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Azotobacter vinelandii NITROGENASE : ROLE OF THE MoFe PROTEIN
o-SUBUNIT HISTIDINE-195 RESIDUE IN CATALYSIS

by
ChulHwan Kim
Committee Chairman: Dennis R. Dean

Biochemistry and Anaerobic Microbiology
(ABSTRACT)

Site-directed mutagenesis and gene replacement procedures were used to isolate mutant
strains of Azotobacter vinelandii that produce altered MoFe proteins where the a-subunit
residue-195 position, normally occupied by a histidine residue, was individually
substituted by a variety of other amino acids. Structural studies have revealed that this
histidine residue is associated with the FeMo-cofactor binding domain and probably
provides an NH—S hydrogen bond to a central bridging sulfide located within FeMo-
cofactor. The present study investigates the role of the a-histidine-195 residue in
nitrogenase catalysis by examining the altered MoFe proteins.

Comparisons of the catalytic and spectroscopic properties of altered MoFe proteins
produced by the A.vinelandii mutant strains suggest that the o-histidine-195 residue has a
structural role which serves to keep the FeMo-cofactor attached to the MoFe protein and to
correctly position the FeMo-cofactor within the polypeptide matrix such that N, binding is
accommodated. Substitution of the o-His-195 residue by a glutamine residue results in an
altered MoFe protein that binds but does not reduce N, the physiological substrate.
Stopped-flow spectroscopic analyses indicate that the a-1958ln MoFe protein is unable to

reduce N, even though the altered MoFe protein can reach the redox state necessary for Nj



reduction. Although, N is not a substrate for the altered MoFe protein, it is an inhibitor of
both acetylene and proton reduction, both of which are otherwise effectively reduced by the
altered MoFe protein. This result provides evidence that N, inhibits proton and acetylene
reduction by simple occupancy of the active site. The a-1958ln MoFe protein catalyzes HD
formation in the presence of N; and D;. Moreover, Nj binding at the active site of the
altered MoFe protein is inhibited by the addition of D,. These observations indicate that
binding of nitrogen to the enzyme is necessary but its reduction is not required for the
formation of HD. N; uncouples MgATP from proton reduction catalyzed by the a-195gln
MokFe protein, but does so without lowering the overall rate of MgATP hydrolysis. Thus,
the quasi-unidirectional flow of electrons from the Fe protein to the MoFe protein that
occurs during nitrogenase turnover is controlled, in part, by the substrate serving as an
effective electron sink. Nj-induced uncoupling of ATP hydrolysis from substrate
reduction by the a-1958ln MoFe protein is reversed by the addition of H; (D) in the assay
atmosphere. This observation can successfully be explained if it-is assumed that the altered ‘
MokFe protein has a much greater binding affinity for H, (D) than for N,. Substitution of
the a-histidine-195 residue by glutamine also imparts hypersensitivity of acetylene
reduction and N; binding to inhibition by CO, indicating that the imidazole group of the a-
histidine-195 residue might protect an Fe contained within FeMo-cofactor from attack by

CoO.
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Introduction

In our universal ecological system, the reduction of dinitrogen to ammonia, a process
called nitrogen fixation, is an essential part of the global nitrogen cycle. Although
commercial fertilizer manufacturers use the Haber-Bosch chemical process to produce fixed
nitrogen, the major N-input into the global system is contributed by many microorganisms
that are capable of this process. Many free-living bacteria, or symbiotic ones that are
associated with plants, can perform this nitrogen fixation reaction. Studying the biological
nitrogen fixation not only permits the understanding of the chemical nature of this reaction
but also has practical merit concerning the nutrition and health of the global community.
For example, a complete elucidation of the molecular mechanism of this reaction might
permit the design of synthetic catalysts, while a genetic approach can create agronomically
more efficient nitrogen-fixing organisms.

