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ABSTRACT. The properties of the Fe and Mo sites of the iranolybdenum cofactor of nitrogenase with
respect to binding and activation of, Mave 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 M to bind at Mo. In addition, the neighboring Fe atom plays a crucial rolejin N
reduction by stabilizing the initial reduced, Npecies and by facilitating cleavage of the-N bond. The
various possible isomers for partially reducegliMermediates have been compared by DFT, and a detailed
model for the reduction of Nis 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. (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 FeFIGURE 1. FeMoco, showing Fe atom labeling scheme.
protein (component 2) is a homodimer-060 kDa, contains
an FeS, cubane and acts as a specific electron donor to the
MoFe protein (component 1R). When dithionite is used
as the primary reductant in vitro, electron transfer involves " _
association and dissociation of the two nitrogenase proteinsNz +8H" +8e + 16MgATP—
and is accompanied by the hydrolysis of ATP. The MoFe 2NH; + H, + 16MgADP+ 16R (1)
protein is a3, tetramer 0f~230 kDa which contains two
unique metatsulfur clusters. The P-clusters (stoichiometry Recently, some doubts have been raised over the stoichi-
FeS;) mediate the supply of electrons to the iron  ometry of the ATP component of reaction 1 following the
molybdenum cofactor (FeModcostoichiometry MoFeSy: observation that the Fe protein can be reduced to a stable
homocitrate, Figure 1)2( 3). A considerable weight of all-ferrous state, whose crystal structure has been reported
evidence implicates the FeMoco as the site of reduction of (7). This form of the Fe protein, if biologically accessible,
N, and other substrates, including KB). Detailed spectro-  might be able to transfer two electrons to the MoFe protein
scopic studies of’Fe-enriched FeMoco led to formal resting for each protein associatieflissociation event, halving the
state valency assignments of [MBe"F€e'¢] (4) or [Mo'V- catalytic ATP requirement. Recent experimental studies
Fe'sFe'y] (5) and suggested that Mois accessed on  suggest that this is indeed the ca8g [The stoichiometry
reduction, while recent theoretical studies have provided of reaction 1 with respect toHollows from the observation
additional evidence that [MtFe''Fe'g] is the correct alterna-  that very high pressures of,Mtill result in approximately
one H produced per Nreduced 9). It is not yet clear,
however, whether this obligatory hydrogen evolution (OHE)

tive (6). The production of Wby Mo nitrogenase is believed
(1) to have the limiting stoichiometry shown in reaction 1:
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Extensive studies of Mo nitrogenase over several decadegerhaps the most thorough DFT study of binding and
have failed to provide definitive information on the atomic reduction published to date, Rod and Ngrskov constructed a
mechanism of this enzyme. Nevertheless, these studies havenodel for the FeMoco core cluster consisting of an infinite
amassed a wealth of experimental data from many different[MoFe;Sg].. polymer @3). They examined a variety of
sources. This includes the X-ray crystal structures of the conceivable Mbinding modes and found that the only stable
MoFe proteins fromAzotobacterinelandii [both the wild- state with respect to free;Nvas end-on binding to a single
type (1) and o-GIn'% mutant (2)] and from Klebsiella Fe atom. The Blbinding energy ranged from ca.2 to +5
pneumonia€l13). These resting state structures show the Mo kcal mol? depending on the number of H atoms added to
atom of the FeMoco to be chelated by homocitrate and the central three sulfurs of the model cluster (0 to 3).

