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I. Introduction

As a constituent of nearly all biomolecules, nitrogen is essential for
life. Although there is an enormous reservoir of molecular dinitrogen
in the atmosphere, most organisms are unable to directly utilize this
source due to the kinetic inertness of the dinitrogen molecule toward
both oxidation and reduction (I). Fortunately, a group of prokaryotic
organisms have acquired the ability to reduce dinitrogen to the meta-
bolically usable form of ammonia and hence play an essential role in
maintaining a stable level of nitrogen in the Earth’s biosphere. The
biochemical machinery required for this process of biological nitrogen
fixation is provided by the nitrogenase enzyme system (2-8), which
consists of two component proteins, the iron (Fe-) protein and the molyb-
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denum-iron (MoFe-) protein. In the absence of molybdenum, alternate
nitrogenase systems homologous to the molybdenum-containing “con-
ventional” nitrogenase system may be induced (9, 10). Nitrogenase
catalyzes not only the reduction of dinitrogen to ammeonia, but also the
reduction of protons to hydrogen (which appears to be an obligatory
part of dinitrogen reduction) and the reduction of alternate substrates
such as acetylene, azide, or cyanide. Substrate reduction by nitrogenase
involves three basic types of electron transfer steps (Fig. 1): (i) the
reduction of Fe-protein by electron carriers such as flavodoxin or ferre-
doxin; (ii) transfer of single electrons from Fe-protein to MoFe-protein
in a MgATP dependent process, with a minimal stoichiometry of two
molecules of MgATP hydrolyzed per electron transferred; and (iii) elec-
tron and proton donation to the substrate, which is almost certainly
bound to the active site within the MoFe-protein. The overall reaction
stoichiometry of the nitrogenase-catalyzed reaction has been estab-
lished (11) as,

N, + 8H* + 8¢~ + 16MgATP —— 2NH, + H, + 16MgADP + 16P,

where the release of protons associated with hydrolysis of MgATP
has been neglected. The kinetics of dinitrogen reduction have been
extensively studied (12—14) and show that nitrogenase is a relatively
slow enzyme, with a turnover time per electron of ~5 sec™!. Each
electron transfer step between Fe-protein and MoFe-protein involves
an obligatory cycle of association and dissociation of the protein com-
plex, with the dissociation step having been identified as rate determin-
ing for the overall reaction. Considerable attention has been focused
on the mechanistic details by which nitrogenase overcomes the kinetic
barriers to dinitrogen reduction at ~1 atm pressure and room tempera-
ture, in contrast with present industrial processes that require both
high temperatures and pressures. As a consequence of both the intrinsic
biochemical and chemical significance of nitrogen fixation and the tech-

Ferredoxin (red) Fe-protein (ox) MoFe-protein (red) substrates
+2 MgATP (MgADP), (N,, HY

Ferredoxin (ox) Fe-protein (red) MoFe-protein (ox) products
+2 MgADP (MgATP), (NHj3, Hyp)

Fic. 1. Schematic reaction mechanism for substrate reduction by nitrogenase.
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nological interest in the development of new catalysts for industrial
ammonia synthesis, the properties and reaction mechanism of the nitro-
genase proteins have been extensively probed.

The focus of this review will be primarily on the structures of the
metal centers and polypeptide chains of the nitrogenase proteins, based
on crystallographic structures of both the Fe-protein and the MoFe-
protein, which have been recently determined at Caltech (15-19).
Structural work on the MoFe-protein is also underway in the laboratory
of J. Bolin at Purdue (19a). To minimize overlap with the existing,
excellent reviews on the chemistry, biochemistry, biophysics, and ge-
netics of nitrogenase and related chemical systems (2-8), these topics
will be primarily discussed in the context of the nitrogenase protein
structures.

Il. Properties of the Nitrogenase Proteins

The two nitrogenase proteins, Fe-protein and MoFe-protein, are com-
posed of a total of three different types of subunits and contain three
different types of metal centers. The properties of the nitrogenase pro-
teins have been extensively studied and are summarized below. To
distinguish the two nitrogenase proteins isolated from different bacte-
rial sources, the MoFe-protein and Fe-protein are designated as compo-
nents “1” and “2,” respectively, preceded by a two-letter abbreviation
of the source species and genus; i.e., Avl is MoFe-protein isolated from
Azotobacter vinelandii and Cp2 is Fe-protein isolated from Clostridium
pasteurianum, etc.

A. NITROGENASE IRON-PROTEIN

The Fe-protein is a dimer of two identical subunits (coded by the
nifH gene), with a total molecular weight of ~60,000. The amino acid
sequences of over 20 different Fe-proteins have been determined and
indicate that this protein is highly conserved in both the conventional
and the alternate nitrogenases (20). For example, two of the more
divergent Fe-protein sequences, from A. vinelandii (21) and C. pasteuri-
anum (22), are 69% identical. The Fe-protein dimer contains one 4Fe:4S
cluster, which is coordinated to each subunit through Cys-97 and Cys-
132 (23, 24) (sequence numbering of the A. vinelandii Fe-protein is
used throughout this paper). The reduced form of the cluster is EPR
active, as observed for the 4Fe:4S clusters of ferredoxins. Unlike the
cluster in ferredoxins, however, the 4Fe:4S cluster in Fe-protein exhib-
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its a mixture of S = § and S = § spin states, with the equilibrium
between the two states being solvent dependent (25—28). This solvent
dependence suggests that the cluster environment is significantly more
exposed in Fe-protein than in other 4Fe:4S clusters containing proteins,
such as ferredoxins.

The Fe-protein dimer has two nucleotide binding sites for MgADP
and/or MgATP, with dissociation constants of ~100 wM, although con-
siderable variations in measured binding constants have been reported
(29). In the absence of MoFe-protein and reductant, Fe-protein exhibits
no catalytic ATPase activity. Oxidized Fe-protein binds both nucleo-
tides more tightly than does reduced Fe-protein, resulting in a decrease
in the redox potential from —300 mV to —430 and —490 mV in the
presence of MgATP and MgADP, respectively (30). Changes in the
EPR spectra (31) and the ability of a,a-dipyridyl to chelate iron from
the 4Fe:48S cluster (32—-36) indicate that nucleotide binding is accompa-
nied by changes in the Fe-protein structure. The cluster chelation be-
havior provides an especially convenient experimental approach to
characterize Fe-protein—nucleotide interactions. In the absence of nu-
cleotides, a,a-dipyridyl chelates iron slowly from Fe-protein. In the
presence of MgATP, however, the iron is readily removed by this chela-
tor, whereas in the presence of MgADP, iron chelation is inhibited.
Furthermore, the chelation behavior depends on the oxidation state of
Fe-protein (35). The sensitivity of iron chelation to the conformational,
oxidation, and nucleotide binding states of Fe-protein provides a conve-
nient probe for studying the coupling between nucleotide binding and
cluster properties. For example, iron chelation studies have been very
useful in characterizing site-directed mutants of Fe-protein in which
the normal signal transduction mechanism between the nucleotide
binding site and the cluster has been disrupted (37-39).

