, with subsequent hydrolysis to H2 (28). Since E1 does
not give H2, it may be deduced that the proton associated
with the first electron is not added to the FeMoco core but,
rather, to an organic residue in the vicinity of the cluster;
state E1 can then be written as in Scheme 2. Rod and Nørskov
found from their DFT studies that binding of N2 and CO at
the trigonal Fe atoms of the FeMoco was significantly
affected by the overall charge on the cluster (24). Hence, in
the present model state E1 should have a higher affinity for
N2 and CO than E0; this would explain why binding of CO
is only observed under turnover conditions (50) and also
allow N2 to begin accumulating in the FeMoco pocket at
state E1 by weak, nonspecific interactions with the Fe atoms.5

The second reduction gives state E2, which does release
H2. Following the reasoning outlined above, this state there-
fore possesses a hydrogenated FeMoco core, i.e., [MoFe7S8-
(SH)]0. Previous analysis (28) indicated that protonation of
the core cluster is kinetically controlled and that S2B receives

5 Another possibility, suggested by very recent DFT calculations
(59), is that the first proton is inserted into the centre of the FeMoco
core cluster. This would be consistent with the present model, provided
that the resulting species is not hydridic enough to give H2 on acid
quench.
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the first proton. Under slow turnover conditions, this
hydrogen atom will eventually be lost as H2, returning the
system to state E0.

The distinctive attribute of state E3 is that it is the first
state to bind N2 in the Lowe-Thorneley scheme. In the
present model, this is explained by opening of the homoci-
trate ring on reduction to state E3. The substrate N2, which
up to this point has been loosely associated with the FeMoco
due to weak binding at the Fe atoms, can now migrate to
Mo. Binding of N2 at Mo is still reversible, but sufficiently
strong to be detectable experimentally. Given the sensitivity
of homocitrate ring opening to the protonation state of the
carboxylate group, as demonstrated by the DFT calculations,
the E3 proton is probably added to the homocitrate CO2

-

arm. Binding of N2 at this redox level may well be stabilized
by reversible transfer of a proton from the surrounding

protein to N2 to give the NNH intermediate, as shown in
Scheme 2.

MNNH complexes are generally unstable with respect to
deprotonation to the N2 complex or further reduction; hence,
the next state, E4, can be assigned to further reduction of
substrate to give an NNH2 (or possibly an HNNH) interme-
diate. It was shown that E4 is responsible for the release of
hydrazine from nitrogenase upon quenching the functioning
enzyme at pH 0 or 14 (18); although this was taken to imply
an NNH2 intermediate, an HNNH species could also give
hydrazine. Cleavage of the N-N bond to give an iron amide
and molybdenum nitride at this redox level is unfavorable
by more than 20 kcal mol-1, apparently a consequence of
the redox level of the Mo atom, which would need to reach
MoVI in the nitride.

Scheme 2: Proposed Model for Nitrogenase Catalysisa

a For clarity, the FeMoco core cluster is shown schematically, and only the chelate ring of the homocitrate ligand has been included. The designations
E0, E1 etc. refer to the Lowe-Thorneley scheme [ref17]. Each of the bold arrows represents the transfer of a single e- from the Fe protein to the
MoFe protein. Circled H+ represent nonlocated protons associated with the protein or homocitrate.
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This situation changes at the next state, E5. Previous studies
of proton-transfer pathways through the protein indicated that
two of the three central S atoms of the FeMoco become
protonated during catalysis (28). By using this second proton
channel to further reduce the core cluster via protonation of
S5, cleavage of the N-N bond now becomes energetically
feasible, resulting in a MoV nitride. Although the N-N bond
cleavage step is approximately thermoneutral, the FeNH2

species, once formed, should readily accept a further proton
to give FeNH3, so driving the reaction to completion. It was
suggested (28) that protons added to S2B and S5 of the
FeMoco during turnover might subsequently be discharged
back to solvent, allowing for rapid proton rearrangements
of this type. Note that the initial E5 state can readily be
reformulated as containing a bridging NHNH2 ligand, by
transfer of the nonlocated proton to the substrate. This would
allow cleavage to proceed via the pathway shown in Figure
4b rather than 4a; these two possibilities are not mutually
exclusive, and appear to have very similar energy profiles
(Figure 4).

Further rapid proton rearrangements within the E5 redox
level would allow reduction of the nitride at the expense of
the FeMoco core, giving the second molecule of ammonia
without any further requirement for electron transfer from
the Fe protein to the MoFe protein. The final state of the
FeMoco in the E5 level would then be oxidized by one
electron compared to the E0 level; there is extensive
experimental evidence for such a state (3). Alternatively, this
electron could be supplied by the P-cluster, which is also
capable of supporting different redox levels (3,13). The
present DFT calculations indicate that the molybdenum
nitride bond in FeMoco is relatively weak compared to, say,
[MoN(NR2)3]-type complexes (15). For example, the addition
of an H atom to the nitride ligand in Figure 3, structure23
to give26 is calculated to be 30 kcal mol-1 more favorable
than the addition of an H atom to the N2 ligand in 12 to
give14. This would be an important property of nitrogenase,
since it metal nitrides are often unreactive “sink states” and
therefore poor catalytic intermediates.

The proposed mechanism for N2 reduction by nitrogenase
shown in Scheme 2 is in good agreement with the Chatt cycle
for N2 fixation, reviewed in reference (10). The main
differences stem from the fact that the Chatt cycle was
worked out primarily on mononuclear complexes; hence, the
potential significance of bridging N2HX intermediates was
not so readily apparent as in more recent work on binuclear
complexes (40, 41). Also, the development of the Chatt cycle
required the use of highly electron-rich metal centers to
facilitate the isolation of some species. In the enzyme, the
equivalent states, for example, the initial N2 complex itself,
would need to be much more labile in order to achieve
efficient catalysis in vivo; hence, the FeMoco metal centers
are less electron-rich than those in the model complexes.

In the Lowe-Thorneley scheme, two more steps, E6 and
E7, are included in the catalytic cycle. This follows from
the hypothesis that OHE is a necessary feature of the
nitrogenase mechanism. None of the steps in the mechanism
described above require OHE; although it might be possible
to modify the present model to include such a requirement,
it does not seem to follow naturally from the chemistry.
Issues related to H2/N2 competition and the HD formation
reaction will be dealt with more fully in the following paper.

It is, however, worth noting here that there is no direct
experimental evidence for states E6 and E7.
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NOTE ADDED IN PROOF

Very recently, the X-ray crystal structure of nitrogenase
has been revised to include an additional atom, most likely
N, in the center of the FeMoco core cluster (60). This
modification would be expected to deactivate the central Fe
atoms with respect to dinitrogen binding and reduction, since
(1) they can no longer be viewed as three-coordinate and
(2) a trans-nitride interaction is likely to be deactivating with
respect to formation of partially reduced dinitrogen species
on Fe. The properties of the Mo atom should be less per-
turbed, since it is more remote from the new atom. Hence,
this new observation probably strengthens the case for direct
participation of the Mo site in nitrogen fixation.
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