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Biosynthesis of the Nitrogenase FeMo-cofactor from
Azotobacter vinelandii Involvement of the
NIfEN complex, NifX and the Fe protein

By

Paul J. Goodwin

ABSTRACT

The iron-molybdenum cofactor (FeMo-cofactor) of nitrogenase is the subject of
one the most intensive biochemical/genetic detective cases of modern science. At the
active site of nitrogenase, the FeMo-cofactor not only represents the heart of biological
nitrogen fixation, but its synthesis also serves as a model for complex metallocluster
biosynthesis. Research in the Dean Lab is focused on furthering the understanding of Fe-
S cluster biosynthesis in the nitrogenase enzyme system.

Throughout the years, scientists from a broad range of disciplines have focused
their intellectual might on deciphering not only the chemistry of the FeMo-cofactor, but
also the biosynthesis of this unique metallocluster. Recent advances in the study of
FeMo-cofactor biosynthesis have produced considerable insight regarding the complex
series of biological reactions necessary for the synthesis of this metallocluster. The work
contained within this dissertation represents my efforts to further the understanding of
FeMo-cofactor biosynthesis.

The concept of a molecular scaffold in FeMo-cofactor biosynthesis is generally
accepted in the field of nitrogenase. Previous work has implicated the produadEs of
andnifN as providing the assembly site for FeMo-cofactor synthesis. Researchers were

able to purify this molecular scaffold, commonly referred to as the NIfEN complex,



however, detailed characterization was precluded by the inability to obtain sufficient
quantities of NifEN. In an effort to fully characterize the NifEN complex, we initiated a
gene fusion approach for the high level production NifEN. In addition to gene fusion, a
poly-histidine tag was incorporated into NIifEN, allowing purification through the
application of immobilized metal-affinity chromatography (IMAC). NifEN obtained in
this way was characterized using a variety of biophysical techniques and found to contain
two [4Fe-4S] clusters in each NIfEN tetramer. These clusters were also shown to be
completely ligated by cysteine residues. With the information obtained from this study, it
is concluded that the [4Fe-4S] clusters of the NIfEN complex are likely to play either a
structural or a redox role rather than being transferred and becoming incorporated into the
FeMo-cofactor.

In addition to the biophysical characterization of the NifEN complex, a separate
study was started to characterize the apo-MoFe protein. In this study we used IMAC to
purify a poly-histidine-tagged apo-MoFe protein produced byfB:deletion mutant of
A. vinelandii. Using the poly-histidine fusion approach, apo-MoFe protein was obtained
in sufficient quantities for detailed catalytic, kinetic and spectroscopic analyses. This
multidisciplinary approach confirmed that apo-MoFe protein contained intact P clusters
and P cluster environments, as well as the ability to interact with the Fe protein. It was
also shown for the first time that this tetrameric form of purified apo-MoFe protein could
be activated by the addition of preformed FeMo-cofactor.

The NIfEN complex was further characterized to investigate the presence of
bound FeMo-cofactor intermediates. NIfEN purified by IMAC is produced in the

absence of the nitrogenase structural gen#lDK). In this genetic background, it is



believed that the FeMo-cofactor biosynthetic machinery will become obstructed with
unprocessed FeMo-cofactor intermediates, such as the Fe-S precursors of FeMo-cofactor,
NifB-cofactor. Previous work indicated that NifEN can exist in either a charged or
discharged form, based on the presence or absence of the FeMo-cofactor precursor, NifB-
cofactor. EPR and VTMCD spectroscopies showed the presence of a new paramagnetic
signal associated with NIifEN that is believed to be in the charged or precursor bound
state. This represents the first spectroscopic evidence for a precursor to the FeMo-
cofactor. Furthermore, an interaction of NIifEN and NifX was examined by size
exclusion chromatography. From this study, NifX exhibited the capacity to bind a
chromophore, presumably an FeMo-cofactor precursor, from the NifEN complex. NifX
was also capable of binding to isolated FeMo-cofactor and the FeMo-cofactor precursor,
NifB-cofactor.