In addition to the mechanistic role in the nitrogenase enzymatic
function, Fe-protein also participates at several stages in the biosynthe-
sis of the nitrogenase proteins. Fe-protein is essential for the production
of active MoFe-protein and is involved in both the synthesis of FeMo-
cofactor and its insertion into cofactor-deficient MoFe-protein (40—42).
Fe-protein may also function as an activator for the expression of alter-
native nitrogenases (43). In turn, formation of active Fe-protein re-
quires the nifM gene product (44, 45), which perhaps functions either
in cluster insertion or in promoting the correct subunit—subunit and
subunit—cofactor interactions in the Fe-protein dimer (i.e., a chaperone-
type role). The significant sequence conservation observed in the Fe-
protein family may reflect the structural constraints associated with
these diverse aspects of Fe-protein function.



STRUCTURE AND FUNCTION OF NITROGENASE 93

B. NITROGENASE MOLYBDENUM-IRON PROTEIN

The MoFe-protein is an a,8, tetramer (with the subunits coded by
the nifD and nifK genes, respectively), with a total molecular weight
of ~240,000. The two subunits are of similar size; for example, the
isolated a and g subunits of A. vinelandii MoFe-protein have 491 and
522 amino acids, respectively (46). In general, the amino acid sequences
of MoFe-proteins are less well conserved than are Fe-protein sequences,
so that the MoFe-protein sequences from A. vinelandii and C. pasteuria-
num are only 36% identical (47). Associated with the MoFe-protein
tetramer are approximately 2 molybdenum atoms, 30 iron atoms, and
30 sulfur atoms that are organized into two types of metal centers: the
FeMo-cofactor and the P-cluster pair. The structures and properties of
these centers have been extensively probed by a wide variety of tech-
niques.

1. FeMo-Cofactor

The FeMo-cofactor (48, 49), also referred to as the M-center, was first
identified by Shah and Brill (50) as a stable metallocluster isolated
from acid-denatured MoFe-protein. Isolated cofactor can fully activate
a defective MoFe-protein obtained from the mutant A. vinelandii strain
UW45, which contains P-cluster pairs, but not the EPR active (S = §)
center that is characteristic of nitrogenase. Intense interest has been
focused on the FeMo-cofactor since it contains molybdenum in a biologi-
cally unprecedented form and is believed to represent the site of sub-
strate reduction (51, 52), although isolated cofactor exhibits no catalytic
activities. The FeMo-cofactor has a composition of one Mo atom, seven
Fe atoms, eight to nine inorganic sulfurs, and one homocitrate group
(16, 48, 49, 53-55). The redox properties and oxidation states of the
cofactor are intimately associated with the ability of this center to
function in substrate reduction. Three oxidation states differing by one
electron, M(r), M(s-r), and M(ox), appear to be accessible to the FeMo-
cofactor within the MoFe-protein (Fig. 2) (49). M(s-r) is the semireduced
form of the FeMo-cofactor that is normally isolated in the presence of
excess dithionite and is characterized by a unique S = 3 EPR signal.
M(s-r) may be oxidized by one-electron at a potential of ~—50 mV to
give the M(ox) state. A one-electron reduced form of the cofactor, M(r),
is produced only under turnover conditions, at a potential estimated
at ~—470 mV. Both the M(ox) and the M(red) states are EPR silent.
The net oxidation states of the metals in the complex are not known. The
Mo may formally exhibit the +4 oxidation state, whereas Méssbauer
studies suggest that the average oxidation state of Fe is +2.67. The
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AE%(mY) -470 mV -50 mv
M(red) & M(sr) &  M(ox)
n=1 n=1

spin state S$=0 S$=3/2 S=integer

FiG. 2. Oxidation-reduction properties of the FeMo-cofactor. M(ox), M(s-r), and M(r)
represent the oxidized, semireduced (dithionite isolated form), and reduced form, respec-
tively, of the protein-bound FeMo-cofactor (49).

isolated cofactor has a net negative charge, however, which, if this
reflects the charge on the core of the protein-bound cluster, would
indicate that, formally, the Fe must be primarily in the ferrous (+2)
state. A satisfactory description of the electronic and oxidation proper-
ties of the FeMo-cofactor remains an important problem.

2. P-Cluster Pair

The P-cluster pair (56) may function in the transfer of electrons
between the Fe-protein and FeMo-cofactor. Méssbauer, EPR, and extru-
sion studies indicated that the P-cluster pair contained 4Fe:4S-type
clusters (57—-62) that are in close proximity (63-65), which was also
suggested from an analysis of anomalous scattering effects from Cpl
(66). These studies also demonstrate, however, that the detailed proper-
ties of this center are distinct from better characterized proteins that
contain one or more mononuclear 4Fe:4S clusters. Mossbauer studies
indicated that the iron atoms in each center could be assigned to three
distinct types, designated D, Fe*2, and S, in the approximate ratio
5:2:1. These sites could be grouped into pairs with compositions (D Fe *2
and D,SFe*?) that have slightly different spectroscopic properties. The
isomer shifts are consistent with all iron sites in the dithionite reduced
form of the P-cluster pair formally having the ferrous oxidation state,
which is unprecedented in biological 4Fe:4S systems. Redox titrations
of the P-cluster pair have identified the oxidation states PN, POX! POX2
and higher oxidation states (Fig. 3) (65). PN denotes the P-cluster pair
state observed in dithionite reduced MoFe-protein. The oxidation of PN
to POX has been described as an n = 2 process, although evidence for
intermediates generated by n = 1 steps has been presented (67). More
reduced forms of the P-cluster pair have not been described, although
it is possible that they could be produced, perhaps transiently, under
turnover conditions.

Although not as extensively studied as the Fe-protein, adenosine
nucleotides, particularly MgADP, can also bind to the MoFe-protein
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AEO(mV) -307 mV +90 mV +345 mV
PN o POX! & pPOX2 higher oxidation states
n=2 n=1
spin state(s) S=0 §=3 S$=1/2,712 $>2

Fic. 3. Oxidation-reduction properties of the P-cluster pair. P® represents the form
of the P-cluster pair found in dithionite isolated MoFe-protein, whereas POX represents
more oxidized forms of the center (65).

(68). Recent EPR and ENDOR studies on the binding of manganese
substituted adenosine nucleotides have been interpreted to suggest
that these nucleotides may bind near the P-cluster pair (69).

ll. Structural Description of the Nitrogenase Proteins

A. CRYSTAL STRUCTURE DETERMINATIONS

Because descriptions of the structure determinations for Fe-protein
and MoFe-protein have been published (15-19), only general features
will be presented here. An essential component to the success of the
structure determinations was the availability of multiple crystal forms
for both Fe-protein and MoFe-protein. Nitrogenase proteins isolated
from both A. vinelandii and C. pasteurianum (Avl, Av2, Cpl, and Cp2)
were used for this purpose. Presumably due to the sensitivity of the
nitrogenase metal centers to oxygen and oxidants, preparation of suit-
able heavy atom derivatives was problematic since most transition
metal complexes used for derivatives tend to be oxidants. Heavy atom
derivatives of moderate quality were finally prepared for both the Fe-
protein, using the antiarthritic drug myochrisine (gold sodium thioma-
late), which binds to the 4Fe:4S cluster, and the MoFe-protein, using
ethylmercurithiosalicylate, which binds to cysteines, and the platinum
compounds K,[PtCl,] and di-u-iodobis{(ethylenediamine}-di-platinum-
(ID} nitrate, which bind to methionines. However, electron density
maps phased from these derivatives did not permit the complete tracing
of the polypeptide chain. To improve the quality of these maps, the
electron density maps were averaged within and between multiple
crystal forms. The utility of multiple crystal forms can be appreciated
since, in effect, each additional crystal form is approximately equiva-
lent in terms of phasing information to a new heavy atom derivative.
Models were built into these maps, refined, and used to calculate im-
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proved electron density maps in an iterative process until essentially
complete models were obtained. At present, the Avl, Cpl, and Av2
structures have been refined at resolutions of 2.2, 3.0, and 2.9 A, respec-
tively, with R factors <0.20 and good geometry. The use of multiple
crystal forms to improve maps is not a new idea (e.g., 70), but this
method should become increasingly valuable in the crystallographic
analysis of larger proteins, where accurate experimental phases are
more difficult to obtain.

