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(ABSTRACT) 

Site-directed mutagenesis and gene replacement were used to probe the pathway 

of electron transfer in nitrogenase by substituting single or groups of amino acid residues 

that, within the current view of component protein docking and nitrogenase catalysis, are 

likely to be involved in inter- or intra-molecular electron transfer. Intermolecular electron 

transfer was probed by substituting charged residues that, within the model for component 

protein docking proposed by Rees and Howard (Kim and Rees. 1992. Nature 360:553-60; 

Howard. 1993. In Molybdenum Enzymes, Cofactors and Model Systems, eds. EI Stiefel, 

D Coucouvanis, and WE Newton, pp.271-89. Washington DC: Am. Chem. Soc. 387 pp), 

are likely to be involved in electrostatic interactions that facilitate component protein 

association or dissociation. Intramolecular electron transfer was probed by substituting 

residues which are located in the polypeptide matrix that separates the P cluster and the 

iron-molybdenum cofactor based on the generally accepted view that the P cluster is an 

intermediate in electron transfer from the Fe protein to the iron-molybdenum cofactor at 

the substrate reduction site. 

The results of the biochemical characterization of a hybrid Azotobacter vinelandii- 

Clostridium pasteurianum Fe protein indicate that the region of the A. vinelandii Fe 

protein defined by residues 59 through 67 is involved in Fe protein-MoFe protein 

interaction. The rationale for construction of this hybrid Fe protein was based partially on 

the observation that the Fe protein from (. pasteurianum forms a tight-binding inactive 

complex with the MoFe protein from A. vinelandii. Detailed studies involving NaCl 

sensitivity and component protein ratio titrations suggest that this region may have a



specific role in component protein dissociation. Further studies involving substitution of 

individual residues of the MoFe protein indicate that «-Asp’® is involved in component 

protein interaction. 

MoFe protein intramolecular electron transfer was probed by placing amino acid 

substitutions at B-Tyr’®, which is located directly between the P cluster and the iron- 

molybdenum cofactor. The results of the biochemical characterization of an altered MoFe 

with B-Tyr”® substituted by His, support the generally accepted view that electron transfer 

from the Fe protein to the substrate reduction site involves the P cluster as an intermediate 

electron acceptor. It was also indicated that the P cluster may be able to accept more than 

one electron, which is consistent with the mechanism of P cluster reduction suggested by 

Rees (Rees DC, Chan MK, Kim J. 1993. Adv. Inorg. Chem. 40:89-119).
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ABBREVIATIONS 

The abbreviations and nomenclature used were as follows: MoFe protein is equivalent to 

component 1; Fe protein is equivalent to component 2. The abbreviations of these 

proteins, according to species are: Av1, Cp] and Kp1, MoFe proteins from Azotobacter 

vinelandii, Clostridium pasteurianum, and Klebsiella pneumoniae, respectively; Av2, 

Cp2, and Kp2, Fe proteins from A. vinelandii, C. pasteurianum, and K. pneumoniae, 

respectively. AvCp2 indicates the hybrid Fe protein produced by strain DJ911. The 

oxidation state of the Fe protein, the identity of the bound nucleotide, and Fe 

protein—MoFe protein complexes are designated according to the convention described by 

Thorneley and Lowe, (1984). As examples, a complex of the MoFe protein and Fe 

protein from A. vinelandii is indicated as Av1—Av?2; the oxidized, MgADP-bound form of 

the A. vinelandii Fe protein is indicated as Av2,,(MgADP),; and the oxidized, 

MgADP-bound form of the Fe protein complexed to the MoFe protein is indicated as 

Av2,,(MgADP),~—Av1. Individual amino acids of either the Fe protein or MoFe protein 

are indicated by the three letter abbreviation for the amino acid followed by the residue 

number in superscript and in the case of the MoFe protein residues the subunit designation 

is used. For example, MoFe protein a-subunit residue aspartate-161 is indicated «-Asp'™. 