Finally, preliminary investigations involving interaction between the Fe protein
and NIifEN were initiated. Recent findings indicate that NifEN and the Fe protein have
the capacity to interact specifically with one another. The interaction of NifEN and Fe
protein appears to be dependent on the association of FeMo-cofactor precursor with
NIfEN. The NIifEN complex also has the capacity to accept electrons from the Fe protein
in a MgATP dependent manner. The ability of NifEN to accept electrons from the Fe

protein may be involved in the role of Fe protein in FeMo-cofactor biosynthesis.
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LITERATURE REVIEW

Introduction

The reduction of dinitrogen gas {Nto ammonia (NE) is called nitrogen fixation.
Because ammonia is necessary for the formation of biologically essential, nitrogen-containing
compounds, such as amino acids and nucleic acids, the availability of a source of “fixed”
nitrogen is therefore necessary to sustain life on earth. Also, because ammonia that is necessary
to support essential biosynthetic reactions is continually sequestered into sediments or is
reconverted to Nthrough the combined biological processes of nitrification and denitrification,
the pool of fixed nitrogen within the biosphere must be constantly replenished. Nitrogen fixation
IS necessary to maintain the diversity of life on earth because most organisms cannot metabolize
the abundant, but relatively inert, Molecule, but must assimilate nitrogen in a “fixed” form,
such as ammonia or nitrate (WO The three ways that nitrogen fixation occurs in the biosphere
are: (i) lightning and natural combustion processes, (ii) the industrial Haber-Bosch process, and
(i) biological nitrogen fixation. Of these three, biological nitrogen fixation is the most
significant contributor accounting for about 65% of the total annual fixation [1, 2].

Although most organisms cannot fix nitrogen there is a select group of microorganisms
that can. These organisms are called diazotrophs, a term which means “nitrogen eaters”, and
they are widely distributed among, but restricted to, the Archaea and Eubacterial kingdoms.
Examples of bacterial species that fix nitrogen and that have been extensively studied include
Azotobacter vinelandifan obligate aerobeljlostridium pasteurianunfan obligate anaerobe),
Klebsiella pneumoniag¢a facultative anaerobelRhodospirillum rubrum(a photosynthetic
bacterium),Anabaena sp7120 (a heterocyst forming cyanobacterium) &nddyrhizobium

japonicum(a symbiotic bacterium). Despite the differing physiological conditions in which



these various diazotrophs have evolved, almost all organisms examined contain the molybdenum
(Mo) dependent nitrogenase encoded by the nitrogen fixatinrégulon. There is, however,
another class of nitrogenases that do not contain Mo and these have been designated alternativ
nitrogenases [3, 4]. Two types of alternative nitrogenases have been identified thus far, the
vanadium (V) dependent and the iron (Fe) dependent systems. Also, a recent report has
identified the existence of a Mo-dependent nitrogenase Stwaptomyces thermoautotrophicus

that is unlike any Mo-dependent system studies so far [5].

Nitrogenase
Biological nitrogen fixation involves the reduction of atmospheric dinitrogeh (N
ammonia (NH) by the metalloenzyme nitrogenase [6, 7]. The minimal stoichiometry of the
nitrogenase-catalyzed reaction is typically depicted as:
N, + 8H + 8¢ + 16MgATP 2NH,; + H, + 16MgADP + 16Pi
Nitrogenase is a complex metalloenzyme composed of two component proteins, shown in Figure
1. The individual nitrogenase component proteins have been designated as the iron (Fe) protein
and the molybdenum-iron (MoFe) protein; names derived from the complement of metal atoms
within the individual proteins. The Fe protein ig,&aomodimer (M = 64,000; encoded by
nifH) that contains two MgATP binding sites and a single [4Fe-4S] cluster [8, 9]. The MoFe
protein is aro,f3, heterotetramer (M= 250,000; encoded hyfD andnifK) that contains two
pairs of metalloclusters, called P-clusters and iron-molybdenum cofactors (FeMo-cofactors) [10-
12]. The Fe protein serves as the obligate electron donor to the MoFe protein, which in turn
harbors the site of substrate binding and reduction. During catalysis, the Fe protein transfers

electrons, one at a time, to the MoFe protein in a process that involves component protein