coordinatively saturated, whereas the six central Fe atoms On the basis of experimental observations of the chemistry
are formally three-coordinate and might therefore be reactive. of FeMoco isolated from the protein, we have suggested a
Together with the discovery of an Fe-only nitrogenase, this model for nitrogenase action in which the homocitrate ligand
has led many to conclude that fixation probably occurs  pecomes monodentate upon reduction of the enzyme, al-
at one or more of the Fe atoms of the FeMoco, while Mo is lowing binding of N> at Mo (14). This model potentially
present only to “fine-tune” the system. However, an alterna- explains the key role of homocitrate in defining the catalytic
tive hypothesis that reduction of the MoFe protein allows properties of the enzyme2{, 25-27) as well as the
for opening of the homocitrate chelate ring, thereby allowing opservation that detectable hinding occurs only once state
a more active role for Mo during catalysis, has also been g, has been reached in the Low&horneley schemel§).
advanced 10, 14-16). Preliminary DFT studies indicated that binding of &t the
Detailed kinetic analysis of the reduction of; Nind Mo site of the FeMoco, although still relatively weak, is
concomitant production of yby Mo nitrogenase isolated  nevertheless somewhat stronger than at the trigonal Fe sites
from K. pneumoniaerevealed several key mechanistic and also suggested a functional rationale for the distinctive
features of these processes, which were used to formulategeometry of the FeMoco in terms of the cleavage of a
the Lowe-Thorneley schemel{—20) for reduction of N. partially reduced Msubstrate across a MoFeface of the
In the Lowe-Thorneley scheme, Nixation occurs over a  cluster (L5). In this paper, the DFT calculations have been
series of eight redox levels, labeleg-HE;. Several of these  extended to explore the feasibility of the homocitrate ring-
levels have associated properties such as the ability to bindopening hypothesis in terms of the energetics of this process
N2 and/or release i release of reaction intermediates or and to define the properties of the resulting Mo coordination
products on quenching, and spectroscopic properties, al-site with respect to Nbinding and reduction. The results
though the degree of characterization tails of markedly for are combined with the findings of a previous analysis of the
the later redox levels. Meanwhile, extensive genetic and nitrogenase protein’s innate ability to control protonation of
mutagenic studies have provided insights into the effects of hoth the FeMoco and the Nubstrate during catalysig@8)
the protein on the inorganic components of nitrogena%k ( and the underlying kinetic features of the LowEhorneley
and there is also a very substantial body of model chemistry scheme to develop an atomic level mechanism for nitroge-
which is potentially relevant to nitrogenase function. In nase. This is the first reported model in which the properties
principle, quantum calculations offer a powerful tool for of the individual states of the LoweThorneley scheme are
mapping these chemical data onto the observed biochemistryexplained in terms of specific chemical intermediates.
of nitrogenase, and several research groups have used
theoretical methods to study the properties of the FeMoco. MATERIALS AND METHODS
However, only methods which properly address key features
of transition metal chemistry, such as unpaired electrons and _ MM calculations were done with CHEM-X softwargd).
electron correlation effects, have the potential to give The standard atom parameter set was modified to accom-
meaningful quantitative descriptions of this problem. Density Mmodate the FeMoco by the inclusion of parameters for Fe
functional theory provides one such approach, and a number@nd Mo, as follows. The connectivity of atoms within the
of DFT studies of nitrogenage have now been pub“sﬁed( cluster was assumed to be that shown in Figure 1, i.e.,
15, 16, 22—24). A severe limitation is the large size of the Metal-metal bonding was ignored. Three- and four-
FeMoco; thus, although a recent DFT study demonstratedcoordinate Fe and six-coordinate Mo atoms were defined,
that an accurate description of the whole FeMoco can now and bond lengths and angles were specified on the basis of
be achieved®), the challenge of attaining a detailed quantum the crystal structure geometriekl(13). All force constants
model of the catalytic properties of the whole cluster remains Were set to an arbitrary value of 80% of the values for sp
formidable. An alternative approach is to use simplified C—C and C-C—C bond lengths and angles, respectively.
FeMoco subsections in DFT calculations; to date, the results This basic force field reproduced the structure of FeMoco
of the various published studies do not vary greatly with the Very well. The distortion of FeMoco upon binding; ldt a
nature and size of the model, suggesting that this approxima-trigonal Fe, observed by DFR4), was reproduced reason-
tion is valid for qualitative studies. Initial DFT studies of ably well by specifying the force field SFe=N angle as
N, reduction concentrated on the central Fe atoms of the 90°. MM geometry optimizations on FeMoco and its local
cluster, in line with the reasoning discussed above. This work Protein environment were carried out using the protein
has produced a consensus on several important attributes oPackbone C and N atoms as a fixed restraint.
FeMoco, including the presence of many weak metagtal All DFT calculations were performed using the B3LYP
bonds within the cluster and the possible significance of low functional and LanL2DZ basis set as implemented in
energy distortions for reactivity. Another key observation is GAUSSIAN 98W @0). Geometry optimizations were carried
that initial binding of N to the central Fe atoms is weak. In  out usingz-matrix methods, treating the metal-sulfur section
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FiGURE 2: Geometry-optimized glycolate structures with relative _ ' )
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FeMoco, the metal atoms are relatively unconstrained. In ¢7)
the case of the Fe atom, this resulted in a near-tetrahedral

geometry in some cases, e.@9 in Figure 3. For the Mo : - 2
atom, the structural constraints imposed by the rest of the 5 (6 /

FeMoco were approximated as follows. The angle between

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

the terminal S atom on Mo (Sand the plane defined by the 24(Gs) \ 25 (+39)

Mo and two bridging S atoms was fixed at 20@nd the O

and N atoms were constrained to lie in planes defined by L g ' :
fixed S-Mo—O and $Mo—N angles of 89 and 88, @' @
respectively. Angle values were taken from the means of ' 3 W
those found in the Avl and Kpl crystal structures. Initial 26 (+7) 27 (-25)

geometry optimizations were performed on all spin states piyre 3: Geometry-optimized structures for, Ninding and

considered possible, using a subset of variables and theeduction. Color code as in Figure 2. Note that2 the N-N

opt= loose convergence option. A final geometry optimiza- bond length was fixed at 1.56 A (see text).

tion was then carried out on the spin state identified as the ) )

lowest in energy, using all variables and full convergence 2MIN (Avl). Figures were prepared using RASMOL mo-

criteria. For some of the calculations on the dinuclear models, I€cular graphics softwaresg).

the default convergence criteria proved unsatisfactory; after RESULTS

an initial phase in which the energy fell rapidly on each step,

there followed a large number of steps in which the energy MM Calculations.As discussed above, the most advanced

changed insignificantly. Therefore, for these calculations, DFT calculations on the character of; Minding to the

geometry optimization was terminated when the change in FeMoco published to dat®4) indicate that binding of N

energy was less than 0.1 kcal mblover 10 consecutive  at Fe is weak, and furthermore that terminal coordination of

optimization minima. Calculations on the extended dinuclear N, to a single Fe center is the only stable mode. In the

models incorporating the glycolate ligand were restricted to absence of protein environmental effects, the six central Fe

the spin state found to be the ground state in the simpleratoms of the FeMoco should display virtually identical

dinuclear models, using the same geometry optimization affinities for N,. Therefore, if N does bind at Fe during

protocol. nitrogenase catalysis, it would be reasonable to expect that
Protein coordinates were retrieved from the Brookhaven one of the six central irons be clearly distinguished from

Protein Data Bank3l), accession codes 1QGU (Kpl) and the others. There are two ways in which this could be done.
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Table 1: Degree of van der Waals Overlap {%gtween N
Ligands Attached to the Fe Atoms of FeMoco and the Surrounding
Proteir?