In the same manner, an amino acid substitution is indicated by replacing the original amino 

acid with the resulting amino acid. For example, the substitution a-Asp'®' by Asn is 

represented as a-Asn’®!, AvFldII is flavodoxin II from A. vinelandii; HQ, hydroquinone; 

SQ, semiquinone; HEPES, (N-[2-Hydroxvethyl] piperazine-N’ -[2-ethanesulfonic 

acid]), SDS-PAGE, sodium dodecyl sulfate-polvacrylamide gel electrophoresis.



PURPOSE 

Biological nitrogen fixation is catalyzed by the complex metalloenzyme 

nitrogenase, consisting of two separable components termed the Fe protein and the MoFe 

protein reflecting the metal content of their respective prosthetic groups. The Fe protein 

is a dimer of identical subunits (Mr = 63,000) bridged by a single Fe,S, cluster which 

serves as the unique electron donor to the MoFe protein. The MoFe protein is an «,B, 

tetramer (Mr = 230,000) which contains two types of metalloclusters, P clusters (Fe,S,) 

and iron-molybdenum cofactors (Fe,S,Mo-homocitrate). Nitrogenase catalysis involves 

the sequential delivery of single electrons from the Fe protein to the MoFe protein, which 

contains the substrate binding and reduction site. Since the reduction of dinitrogen to 

ammonia requires a minimum of six electrons, there must be a mechanism by which 

multiple electrons can be accepted and stored within the MoFe protein while maintaining 

unidirectional electron flow. 

Prior to the availability of x-ray crystallographic models for both component 

proteins, very little work had focused on probing the specific pathways of electron transfer 

in nitrogenase. As a result of the elucidation of the structure of both component proteins 

in 1992, a model for component protein docking was proposed that places the Fe,S, 

cluster of the Fe protein in close proximity to the MoFe protein's P cluster (Kim and Rees, 

1992b; Howard, 1993). This is consistent with the long accepted view that electrons are 

transferred from the Fe protein's Fe,S, cluster to the MoFe protein's P cluster before their 

involvement in substrate reduction at the iron-molybdenum cofactor. In the discussion of 

the docking model, as well as the detailed description of the x-ray crystallographic 

structure, specific regions of the Fe protein and the MoFe protein were implicated as 

possibly having a role in component protein interaction. Similarly, regions of the MoFe 

protein were suggested as being involved in intramolecular electron transfer between the P 

cluster and the iron-molybdenum cofactor (Kim and Rees, 1992b; Howard, 1993; Kim and 

Rees, 1994). 

In this study, the pathway of nitrogenase electron transfer was probed by using



site-directed mutagenesis to place either single or groups of amino acid substitutions 

within the regions proposed by Rees and Howard to be involved in either the component 

protein interaction that facilitates intermolecular electron transfer or the intramolecular 

electron transfer between the P cluster and the iron-molybdenum cofactor within the 

MoFe protein. The results of the detailed biochemical characterization of several of the 

altered nitrogenase component proteins constructed using this strategy are described and 

discussed in the context of an overall mechanism of electron transfer in nitrogenase.



LITERATURE REVIEW 

This literature review was prepared by Dr. Dennis Dean, Dr. Kar! Fisher and 

myself as a manuscript entitled "Nitrognease Structures: A biochemical-genetic 

perspective" which was submitted to be included in the 1995 Annual Review of 

Microbiology. Steve Muchmore and Jeff Bolin of Purdue University assisted in 

demonstration of the Molscript program used in generating most of the illustrations. 

Introduction 

Nitrogenase is a complex, two-component, metalloenzyme which catalyzes the 

MgATP dependent reduction of N, to yield two molecules of NH;. This catalytic 

reduction of N, is called biological nitrogen fixation and the stoichiometry of the reaction 

is usually indicated as: 

N, + 8e + 8H’ + 16MgATP ~ 2NH,+H,+ 16MgADP + 16 Pi 

Nitrogen fixation, together with the processes of nitrification and denitrification, comprise 

the biogeochemical nitrogen cycle. There 1s considerable agronomic and ecologic 

relevance to biological nitrogen fixation research because the availability of a utilizable or 