Figure 1. Wireframe diagram of the three-dimensional structures of the nitrogenase Fe protein
and the MoFe protein. The view shows the MgATP bound Fe protein (top) poised for interaction

with a singlea3-unit of the MoFe protein.



association and dissociation and the hydrolysis of MgGATP. Because the Fe protein serves as a
specific reductant of the MoFe protein, which in turn provides the site of substrate reduction,
some investigators refer to the Fe protein as dinitrogenase reductase and the MoFe protein as
dinitrogenase [13]. The work described within this dissertation involves the study of nitrogenase
from A. vinelandij particularly the biosynthesis of the FeMo-cofactor. The following sections

will introduce both the Fe protein and the MoFe protein, describing key structural and functional
aspects of these nitrogenase component proteins. Additional sections will discuss nitrogenase
catalysis and substrate reduction, protein-protein interaction between the Fe protein and the

MoFe protein and finally the maturation of the nitrogenase component proteins.

Fe Protein The crystallographic model of the Fe protein #owinelandiihas been determined

to 2.9 angstrom resolution [9]. A wireframe diagram of the Fe protein is shown in Figure 1. The
[4Fe-4S] cluster of the Fe protein (Figure 2) is ligated by four cysteine residues, two from each
subunit (Cys-97; Cys-132), and is bridged in the cleft between the two subunits of the
homodimer [9, 14]. The nucleotide binding sites within the Fe protein are defined by two

nucleotide-binding consensus motifs, the Walker A-type and the Walker B-type [15, 16]. Each
subunit of the Fe protein contains a pair of these binding motifs and has the ability to bind a
molecule of MgATP [16].

To serve its function in nitrogenase catalysis, the Fe protein must be able to integrate
nucleotide binding and MgATP hydrolysis with electron transfer to the MoFe protein. Both
cluster binding and nucleotide binding are located at the interface between the two subunits of
the Fe protein dimer. The [4Fe-4S] cluster and the nucleotide binding sites are separated by a

span of approximately 20 A [9]. Upon binding of MgATP, the Fe protein undergoes a



[4Fe-4S] Cluster P-cluster FeMo-cofactor

Fe Protein MoFe Protein

Figure 2. Organization and structures of the nitrogenase metalloclusters. The path of electrons
is most likely from the [4Fe-4S] cluster of the Fe protein to the MoFe protein’s P cluster and then
to the FeMo-cofactor. Transfer of an electron from the Fe protein to the MoFe protein is coupled

to MgATP hydrolysis. The FeMo-cofactor provides thebiding and reduction site.



conformational change that results in a number of changes in the [4Fe-4S] cluster. This
separation of the cluster and the nucleotide binding site suggests that the changes are not
associated with direct interaction of nucleotide and cluster, but rather transmission of a structural
signal through polypeptide conformational change. Changes associated with the binding of
MgATP to the Fe protein include: (i) increased solvent exposure of the cluster, resulting in an
increased susceptibility to Fe-specific chelators [17], (ii) a lowering of the mid-point potential of
the cluster [18], and (iii) changes in the line shape of the cluster’'s characteristic electron
paramagnetic resonance (EPR) spectrum [19]. These characteristics of Fe protein in the MgATP
bound state are necessary to facilitate electron transfer during nitrogenase turnover. It should be
noted that MgADP also induces the mid-point potential drop associated with nucleotide binding
[20]. Also, Fe protein with bound MgADP cannot function in electron transfer, which lends to
the inhibitory effect that MgADP has on nitrogenase catalysis [21].

The Fe protein also plays a role in the maturation of the MoFe protein [22]. The action of
the Fe protein in MoFe protein maturation is discussed later in the section detailing nitrogenase
component protein maturation. Also, the Fe protein has an undetermined role in biosynthesis of
the FeMo-cofactor of nitrogenase. Investigations on the Fe protein’s role in FeMo-cofactor

synthesis are examined in Chapter IV of this dissertation.