Avl Kpl
atom raw optY closest residues raw opt.  closest residues
Fe2 16 6 Hi&>Sepr™ 23 3 Hig¥ Sep’®
Fe3 10 0 Ty#® 13 0 Typ¥
Fed 49 —¢ Gly37, Lel®® Arg®® 45 —¢ Gly355Leus
Fe5 23 5 |I8% Gly®¢ His*? 16 5 Me#5S Gly%4 His*0
Fe6 5 0 GIA% hca 10 0 GI&C hca
Fer 7 0 Argd hca 0 0 —

a Expressed as percentage of van der Waals volume of f¢23\7
A3). b All protein residues are from the-subunits; hca= homocitrate.
¢ Before geometry optimizatiod.After geometry optimizatiort Failed
to give a satisfactory energy-minimized structure.

First, the protein might provide steric protection to five of
the sites while leaving the sixth available fog édordination.
Second, the protein might exert kinetic control of protonation
of N, 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 Avl and Kp1l structures
has been analyzed. The analysis was done in two ways. First
a completely rigid model taken directly from the crystal
structures was used. Any;Nigand 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 A, respec-
tively (taken from the complex [FeHEN\Me,PCHCH,-
PMe).]*, 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 Nigand, and the degree of
overlap between the Nand 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 N, 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 thesFadety

to which the N was coordinated. The van der Waals overlap
of the N, 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 fpbding.
Fe3, Fe6, and Fe7 can all readily accommodate Aighind,

Biochemistry, Vol. 41, No. 47, 20023937

Scheme 1: Model Structures Used for the DFT
Calculations: (ax=1or2; (b)x=0o0r1l,y=0o0r 1,
(c)x=0o0rl,y=00r2

a Dashed bonds were absent in ring-opened models.

coordinated M Analysis of the Avl 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 N

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 3.3.7, regardless
of whether the structure was formally'Fer F€". The spin
on Mo was more variable, ranging fror0 for structurel9
(formally Mo"") to 2.9 for 13 (formally Ma"'). Generally,
antiferromagnetic coupling between Fe and Mo was pre-
ferred, except those fdr3 and22, for which ferromagnetic
coupling was marginally more stable. The optimized DFT
geometries generally overestimated the terminal and bridging
M-S bond lengths by -36% and 16-13%, 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 reproduce84). Concerning the
Mo—N and Mo-O distances, detailed comparison with

while Fe2 and Fe5 show only moderate steric hindrance. experiment is hampered by significant disagreements in the
Considering potential proton transfer groups, here also the ayajlable data. For example, a Mdl (His) distance of 2.15

Fe atoms are poorly discriminated by the protein. In the case A was found in the Avl crystal structurell), but the

of Kpl, an N on Fe2 is well placed to receive a proton equivalent distance in the higher resolution Kp1l structure
from eithera-His'* or a-Sef’®. Fe3 is served by-His?”>  \yas 2.48 A (.3). Similarly, the average MeO distance was
and a water (numb&66), Fe5 by a water (number 53), Fe6 2,04 A for Av1 but 2.32 A for Kp1, while EXAFS studies
by homocitrate, and Fe7 by a water (number 10). Of these, gave an overall Me-O/N distance of ca. 2.2 A36). In the
previous studies2g8) have identifieda-His'®* and water present DFT study, the calculated MB and Mo-O
number 56 as components of proton relay channels to distances irl were 2.25 and 1.93 A respectively.

FeMOCO, while water numbers 10 and 53 are associated with The first crucial consideration for involvement of mo]yb_
the “water pool” @) around homocitrate, which is linked to  denum in catalysis concerns the energetic feasibility of
the protein exterior via a hydrogen bonded chain of water gpening the homocitrate ring. To address this question, DFT
molecules 28). Hence, there is a distinct absence of kinetic calculations were carried out on model sites containing a
discrimination in favor of any of the five Fe sites which can glycolate ligand as a simple homocitrate analogue, Scheme
accommodate Nin terms of the rate of protonation of the  1p ¢. 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

2Water numbering is taken from the-subunits of Kpl structure
1QGU and Av1 structure 2MIN in the Brookhaven protein data bank.
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Figure 2. In this and subsequent figures, the energy changesydrogen bonding with the homocitrate oxygens and more-
for the reactions indicated or the relative energies of the over is in contact with the exterior of the protein via a water-

individual structures as appropriate (in kcal mplare given

filled channel 28). Therefore, there should be a ready supply

in parentheses, with one structure at each redox levelof protons to the homocitrate end of the FeMoco during
arbitrarily assigned as the reference state. The first importantcatalysis. The water pool also gives space for ring-opening
result from these calculations is that the ease of chelate ringof homocitrate and coordination of,MWith minimal pertur-

opening is determined primarily by the state of protonation
of the carboxylate group. Thus, addition of an H atom to

bation of the surrounding proteiril4).
Given the availability of a coordination site on Mo upon

the noncoordinated carboxylate oxygen atom reduces the costeduction, the character of,Ninding at both the trigonal

of chelate ring opening from-37 to +8 kcal mol. This

Fe sites and the Mo site of the FeMoco needs to be

situation is analogous to organic substitution reactions, whereconsidered. The results of DFT calculations on the various

protonation of carboxylate invariably makes it a better

possibilities for N binding and initial protonation using the

leaving group. Other factors such as the oxidation state of dinuclear model0, Scheme 1a, are shown in Figure 3. The