At the initial resolution of the MoFe-protein structure analysis
(2.7 &), it was not possible to unambiguously establish the detailed
geometry and chemical identities of all the constituents of novel metal
centers such as the FeMo-cofactor and P-cluster pair. Consequently,
models for these centers were built into electron density maps using
fragments of well-characterized clusters as the basic building blocks
(71, 72). This process was rather like the use of amino acid fragments
to fit electron density maps of proteins of unknown sequence. The redox
centers were identified as the strongest features in the electron density
map and were consistent with the highest peaks in both native anoma-
lous difference Patterson and Fourier maps. As native anomalous scat-
tering effects were not used in the phasing of the MoFe-protein struc-
ture, the initial electron density maps were not influenced by any
specific model for the centers. The FeMo-cofactor and P-cluster pair
were identified from the positions of amino acid residues that had
been identified from mutagenesis studies as components of the cofactor
environment, including residues 275 and «195 for FeMo-cofactor and
residues a62, a88, al54, 870, 95, and 8153 for the P-cluster pair
(78-79). At 2.7 A resolution, atoms are not resolved, so that the identi-
ties of the various sites were inferred from the available analytical
and spectroscopic information.

The structural details of the metal centers in the MoFe-protein that
were proposed based on the 2.7-A-resolution diffraction analysis (16,
17) have been confirmed by more recent studies at 2.2 A resolution
(18). Despite the increased resolution, there are certain limitations to
the structural description of the metal centers that can be achieved
from crystallographic studies. As discussed in Howard and Rees (80),
the unambiguous identification of individual atoms, including the pos-
sible presence of hydrides, and a more detailed description of the geome-
try and oxidation states will be extremely difficult, if not impossible,
to establish solely on the basis of a macromolecular crystallographic
study. This situation again emphasizes the necessity of complementary,
interdisciplinary approaches in the investigation of complex biologi-
cal phenomena.
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B. NITROGENASE IRON-PROTEIN STRUCTURE

The quarternary structure arrangement of the Fe-protein (15) con-
sists of two subunits, each folded as a single a/B-type domain and
connected at one surface by the 4Fe:4S cluster (Fig. 4) (81). At the core
of each subunit is an eight-stranded B sheet (with seven of the eight
8 strands oriented in parallel fashion) flanked by nine « helices. Each
subunit contains a characteristic structural motif near the amino termi-
nus (residues 9-16) that is found in a major class of mononucleotide
binding proteins (82, 83). The possible involvement of this region of
Fe-protein in nucleotide binding was first recognized by sequence analy-
sis (84). The two nucleotide binding sites in Fe-protein are located in
the cleft formed between the two subunits. Consistent with a role for
this region in nucleotide binding, molybdate ions from the crystalliza-
tion solution are bound at positions that correspond to the location of
the terminal nucleotide phosphate groups in other nucleotide binding
proteins. Presumably, the molybdate is serving as a phosphate ana-
logue in this situation. Each molybdate site is located ~20 A from the
cluster and ~20 A from the symmetry-related molybdate site. This
distance for the cluster—-molybdate separation suggests that MgATP
does not bind directly to the cluster, consistent with the conclusions
from spectroscopic studies of this interaction (85).

A more detailed analysis of the crystal structure identified a nucleo-
tide, modeled as ADP, that was bound to only one of the two nucleotide
binding sites present in the dimer. The occupancy of this ADP has been
estimated as ~0.4. Since the two potential nucleotide binding sites are
not related by crystallographic symmetry, both sites need not be equally
occupied. The nucleotide interacts with residues from both subunits:
the terminal phosphate groups interact with residues 9-16, whereas
the nucleotide ring contacts Tyr 159, Ala 160, Asn 163, and the main-
chain atoms of 128-130 of the neighboring subunit. The ribose spans
the subunit cleft and interacts with residues Lys 41 and Asp 129 from
the different subunits. This nucleotide copurified with Av2 and may
represent a tightly bound species of the type identified by Lindahl et
al. (86). Additionally, Watt et al. (30) noted that up to seven ATP
molecules could irreversibly bind to oxidized Av2 in the absence of
Mg?*. Consequently, the presence of a bound nucleotide in Av2 was
not unexpected, although the functional significance of this group, if
any, is unclear.

Since the phosphate groups of the nucleotide and the cluster are too
distant (~20 A) to permit direct chemical coupling of electron transfer
and ATP hydrolysis, the location of both sites at the subunit interface
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suggests that the interface provides the coupling mechanism. The sim-
plest picture envisions two (or more) conformational states of Fe-protein
that differ in the details of intersubunit interactions, with the equilib-
rium between the two states sensitive to the oxidation state of the
cluster and nucleotide binding. This allosteric model for Fe-protein
function naturally directs attention to interactions that might stabilize
alternate quaternary structure arrangements of the subunits, such as
salt bridges. A set of intersubunit salt bridges in Fe-protein that may
function in this capacity are the cyclic arrangement of Asp 129 and
Lys 41 in alternating fashion from both subunits, organized about the
dimer twofold axis. Since both Lys 41 and Asp 129 interact with the
bound nucleotide, this observation indicates that the Asp 129-Lys 41
and their respective interactions with the nucleotide could be mutually
exclusive, thereby providing a mechanism for coupling the conforma-
tional state of the protein with nucleotide binding.

Many of these features of Fe-protein function may be relevant to
nonnitrogenase biochemical systems. Striking sequence similarities
have been noted in the cluster ligand, nucleotide binding, and interface
regions between Fe-protein and the enzyme protobacteriochlorophyl-
lide reductase, which catalyzes the first committed step in photosyn-
thetic growth (87, 88). There are also general similarities between Fe-
protein and other nucleotide binding proteins such as ras p21 and recA
proteins. These proteins belong to a general family in which nucleotides
stabilize alternate conformations of a protein, with binding to other
macromolecules serving to induce a conformational switch for nucleo-
tide hydrolysis that interconverts the two forms. One class of these
proteins includes membrane-associated transporters, in which ATP
hydrolysis is coupled to substrate translocation across a membrane.
Many of these transporters, such as the ArsA protein functioning in
arsenate transport (89), contain two nucleotide-binding domains. Based
on the Fe-protein structure, it is plausible that the nucleotide binding
sites are positioned at the interface between domains, permitting nucle-
otide-mediated changes in the domain positions to be directly transmit-
ted to the translocation site. Allosteric switching between alternate
conformational states of proteins, driven by nucleotide binding and
hydrolysis, appears to provide a very general transducing mechanism
for coupling the energy of nucleotide hydrolysis to a variety of biochemi-
cal processes.