“fixed” form of nitrogen frequently limits plant productivity. In agronomic situations 

where a fixed source of nitrogen is limiting, the application of industrially produced 

nitrogenous fertilizers is often used to increase productivity. Industrial formation of such 

nitrogenous fertilizers is expensive because the process necessitates the consumption of 

non-renewable fossil fuels. Furthermore, the run-off which occurs after application of 

industrially formed fertilizers represents a source of environmental pollution. Another 

aspect which concerns the agronomic significance of biological nitrogen fixation is that 

some nitrogen-fixing microorganisms, for example the rhizobia, are capable of 

establishing a symbiotic association with certain crop plants. In such a relationship the



microorganism benefits by catabolism of “fixed” carbon provided by plant photosynthesis 

and the plant benefits by utilization of nitrogen fixed by the microorganism. Within this 

framework of a symbiotic relationship, any improvement in the biochemical process of 

nitrogen fixation or any expansion in the ability of microorganisms to endow 

agronomically important plants with the ability to fix nitrogen by establishing novel 

symbiotic relationships could represent economically beneficial and ecologically sound 

avenues for increasing plant yield. In addition, plant—microbe interactions involving 

agronomically beneficial symbiotic relationships can be considered an example of 

controlled plant pathogenesis and, thus, studies on such processes provide a paradigm for 

understanding the nature of plant infection by microorganisms. Biological nitrogen 

fixation is also of general interest to microbiologists because the extreme oxygen Jability of 

the biochemical process has restricted it to microorganisms, and to only those that are 

either capable of anaerobic metabolism or those that have developed mechanisms for 

protecting the catalytic system from oxygen inactivation. Finally, because nitrogenase 

catalysis involves familiar biochemical processes such as protein-protein interaction, signal 

transduction, and electron transfer reactions, studies on the enzymology of nitrogenase are 

of general relevance. 

In 1992 a major advance in nitrogen fixation research was achieved when 

crystallographically determined three—dimensional models were proposed for both of the 

nitrogenase component proteins and their associated metalloclusters (Georgiadis ef al., 

1992; Kim and Rees, 1992a; Kim and Rees, 1992b; Bolin ef a/., 1993a; Bolin et al., 

1993b; Chan et a/., 1993; Rees ef a/., 1993b). Since then several comprehensive reviews 

and brief overviews which describe various aspects of the structural features of the 

nitrogenase component proteins and their mechanistic implications have appeared (Dean ef 

al., 1993; Mortenson et al., 1993; Rees et al., 1993a; Eady and Leigh, 1994; Howard and 

Rees, 1994; Kim and Rees, 1994). Also, a number of reviews were published shortly 

before the availability of the three dimensional models (Burgess, 1990; Burris, 1991: 

Newton, 1992; Smith and Eady, 1992; Yates, 1992) and these provide excellent 

summaries of the biochemical and kinetic features of nitrogenase catalysis. In the present



chapter we have attempted to avoid extensive overlap with these other reviews by limiting 

our discussion to a description of several biochemical-genetic strategies that have been 

used to alter the nitrogenase component proteins as an approach to probe their structural 

and functional properties. The experimental rationale for certain of these experiments, 

formulated prior to the availability of structural information, are presented and are 

discussed in the context of the recently proposed crystallographic models for the 

nitrogenase component proteins. 

Overview 

The two component proteins of the nitrogenase complex, which can be separately 

isolated from each other, are often designated as the Fe protein and the MoFe protein. 

These terms reflect the metal compositions of the prosthetic groups contained within the 

respective component proteins. The Fe protein is a y, homodimer (Mr = 60,000; encoded 

by nifH) which contains 4 Fe atoms organized into a Fe,S, cluster, and the MoFe protein 

is an a, B, heterotetramer (Mr = 250,000; a encoded by nifD, and B encoded by wifK) 

which contains 30 Fe atoms and 2 Mo atoms organized into two pairs of metalloclusters, 

referred to as P clusters (Fe,S,) and FeMo-cofactors (Fe,S,Mo—Homocitrate). The 

structures and proposed functions of the nitrogenase metal clusters are described in detail 

in a later section. Figure | shows ribbon diagrams of two different views which represent 

the current model for the interaction of the Azotobacter vinelandii Fe protein with the 

MoFe protein that occurs during catalysis. 