Mo and protonation of the alkoxide oxygen have smaller
effects. A further point of interest is that all of the ring-

intrinsic N; BE's at the F& and Md" sites are-8 and—13
kcal mol?, respectively. Clearly, weak binding ok Mt both

opened structures show a hydrogen bond between thethe Fe and Mo sites is predicted, with the Mo site moderately

carboxylic oxygen and the NHigand, which appears to be
responsible for the existence of structugedl, 6, and8 as
local minima. Although this hydrogen bond is serendipitous,
in the sense that the NHgroup 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 GBH,CO,~ 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 Nas in conversion
of 7t0 9, is exothermic overall, in this case byl0 kcal
mol~t. Hence, the hypothesis of transient homocitrate ring
opening allowing coordination of Nat Mo is entirely
consistent with the present DFT calculations.

preferred over Fe. The \BE for the Mo site is the same as
that calculated for the Mbamide complex [Mo(B)(NH>)z]

(15). Experimentally, Mis weakly bound at [MPN(R)Ar} 3]

sites [R= C(CDs),CHs, Ar = 3,5-GHsMe;], and the N
complex cannot be isolated from soluti@8]. Interestingly,

the N; 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 N ligands is found in their ease of reduction. It is
well-known that the first Nreduction step, to the diazenido-
(1-) (NNH) ligand, is energetically the most difficult. In
the present model, the Mo-bound diazenido intermedidte
was found to be significantly more stable than its Fe-bound
counterpartl3, with an energy difference between the two
isomers of 17 kcal mof. Most interestingly, when the
MoNNH species was input into the geometry optimization

The point charges on the carboxylic and alcoholic protons in a terminally bound mode, similar to the, Nomplex12,

in 7—9 are very similar (0.460.42 and 0.39:0.43, respec-
tively), suggesting that these groups might have simialsp

it spontaneously adopted the bridging mode showi4n
The net stabilization gained by bridging to the Fe atom is

There are good precedents for the protonation of both typesapproximately 5 kcal mol. The NNRu—#? bridging

of group in model complexes. For example, molybdenum
complexes containing alcohol ligands (MOHR) are well-

geometry predicted in this study has been observed experi-
mentally in a number of dinuclear complexes, and the

known. Indeed, dialcohol ligands can display simultaneous calculated N=N bond length of 1.27 A fol4 agrees very

Mo—OR and Mo-OHR coordination, as, for example, in
the methoxide-bridged dimeric compleikMoO,(OCMe>-
CMe,OH)(OMe)}t;] (36). In the crystal structure of the
complex [MoQ(Hmal)]?~ (Hsmal= malic acid, HQCCH,-
CH(OH)CQH), the alcohol group is coordinated to Mo and

well with the experimentally observed range of 1-2029

A (39). A particularly relevant example in the current context
is the dinuclear complex [M@CsHs)2(1-SMel(NNMe-u—
73], which has an NN bond length of 1.20 A40). Like

its phenyl analogue, this NNR-#? complex was found to

deprotonated, and the remaining acidic proton is located be in equilibrium with its NNR«—#,* isomer @1). However,

approximately midway between the coordinated and non-

coordinated carboxylate group37j, emphasizing the im-

in the present calculations, the NNH-#* isomer15 was
found to be 15 kcal mot less stable thai4 and can be

portance of hydrogen bonding in the protonation state of excluded.

coordinated carboxylate. In principle, the M® bond

Addition of a further H/e~ couple to14 gives the NH,

lengths could be used to assess the protonation state of thésomersl6—18. The bridging 16) and linear 17) hydrazido-
homocitrate in nitrogenase, since the calculated geometrieg2—) structures are both local minima and essentially

show significant increases for both types of M0 bond
on protonation, as also noted previousl), However, in

isoenergetic, while the bridging diazene isorti8iis only a
little higher in energy, and cleavage of the diazenide)(2

view of the disagreements between the available crystalligand to give 19 can be ruled out at this redox level.
structures and EXAFS data discussed above, this cannot béexperimentally characterized (NNR?) complexes compa-
done with confidence at present. One feature which is clearly rable to16 are very rare compared to their well-knowh

supported by the nitrogenase crystal structures is thatisomers. Nevertheless, Glassman et4®) have character-

protonation of homocitrate may be facilitated by water. Thus,
although the FeMoco is completely buried within the protein,

ized complexes [(§Mes)WMez(NNHR-7?)] (R = H or Me)
in solution; these isomerize readily to thg isomers,

there is a pocket of ca. 20 water molecules within about 5 apparently to relieve steric congestion. Regarding precedents

A of the homocitrate. This “water pool’2j shows extensive

for structurel8, several bridging diazene complexes have
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Ficure 4: Plots of energy vs NN distance for NN bond
cleavage. Curve a, transformation2ifinto 23; the horizontal line
represents the energy of struct@® taken as the reference state.
The spin state of all three speciesSis- 2. The dotted line represents
the transformation of the linear NNHpecie21 into the bridging
form 20. Curve b, transformation &4 into 26; here, the horizontal
line represent24, S= 1, taken as the reference state, while the
species described by the curve have spi 5,. The dotted line
represents the promotion 8f from theS= 1 to theS = %, spin
state.
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excited state (calculated spins F8.6, Mo +1.1), shown

by the dotted line in curve b. The curve for- bond
cleavage was then calculated as before, giving an overall
maximum of+20 kcal mof! at an N-N distance of 1.92