The nitrogenase enzyme is the catalytic component of biological nitrogen fixation.
Among the three genetically distinct nitrogenases recognized so far, only molybdenum-
containing nitrogenase is discussed. The enzyme is composed of two component proteins
called Fe protein and MoFe protein (reviewed by Dean and Jacobson, 1992). The Fe
protein is a homodimer with an M; of about 60,000 and acts as a specific one-electron
reductant of the MoFe protein. The MoFe protein is an 0,8, tetramer with an M; of about
230,000 and provides the N; binding and reduction site. The reaction catalyzed by

nitrogenase also requires MgATP as an energy source (McNary and Burris, 1962) and

N; + 8 e-+ 8 H+ + 16 MgATP — 2 NH;3 + Hy + 16 MgADP + 16 Pi

1
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reduced ferredoxin or flavodoxin as a source of reducing equivalents (Mortenson, 1963;
Benemann et al., 1969). Dithionite may serve as an artificial reductant in vitro (Burns and
Bulen, 1965). In addition to reducing its physiological substrate, nitrogenase can reduce
other small molecules. In the absence of the reducible substrates, nitrogenase can reduce
protons which are derived from water, to produce hydrogen. During catalysis, electrons
are delivered one at a time from the Fe protein to the MoFe protein with a concomitant
hydrolysis of at least two MgATP molecules for each electron transfer, followed by
dissociation and reassociation of the component proteins. Two different types of prosthetic
groups are present in the MoFe protein : P-clusters and FeMo-cofactors. The major
functions of these metal centers are believed to be the acceptance, storage, and internal
transfer of electrons in the MoFe protein and substrate reduction (Dean et al., 1993). The
polypeptide environment surrounding these metal centers might also be important for the
individual functions of the metal centers. Direct information regarding the structures of the
individual metal centers, as well as their polypeptide environment, is now available from
the recent X-ray crystallographic studies of the MoFe protein (Kim and Rees, 1992a,b;
Bolin et al., 1993).

Prior to the X-ray crystal structure determination, site-directed mutagenesis studies have
been underway to elucidate the functions of particular amino acid residues within the metal
center polypeptide environments. A working model (Dean et al., 1990a, b; Dean and
Jacobson, 1992; Scott et al., 1992) which assigned the polypeptide regions for the P-
cluster and the FeMo-cofactor binding within the MoFe protein has been used for selecting
amino acid residues as targets for substitution. A proposed FeMo-cofactor binding

domain within the MoFe protein o-subunit including 17 amino acid residues (Av-o-



3
183CEGFRGVSQSLGHHIAN199, Domain IV) was the author’s interest to
investigate. Selection of particular amino acid residues as targets for substitution and as
choices for substituting amino acid in this polypeptide region has been previously described
in detail (Dean et al., 1990a; Scott et al., 1990). Biophysical, spectroscopic and
biochemical alterations in the mutant strains and altered MoFe proteins resulting from some
amino acid substitutions have also been reported (Newton and Dean, 1993; Scott et al.,
1990; Scott et al, 1992; Thomann et al., 1991).

The MoFe protein o-His-195 residue is considered to be important in catalytic properties
of the MoFe protein. This proposal came from the suggestion that the MoFe protein
residues not duplicated in the corresponding position within the FeMo-cofactor biosynthetic

gene product, such as the a-His-195 residue, might have some functional significance for
the catalytic properties of the MoFe protein. A substitution which replaced the o-His-195
residue with the corresponding NifE residue, Asn, results in the disturbance in the FeMo-
cofactor polypeptide environment and changes in EPR signal and substrate reduction
patterns. These observations indicate a potential role of the a-His-195 residue in the
structural and/or catalytic properties of the MoFe protein. The structural importance of the
o-His-195 residue was also suggested by Thomann et al. (1991) based on their studies of
the electron spin echo envelope modulation (ESEEM) analysis. They showed that the o-
His-195 residue was required for the N-coordination of the FeMo-cofactor within the
MoFe protein either by being directly ligated to FeMo-cofactor or by exerting its effect on
N-coordination

elsewhere. Recent model on MoFe protein structure based on X-ray crystallography

showed that the a-His-442 residue is the only N-ligand to FeMo-cofactor. However, the
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a-His-195 residue, although not a direct ligand to the FeMo—cofactor, is the N-donor of the
putative hydrogen bonding to one of the central bridging sulfides of the FeMo-cofactor.
Therefore, the a-His-195 residue may have its essential role on N-coordination between the
FeMo-cofactor and the MoFe protein via this interaction.