C. NITROGENASE MOLYBDENUM-IRON PROTEIN STRUCTURE

The a and B8 subunits of the MoFe-protein exhibit similar polypeptide
folds, consisting of three domains of the a/8 type with some extra



Fic. 4. Ribbon diagram (8/) of the polypeptide chain fold of the A. vinelandii Fe protein (/5). The
nucleotide binding sequence at the amino terminus of Fe protein is red. The 4Fe:4S cluster, ADP, and
molybdate are represented by atomic models.

Fic. 5. Ribbon diagram (8/) of the polypeptide chain fold of the A. vinelandii MoFe protein (/7).
The two a subunits in the MoFe-protein tetramer are colored red and lavender, while the two 3 subunits
are colored dark blue and light blue. The FeMo cofactor and P-cluster pair are represented by atomic
models.



Fic. 6a. A ball-and-stick model (81) of the FeMo-cofactor.

FiG. 7a. A ball-and-stick model (81) of the P-cluster pair. FiG. 8. Ribbon diagram (87) of a hypothetical model for the docking of Fe protein to an a8 dimer
of the MoFe protein. The Fe protein subunits, a subunit and 8 subunit, are colored light blue, red, and
dark blue, respectively, while white atomic models are provided for the metal centers and ADP.
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helices (Fig. 5) (16). Similarities between the N-termini of the a and
B subunits were originally recognized in sequence analyses (90). Al-
though the «/B-type fold is a common motif in protein structure, no
significant homology to other proteins has been identified for the a-
and/or 8 subunits from sequence comparisons, with the exceptions of
the corresponding proteins in alternate nitrogenases and the protein
products of the nifE and nifN genes. At the domain level, folding pat-
terns similar to those of other proteins may be recognized; for example,
D. Blow (personal communication) has noted that the folding pattern
of the third domain of the « and 8 subunits is very similar to that found
in the mononucleotide binding domain of tyrosyl-tRNA synthetase (91).
In each subunit, there is a wide, shallow cleft among the three domains;
in the a subunit, the FeMo-cofactor occupies the bottom of this cleft. The
location for the FeMo-cofactor at the boundary among three domains is
reminiscent of the site for the iron—sulfur cluster in aconitase (92).
The site in the 8 subunit corresponding to the location of the FeMo-
cofactor in the a subunit contains the side chains of residues His 8193,
Gln 8294, His 8297, and Asp 8372. Interestingly, if the mononucleotide
binding domain of tyrosyl-tRNA synthetase is superimposed onto the
third domain of the 8 subunit, the location of nucleotide binding in
the former structure occurs near these side chains. This raises the
intriguing suggestion that perhaps the FeMo-cofactor binding site in
the o subunit, and a nucleotide binding site in the 8 subunit, arose
from homologous regions of these subunits. Crystallographic studies
of nucleotide binding to MoFe-protein have not yet revealed any binding
to this site, however.

Although there are no permanent channels leading from the surface
to the FeMo-cofactor, it is possible that transient openings could be
created among the a subunit domains that allow cluster insertion,
substrate access, and product egress. Extensive contacts occur between
the a and the 8 subunits in an a8 dimer; this is especially evident by
the bridging of the two subunits through the P-cluster pair. The « and
B subunits within an a8 dimer are approximately related by a twofold
axis that passes through the P-cluster pair. The quaternary structure
of the MoFe-protein may be considered to consist of a pair of o dimers,
where each a8 dimer is related to the other by the intratetramer twofold
axis. Although the « and B8 subunits in an a8 dimer are also approxi-
mately related by a twofold rotation, the MoFe-protein does not exhibit
222 symmetry. Packing between helices from the 8 subunits dominate
the interactions at the tetramer interface, with some contributions
from helices in the « subunit. Interestingly, the center of the six
a-helical barrel that surrounds the tetramer twofold axis is not filled
with sidechains; rather, an open channel of ~8-10 A in diameter and
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~35 A long could conceivably serve as a conduit for substrates and
products to access the active sites. A calcium binding site coordinated
between the two B subunits also appears to contribute to tetramer
stabilization.

IV. Structures of the Metal Centers of Nitrogenase

A. 4Fe:4S CLUSTER OF IRON-PROTEIN

The 4Fe:4S cluster covalently links the two subunits. As had been
predicted from chemical modification, genetic, and spectroscopic studies
(23, 24, 93), the 4Fe:4S cluster is symmetrically coordinated to two
cysteines, 97 and 132, from each subunit. Coordination of metal centers
by residues from different subunits has been observed in the photosyn-
thetic reaction center (94, 95), nitrite reductase (96), and the Mo-Fe
protein (16), and may be a common feature of multisubunit metallopro-
teins. A striking feature of Fe-protein is the solvent exposure of the
4Fe:4S cluster, which had been recognized in spectroscopic studies
(25-28, 97). This solvent exposure may contribute to the considerable
sensitivity of Fe-protein to inactivation by oxygen. Other than the
ligating cysteines, the only side chains that contact the cluster are Ala-
98 from each subunit; in addition, the side chains of Val-130 and Phe-
135 approach to within 5-6 A of the cluster. Both cluster ligands are
located near the N-terminal end of a helices that are directed toward
the cluster, permitting favorable electrostatic interactions between the
terminal amide groups of the helix and those of the anionic cluster.
These favorable interactions are reflected in six potential NH—S hy-
drogen bonds {98), three from each subunit, that occur between sulfur
atoms in the cluster and the NH groups of residues 98 and 134, and
between the S, of residue 97 and the NH group of residue 99. The
general impression of this region of the Fe-protein is of an exposed,
loosely packed cluster environment that could be designed to function
as a hinge or pivot that accommodates multiple conformations during
the nitrogenase reaction.

B. FeMo-COFACTOR

The FeMo-cofactor consists of two clusters of composition 4Fe:3S and
1Mo:3Fe:3S that are bridged by three nonprotein ligands (Fig. 6) (16).
Compounds containing the 4Fe:3S cluster have been described (99,
100), although the terminal ligation of the Fe sites in these molecules
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F1G. 6b. Schematic model of the FeMo-cofactor.

differs significantly from that observed in the FeMo-cofactor. Based on
the electron density values at the positions of the bridging ligands, two
of these ligands are assigned as sulfur (presumably S2-), whereas the
third ligand has ~20% lower electron density in the electron density
maps calculated at 2.2 A resolution for Avl (I8). This third bridging
ligand, designated “Y,” is most likely a less-well-ordered sulfur, al-
though it might also be a well-ordered O/N species or even a disordered
chloride. It is also possible that there could be compositional heteroge-
neity at this position, perhaps due to the presence of inactive protein,
that is influencing the electron_density in this region. Homocitrate,
which is an essential component of FeMo-cofactor (54, 55), coordinates
the Mo through a hydroxyl and carboxyl oxygen. There is no evidence
in the electron density maps for a hexacoordinate sulfur atom at the
center of the cluster. Consequently, a cavity appears inside the cofactor
between the two cluster fragments. The longest metal-metal distance
in the FeMo-cofactor is ~7.4 A between sites Fel and Mo. The Fe—Fe
separation distance between bridged iron sites (such as Fe2 and Fe6)
is ~2.5 A, whereas the distance between nonbridged iron sites on differ-
ent cluster fragments (such as Fe2 to Fe5, etc.) is ~3.8 A. The distance
between Mo and the three closest irons of the 4Fe:3S fragment averages
~5.2 A, which is approximately the same as the distance between Fel
and the three irons of the 1Mo:3Fe:3S fragment.