A. The initial cleavage produc®6 rearranges easily to
structure27; indeed, the calculation of curve b required an
extra geometrical restraint in order to prevent spontaneous
rearrangement t@7 for N—N distances above 2.4 A. It is
possible that the value of the energy required to promote
the spin state 024 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 @4, namely, the NNHisomer
25, is interesting in that calculations on tBe= %/, spin state
resulted in spontaneous cleavage of theNNbond to give
a molybdenum nitride plus ammonia, without any direct
involvement of the Fe site. For this reas@y is the only
structure in the figures which is not a local minimum; it was
produced by constraining the-NN bond to 1.56 A, the mean
value obtained from th& = 5/, and "/, spin states, which
did not show N-N cleavage. Spontaneous cleavage of the
NNHj; ligand was also observed by Dance in his DFT studies

been described; perhaps the most relevant here arg22):in this case, the reaction was modeled on ajf'feee”

[{Fe("Sy")(PPhe)2} o(NHNH--79)] ['S 4" = (CH,SGeH4S )]
(43) and [(GHs)Moy(u-SMel(NHNPhw-17?)] (41), both of
which have been fully characterized.

The metal oxidation states iti7 are Fé and Md'. It has

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 tha24. It is worth noting here that DFT
calculations using the same method as the present studies

been assumed in this study for the reasons given in thepredicted [MoCI(NNH)(PHs),]2* to be 11 kcal mol* more

discussion of the LoweThorneley state &see below) that

stable than [MoCI(NHNHE)(PHs)4]?" (44), in agreement with

the next H/e™ couple is added to the FeMoco core rather the experimental isolation of [MoCI(NN{(PMe),]Cl (45).

than the NH, ligand. This was modeled by replacing the
OH ligand to Mo with OH, giving isomer20—22. The order
of stabilities in this redox manifold is different from that of
the previous one; the diazene spe@&ss now more stable
than the hydrazido(2) specie20 and21. Cleavage of the
N—N bond to give23 is also now energetically allowed.
Once formed, the NKligand in23 would rapidly protonate
to give ammonia (cf. structur?), driving the reaction to
completion. The energetics of cleavage of the N bond

DISCUSSION

Initial Binding of Dinitrogen at the FeMocadl he ability
of the FeMoco to bind small molecules such as N, 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

under these conditions were studied, with the results shownof Rod and Ngrskov4) suggest that this is not decisive in
in Figure 4. The first Step in the C|eavage pathway is the determ|n|ng the Strength of b|nd|ng at S|ng|e tngonal Fe sites

transformation of the linear hydrazide{? species?1 into
its bridged form20, shown by the dotted part of curve (a).
The energy barrier for conversion @fl to 23 was then

provided that the overall charge on the cluster is constant.
However, these authors did find a significant variation in
the CO and N BE’s when the charge on the cluster was

estimated by carrying out a series of calculations in which Varied; for example, binding of CO was significantly stronger
the N-N distance was constrained to a series of values When a negative charge was placed on the cluster, and

between those found ir20 and 23 (1.50 to 4.21 A,
respectively). The energy maximum occurred at anNN
distance of 1.95 A and an energy-61.2 kcal mot relative
to 20 (+19 kcal mot! relative to 21), suggesting that
cleavage of the NN bond in21is both thermodynamically

especially so when the Nfi counterion was able to interact
with the bound CO. In addition to reduction steps of this
type, in which € 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

and kinetica”y feasible. However, the rate of C|eavage at has been demonstrated for isolated FeMoco in NMF SOlUtion,
this redox level could be attenuated by competition from the Where reduction is accompanied by two successive protona-

bridging diazene isom&?2, which would not itself undergo

tion equilibria @6). Calculations indicate that the preferred

N—N bond cleavage. If so, further substrate-based reductionsites for H atom addition are the three central sulfurs of the

would then be required, giving the (NHN#-7%) species
24. Cleavage of the NN bond at this stage to giv&6 was

FeMoco @4).
The predicted weak binding of M\t both the Fe and Mo

also investigated (Figure 4). This time, the first step is sites of the FeMoco raises an important problem, since the

promotion of theS = 1/, ground state (formally F'e Mo'';
calculated spins-3.6 and—2.9, respectively) to as = %/,

solubility of N, in water is only~0.7 mM. To effectively
capture N from solution, nitrogenase must build up the local
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concentration of W at the active site. A similar problem
pertains in hydrogenases, where Hust be captured from
solution. Like nitrogenase, the active site of-Nie hydro-
genase fronDesulfaibrio fructosaoransis 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 cavitie47), and it was

Durrant

Experiments on this mutant’s inhibition of,8, reduction

by low concentrations of CO were interpreted in terms of
two independent sites for 8, reduction, inhibited by CO
binding at a third sité.