As a Starting point for discussion of nitrogenase enzymology, a number of basic 

mechanistic features of the process, yenerally accepted for a number of years, but not 

necessarily experimentally proven for every case, are summarized as follows: 1. During 

catalysis electrons are delivered one at a time from the Fe protein to the MoFe protein. 2. 

The path of electron transfer occurs primarily towards substrate reduction. 3. 

Intermolecular electron transfer requires the association and dissociation of the component



  
Figure 1. Ribbons diagrams (Kraulis, 1991) of the A. vinelandii Fe protein homodimer 
and an «fB—unit of the MoFe protein. The two different views, (a) and (b), represent 90 

degree rotations about the y-axis. The associated metalloclusters are represented by 
space-filling models. The view in both (a) and (b) shows the Fe protein (top) poised for 
interaction with the MoFe protein (bottom) and is based on the docking model proposed 

by Rees and Howard (Kim and Rees, 1992b; Howard, 1993; Howard and Rees, 1994). It 

can be seen that upon docking the Fe protein’s Fe,S, cluster is positioned in the closest 
possible proximity to the MoFe protein’s P cluster. 
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proteins and the hydrolysis of at least two molecules of MgATP for each electron 

transfered. 4. Dissociation of the component proteins following intermolecular electron 

transfer is rate limiting. 5. The MgATP binding sites are located within the Fe protein but 

no MgATP hydrolysis or intermolecular electron transfer occurs without formation of the 

Fe protein-MoFe protein complex. 6. The MgATP binding site and the Fe,S, cluster are 

separately located within the Fe protein and they are unlikely to come within intimate 

contact with each other at any stage of catalysis. 7. Multiple rounds of intermolecular 

electron transfer must occur before any substrate is reduced. 8. The P cluster and 

FeMo-cofactor are separate entities that do not directly interact with each other. 9. The P 

cluster is the immediate acceptor in the intermolecular electron transfer event and probably 

brokers the intramolecular delivery of electrons to the FeMo-cofactor. 10. 

FeMo-cofactor provides the substrate reduction site. 11. The tetrameric MoFe protein 

contains two separate, but identical, substrate reduction sites, each contained within an 

individual «B unit of the MoFe protein. 12. Nitrogenase catalyzes evolution of one H, for 

every N, reduced. 13. Nitrogenase is able to reduce a variety of substrates other than N,, 

most notably acetylene, which may be reduced by two electrons to yield ethylene. 14. In 

the absence of any other reducible substrate, nitrogenase catalyzes proton reduction to 

yield H,. 15. All other conditions being equal, the total electron flux through the system is 

independent of the substrate reduced. Total flux refers to the sum of the rate of the total 

electrons distributed to all products under any particular condition. 16. N, isa 

competitive inhibitor of acetylene reduction but acetylene is a non-competitive inhibitor of 

N, reduction. 17. CO is not a nitrogenase substrate but is a non-competitive inhibitor of 

al] substrates except protons. 18. No matter what the substrate, in the presence of CO, 

electron flux remains unchanged but is directed exclusively to proton reduction. 

From these considerations it can be seen that the essential mechanistic issues 

associated with nitrogenase catalysis involve: (a) the role of MgATP in component protein 

interaction and electron transfer, (b) the nature of the interaction between the nitrogenase 

component proteins, (c) how the individual metalloclusters communicate with each other 

to accomplish their respective roles in mediating electron transfer, substrate binding, and



substrate reduction, (d) where and how multiple electrons are accumulated and stored 

within the MoFe protein prior to substrate binding and reduction, and (e) how and at what 

redox state(s) are various nitrogenase substrates and inhibitors bound to the active site. 