MoFe Protein The crystallographic model for the MoFe protein was originally solved at 2.7 A
resolution in 1992 [12], and more recently refined to 2.0 A resolution [23]. Since the MoFe
protein tetramer has a two-fold axis of symmetry, it is often viewed as a dim@r dimers

(Figure 1). The overall function of the MoFe protein is to mediate electron transfer from the Fe



protein and to serve as the site of substrate binding and reduction. To perform these tasks, the
MoFe protein utilizes two specific metalloclusters, the P cluster and the FeMo-cofactor.

The P cluster functions as an electron mediator between the [4Fe-4S] cluster of the Fe
protein and the FeMo-cofactor. The P cluster is located atfihaterface of the MoFe protein
subunits and, in its fully reduced form, is constructed from two [4Fe-4S] sub-clusters that share a
central six-coordinate sulfide (Figure 2). Upon oxidation of the P cluster, a structural
rearrangement occurs involving movement of two Fe atoms and a change in the ligand
arrangement around the cluster [23]. Such redox-dependent structural changes within the P-
cluster might be mechanistically related to its role in accepting electrons from the Fe protein and
delivering them to the FeMo-cofactor [24]. Several lines of evidence support the P cluster as an
intermediate in electron transfer from the Fe protein to the nitrogenase active site FeMo-cofactor.
First, site directed mutagenesis in the region between the P cluster and the FeMo-cofactor acts to
slow the reduction of substrate [25]. Second, two independent crystallographic models show that
the P cluster is between the [4Fe-4S] cluster of the Fe protein and the FeMo-cofactor active site
[23, 26]. And third, mutagenesis of the P cluster ligands has implicated that the P cluster has a
redox role during nitrogenase turnover [27].

The FeMo-cofactor serves as the active site for nitrogenase. FeMo-cofactor consists of a
metal-sulfur framework (MoFE&;) and one molecule of (R)-homocitrate (Figure 2) and is
located approximately 10A from the surface of the MoFe protein. FeMo-cofactor is bound to the
MoFe protein bya-Cys 275 ana-His 442 [28]. The former serves as a thiolate ligand to an Fe
atom at one end of the cofactor, and the latter binds through a side chain nitrogen atom to the Mo
atom at the opposite end of the cofactor. Homaocitrate is coordinated to the Mo atom through its

B-hydroxy andB-carboxy groups and interacts with the protein through a number of direct and



water-bridged hydrogen bonds [28]. There are several lines of evidence that the FeMo-cofactor
provides the substrate binding and reduction site. Mutant strains that are unable to synthesize the
FeMo-cofactor are also unable to catalyze nitrogen fixation [11]. When isolated FeMo-cofactor
is added to crude extracts prepared from such mutant straimsvitr® ability to fix nitrogen is
restored. Second, a MoFe protein that contains an altered form of the FeMo-cofactor, where
citrate replaces homocitrate as its organic constituent, exhibits altered catalytic properties [29,
30]. When this altered FeMo-cofactor containing citrate is used to reconstitute apo-MoFe
protein (MoFe protein containing P clusters, but lacking FeMo-cofactor), the same altered
catalytic characteristics are exhibited. Finally, altered MoFe proteins that have amino acid
substitutions located within FeMo-cofactor’s polypeptide environment also exhibit altered
catalytic properties [31]. Although it is not yet known how substrates interact with FeMo-
cofactor during turnover, the presence of six coordinately unsaturated Fe atoms, as well as the
attachment of homocitrate to the Mo atom has invited speculation about the nature of substrate
binding [32]. For example, in one model it has been proposed that the carboxylate group
coordinated to the Mo atom might serve as a leaving group in a mechanism that activates Mo to

provide a substrate coordination site [33].

Nitrogenase Catalysis and Substrate Reduction

In order for nitrogen fixation to occur, the nitrogenase component proteins must be able
to interact with one another to facilitate productive electron transfer. For complex formation to
take place, the Fe protein must be in the MgATP bound state. Additionally, MgATP hydrolysis
and intermolecular electron transfer only takes place in the Fe protein-MoFe protein complex

[13, 34]. Early investigations as to the nature of component protein interaction involved the



effect of salt inhibition on nitrogenase activity [35] and chemical crosslinking experiments [36].
After the availability of the crystallographic models of the Fe protein and MoFe protein, a
component protein docking model was devised by Howard and Rees [26, 37]. In the Howard-
Rees model (Figure 1) the two-fold symmetric surface of the Fe protein that surrounds its [4Fe-
4S] cluster is paired with the exposed surface of the MoFe protein’s pseudosynufetric
interface. This model was used to suggest the probable pathway of electron transfer from
component proteins and is shown in Figure 2.