If the threefold axes of the isolated 4Fe:3S and 1Mo:3Fe:3S clusters
are superimposed, then the cluster is liganded to the protein through
the metals (Fel and Mo) located on the threefold axis. The protein
environment around the FeMo-cofactor is primarily provided by the «
subunit. Cysteine a275 coordinates Fel, whereas the Mo is liganded
by the side chain of His a442. Site-directed mutagenesis studies had
implicated Cys a275 as a cofactor ligand (73, 74, 76). Based on sequenc-
ing of Nif~ mutants altered in the « subunit, Zamir had proposed that
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His 442 could coordinate the FeMo-cofactor (101). The side chains of
two other residues proposed to be near the cofactor, His a195 (75, 78,
79) and Gln a191 (102), are within 4 A of Fe2 and Fe6, respectively,
but these residues are not directly liganded to the metals. Site-directed
substitution of His a195 results in the loss of a nitrogen ESEEM signal
from the MoFe-protein (79), which may originate from the coupling of
that residue to the S = # spin system of the cofactor through a side-
chain hydrogen bond to one of the bridging sulfurs. The side chain of
Gln «191 interacts with one of the carboxyl groups of homocitrate,
which is consistent with a proposal based on site-directed mutagenesis
studies (102). Cys o275, His @442, His «195, and Gln «191 are conserved
in all known MoFe-protein sequences.

The tetrahedral coordination geometry of Fel and the octahedral
coordination geometry for Mo are typical of the coordination environ-
ments for these metals observed in model compounds and Fe:S proteins
(4,56, 71,72). An unusual feature of the FeMo-cofactor model, however,
is the trigonal ligand geometry of the six Fe sites that bind the bridging
sulfurs. Trigonal coordination geometry for Fe is not unprecedented,
however, and has been described in a small molecule structure of an
iron-thiolate species (103). In this case, the coordinating thiols con-
tained bulky substituents, and it was proposed that the low coordina-
tion number of the Fe atoms reflected the effects of steric crowding
between the ligands. No such corresponding features in the FeMo-
cofactor environment are evident, however. Solvent molecules that
might possibly serve as fourth ligands have not been observed. It is
also unlikely, although not impossible, that a less electron dense group
(such as O or N) could be present in the cluster interior. The separation
distance of ~2.5 A between bridged irons suggests that there might be
some Fe—Fe bonding that could serve as a fourth coordination inter-
action.

The structural features of the FeMo-cofactor model are generally
consistent with the results of analytical and spectroscopic (EXAFS,
ENDOR, and Méssbauer) studies of the cofactor. The composition of
the nonprotein part of the FeMo-cofactor model, 1Mo:7Fe:9S:1 homo-
citrate, is within the range of values that have been reported (48,
53-55). The absence of protein-bound bridging ligands between the
two clusters in FeMo-cofactor is consistent with the ability to extract
the intact cofactor from MoFe-protein. EXAFS studies of the Mo envi-
ronment in both the MoFe-protein and the isolated cofactor indicate
that 2-30(N) and 3-5S are directly coordinated to Mo, with 3—4Fe
present in the second coordination shell of Mo (104, 105); the crystallo-
graphic model contains 30(N), 3S, and 3Fe. Studies of Fe EXAFS
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on the isolated cofactor (106) indicate that, on average, each Fe is
surrounded by ~3S and 0.3-0.8Mo (~2.7 A), with ~ 2.2 and ~1.3 Fe
atoms located at ~2.7 and ~3.8 A, respectively. Assuming Y is a sulfur,
the average Fe environment in the present FeMo-cofactor model bound
to the MoFe-protein contains ~3.1S and ~0.4Mo, with ~3.4 and ~0.9
Fe atoms at ~2.7 and ~3.8 A, respectively. Fe’” ENDOR studies (107)
have indicated that five magnetically inequivalent iron species are
present; neglecting the asymmetric protein environment and the chiral
homocitrate ligand and assuming that the Y ligand is distinct from
the other two bridging ligands, five different types of Fe sites are
observed in the structural model (Fel; Fe3; Fe7; Fe2 and Fe6; and Fe4
and Feb). Méssbauer studies (59, 60) identified 5-7 iron sites in the
FeMo-cofactor that could be grouped into two sets; however, assignment
of these sites to particular atoms in the FeMo-cofactor model cannot
be made at present. )

The FeMo-cofactor is buried at least 10 A below the protein surface
in an environment primarily formed by the « subunit. Cys 275 and
His w442, as well as Ser o278, which is hydrogen bonded to the S, of
Cys o275, are strictly conserved in all known MoFe-protein sequences.
Other highly conserved residues in the vicinity of the FeMo-cofactor
include: Gly o356 and a357, which are required to avoid steric interfer-
ence with the cofactor and whose NH groups form NH—S hydrogen
bonds to one of the bridging sulfurs; Arg 96 and Arg 359, which can
form hydrogen bonds to the Y ligand and a cluster S and which may
serve to stabilize the FeMo-cofactor and/or partially reduced intermedi-
ates formed during substrate reduction; His «195, which hydrogen
bonds to the third bridging ligand and may function in proton transfer
reactions; and three residues, Gln «191, Glu 440, and Glu a427, which
are near the homocitrate and interact with this group either directly or
through water molecules. The protein environment around the FeMo-
cofactor is primarily provided by hydrophilic residues, although there
are some hydrophobic residues. The positioning of the FeMo-cofactor
near the N-terminal ends of helices «280-a290 and «359—a369 may
serve to stabilize the cluster electrostatically (98).

C. P-CLUSTER PAIR

The P-cluster pair is formed by two 4Fe:4S clusters that are bridged
by two cysteine thiol ligands (residues a88 and 895), which are further
connected by a disulfide bond between two of the cluster sulfurs (Fig.
7) (16—-18). The disulfide bond is particularly intriguing and it is located
on the side of the P-cluster pair closest to the proposed (I7) binding



104 REES, CHAN, AND KIM

Cys 95
|
S
~ Y\
$3B——Fef Fel——524

& E \ I \ E \F 2‘SyCys als54
| \ e

KeT
- N <y,
Cys p70 Sy \ . \: 8y Cys a62

S2B _Fej >
N, P —S3A

Sy

Cys a88
F1G. 7b. Schematic model of the P-cluster pair.

site for Fe-protein. To our knowledge this is the first example of a
cluster containing a (u3-S), disulfide, although an intermolecular disul-
fide bridged Fe,S, cluster has been synthesized previously (108). Singly
coordinating cysteine thiols (from residues 62, 154, 870, and 8153)
ligate the remaining four irons, such that nonbridging cysteines coordi-
nated to a specific 4Fe:4S cluster are from the same subunit. In addition
to the cysteine ligands, Ser 8188 appears to coordinate Fe6 along with
Cys B153. The coordination environments of both Fe6 and Fe2 are
distorted from ideal tetrahedral geometry, due to interactions with Ser
B188 and the main chain of Gly «185, respectively. The variety of
different coordination environments for P-cluster pair irons is consis-
tent with observations from Méssbauer spectroscopy for multiple
classes of iron in this center, but no definitive correspondence between
the structural and the spectroscopic categories can be made at present.
The cysteine ligands to the P-cluster pair had been correctly identified
from mutagenesis experiments (73, 74, 76, 77). Individual replacement
of any of the six cysteines by alanine eliminates diazotropic growth of
the mutant strains. Some non-alanine substitutions for Cys a88 and
B153 have been described that can still produce nitrogenase with low
activity, however, possibly as a consequence of the substituted residue
functioning as a cluster ligand, through a structural rearrangement
that allows a previously non-liganding group to coordinate the cluster,
or simply because no ligand is actually needed. Additionally, substitu-
tion of Gly 185 with Asp has been found in a Nif~ mutant of nitroge-
nase (101).