One powerful approach towards addressing these issues is to specifically alter the 

polypeptide environments (or structures) of the individual metalloclusters, or modify the 

MgATP binding site, and subsequently determine the spectroscopic, redox, and catalytic 

consequences that result from such alterations. This approach is now being vigorously 

pursued in several laboratories through alteration of the primary sequences of the 

nitrogenase component proteins by mutagenesis of the appropriate genes, and by 

structural alteration or elimination of the FeMo-cofactor by mutagenesis of genes 

involved in its assembly. In the following section we briefly summarize a gene 

replacement approach that has been used for site-directed mutagenesis of the nitrogenase 

structural genes from A. vinelandii. Subsequently we describe strategies that were used to 

target certain residues or regions for substitution without the benefit of structural models 

and, finally, the results of these “site-directed” amino acid substitution studies are 

discussed in the context of the structural models now available. 

Gene Replacement 

The genetic complexity of the nitrogenase system has denied the application of 

traditional molecular genetic strategies where altered proteins are hyperproduced in 

Escherichia coli using a heterologous expression system. The reason for this is that the 

primary translation products of the if structural genes are not active, but require a 

consortium of other #/f—specific gene products for their maturation (reviewed in Dean and 

Jacobson, 1992; Dean ef a/., 1993). Also, the use of multicopy plasmids that are able to 

replicate in the native host are of little use because an elevation in the copy number of one 

nif—specific gene can unbalance the expression of other nif—specific genes by sequestering 

the available nif-specific activator molecules (Benyon ef al, 1983). This problem has 

been successfully circumvented by using a low-copy-number plasmid (Kent ef a/., 1989),



but the approach is somewhat complicated because the recipient must have the 

corresponding chromosomal region inactivated without affecting expression of any of the 

other linked »if—specific genes. It was for these reasons that a gene replacement strategy 

was developed for genetic manipulation of the nitrogenase structural genes from A. 

vinelandii (Brigle et al., 1987a). In this context gene replacement refers to the exchange 

of a gene that has been modified by in vitro techniques, for example by site-directed 

mutagenesis, for the corresponding chromosomally encoded gene. The major advantages 

of the gene replacement technique are that it avoids any deleterious effect that could arise 

indirectly through an unbalance of nif—specific gene expression and, providing they are not 

placed under severe selective pressure, the resulting mutant strains are stable. A. 

vinelandii is ideally suited for the gene replacement strategy because there is a highly 

efficient method for transformation (Page and von Tigerstrom, 1979) and high frequency 

of homologous recombination inherent to this organism. The technical aspects of the gene 

replacement procedure have been described in detail (Robinson ef a/., 1986; Brigle et a/., 

1987a) and a schematic representation is shown in Figure 2. 

Assignment of MoFe Protein Metallocluster Domains 

Once it became established that reasonably facile methods for site-directed 

mutagenesis and gene-replacement could be applied to the nitrogenase system, the next 

challenges became targeting specific amino acids for substitution and deciding which 

amino acids should be used as substituting residues. Because these studies were initiated 

without the benefit of structural models, it was necessary to use indirect methods to target 

individual residues and specific regions for modification. Although these indirect 

approaches have now been largely superseded by the availability of detailed structural 

information, there are several reasons why it remains worthwhile to summarize and 

comment on the logic employed in these initial studies. First, because the information and 

assumptions used to guide early amino acid substitution studies turned out to be 

essentially correct, the success of the approaches used in assigning functionally important 

10



A H AD K Nif 7 
  

  

  

  

  
  

  

  

  

  

  

  

  

  

chromosome 

q—mutation vector 

+ e+ 
chromosome — 1 7 Nif 

B 4 
chromosome H D K Nif 

___H 1H __ + 

aA, € mutation vector 
mn _ 

Nif chromosome 4 1 4 
  

  

Figure 2. Gene replacement strategy. A specific mutation is first introduced into a hybrid 
plasmid which contains a portion of a nitrogenase structural gene using traditional in vitro 
site-directed mutagenesis techniques. The hybrid plasmid which carries the site-directed 
mutation is indicated as “mutation vector” in the figure and the mutation is indicated as a 
dot. Dunng transformation with the mutation vector, DNA allelic exchange may occur by 
double reciprocal recombination events between homologous regions of the hybrid 

plasmid and the chromosome. In the figure, such reciprocal recombination events are 

indicated .-y crosses between the chromosome segments and the muta.:on vector. A silent 
or leaky mutation, i.e. one that does not result in a Nif’ phenotype, can be introduced into 