The focus of this thesis research was to further determine the role of the a-His-195
residue on nitrogenase catalysis by examining the mutant strains of A. vinelandii which
have single amino acid substitutions at the a-195-His position. In this dissertation, major
work of the author’s research on the nitrogenase MoFe protein was presented in Chapter I
and Chapter II, which will be published in separate journals in the near future. A work on
the pre-steady state analysis of the MoFe protein was described in Chapter ITI. Chapter IV
and Chapter V represent two separate, already published works in which the author has
contributed in connection with side projects or additional research. Literature review
section provides the background information necessary for the understanding of the
individual chapters. Experimental procedure section includes research methods, which the
candidate has developed or made a significant contribution in development, as well as

detailed description of the general assay techniques.



Literature review

This review chapter covers information on molybdenum-containing nitrogenase system
which is relevant to the author’s research. Recent reviews on vanadium-nitrogenase
system and a third nitrogenase system can be found elsewhere (Bishop and Premakumar,

1992).

Genetic organizations of nif genes

Initial genetic studies on the molybdenum-based nitrogenase system centered mainly on
the facultative anaerobe Klebsiella pneumoniae (Roberts et al., 1978). All 20 nif genes in
K. pneumoniae were identified and sequenced by many laboratories: nifJ, nifH, nifD,
nifK, nifT, nifY, nifE, nifN, nifX, nifU, nifS, nifV, nifW, nifZ, nifM, nifF, nifL, nifA,
nifB, and nifQ (see reference Arnold et al., 1988 for entire sequence). These genes are
clustered within a single region of the chromosome and are organized into eight
transcriptional units. Comparative analyses of the nif genes from K. pneumoniae and other
diazotrophs, including A. vinelandii, Rhodobacter capsulatus, Bradyrhizobium japonicum, 7
and Clostridium pasteurianum, also identified the nif gene organization in these organizms
(reviewed by Dean and Jacobson, 1992). In A. vinelandii, the nif genes are clustered into
two different linkage groups and organized into 12 transcriptional units. In contrast to K.
pneumoniae, there are many additional open reading frames in the A. vinelandii sequence
which may also be under the control of nif gene regulation (Dean and Jacobson, 1992;
Jacobson et al., 1989). Physical organizations of nif genes in K. pneumoniae and A.
vinelandii are shown in Figure 1. The known functions of the nif genes are the production

5
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Table I. Recognized or proposed functions of the nif gene products.

Gene Recognized or proposed functions of nif gene products

nifH Fe protein subunit, FeMo-co biosynthesis

nifD MokFe protein o-subunit

nifKk MoFe protein 3-subunit

nifF Flavodoxin, Electron transfer to Fe protein

nifl Pyruvate-flavodoxin oxidoreductase, Electron transfer to flavodoxin

nifM Activation of Fe protein

nifU Stabilization of Fe protein, might provide iron required for nitrogenase
metallocluster formation

nifS Cysteine desulfurase, provides the inorganic sulfide required for
nitrogenase metallocluster formation

nifV Homocitrate synthase, Synthesize the organic component of FeMo-co

nifE Required for FeMo-co biosynthesis, Forms o3, tetramer with the
nifN gene product

nifN Required for FeMo-co biosynthesis, Forms a8, tetramer with the
nifE gene product

nifB - Required for FeMo-co biosynthesis -

nifQ Involved in FeMo-co biosynthesis

nifW Function not known

nifZ Function not known

nifA Positive regulatory element

nifL Negative regulatory element

nifX probably a negative regulatory element

nifT Function not known

nifY Function not known
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of the structural nitrogenase component proteins, maturation of the component proteins,
metallocluster processing and insertion, electron transport, and regulation. Recognized or
proposed functions of the nif gene products are summarized in Table I (reviewed by Dean

and Jacobson, 1992).

Nitrogenase component proteins and their prosthetic groups

The MoFe protein is a tetramer with an M; of about 230,000. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and tryptic peptide analyses showed that the MoFe
protein is composed of two non-identical subunits (Kennedy et al., 1976). These subunits
were later isolated by ion exchange chromatography and characterized as the a-subunit (M,
= 55,000) and the B-subunit (M, = 60,000) (Lundell and Howard, 1978; Swisher et al.,
1977). The MoFe protein contains 2 molybdenum atoms, 30 iron atoms and 34 non-
protein sulfur atoms per molecule. These atoms are organized into two distinct
metallocluster types called P-clusters and FeMo-cofactors. Sixteen iron atoms and 16
sulfur atoms constitute two P-clusters and can be extruded from the MoFe protein as [4Fe-
48] clusters by treating the native protein with thiols in a denaturing organic solvent (Kurtz
et al., 1979). The remaining iron, sulfur and molybdenum atoms constitute two FeMo-
cofactors. The FeMo-cofactors can also be extruded from the native MoFe protein by an
acid-base treatment followed by extraction into N-methylformamide (NMF) (Shah and
Brill, 1977). The Fe protein is a dimer of two identical subunits with an M; of about
60,000. The redox active center of the Fe protein is a single [4Fe-4S] cluster which
bridges two subunits. The crystallographic structure of the Fe protein and its metal center

has been described previously (Georgiadis et al., 1992) and will not be reviewed here.