As had been proposed from sequence comparisons and mutagenesis
experiments (73, 74, 76), the P-cluster pair is located at the interface
between the a and the 8 subunits. The approximate twofold symmetry
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of the P-cluster pair is reflected in the sequence similarities between
the polypeptide chain for the « subunit and that for the 8 subunit in
this region (90). The P-cluster pair is buried ~12 A below the surface in
a protein environment that is mainly provided by hydrophobic residues.
The location of the P-cluster pair near the N-terminal ends of six helices
(a63—a74; a88—a92; a155~a159, B71-381; 93-B106, and 8153—B158)
may serve to provide an electrostatic contribution to cluster stability
(98). With the exception of the cluster ligands and Gln 893 and Thr
152, hydrophilic residues around the P-cluster pair, such as Glu «153,
Glu a184, Ser 92, Ser a152, and Ser 892, are generally not conserved
in different MoFe-protein sequences. The side chains of residues Cys
a62, Cys 88, Cys 154, Cys 870, Cys 895, Cys 8153, and Ser 8188
are coordinated to the P-cluster pair and are strictly conserved. Strictly
conserved Gly residues (a87, 894, and «185) around the P-cluster pair
are also structurally important to avoid steric interference with
metal clusters.

V. Mechanistic Features

The electron transfer steps that take place between the Fe-protein
and the substrate bound to the MoFe-protein are not well understood.
Basic questions concerning (1) the role of adenosine nucleotides in the
nitrogenase mechanism; (2) whether the P-cluster pair serves as an
intermediate electron carrier between Fe-protein and FeMo-cofactor,
and (3) the sequence and number of electrons and protons transferred
to the substrate and (possibly) intermediates are unanswered. Al-
though the structures of the nitrogenase proteins cannot answer these
questions, they do provide a basis for formulating mechanistic proposals
that may be useful in attacking these problems. The following discus-
sion is, of necessity, speculative and approaches the nitrogenase mecha-
nism from the viewpoint of an electron traveling through the system,;
i.e., the sequence of steps is considered in the order Fe-protein to MoFe
protein; P-cluster pair to FeMo-cofactor; and substrate binding and
reduction at the FeMo-cofactor.

A. INTERACTIONS BETWEEN MoFe-PROTEIN AND Fe-PROTEIN

With the availability of the crystal structures for both nitrogenase
proteins, some general features of the complex between the two proteins
may be addressed. Two residues of Fe-protein that have been identified
as interacting with the MoFe-protein, Arg 100 (109) and Glu 112 (110),
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are located on the same side of the protein as the 4Fe : 4S cluster. Hence,
this surface almost certainly includes at least part of the interaction
region between the two proteins. Relevant features of the interaction
between Fe-protein and MoFe-protein that have been established bio-
chemically include the ability of Glu 112 to crosslink with Lys 8400
(110) and the likely occurrence of salt bridges in the interface region,
as established by salt effects on nitrogenase activity (111) and the
effects of replacing Arg 100 with other residues (112). As the Fe-protein
dimer has a twofold symmetry axis, a plausible model (16) for docking
the two proteins involves superposition of the Fe-protein twofold axis
with the twofold axis passing through the P-cluster pair that relates
the « and 8 subunits of the MoFe-protein (Fig. 8). The surfaces of
the two proteins are complementary in this region; the MoFe-protein
surface near the P-cluster pair has a convex shape, whereas the Fe-
protein surface is concave about the 4Fe: 48S cluster. To either side of
the P-cluster pair there are two wide and shallow clefts related by
the pseudo-twofold axis that could accommodate the two Fe-protein
subunits. With this orientation, the side chains of Glu 112 and Lys
3400 can be positioned sufficiently close to permit crosslinking. Four
short helices («155-a159; al120—a125; 81563—8158, and B120-3125),
which are related by the pseudo-twofold axis, are oriented in parallel
from the P-cluster pair toward the surface forming a four-helical bun-
dle, and the 4Fe: 4S cluster of Fe-protein could bind to the top surface
of these helices. The edge—edge distance from the P-cluster pair to the
end of these helices is about 12 A; thus the edge—edge distance from
the P-cluster pair to the 4Fe : 4S cluster of Fe-protein may be about 15
A. The consequences of site-directed mutations in or near these helices,
at residues Phe 8125 (113) and Asp «161 (D. Dean, personal communi-
cation), are consistent with a role for these residues in the MoFe-
protein—Fe-protein interface. Additionally, substitutions of Glu «120
and Gly «160 in or near these helices have been identified in Nif"
mutants, possibly due to disruption of the Fe-protein—-MoFe-protein
interaction (101). As the nucleotide binding site in this model for the
complex is on the surface of the Fe-protein opposite to the interaction
region with the MoFe-protein, it would seem possible for MgATP
to exchange with MgADP without dissociation of the two proteins,
as has been proposed from kinetic analyses of the nitrogenase reaction
(114).

Kinetic studies indicate that nucleotide hydrolysis precedes electron
transfer in the Fe-protein—-MoFe-protein complex (12, 13, 114). Al-
though the detailed structural consequences of nucleotide binding on
the Fe-protein structure have not been established, it is likely that
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MgATP hydrolysis is accompanied by a change in Fe-protein structure,
such as an alteration in the relative orientations of the two subunits.
Presumably, this transition leads to the formation of an activated spe-
cies that is competent for electron transfer from the Fe-protein to the
MoFe-protein (in particular, to the P-cluster pair in this model). A
speculative model for the coupling of ATP hydrolysis to electron trans-
fer involves the participation of residues ~62—-70 of Fe-protein in the
binding interaction with MoFe-protein (15). These residues, which ex-
hibit a relatively large degree of sequence variability between different
Fe-proteins, protrude from the same side of the Fe-protein surface as
the cluster, Arg 100, and Glu 112. Residues 62—-70 are part of a Fe-
protein subdomain that encompasses residues 39-80. Changes upon
binding to MoFe-protein in the position of this subdomain, relative to
the remainder of Fe-protein, could be transmitted to Asp 39 or Asp 43,
which are located within this region. Upon binding of Fe-protein to
MoFe-protein, these residues, which are near the terminal phosphate
groups of the nucleotide, could be repositioned to function as a general
base catalyst in ATP hydrolysis. The coupling between nucleotide hy-
drolysis and conformational changes associated with intermolecular
interactions is widespread in biochemistry and has been described for
such diverse systems as the H-ras p21 oncogene protein (115, 116) and
the rec A protein (117) that participates in DNA recombination.