the A. vinelandii genome by transformation of a Nif’ strain that carries a defined deletion 
to prototrophy (A). A mutation that results in a Nif’ phenotype can be introduced into the 

genome by transforming the wild-type strain to the Nif character as indicated in (B). 
This is accomplished by congression using rifampicin as the selectable marker followed by 
scoring nfampicin resistant transformants for the Nif phenotype. 
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residues demonstrates the feasibility of designing informative amino acid substitution 

studies without necessarily having a structural model in-hand. Second, the fact that 

conclusions from amino acid substitution studies and the nitrogenase structural models are 

in substantial agreement justifies confidence that both techniques have arrived at a truly 

correct picture. The same point can be made equally well for spectroscopic studies, such 

as extended x—ray absorption fine structure, electron nuclear double resonance, and 

electron spin echo envelope modulation that were also successfully used to gain many 

structural insights concerning the nitrogenase associated metalloclusters and their 

respective polypeptide environments prior to the emergence of the crystallographically 

determined models (see discussions in Burgess, 1990; Newton, 1992; Chen ef a/., 1993). 

Third, because of previous success, together with indications of the reliability of the 

information obtained by the various techniques, it can now be anticipated that a 

combination of sophisticated biophysical, kinetic, genetic, and structural approaches will 

provide a basis for gathering substantially more detailed mechanistic information about 

nitrogenase than now available. This situation underscores the importance of developing 

technologies in parallel rather than waiting for one or another technique to take the lead 

when attempting to understand complex biological processes. Below we describe criteria 

that were used to target potential metallocluster environments within the MoFe protein as 

an example of the logic involved in the development of amino acid substitution studies for 

analysis of the nitrogenase system. Results from experiments using both K. pneumoniae 

and A. wnelandii are discussed in this chapter but, for clarity and consistency, all numbers 

will refer only to the A. vine/andii primary sequences. 

Site-directed mutagenesis programs for study of the nitrogenase MoFe protein 

were initiated both in Blacksburg (4. vinelandii model system) and in Sussex (K. 

pneumoniae model system) at about the same time, and at about the same time both 

groups proposed detailed assignments of the polypeptide environments for the 

metalloclusters contained within the MoFe protein to guide their respective amino acid 

substitution strategies (Brigle ef a/., 1985; Kent ef a/., 1989; Dean ef a/., 1990a, Dean et 

al., 1990b; Kent ef al., 1990; Scott ef al., 1990; May ef al., 1991; Scott et al., 1992). 
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Although formulated independently, the common features of both models were essentially 

the same. The following information was used to target potential metallocluster 

polypeptide environments and to assign their spatial arrangements within the MoFe 

protein. 1. MoFe protein primary amino acid sequences from a variety of different 

organisms were compared. 2. The MoFe protein a—- and B-subunit primary sequences 

were compared to each other. 3. The MoFe protein a— and B-subunit primary sequences 

were respectively compared to the primary sequences of the nifE and nifN gene products. 

4. The requirements for chemical extrusion and the spectroscopic features of the 

metalloclusters were considered. 5. The chemical reactivities of the isolated clusters were 

taken into account. 6. Metallocluster binding motifs from other organisms were 

considered. 7. The results of amino acid substitution studies were taken into account as 

such data became available. Described below are salient features that emerged from these 

considerations and the experimental basis for making the assignments. 

Assignment: Each 8-Fe-containing P cluster is coordinated to the MoFe protein 

through cysteine ligands provided by residues «—Cys™, a—Cys®*, a—Cys’**, B-Cys”, 

B-Cys” and B-Cys’® and is solvent exposed or is located close to the polypeptide’s 

surface. Rationale: (1) Fe-S clusters are typically bound to proteins through cysteine 

ligands and can be quantitatively extruded by unfolding the protein in an organic solvent in 

the presence of excess thiols (Orme-Johnson and Holm, 1978). Extrusion of P clusters by 

this method (Kurtz ef al., 1979), therefore, indicated cysteine ligands coordinate this 

cluster. (11) These Cys residues are strictly conserved in all known MoFe protein 

sequences and are, therefore, likely to be functionally important (reviewed by Dean and 