Homocitrate Ring Openindhlthough poorly discriminated
binding of N, to multiple Fe sites of the FeMoco may serve
a useful purpose in terms of raising the local concentration
of N, it seems most unlikely that the reduction of the
biological substrate Nwould proceed indiscriminately on

concluded that the hydrophobic pockets serve to concentratethis basis. However, opening of the homocitrate ring

H, in the vicinity of the active site. However, a similar
analysis on nitrogenasdg) located only four Xe binding
sites penSs-dimer, and of these, only two were buried within

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

the protein. This suggests that although nitrogenase shareseasible, and that Nbinds preferentially at Mo once this

a common problem with hydrogenase in terms of accumula-

site is available.

tion of substrate concentration at the active site, it utilizes a  Experimentally, the activities of nitrogenase preparations
different solution. One possible answer is suggested by thedisplay an exquisite sensitivity to chemical modifications of

analysis of N binding at the Fe sites of FeMoco, given in
Table 1. Five of the six central Fe atoms are available for
weak binding of N. Since the FeMoco is wholly enclosed
by the protein, this suggests a mechanism wherepym

the homocitrate ligand, especially with respect toréduc-
tion (25—27). Replacement of homocitrate by citrate in an
in vitro synthesis of FeMoco diminished the enzyme’s N
reducing activity to #17% of that observed with homoci-

other small molecules might be concentrated at the activetrate @6, 27). We have interpreted this result in terms of

site; the FeMoco itself attracts,Ny transient, nonspecific
binding to multiple Fe sites during the early stages of
catalysis (i.e., at levels in the Lowd&horneley scheme
which do not detectably bind N 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 N 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,(N
H,, CO etc.) which can accumulate in the FeMoco pocket.
This may give rise to subtle competitive effects. Second,

the formation of a hydrogen bond between the;,CH,CO,~
arm of homocitrate and the imidazole ring hydrogen of
o-His**? (Av1) upon opening of the homocitrate chelate ring
(14). Citrate is incapable of an analogous interacfion.

31t should be noted that CO appears to be a noncompetitive inhibitor
of both N, and acetylene reduction, as shown by the lack of a common
intercept in the respective LineweaveBurk plots 63), 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;Mt the Mo-Fe7 face of the

since CO usually binds to metal sites in an ana|og()u3, but FeMoco will be inhibited by binding of the electron-withdrawing CO

stronger, fashion to H nitrogenase should exhibit multiple

ligand at one of the other Fe sites. In principle, a higher pressure of N
would relieve this inhibition via displacement of the CO by a second

co binding modes. This is indeed the case. Thus, in studiesy, |igand. However, CO binding to a given metal centre is invariably
on isolated FeMoco, between two and four CO bands were much stronger than N\vinding at the same site. According to Rod and
always observed when the FeMoco was reduced under a CO\Nerskov's calculations, the CO binding energy at a single trigonal Fe

atmosphere49). Similarly, stopped-flow infrared measure-

site of the FeMoco is-24 kcal mot™ higher than that of N(24). This
means that a pNin the order of thousands of Atmospheres would be

ments on nitrogenase under turnover conditions showed fourrequired to detect competitive inhibition (manifested by deviations in

CO bands for a CO concentration of 0.5 mM under turnover
conditions 60). The use of a lower concentration of CO (60
uM) did give a single CO band; however, the signal-to-noise
ratio of this spectrum was9, and hence bands of 10-fold

linearity towards a common intercept in the LineweavBurk 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

lower intensity would not be observed. In terms of energy, catalytic cycle. It has recently been suggested from DFT calculations

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. CO binding to the FeMoco has
also been studied by ENDOR spectroscop$)( 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

that the imidazole ring might be deprotonated in the enzyme’s resting

state (6). This followed from a comparison of the calculated s

bond lengths for neutral and deprotonated methylimidazole ligands (2.31
and 2.16 A, respectively) with the MeN bond length of 2.15 A
obtained from the Av1 crystal structurél). However, several pieces

of experimental data are relevant here. First, the higher resolution Kp1
structure returned a much longer Mbl distance, of 2.48 A X3).
Second, the X-ray crystal structures of imidazole and imidazolate
complexes show that in general, the-™ 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 met&4—56). Given the pH’s used to
obtain the Kp and Av crystal structures (8.0 and 8.5, respectively), in

trigonal Fe atom of the FeMoco). These spectroscopic resultsorder for the Me-His imidazole to be 90% deprotonated, it&pvould

are fully consistent with the concept of binding of CO (and,
by extension, B to multiple Fe sites on the FeMoco, with
small energy differences between the different binding

have to be<7.5. Measurements on imidazole coordinated to a range
of metal centres gave significantly highdfjvalues, of 8.9-11.4 £7).
Finally, the normal K, of a carboxylate group is-4.8. Given the Ka
range observed above for coordinated imidazole, it seems unlikely that

modes; hence, observation of a single CO-bound speciest single proton would add to carboxylate rather than imidazolate.

requires very low solution concentrations of CO. Another

interesting observation in this context relates to a mutant Av

nitrogenase in whicl-Arg?’” was substituted by Hiss@).

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 Ni&perimental
data would be inexplicable.
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A particularly intriguing set of experiments was conducted this study suggest that for nitrogenase it can occur following
on fluorohomocitrate isomer&%). In these studies, in vitro  the addition of two or three protons to the Nyand and is
synthesis was used to incorporate modified forms of FeMoco, facilitated by bridging of the reduced,Nspecies between
containing fluorohomocitrate isomers, into the MoFe protein. Mo and Fe across the face of the Mg@Bgsub-cube of the
Whereaserythro-fluorohomocitrate retained 2530% of the FeMoco. As noted above, this appears to be a critical feature
N2 reduction activity of homocitrate itselthreo-fluoro- of the FeMoco’s very distinctive structure. If there is not an
homocitrate showed virtually noJNeduction at all. These  efficient pathway for N-N bond cleavage, some of the
isomers have been examined by molecular modeling in the product will be diverted to hydrazine rather than ammonia;
present study. First, on modeling the two isomers into the this is observed for many chemical model systems as well
Kp crystal structure, neither fluorine atom has any potential as for vanadium nitrogenas#)(