Aspects of Fe protein study

The Fe protein is a obligate electron donor to the MoFe protein. During catalysis,
electrons are delivered one at a time from the Fe protein to the MoFe protein with the
concomitant hydrolysis of at least two MgATP molecules per each electron transfer, in a
process involving the association and dissociation of the component proteins (reviewed by
Dean et al., 1993). Intermolecular electron transfer probably involves the Fe-S centers of
the Fe protein (Fe4S4 cluster) and the MoFe protein (P-cluster). In order for the electron
transfer to occur, the two component proteins are brought together in a specific manner
such that the Fe protein Fe4S4 cluster is located near the MoFe protein P-cluster. A
component protein docking model has been proposed based on site-directed mutagenesis
studies, chemical cross linking experiments, and X-ray crystal structures of the nitrogenase
component proteins (Howard, 1993; Kim et al., 1992; Kim and Rees, 1992; Lowery et al.,
1989; Wolle et al., 1992; Willing et al., 1989). This model demonstrates the ionic
interaction between the component proteins for the formation of the functional nitrogenase
complex. For example, the Fe protein Arg-100 residue and the MoFe protein Asp-161
residue are believed to be involved in the ionic interaction and the intermolecular electron
transfer. This proposal is supported by the observation that certain amino acid
substitutions for the Arg-100 or a-Asp-161 residue result in hypersensitivity of nitrogenase
activity to salt and/or uncoupling MgATP hydrolysis from electron transfer (Kim et al.,
1992; Lowery et al., 1989; Wolle et al., 1992). Another important aspect of the
nitrogenase Fe protein study is the role of the MgATP molecule on catalysis. Several
biochemical and biophysical features of the Fe protein are altered upon the binding of

MgATP: 1) lowered redox potential; 2) more axial EPR spectra; 3) alterations in circular
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dichroism spectra; and 4) increased susceptibility of the Fe-S cluster iron molecules to
removal by chelation (reviewed by Dean and Jacobson, 1992). These Fe protein features
indicate that MgATP binding causes a conformational change and lowers the redox
potential of the Fe-S cluster, necessary for the component protein docking and electron
transfer process.

In addition to the mechanistic role in the nitrogenase reaction, the Fe protein also has
one or more non-catalytic roles. The observation that the NifH- strain produces neither the
functional Fe protein nor the FeMo-cofactor but produces a FeMo-cofactor-deficient
apo-MoFe protein, suggested the role of the Fe protein in the FeMo-cofactor biosynthesis
(Filler et al., 1986; Robinson et al., 1986). It appears that a catalytically competent Fe
protein is not required for FeMo-cofactor biosynthesis because a non-catalytic Fe protein
with the intact Fe-S cluster remains capable of supporting this role (Gavini and Burgess,
1992). The Fe protein is also thought to be involved in the insertion of the preformed
FeMo-cofactor into the apo-MoFe protein (Robinson et al., 1989).

Nitrogenase activity is regulated in some diazotrophic organisms at the posttranslational
level by reversible ADP-ribosylation of the Fe protein. This system has been studied
primarily in Rhodospirillum rubrum (reviewed by Roberts and Ludden, 1992). This
regulation occurs by two different enzyme activities: ADP-ribosyltransferase and ADP-
ribose glycohydrolase, both purified from R. rubrum and characterized (Lowery and
Ludden, 1988; Saari et al., 1984). Although the A. vinelandii nitrogenase system appears
to lack this regulation, the isolated Fe protein from this organism can be ADP-ribosylated in
vitro by treatment with purified ADP-ribosyltransferase (Lowery and Ludden, 1988). The

Arg-100 residue of the Fe protein is the site of the ADP-ribosylation. This residue is
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located on the same surface of the Fe protein as the Fe4S4 cluster and believed to be
involved in the ionic interaction between the Fe protein and the MoFe protein.. Thus,
ADP-ribosylation probably regulates the nitrogenase activity by interfering with the

component protein interaction.

