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discovery which might explain its presence in the genomes of non-nitrogen fixing
organisms. It has been suggested the original function of nitrogenase may have been to
reduce cyanides toxic to primitive organisms. Later, as available reserves of cyanide and
ammonia were exhausted, the ability to reduce nitrogen to ammonia would have provided
an evolutionary advantage in environments where fixed nitrogen sources were scarce. It is
possible that the nifH-like sequences are not expressed in these organisms, but rather are
evolutionary remnants. However, extensive evolution is inconsistent with the hypothesis
that Archae are truly ancient organisms.

The dimeric nature of Fe protein provides another evolutionary puzzle. Many P-
loop nucleotide-binding proteins are functional monomers, which suggests that Fe protein
also evolved from a monomeric species. However, most of these proteins do not contain a
metallocenter. Perhaps the monomer contained a ferredoxin-like Fe,S, cluster, but found
additional stability (and a lower reduction potential) in dimerization to form the cubane

Fe,S, cluster. Alternatively, the presence of the Fe:S cluster may have evolved after
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dimerization. Understanding the nature of Fe protein evolution may provide insight into the
more complex issue of MoFe protein cluster formation and evolution.

The nature of cooperativity in nucleotide binding and hydrolysis in the Fe protein
also remains a focus of interest. The requirement for two nucleotides to transfer a single
electron to the MoFe protein may be puzzling upon first inspection. However, it is possible
that the positioning of the nucleotide, 19 A from the cluster, merely acts as a fulcrum for
effecting the conformational change required for optimal binding to the MoFe protein. This
might help to explain the need for two nucleotides, to maintain symmetric movements
within and between the subunits. Watt and coworkers have proposed that a 2e transfer
from the Fe protein to the MoFe protein is possible (Watt et al., 1994), which would
almost certainly require the presence of two nucleotides. Further investigation will be
necessary to elucidate the details of cooperativity in nitrogenase.

The emerging picture of nitrogenase indicates that the Fe protein is a molecule of
multiple functions and, indeed, multiple structures. Fe protein is involved not only in
nucleotide hydrolysis and electron transfer, but also in FeMo cofactor biosynthesis and
assembly. Additional functions, and perhaps additional conformational changes, may await
discovery, as details emerge about the interactions between Fe protein and its electron
donor (flavodoxin or ferredoxin), or between Fe protein and the NifEN scaffold protein.
The available structures of Fe protein, alone and in complex with the MoFe protein, reveal
at least two dramatically different Fe protein conformations. Comparisons between the
(AlF,®eAv2),Avl and (L127A),Avl nitrogenase complex structures show discernible
differences even within the complexed Fe proteins. These variations may account for their
functional differences: the inactive (AlF, #Av2),Av] complex is a transition state analog
(Renner and Howard, 1996; Duyvis et al., 1996), whereas L 127A has been shown capable
of transferring a single electron to the MoFe protein P-clusters in the absence of nucleotide
(Lanzilotta and Seefeldt, 1996). The tight-binding nature of the L127A complex prevents

its dissociation and, hence, substrate reduction. Similarly, the three available uncomplexed
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Fe protein structures, Cp2 at 2.0 A resolution, P2, Av2 at 2.9 A resolution, and P2,2,2,
Av2 at 2.2 A resolution, are not identical. For instance, changes in the protein structure
caused by crystal packing interactions in the 2.2 A resolution Av2 structure reveal a
plasticity in the MoFe binding surface which may be functional, perhaps participating in the
initial steps of complex formation. Taken together, the various structures suggest that a
continuum of iron protein structure exists, reinforcing our perception of nitrogenase as a
dynamic enzyme.

Integration of biochemical, genetic, spectroscopic, synthetic, and structural
information about nitrogenase has vastly enhanced our understanding of the general
processes in biological nitrogen fixation. This multidisciplinary approach perhaps reflects
the very symbiosis in which many nitrogen-fixing organisms live. The availability of a
structural framework allows for informed interpretation of the results of genetic or
spectroscopic results. In turn, easily manipulated nitrogenase genetic systems allow the
functions of individual protein residues to be probed. Taken together, the range of research
approaches forges a molecular picture of biological nitrogen fixation. Application of a fully
detailed understanding of nitrogenase brings the possibility of enhanced agricultural
productivity, reduced reliance on commercially produced fertilizers, and a more balanced
ecosystem. However, the benefits of nitrogenase knowledge extend beyond potential
applications to agriculture and industry. Similarities between nitrogenase and other signal
transduction proteins such as p21 ras, transducin and F1 ATPase suggest a general
mechanism in molecular gating pathways, impacting such diverse fields as regulation and
DNA recombination. Details of the nitrogenase system may be relevant to studies of other
electron transfer systems, particularly to those with novel metallocenters. Finally,
nitrogenase knowledge may be extended to general areas of protein-protein interaction and

to other large, dynamic macromolecular assemblies.
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