Since the proposal of the individual structural models for the Fe protein and MoFe
protein, a crystallographic model for the docked complex has been determined [38].
Experiments that illustrated the inhibition of nitrogenase with,Ally the formation of a tight
complex between the Fe protein and the MoFe protein, made it an ideal candidate for structural
analysis [39, 40]. In this model, docking occurs so that the 2-fold symmetric axis surrounding
the [4Fe-4S] cluster of the Fe protein becomes paired with the surface of the MoFe protein’s
pseudosymmetricalf-interface and supports the Howard-Rees model. This situation places the
[4Fe-4S] cluster in close proximity (L4 A) to the P-cluster of the MoFe protein, and places the
P cluster between the Fe protein [4Fe-4S] cluster and FeMo-cofactor. This arrangement is
consistent with the electron transfer such that the role of the P cluster is to mediate electron
transfer between the Fe protein and the substrate reduction site provided by FeMo-cofactor.

For nitrogenase to function, it requires the Fe protein, the MoFe protein, a source of low
potential electrons (usually sodium dithionitevitro), MgATP and an anoxic environment. The
physiological substrate for nitrogenase is NSix electrons reduce,No two molecules of
ammonia, and until 1966, ,Nvas the only known substrate for nitrogenase. Although the

product of N reduction was known to be ammonia, repeated attempts to find an intermediate



between Nand ammonia were unsuccessful. Despite the lack of direct evidence, the reaction
was assumed to take place in three distinct two-electron reduction steps with diazene and
hydrazine as the probable intermediates. There is no evidence for the existence of the diazene-
like intermediate, but hydrazine can be released from the functioning enzyme by acid or alkali
treatment [41]. The Nreduction reaction is irreversible and is always accompanied,by H
evolution. Even at high Noressure (50 atm.), a minimum of 25% of the available electrons go
into H, evolution [42]. This has led to the suggestion thabidds to the MoFe protein by
displacing a dihydride from the substrate-binding site [41].
Certain analogues of ,Nsuch as acetylene, are capable of inhibiting théiXdtion

reaction. These analogues are not only inhibitors of nitrogenase but are substrates that can be
reduced by the enzyme. The reduction of acetylene to ethylene was particularly advantageous
for researchers because itg #r reduction is less than that of facetylene-0.005 atm versus
dinitrogen-0.1 atm) and ethylene detection could be achieved quickly, cheaply and with great
sensitivity using a gas chromatograph equipped with a flame ionization detector [43]. The
reduction of acetylene remains a standard method for measuring nitrogenase actiwityivoth
and in vitro, using purified protein or crude extract samples. Fortunately, no other known
biological system has acquired the ability to reduce acetylene. In general, acetylene can only be
reduced as far as ethylene, however a number of altered MoFe proteins produced by site directed
mutagenesis and the V-dependent nitrogenase can reduce acetylene through to ethane [44-46].

Substrates are bound to and products released from the free nitrogenase MoFe protein,
but substrate reduction is a function of the active complex [47]. MoFe protein is supplied with
electrons by the Fe protein which, in turn, is reduced by an appropriate electron donor. The