Electron transfer and MgATP hydrolysis

The electron transfer process for nitrogenase catalysis can be divided into individual
steps: 1) the electron transport from pyruvate to the Fe protein’s Fe4S4 cluster via the nif-
specific flavodoxin-pyruvate: flavodoxin oxidoreductase system; 2)
intermolecular transfer of an electron from the Fe protein Fe4S4 cluster to the MoFe protein
P-cluster; and 3) intramolecular delivery of electrons within the MoFe protein from the P-
cluster to the FeMo-cofactor which provides the substrate reduction site. During the
catalysis, the Fe protein binds two MgATP molecules. The two component proteins dock
each other in a specific manner such that the Fe4S4 cluster of the Fe protein is located in
close proximity to the P-cluster of the MoFe protein. An electron is then transferred with
concomitant hydrolysis of two MgATP molecules, and the Fe-MoFe protein complex is
dissociated. Therefore, at least two MgATP molecules are utilized per each electron
transfer. There is, however, many conditions where the electron transfer is uncoupled
from MgATP hydrolysis and high ATP/2e- ratios are observed. For example, the
following conditions can result in high ATP/2e- ratios: 1) conditions of high or low pH (<
6.4 or > 8.5); 2) conditions of high or low temperature (< 20°C or > 30°C); 3) low
electron flux resulting from a large excess of MoFe protein over Fe protein; 4) hybrid

nitrogenase complexes formed from components from different species; 5) certain amino
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acid substitutions that alter component protein interaction; 6) nifV(-) nitrogenase in the
presence of CO; and 7) some alternative substrates such as CN- and CH3NC. These
phenomena have been explained as manifestations of futile cycling of MgATP hydrolysis
where transferred electrons within the MoFe protein are redonated back to the oxidized Fe

protein without being utilized for substrate reduction.

FeMo-cofactor is the substrate reduction site

FeMo-cofactor is responsible for the unique S=3/2 EPR signal of the native MoFe
protein and is generally believed to be the substrate reduction site. This conclusion is based
on the spectroscopic and catalytic properties of the wild type MoFe protein and some
aspects of altered MoFe proteins produced by certain mutant strains (reviewed by Newton
and Dean, 1993). Mutant strains (nifE, nifN, or nifB mutants) which produce cofactorless
MoFe proteins exhibit neither the characteristic S=3/2 EPR signal nor catalytic activity.
When the FeMo-cofactor extracted from the native MoFe protein is inserted into the
cofactorless apo MoFe protein from each mutant strain, both EPR signal and catalytic
activity are restored (Brigle et al., 1987; Nagatani et al., 1974; Paustian et al; 1990; Shah
and Brill, 1977). The association of the FeMo-cofactor with both the spectroscopic and
catalytic features of the MoFe protein indicated that the FeMo-cofactor is the substrate
reduction site. Other compelling evidence has come from the study of NifV- mutants of K.
pneumoniae (Hawkes et al., 1984; Liang et al., 1990; McLean and Dixon, 1981). The
NifV- mutant produces the MoFe protein having homocitrate replaced by citrate. Such
altered MoFe protein reduces N; at a lower rate and its proton reduction (H; evolution) is

inhibited by carbon monoxide. FeMo-cofactors extracted from either wild type or NifV-
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mutant were incubated with the partially-purified apo MoFe protein from the NifB- mutant
in the presence of Fe protein. The reconstituted MoFe proteins (either by wild type FeMo-
cofactor or by NifV- FeMo-cofactor) exhibited catalytic properties characteristic of the
MoFe protein used as a source of FeMo-cofactor. The paralleled observations of EPR and
catalytic properties of the mutant strains with amino acid substitutions in the FeMo-cofactor
binding environment also support that FeMo-cofactor is the substrate reduction site (Scott

et al., 1990).

Metal centers and their polypeptide environments within the MoFe protein

Recent efforts to elucidate the organization, structure, and biosynthesis of the
nitrogenase metalloclusters and to determine their functions, have been the major part of the
nitrogen fixation research. A direct approach using the isolated metalloclusters to determine
their structure and function was not successful. The reasons for this are: 1) the unusual
and complex nature of the clusters; 2) the extreme O, lability of the MoFe protein and its
metalloclusters; and 3) chemical instability of N-methylformamide used for cluster
extraction. However, the analytical and spectroscopic information obtained from such an
approach was valuable in developing structural models for the FeMo-cofactor and P-cluster
based on X-ray crystallographic analyses of A. vinelandii and C. pasteurianum MoFe
protein.