Experimental studies have also indicated that oxidized MoFe-protein
can bind MgADP (68), although it is not clear from the present studies
where this site would be located and what the relationship of this site
might be to the MoFe-protein metal centers and the proposed Fe-protein
binding site. An alternative proposal for the structure of the complex
would involve nucleotide binding at the interface between the Fe-pro-
tein and the MoFe-protein, with the active site for hydrolysis created
by residues from both proteins. This type of interaction might be envi-
sioned to involve the Fe-protein “opening” up along the subunit—sub-
unit interface, which would expose the nucleotide binding sites, fol-
lowed by contact between this region of the Fe-protein and the surface
of the MoFe-protein above the P-cluster pair. Instead of the two proteins
interacting in a “head-to-head” fashion, this would be more analogous
to a “head-to-tail” binding interaction. The interface region of the Fe-
protein would then involve residues at the bottom of the molecule,
when viewed from the standard orientation (Fig. 4). Nif mutations in
this region of Fe-protein have been identified (118). Further genetic
and structural studies of the MoFe-protein—Fe-protein complex will be
of great interest to identify the mode(s) of interaction between these
two proteins.
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B. ROLE oF THE P-CLUSTER PAIR

The presence of the disulfide bond in the P-cluster pair implies that
this center can act as a two-electron redox group. One can imagine that
two-electron chemistry can be driven by the cleavage and reformation of
the ug-disulfide bridge, particularly since the disulfide is part of a metal
cluster species common in electron transfer reactions. The role of the
P-cluster pair could then be to mediate the electron transfer processes
within the nitrogenase proteins by taking one-electron reducing equiv-
alents provided by the Fe-protein and converting them into a two-
electron transfer to the MoFe cofactor. This ability to exhibit both one-
and two-electron redox chemistry would be analogous to the behavior
of quinones and flavins in other biological systems.

A mechanism involving cleavage and reformation of a disulfide bond
in the P-cluster pair may help explain the role of ATP in the flow of
electrons through the nitrogenase system. If ATP hydrolysis were
linked to a conformational change at the P-cluster pair that generated
an activated state, this energy input could be utilized to generate more
highly reduced electrons than are actually received from the Fe-protein.
One way in which the energy released upon MgATP hydrolysis could
be transduced into a lower potential superreducing P-cluster pair is
illustrated by the following hypothetical mechanism (Fig. 9). Further
reduction of a P-cluster pair having the structure exhibited in the
dithionite reduced MoFe-protein would be difficult for two reasons: (i)
all the iron sites appear to be in the Fe(Il) state, as indicated by Méss-
bauer studies, and (ii) reduction of the disulfide bridge is unfavorable
as the bridging cysteine ligands to the P-cluster pair constrain the
two 4Fe: 48 clusters too closely (by ~1 A) to accommodate nonbonded
contacts between reduced sulfurs. The figure of ~1 A is derived from
the difference in the distance between the S—S bond length in a disul-
fide bridge (~2.1 A) and the closest nonbonded distance between two
sulfurs, which would be at least ~3 A. This situation would change,
however, if MgATP hydrolysis in the Fe-protein-MoFe-protein com-
plex stabilized an altered conformation in which the bridging cysteine
ligands were repositioned so that they no longer spanned the two
4Fe: 485 clusters. Since both the nucleotides and the P-cluster pair are
at subunit interfaces, propagation of conformational changes from one
site to the other would have precedence in the behavior of allosteric
enzymes. The consequence of this hypothetical change in P-cluster pair
ligation is that the reduction of the disulfide should now be sterically
acceptable. Mechanistically, the problem would then be to reconcile
the two-electron reduction of the disulfide with the one-electron redox
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properties of Fe-protein (although reports of the two-electron behavior
of Fe-protein have appeared (119)). This could be achieved by a combi-
nation of an internal redox reaction in the P-cluster pair (corresponding
formally to the oxidation of a single ferrous iron to ferric iron, accompa-
nying the transfer of an electron to the disulfide bridge), along with
the transfer of a single electron to the disulfide bridge from the Fe-
protein. Alternatively, following the ATP-hydrolysis-induced confor-
mational change, the disulfide bridge could be reduced by two electrons
transferred internally from the P-cluster pair irons, with the Fe-protein
electron formally transferred to the metal center.

Continuing with this hypothetical scenario, dissociation of the Fe-
protein—-MoFe-protein complex could follow reduction of the P-cluster
pair. If complex dissociation (the rate-limiting step for the nitrogenase
reaction) is accompanied by recoordination of the bridging cysteine
ligands to the P-cluster pair, then a very unfavorable situation results
with the reduced P-cluster pair constrained to adopt the geometry of
the oxidized center. This form of the P-cluster pair would have a very
low redox potential, and electron transfer from the P-cluster pair to
the FeMo-cofactor would be thermodynamically facilitated, resulting
in the production of superreducing electrons. Consequently, the role of
MgATP hydrolysis in this scheme would be to generate a conforma-
tional state in which the P-cluster pair is more easily reduced, followed
by dissociation of the protein—protein complex to generate low potential
electrons. The P-cluster pair would then represent the site of energy
transduction, at which the energy of ATP hydrolysis is captured as
redox energy, much as the special bacteriochlorophyll dimer in photo-
synthetic reaction centers mediates the conversion of light to redox
energy (120).

The possible existence of disulfide reduced forms of the P-cluster pair
also suggests that hydrogen evolution could occur at this site. If upon
conformationally induced separation of the reduced P-cluster pair, the
inorganic sulfides became protonated, then reformation of the disulfide
bond could result in formation of hydrogen. Hydrogen evolution by this
mechanism at the P-cluster pair would also be consistent with the
proposed mechanism of formation of the synthetic disulfide containing
complex, [Fe,S,(CO),,127, which is thought to occur via the reaction of
two [(u-S)(u-HS)Fe,(CO)]~ intermediates to yield the product com-
pound and hydrogen (108). It is also possible that a similar process
leading to hydrogen evolution could be occurring in hydrogenases.

The preceding discussion has been based on the assumption that the
P-cluster pair functions as an intermediate electron carrier between
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the Fe-protein and the FeMo-cofactor. Assuming this is correct, the
region between these two centers of the MoFe-protein would critically
influence the mechanism and kinetics of intramolecular electron trans-
fer. The edge—edge distance from the FeMo-cofactor to the P-cluster
pair is about 14 A. The homocitrate and Mo sites are on the side of
the FeMo-cofactor that is closest to the P-cluster pair. Four a-helices
(63-a'14; a88-a92; «191-x209, and 893-8106) are oriented in paral-
lel between the two metal centers and may play an important role
in electron transfer. In particular, the helices 63—-a74 and a88—a92
adjacent to the P-cluster pair ligands Cys a62 and Cys a88 provide the
most direct structural connection between the P-cluster pair and the
FeMo-cofactor, and could perhaps participate in the formation of favor-
able electron transfer pathways (121) between the two centers. Addi-
tionally, potential proton transfer pathways, such as salt-bridge and
hydrogen bonding networks, that could permit the coupling of electron
and proton transfer between the P-cluster and the FeMo-cofactor have
not been found, suggesting that these processes are not linked.

C. SuBSTRATE BINDING TO THE FeMo-COFACTOR

Great interest has been placed on understanding the structure and
properties of the FeMo-cofactor as it is the most likely site of substrate
reduction. Perhaps the key question to address is “What does the struc-
ture of the FeMo-cofactor suggest about the mechanism of dinitrogen
reduction?” Unfortunately, crystallographic evidence concerning li-
gand binding to the FeMo-cofactor is not available and may never be
available if only the more reduced forms of the cofactor generated
during turnover can actually bind substrates (122). Despite (or because
of) this lack of experimental information, some speculative aspects of
the binding of substrates to the FeMo-cofactor may be formulated and
are described below.