reaction mechanism for nitrogenase can therefore conveniently be considered in terms of an
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electron flow from reductant to Fe protein to MoFe protein to substrate. The reduced Fe protein
with 2MgATP bound forms a complex with the MoFe protein. After this association the Fe
protein delivers an electron to the MoFe protein and the MgATP molecules are subsequently
hydrolyzed. The oxidized Fe protein then dissociates from the MoFe protein in what is
considered to be the rate-limiting step in the process. Slow dissociation of the Fe protein-MoFe
protein complex may be necessary to ensure efficient transfer of electrons to substrate rather than
H*. The Fe protein becomes recharged with an electron from the supplied source (flavodoxin or
ferredoxinin vivo, sodium dithioniteén vitro) and undergoes a nucleotide exchange reaction to
replace the existing MgADP with MgATP. This Fe protein is then primed and ready to
participate in another protein-protein association event. No one product can be obtained from a
single electron transfer reaction and so multiple cycles, eight in the caseredudtion, are
necessary before product release occurs. The transfer of more than one electron means that the
MoFe protein may exist in a number of different redox states. Such redox states likely have a
role in determining which substrates bind to the active site. It has been proposedoihds b

the three electron reduced state and that after four electrons have been transfersed, N
committed to being reduced to ammonia [41]. Acetylene on the other hand has been proposed to
bind to the one and two electron reduced states and ethylene is released from the three electron
reduced state [48]. Using these parameters it has been possible to successfully simulate pre-
steady-state substrate reduction data. Although in the future we will undoubtedly see
modifications of and additions to this scheme, it does offer the most complete description of
nitrogenase action currently available and also provides a useful model upon which to base

future work.
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Maturation of the Nitrogenase Component Proteins

The primary translational products of the nitrogenase structural geifidBK) are not
active. Rather, a consortium wif-specific gene products is required for the maturation of the
immature nitrogenase structural components to active forms. Therefore, an important avenue of
research is to understand how the metalloclusters for electron transfer and substrate reduction are
synthesized and inserted into their respective component proteins.

In the case of the Fe protein, th#M, nifU and nifS gene products are specifically
required for its maturation [7, 49]. Tim#M gene product has not yet been isolated in an active
form, but it is a member of a family of peptidyl-protyk/transisomerases [50]. Such enzymes
are thought to assist protein folding by catalyzing dis#ransisomerization of certain prolyl
peptide bonds in proteins. The requirement for such an activity in maturation of the Fe protein is
not obvious but it could relate to the appropriate organization of the cysteine ligands needed for
correctly inserting the [4Fe-4S] cluster [7]. The catalytic action of NifS is involved in the
synthesis of the [4Fe-4S] cluster of the Fe protein [51]. Both NifU and NifS are described in
later sections of this review.

Maturation of the MoFe protein, particularly the formation and insertion of the FeMo-
cofactor, is much more complicated. The investigators who began this work in the early 1970’s
had a daunting task in store for them. In spite of this, a number of features worked in their favor.
First, because the physiological requirement for nitrogenase activity can be circumvented by the
addition of a fixed nitrogen source to the growth medium, it was relatively easy to identify
mutants impaired in nitrogenase activity [52]. Second, FeMo-cofactor can be chemically
extruded [11], and it possesses a unique spectroscopic signature that can be used to monitor the

reconstitution of cofactorless forms of the MoFe protein (apo-MoFe protein) that are produced in
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certain mutant strains. Third, the reduction of acetylene to ethylene is a simple and convenient
way to measure nitrogenase activity in both crude extracts and whole cells. Taking advantage of
these key features, extracts from two different mutants, both of which are individually impaired

in nitrogenase activity, can be mixed and examined for nitrogenase activity. With this
complementation approach, it was possible to purify factors with complementary biochemical
functions. In addition to this biochemical complementation approach, a related strategy
involving the reconstitution of inactive nitrogenase with isolated FeMo-cofactor was launched.
Using these two approaches, investigators were able to screen a large number of nitrogenase
mutants and discern among those that are impaired in the nitrogenase structuralify¢tiDk&s$ (

and those impaired with the maturation process of nitrogenase.

A problem associated with the biochemical-genetic approach is that it is unable to
discriminate between two separate mutations which are impaired in the identical biochemical
function, but which have mutations in different genes. Due to this limitation, it was essential that
traditional genetic mapping strategies, involving genetic complementation, were used in parallel
with biochemical complementation experiments [53, 5&]. pneumoniaevas used in the
development of the first genetic map of the nitrogen fixation gamégénes), and was later
followed byA. vinelandiiandR. capsulatus.Among the most fascinating and most impressive
aspects of nitrogenase research is the remarkable accuracy of the insights provided by the
application of traditional genetic and biochemical complementation experiments when viewed in
the present context of the available DNA sequences and the structural models for the component
proteins and their associated metalloclusters.