Interactions of the polypeptide environments with the metalloclusters are important in
the respective structure and function of these metalloclusters within the MoFe protein.
When the individual metalloclusters are isolated from the native MoFe protein, they have

different chemical and spectroscopic features from those of the protein-bound metal



14
centers. Examples of differences between the isolated and protein-bound metalloclusters
include: 1) P-clusters (8 Fe centers within MoFe protein) are extruded in the form of [4Fe-
48] clusters (Kurtz et al., 1979) and 2) FeMo-cofactor extracted from its polypeptide
matrix exhibits a broader S=3/2 EPR signal and does not reduce N; (Rawlings et al.,
1978). Tﬁe importance of the metallocluster polypeptide environments within the MoFe
protein is also indicated by the demonstration that a nitrogenase reconstituted from apo-
MoFe protein and the iron-vanadium cofactor exhibited substrate reduction patterns
different from either molybdenum-nitrogenase or vanadium-nitrogenase (Smith et al.,
1988).

Biochemical-genetic studies have been initiated to gain insight into the contribution of
the polypeptide environment to the structure and function of the metalloclusters (Brigle et
al., 1987a; Kent et al., 1989; Kent et al., 1990; Scott et al., 1990; Scott et al., 1992).
These studies include the site-specific substitutions of amino acid residues targeted as direct
ligands to individual metallocluster types or located in the vicinity. Additional studies
include biochemical and/or spectroscopic characterizations of the mutant strains or the
altered MoFe proteins that arise from such substitutions. The basic rationale of the
approach that has been used to provide information concerning the FeMo-cofactor
environments is described below.

Nitrogen ligation and cysteinyl mercaptide ligation to FeMo-cofactor were suggested by
data obtained from cluster extrusion and spectroscopy. Extrusion of FeMo-cofactor into N
-methylformamide (NMF) and electron spin echo envelope modulation (ESEEM)
experiments on A. vinelandii MoFe protein indicated histidine as a possible N-donor ligand

to the FeMo-cofactor (Shah and Brill, 1977; Thomann et al., 1987). The reaction of
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isolated FeMo-cofactor with a thiol in a 1:1 stoichiometry also indicated that one cysteinyl
residue could provide a ligand to the FeMo-cofactor (Burgess ei al,, 1980).

Deduced amino acid sequences of MoFe protein a-subunit from different
microorganisms have been compared in order to look for the conserved cysteine and
histidine residues, with the hope that amino acid residues assigned as FeMo-cofactor
ligands would be conserved among the species. MoFe protein primary sequences from A.
vinelandii, K. pneumoniae, Anabaena 7120, B. japonicum, and C. pasteurianum are
shown in Figure 2. There are five cysteine residues conserved among the o-subunit
sequences and three cysteine residues conserved among the B-subunit sequences: o-Cys-
62, a-Cys-88, a-Cys-154, o-Cys-183, o-Cys-275 and B-Cys-70, B-Cys-95, B-Cys-153
(the numbering refers to the A. vinelandii sequence). Primary sequences of MoFe protein
a- and B-subunits were also compared to one another. The three interspecifically conserved
Cys residues and their respective regions in the a-subunit show both spatial and amino acid
sequence identity when compared to the corresponding regions surrounding the three
conserved B-subunit Cys residues (a-Cys-62, o-Cys-88, a-Cys-154 and B-Cys-70, B-Cys-
95, B-Cys-153, Fig. 3). These regions which are conserved at both the interspecies and
intersubunit levels were assigned as potential P-cluster binding sites based on the
suggestion that P-clusters are bound to the o- and B-subunit domains that share sequence
identity to each other (Dean and Jacobson, 1992). Regions surrounding the remaining
conserved Cys residues (o-Cys-183, a-Cys-275, Fig. 3) were considered to be potential
FeMo-cofactor environments. This assignment came from the suggestion that FeMo-
cofactor is not physically associated with the P-clusters and their amino acid environments

(Hawkes and Smith, 1983; Kurtz et al., 1979; McLean et al., 1987; Paustian et al., 1989;

















































































































































