In attempting to deduce a mechanism for dinitrogen reduction, it is
important to consider that the primary activation barrier arises in
overcoming the kinetic stability of the dinitrogen triple bond. This
suggests that binding modes that destabilize sp hybridized nitrogen
or, alternatively, that stabilize sp® hybridized nitrogen would tend to
activate dinitrogen for reduction. A large variety of possible binding
geometries can be envisioned that involve binding of dinitrogen to one
or more of the Fe, Mo, and/or S sites (122a). Rather than attempt to
enumerate these possibilities, however, the discussion will instead be
restricted to the possible binding of dinitrogen at the trigonally coordi-
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nated iron sites of the FeMo-cofactor. It is tempting to imagine that
the unusual unsaturated coordination of these irons could provide the
site for substrate binding to the FeMo-cofactor.

The FeMo-cofactor appears to contain three-weak Fe—Fe bonds that
would be further destabilized by the distortion from idealized tetrahe-
dral geometry. Dinitrogen binding to the center of the FeMo-cofactor
would replace these Fe—Fe bonds with multiple Fe—N bonds that
would permit the iron atoms to adopt a less strained tetrahedral geome-
try (Fig. 10). Two formal resonance structures for this binding mode
can be described: one in which the nitrogen atoms are triply bonded
to each other and have only weak interactions with the irons, and a
second in which the nitrogen atoms are formally sp® hybridized with
a single bond between the nitrogens and to each of the irons. As a
result of these multiple Fe—N interactions, the sp® form of nitrogen
would be stabilized and the sp hybridized N=N triple bond should
be weakened, thereby lowering the activation barrier for dinitrogen
reduction. Reduction of N, may be considered to be a shifting of the
population of the dinitrogen bound resonance form to the hydrazine-
like bound form. This model for N, reduction appears to provide a
pathway by which large activation barriers are lowered for the most
difficult step in the reduction of an N=N triple bond to a single bond.
Effectively, this model proposes that the FeMo-cofactor acts as host for
a guest dinitrogen species, with the binding interactions occurring to
facilitate activation for reduction.

Some precedence for the binding of nitrogen to trinuclear iron has
been observed in the binding of diphenyldiazomethane to a trinuclear
iron carbonyl cluster (123), but there is no precedence for dinitrogen
binding in this fashion to well-characterized complexes. Indirect sup-
port for this binding interaction comes from a structure of C, with each
carbon coordinated to a trinuclear arrangement of cobalts (7124). What
makes this acetylene-based structure particularly interesting is that
the carbon—carbon bond distance indicates that the carbons exhibit

FiGg. 10. A hypothetical model for the binding of dinitrogen to the FeMo-cofactor.
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significant triple bonding interaction, despite their formal single bond
coordination to six metal ions. Consequently, the C—C bond may be
best described as a mixture of single and triple bonds, as proposed for
the model for dinitrogen binding to the FeMo-cofactor.

Two potential problems with this model of dinitrogen binding to the
FeMo-cofactor are recognized:

(1) In the dithionite reduced form of the MoFe-protein, the cavity
size across the bridged irons inside the FeMo-cofactor structure is too
small by ~0.5 A to accommodate N,. Consideration of the nitrogenase
mechanism suggests that the more reduced forms of the cofactor actu-
ally bind N, (122), however, and it is possible that these more reduced
forms have an increased separation distance between bridged Fe—Fe
sites. S. Lippard (personal communication) has also suggested that
protonation of the bridging sulfurs would also lead to an increased
separation distance between Fe—Fe sites. By both mechanisms, ex-
panded forms of the FeMo-cofactor that would permit N, binding could
be generated. Consequently, in this “accordion” mechanism, the cavity
inside the cofactor would expand and contract during the catalytic cycle
to accommodate or expel substrates, intermediates, and products. As
only N, is potentially small enough to coordinate inside the FeMo-
cofactor, however, alternative binding modes would have to be avail-
able for utilization by different substrates, reaction intermediates,
and inhibitors.

(2) It would be very difficult to protonate dinitrogen coordinated in-
side the FeMo-cofactor, particularly if protonation preceded electron
transfer. If, however, following reduction, the N—N group rearranges
to yield a species coordinated to only four Fe atoms, protons could in
principle be added to these nitrogens on the exterior of the cofactor.
The structure of a u,-peroxide tetrairon unit may be relevant to this
binding mode (125). The immediate source of protons for transfer to
bound intermediates could be from the hydrogen-bonding interactions
displayed by the three bridging ligands of the cofactor. Further re-
arrangements are required to complete the steps in the proposed mecha-
nism but similar rearrangements have been postulated for the reaction
of azoalkane on a trinuclear center (126). Cleavage of the N—N bond
and additional protonation reactions would yield the final product,
ammonia.

In addition to the details of dinitrogen binding to the FeMo-cofactor,
the number and sequence of electrons and protons transferred to the
substrate is a critical question. Since all known substrates of nitroge-
nase are reduced by an even number of electrons, most mechanistic
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speculation has focused on addition of (one or more) pairs of electrons
to the substrate, leading formally to the reduction sequence: dinitrogen,
diimide, hydrazine, and ammonia. The major activation barrier in this
case would be the two-electron reduction of dinitrogen to diimide. One
interesting possibility is that this barrier could be sidestepped by a
four-electron reduction process, converting dinitrogen to the hydrazine
oxidation level. This could be achieved by combination of a two-electron
donation from the P-cluster pair, coupled with two electrons stored
in the FeMo-cofactor, for example. Detailed mechanistic insight into
nitrogenase can be achieved only by the development of experimental
methods that can probe the fate of each electron transferred through
the system.

VI. Future Outlook

One of the rationales for determining the structures of the nitroge-
nase proteins was to address the question “How does nitrogenase
work?” Now that the structures are available, the same question is
still just as relevant. Mechanistically, outstanding questions include
details of the binding of substrates to the FeMo-cofactor (assuming that
this does, indeed, take place); the number and types of intermediates in
the reduction pathway and the mechanism by which they are formed;
the pathway of electrons and protons through the nitrogenase system,
including the role of the P-cluster pair; and the functional role of
MgATP hydrolysis. The available experimental evidence permits the
formulation of speculative answers to these questions, but more defini-
tive answers remain elusive. Beyond the nitrogenase mechanism, im-
portant areas of research certainly include the synthesis and character-
ization of appropriate model compounds and details of the biological
mechanism by which the active nitrogenase proteins are assembled.
The assembly of such complex enzymatic machinery and the manner
in which it might have arisen in the biological past are certainly fasci-
nating problems.

Intriguing parallels may also exist between dinitrogen binding and
activation by nitrogenase, and the industrial Haber—Bosch process.
The Haber—Bosch process utilizes an iron catalyst to accelerate the
rate of ammonia formation from dinitrogen and hydrogen. Various
studies have demonstrated that the iron crystal surface with the high-
est catalytic activity is the Fe(111) plane (127). The iron sites on this
surface are arranged with threefold symmetry, as are the bridging
irons in the FeMo-cofactor. Additionally, Fe—Fe separations of ~2.5
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and ~3.8 A are observed in both types of catalysts. Significantly, bind-
ing of dinitrogen to the Fe(111) surface is accompanied by dissociation
to atomic nitrogen, demonstrating that nitrogen—iron binding interac-
tions can be sufficiently strong to weaken and/or break the nitrogen—
nitrogen triple bond. It would indeed be ironic if it has taken ~80 years
to recognize that an industrial process devised earlier this century
actually mimics mechanistic features of the then undiscovered nitroge-
nase system.
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