Jacobson, 1992). (111) Spatial and primary sequence conservations are observed when 

regions surrounding residues «a—Cys®", a—Cys**, and a-Cys'** are compared to the 

corresponding regions surrounding residues B-Cys”, B-Cys”’ and B-Cys'* (Lammers 

and Haselkorn, 1983; Thony e/ a/., 1985; Holland ef al., 1987). Such similarities in both 

spatial arrangement and primary sequence satisfy the requirement for four structurally 

similar domains within the MoFe protein that, on the basis of Mossbauer studies (Dunham 

et al., 1985, McLean er al., 1987), are needed to accommodate the P clusters. (iv) 
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Because the Fe protein’s Fe,S, cluster is bridged between identical subunits (Hausinger 

and Howard, 1983: Howard ef al., 1989) it was expected that during component protein 

interaction it would contact the MoFe protein at an interface that provides some aspect of 

two-fold symmetry. Although there are no repeated motifs within the primary sequences 

of either the w—subunit or the B-subunit, sequence conservation recognized between the 

subunits, which includes the proposed P cluster ligands, could accommodate such an 

arrangement. (v) A near surface location for P clusters is expected if they are primary 

acceptors during the intermolecular electron transfer event. 

Assignment: The MoFe protein a—-subunit Cys*”’ residue provides the only thiolate 

ligand to FeMo-cofactor and it is coordinated to an Fe atom within FeMo-cofactor. 

Rationale: (i) Thiols react with isolated FeMo-cofactor in a 1-to—1 stoichiometry 

indicating the presence of a single thiol ligand to FEMo-cofactor in its protein—bound 

form (Burgess ef al., 1980b; Conradson ef a/., 1988). (ii) Nuclear magnetic resonance 

and extended x-ray absorption spectroscopies indicated that an Fe atom provides the 

thiol-reactive site on isolated FeMo-—cofactor (reviewed in Burgess, 1990; Newton, 

1992). (iii) The a-Cys’” residue is strictly conserved and it is contained in a region 

exhibiting high primary sequence conservation (Dean and Jacobson, 1992). (iv) Other 

cysteines were already assigned as potential P cluster ligands. (v) Residue «—Cys’” is the 

only cysteine residue flanked by residues having amide functions, which might be 

displaceable by N-methyl formamide, the chaotropic organic solvent commonly used to 

extract FeMo-cofactor from its polypeptide matrix (Shah and Brill, 1977). (vi) The MoFe 

protein a—Cys’” residue has an analogous residue conserved in the nifE gene product 

sequence, E-Cys**’ (Dean and Jacobson, 1992). The wifE and nifN gene products bear 

significant primary sequence identity when compared to the MoFe protein a— and 

B-subunits, respectively, and they form a heterotetrameric complex that is proposed to 

provide a scaffold upon which FeMo-cofactor 1s assembled (Brigle ef a/., 1987b; Paustian 

et al., 1989 also, see below). (vii) In the native MoFe protein, residue «—Cys’” is 

refractive to alkylation but is hyper-reactive to alkylation in an apo-form of the MoFe 

protein which lacks FeMo-factor (J Howard, personal communication). In other words, 
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when bound to the MoFe protein, FeMo-cofactor protects residue «—Cys””* from 

alkylation. (viii) MoFe protein from a mutant strain that has a—Cys””* substituted by 

a—-Ala?” has approximately the same electrophoretic mobility when electrophoresed under 

non-denaturing conditions as the apo—MoFe protein, but a different mobility when 

compared to the native MoFe protein (Kent et a/., 1990). This result indicated that a thiol 

group at the a-residue’” position is required to keep FeMo-cofactor attached to the 

MoFe protein. (ix) When residues that flank «-Cys*” are substituted by certain other 

residues there is a perturbation in the S = 3/2 EPR signal characteristic of protein-bound 

FeMo-cofactor (Dean ef al., 1990a). 