Examination of the structural model of the FeMo-cofactor, as discussed above, brings to

light a number of salient questions concerning its biosynthesis. How are the Fe and S mobilized
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and targeted for metallocluster synthesis? What is the source of homocitrate, and how does
homocitrate become coupled to Mo? Are the two subcluster fragments of the FeMo-cofactor
synthesized separately or together? Is FeMo-cofactor synthesized step-wise into apo-MoFe
protein, or is it synthesized separately and then inserted into apo-MoFe protein? Are there
proteins that aid in the insertion of the FeMo-cofactor into apo-MoFe protein? Though the
biochemical-genetic approach was unable to answer these questions, it was able to identify the
key players involved in FeMo-co biosynthesis. Ainvinelandii,genes that have been found
essential for the biosynthesis of FeMo-co arefB, nifE, nifN, nifH and nifV. Other non-
essential genes involved with FeMo-cofactor biosynthesisraf¥; nifX, nifQ, nifU, nifS, nifw,

andnifZ. Organization of thaif-specific genes fromA. vinelandiiis shown in Figure 3. The
remainder of this chapter will focus on the current state of knowledge regarding these genes and
their products.

NifB Extracts with a deficiency imifB have been shown to accumulate apo-MoFe protein
which can be activated by the addition of FeMo-cofactor [55-57]. The FeMo-cofactor
biosynthetic assay developed by Shah and coworkers [11] has allowed the purification of a
cofactor related to the NifB protein[58], however the NifB protein has not yet been isolated. Itis
thought that NifB provides a scaffold or an assembly site for the biosynthesis of an Fe/S
precursor to the FeMo-cofactor that has been termed NifB-cofactor. During FeMo-cofactor
biosynthesis, NifB-cofactor is first formed on NifB, with Fe and S provided by NifU and NifS,
respectively. This Fe/S precursor is then donated to further stages in the biosynthesis of the
FeMo-cofactor [59, 60]. Some evidence exists to support this hypothesis: (i) a cysteine-rich

region contained within the NifB primary sequence may provide a nucleation site for cluster
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Figure 3. Organization of the nitrogen fixation specifinif) genes ofAzotobacter
vinelandii Black arrows indicate transcriptional units and the direction of their
transcription. The genes encoding products essential for FeMo-cofactor biosyntheis are
shaded. Functions of tmef gene products involved with FeMo-cofactor biosynthesis are

described in the text.
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formation, (ii) the number of hydrophilic residues in proximity to the cysteine-rich region imply
a processing site for Fe/S cluster formation near the protein’s surface [61], and (nijBtla@d

nifN genes inC. pasteurianunare fused [62], suggesting that NifB may form a complex with
NIifEN during the biosynthesis of FeMo-cofactor. This point will be discussed further in the
section describing the role of NifE and NifN in FeMo-cofactor biosynthesis.

The most current work involving NifB-cofactor has involved the usé&rd and®™S
labeled NifB-cofactor to trace this metallocluster during FeMo-cofactor biosynthesis by the
application of anoxic native gel electrophoresis and phosphor-imaging techniques. Using this
approach a number aif-specific gene products have been implicated in the processing of the
FeMo-cofactor precursors and synthesis of FeMo-cofactor. Among these are: NIfEN, NifH (Fe

protein), and NifX.

NifE AND NifN Similar to nifB mutant extracts, strains harboring mutations inntifié and

nifN genes produce apo-MoFe protein. This apo-MoFe protein can then be activated by the
addition of purified FeMo-cofactor. These reconstitution experiments spurred investigators to
ask whether or not FeMo-cofactor was synthesized step-wise into apo-MoFe protein or if it was
synthesized separately and then inserted into apo-MoFe protein. Experiments in which crude
extract from anifDK deletion strain was able to reconstitute nitrogenase activity in crude extracts
containing apo-MoFe protein showed that the FeMo-cofactor is synthesized prior to insertion
into apo-MoFe protein [63]. Because the source of the FeMo-cofactor must come from the
extract deleted fonifD andnifK, which does not produce the MoFe protein subunits, the step-
wise insertion into apo-MoFe protein is not required for FeMo-cofactor formation. These