for forming new hydrogen bonds with the surrounding  Assignment of States within the LowEhorneley Scheme.
protein. Theerythrofluorine atom projects into the homoci-  The course of Mreduction described above can be used to
trate water pool and, consequently, has essentially no effectjeduce an atomic mechanism for nitrogenase based upon
on the protein structure. Thereofluorine has a rather close  the MoFe protein cycle of the LoweThorneley schemel ).
contact with S3B of the cluster core, this can be relieved by The overall mechanism is shown diagrammatica”y in
adjustment of the torsion angles in the CHEC@rm, but  scheme 2. In the following discussion, it is assumed that
this perturbs the hydrogen bond between the CHFG®mM each electron added to the MoFe protein is associated with
of the fluorohomacitrate and the Nigroup ofa-GIn'® (a- the movement of a proton to a specific location. However,
GIn'*tin Av1). This could impact on the enzyme’s activity, the proton does not necessarily become attached to the
since this hydrogen bond is implicated in electron transfer sybstrate or the FeMoco core cluster; it may rather be added
from the P-cluster ¥4). In the homocitrate ring-opened to a protein residue or to homocitrate. Such nonlocated

conformations, this steric congestion around theeo-  protons are designated with circles in Scheme 2. Each state
fluorine atom becomes even more acute due to the rotationmay also involve proton equilibria between two or more
of the homocitrate C© arm through~90° following individual species. Hence the designation of hydrogen atoms
dechelation, whereas once againghghro-fluorine has little in individual states E E, etc. has been omitted for
effect on its surroundings. simplicity.

Reduction of Dinitrogen.A more crucial distinction Spectroscopic and theoretical studies have been used to
between the Mo and Fe sites of the FeMoco than the yqjgn the resting state FeMoco cluster core as [V&jFe
difference in N BE’s noted above is the difference in (4, 6) or [MoFeSg)3* (5). It will be assumed here that the
stabilities of the first reduced Nntermediates. Thus, the  former assignment corresponds tgiEthe Lowe-Thorneley
MoNNH speciesl4 is 17 kcal mof* more stable than the  gcheme. The first reduction will then give &s [MoFeSy)°.
FeNNH specied 3. Given that addition of the first H atom 5 yistinctive feature of state ;Fcompared to E-E, is that

to N; is thermodynamically the most difficult step, this jt qoes not give a measurable release aféither at pH 7.4
energy difference is potentially very important. It arises in - q,ring turnover or on quenching ). In an earlier analysis

part from the distinctive topology of the FeMoco core cluster. of the protonation characteristics of the FeMoco, loss of H
Whereas the tetrahedral geometry of the Fe atoms in a clustet,om reduced FeMoco states was interpreted in terms of the
of the [FeMS,]-type precludes their direct involvement in  iqration of H atoms from their initial sites of addition at
chemistry occurring at the heterometal, the low coordination {ha central S atoms of the FeMoco onto neighboring Fe

number of the Fe atoms in FeMoco, together with the atoms, with subsequent hydrolysis te (28). Since & does

inherent flexibility of the cluster as suggested by EPR 5 give H, it may be deduced that the proton associated
analys|s_(58) and by DFT caICL,JIat|ons2@), a_llovx{s the_ Fe with the first electron is not added to the FeMoco core but,
atom adjacent to the Mo atom’s free coordination site (F€7 yaher, 1o an organic residue in the vicinity of the cluster;

in Figure 1) to participate directly in the chemistry occurring - giate g can then be written as in Scheme 2. Rod and Narskov
at Mo, via the formation of bridging Aintermediates S_'UCh found from their DFT studies that binding of;ldnd CO at
as14. This appears to be a key feature of the chemistry of he trigonal Fe atoms of the FeMoco was significantly
FeMoco, not just for the initial protonatedzpecies but  sacted by the overall charge on the clus@4)( Hence, in
also for more reduced states in which it facilitates cleavage ho present model state Ehould have a higher affinity for
of the N—N bond (see below). N, and CO than E this would explain why binding of CO
Extensive chemical studies have revealed a number ofg only observed under turnover conditior0) and also
possible isomers for reduceditl species whem =2 0r3;  gjjow N, to begin accumulating in the FeMoco pocket at
these have been compared, as shown in Figure 3. It seemgate g by weak, nonspecific interactions with the Fe atéms.
likely from the results obtained that some nitrogenase redox The second reduction gives state Bhich does release
states consist of equilibria between different partially reduced Ha. Following the reasoning outlined above, this state there-

gi?gﬁ;mgﬂﬁ;es'ngfts?gtitﬁlryo hgg;asze'dg%z;nga?r'azcﬂetwo fore possesses a hydrogenated FeMoco core, i.e., [MegFe
) g ySIS, 9 y (SH)P. Previous analysis2@) indicated that protonation of

fundamental chemical reactions:—W bond formation and L .
. . the core cluster is kinetically controlled and that S2B receives
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-INI ® Another possibility, suggested by very recent DFT calculations
bond, as occurs in the Haber process. Unfortunately, the exacf>?): S that the first proton is inserted into the centre of the FeMoco
. - ~“core cluster. This would be consistent with the present model, provided
nature of the N-N bond cleavage step is also unknown in ;¢ the resulting species is not hydridic enough to giveoH acid

many of the available chemical models. The results from quench.
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Scheme 2: Proposed Model for Nitrogenase Catdlysis
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aFor clarity, the FeMoco core cluster is shown schematically, and only the chelate ring of the homocitrate ligand has been included. The designations
Eo, E; etc. refer to the Lowe Thorneley scheme [ref7]. Each of the bold arrows represents the transfer of a singfeoen the Fe protein to the
MoFe protein. Circled H represent nonlocated protons associated with the protein or homaocitrate.