Assignment: FeMo-cofactor 1s contained entirely within the MoFe protein 

195 191 and «w—His!”?. a—subunit and interacts with domains which include residues «—Gln 

Rationale: (i) Once FeMo-cofactor is assembled upon the »ifEN products scaffold it must 

escape from the biosynthetic complex during maturation of the MoFe protein. It was 

therefore predicted that an FeEMo-cofactor—binding domain located within the nifEN 

products complex is likely to be structurally similar but functionally inequivalent when 

compared to the corresponding domain contained within the MoFe protein (Brigle et al, 

1987b; Scott ef a/., 1990). Namely, certain functional groups contained within the MoFe 

protein that serve to keep FeMo-cofactor attached to the MoFe protein might not be 

duplicated in the biosynthetic scaffold. In this way comparison of the MoFe protein 

a—subunit and the nifE gene product primary sequences identified the MoFe protein 

residues «-Gln'! and a—-His'”’ as likely being located within an FeMo-cofactor—binding 

domain (Scott et al., 1990). (ii) The «—Gln'”' residue was targeted as interacting with the 

homocitrate moiety because substitution by «—Lys’! results in a biochemical phenotype 

similar to one where homocitrate has been replaced by citrate (Hawkes ef al., 1984; Scott 

etal., 1992). (ii) Electron spin echo envelope modulation (ESEEM) spectroscopic 

comparison of isolated and MoFe protein-bound FeMo-cofactor revealed an 

N-coordination to the FeMo-cofactor present only in the protein—associated species. 

This modulation was assigned as arising from a deprotonated N-ligand provided by a 

histidine residue (Thomann ef a/., 1987). Because substitution of a-His!*’ by «—Asn’*° 
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eliminated the characteristic ESEEM signal, it was suggested that FeMo-cofactor is either 

covalently bound to the MoFe protein through a-His'® or that «—His'” is necessary for 

N-coordination by some other residue (Thomann ef a/., 1991). (iv) It was not 

considered likely that the MoFe protein B-subunit participated directly in FeMo-cofactor 

binding because comparison of the primary sequences of the A. vinelandii MoFe protein 

6-subunit and the nifN gene product revealed relatively lower sequence identity than did 

comparison of the MoFe protein «~subunit and the ni/E gene product (Brigle et al., 

1987b). 

Fe Protein-Nucleotide Binding and Hydrolysis 

A ribbons diagram of the Fe protein structural model is shown in figure 3. The key 

function of the Fe protein is coordination of MgATP binding and hydrolysis with electron 

transfer between its Fe,S, cluster and the MoFe protein’s P cluster. Upon binding of 

MgATP the Fe protein undergoes a conformational change that is manifested by a 

lowering of the redox potential of its Fe,S, cluster, changes in the line shape of its 

characteristic electron paramagnetic resonance (EPR) spectrum , and an increased 

susceptibility of its Fe,S, cluster to specific Fe chelators (reviewed in Mortenson ef al, 

1993). It is likely that such changes reflect a repositioning of the Fe,S, cluster so that it 

becomes poised for the electron transfer event which is coupled to MgATP hydrolysis, 

which, in turn, 1s triggered by Fe protein—MoFe protein complex formation. Concerning 

the mechanism of nucleotide binding and hydrolysis, and their role in catalysis, there are 

three important issues to be considered. First, because the nucleotide binding site and the 

Fe,S, cluster are separated by about 20 A (Georgiadis ef al., 1992; figure 3), there must be 

a mechanism for communication between these two sites. Second, because formation of 

the Fe protein—MoFe protein complex ts an absolute requirement for nucleotide 

hydrolysis, there must be reciprocal interactions between the two protein partners which 

ultimately leads to MgATP hydrolysis, electron transfer, and dissociation of the ternary 

complex. Third, there must be a mechanism that ensures the direction of electron flow 
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Figure 3. Ribbons diagram (Kraulis, 1991) of the A. vinelandii Fe protein homodimer. A 

space-filling model of the Fe,S, cluster which bridges the identical subunits is located at 
the top of the structure. One ball-and-stick ADP molecule is shown bound in the 

intersubunit configuration. Ball—and-stick molybdate ions also indicate where residues 
which comprise the two Walker A nucleotide binding motifs, one per each subunit, are 

located. 
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