the first proton. Under slow turnover conditions, this protein to N to give the NNH intermediate, as shown in
hydrogen atom will eventually be lost as,Heturning the Scheme 2.

system to state E .
The distinctive attribute of statezks that it is the first MNNH c_omplexes are generally unstable W'Fh r.espect to
. : deprotonation to the Ncomplex or further reduction; hence,
state to bind M in the Lowe-Thorneley scheme. In the : .
the next state, & can be assigned to further reduction of

present model, this is explained by opening of the homoci- i : .

trate ring on reduction to state,EThe substrate Nwhich ~ Substrate to give an NNHor possibly an HNNH) interme-
up to this point has been loosely associated with the FeMocodiate: It was shown that.is responsible for the release of
due to weak binding at the Fe atoms, can now migrate to hydrazine from nitrogenase upon quenching the functioning

Mo. Binding of N, at Mo is still reversible, but sufficiently ~ €nzyme at pH 0 or 141); although this was taken to imply
strong to be detectable experimentally. Given the sensitivity 80 NNH; intermediate, an HNNH species could also give
of homocitrate ring opening to the protonation state of the hydrazine. Cleavage of the-\N bond to give an iron amide
carboxylate group, as demonstrated by the DFT calculations,and molybdenum nitride at this redox level is unfavorable
the B proton is probably added to the homocitrate O by more than 20 kcal mot, apparently a consequence of
arm. Binding of N at this redox level may well be stabilized the redox level of the Mo atom, which would need to reach
by reversible transfer of a proton from the surrounding Mo"' in the nitride.
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This situation changes at the next statg Heevious studies It is, however, worth noting here that there is no direct
of proton-transfer pathways through the protein indicated that experimental evidence for states &d E.
two of the three central S atoms of the FeMoco become
protonated during catalysi€®). By using this second proton = ACKNOWLEDGMENT
channel to further reduce the core cluster via protonation of | iqank C. J. Pickett, D. J. Lowe, D. M. Lawson, and S. J.

S5, cleavage of the NN bond now becomes energetically - George (John Innes Centre), R. A. Henderson (University
feasible, resulting in a Monitride. Although the N-N bond of Newcastle), K. Fisher (Virginia Tech), and J. Talarmin

cleavage step is approximately thermoneutral, the FeNH (\ynjyersitede Bretagne Occidentale) for helpful discussions.
species, once formed, should readily accept a further proton

to give FeNH, so driving the reaction to completion. ltwas NOTE ADDED IN PROOF

suggested 48) that protons added to S2B and S5 of the )

FeMoco during turnover might subsequently be discharged V€rY recently, the X-ray crystal structure of nitrogenase
back to solvent, allowing for rapid proton rearrangements has_ been revised to include an additional atom, most_ likely
of this type. Note that the initial £state can readily be N in the center of the FeMoco core clust&0) This
reformulated as containing a bridging NHMHgand, by mod|f|ca_t|on would be g)gpected t(_) dgactwate the c_entrql Fe
transfer of the nonlocated proton to the substrate. This would &10Ms with respect to dinitrogen binding and reduction, since

allow cleavage to proceed via the pathway shown in Figure (1) théy can no longer be viewed as three-coordinate and
4b rather than 4a; these two possibilities are not mutually (2) atrans-nitride interaction is likely to be deactivating with

exclusive, and appear to have very similar energy profiles respect to formation of partially reduced dinitrogen species
(Figure 4). on Fe. The properties of the Mo atom should be less per-

Further rapid proton rearrangements within ther&ox turbed, since it is more remote from the new atom. Hence,
level would allow reduction of the nitride at the expense o

¢ this new observation probably strengthens the case for direct

the FeMoco core, giving the second molecule of ammonia Participation of the Mo site in nitrogen fixation.
without any further requirement for electron transfer from REFERENCES

the Fe protein to the MoFe protein. The final state of the
FeMoco in the E level would then be oxidized by one
electron compared to the Hevel; there is extensive
experimental evidence for such a stag Alternatively, this
electron could be supplied by the P-cluster, which is also
capable of supporting different redox level3,13. The
present DFT calculations indicate that the molybdenum
nitride bond in FeMoco is relatively weak compared to, say,
[MoN(NRy)3]-type complexesi(s). For example, the addition
of an H atom to the nitride ligand in Figure 3, struct@®

to give 26 is calculated to be 30 kcal mdl more favorable
than the addition of an H atom to the; Ngand in 12 to
give 14. 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 fop Meduction by nitrogenase
shown in Scheme 2 is in good agreement with the Chatt cycle
for N, fixation, reviewed in referencel(). The main
differences stem from the fact that the Chatt cycle was
worked out primarily on mononuclear complexes; hence, the
potential significance of bridging Mx intermediates was
not so readily apparent as in more recent work on binuclear
complexes40, 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 dbmplex 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 stepsg,aad
E;, are included in the catalytic cycle. This follows from

the hypothesis that OHE is a necessary feature of the 13:

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 #N, competition and the HD formation
reaction will be dealt with more fully in the following paper.
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