experiments suggested that FeMo-cofactor is separately synthesized, perhaps on a molecular
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scaffold, prior to insertion into apo-MoFe protein. A likely candidate for this scaffold was
believed to be anotharif specific gene product that shared significant primary sequence
conservation to the nitrogenase structural genes [64]. Comparison of the primary sequences of
the nifD andnifK gene products to thosaf genes essential for FeMo-cofactor biosynthesis
indicated a high degree of primary sequence conservation betweeanfEhand nifN gene
products, respectively [65]. The primary sequence conservation and the mutual stability
requirements for NifE and NifN [55] led to the concept that NifE and NifN might form a
macromolecular complex on which FeMo-cofactor could be synthesized. Also, based on primary
sequence conservation, it was thought that this NifEN complex might contain Fe/S clusters
similar to the P-clusters of the MoFe protein [65].

Using thein vitro FeMo-cofactor synthesis assay [63] investigators were able to purify
small quantities of NifEN complex [66]. NifEN complex purified in this manner was shown to
be ana,B, heterotetramer (M=200,000) containing iron and inorganic sulfur presumably
organized into a single %, cluster per NifEN tetramer. This purified NifEN could reconstitute
nitrogenase activity in aifE deletion strain and NIifEN activity was sensitive to air and heat-
labile, suggesting the activity was dependent on a redox active protein[66]. More recently,
NIifEN has been shown to accumulate in different forms, these forms being dependent on the
source of the mutant extract [60]. The different forms of NifEN are thought to be different
global conformations, contingent on the presence or absence of FeMo-cofactor precursors [60].
The ability of NifEN to shift from one form to another upon the addition of NifB-cofactor
supports the scaffold role of NifEN in FeMo-cofactor biosynthesis.

If NifEN does provide a platform on which FeMo-cofactor is synthesized a number of

interesting questions arise. How does the NIfEN scaffold site compare to the FeMo-cofactor
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binding site within the MoFe protein? What are the conserved amino acids, if any? Does NIfEN
contain a similar structure to that of the P-cluster in the MoFe protein? If so, what are the
ligands and what is the role of such a cluster in FeMo-cofactor biosynthesis. In light of the
MoFe protein crystal structure, the structural models for the MoFe protein metal centers, and the
primary sequence conservation between the NifEN complex and the MoFe protein, a homology
model has been generated for NifEN [62]. Though this model provides a great tool to increase
the understanding of the NIfEN complex, there are some drawbacks. Because it is a model based
upon homology with the MoFe structure, and not based on crystal diffraction data of the NifEN
complex, one must be careful when making assumptions as to the structure of NifEN. Also,
because the model is based on the crystallographic solution of the MoFe protein, it is biased
toward a NIfEN complex that can bind or synthesize a mature form of the FeMo-cofactor. The
model also suggests an overall polypeptide-fold for NifEN similar to that of the MoFe protein.
The conservation of polypeptide conformation between NIifEN and the MoFe protein suggests a
possible interaction of NifEN with the Fe protein. Whether or not the Fe protein binds to the
NIifEN complex remains to be seen, however a number of residues required for the docking
model by Howard and Rees [37] are conserved in NifEN. These include NIfE residues 132-138,
and NifN residues 78, 108, 110, and 111 [62]. The true test of the NifEN model will come from
direct analysis of purified NifEN. To this end, the inability to obtain sufficient NifEN in
concentrations amenable to detailed biophysical and biochemical characterization has slowed
progress in this area of research. Because NIifEN is a metallocluster biosynthetic enzyme and is
only required in very low intracellular amounts, only small quantities have been purified[66]. It
is believed that during FeMo-co biosynthesis NIifEN binds the FeMo-co precursor, NifB-

cofactor, and presumably processes it along the path to FeMo-cofactor. It is not certain if FeMo-
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cofactor biosynthesis is completed on NIifEN, but it is at least partially completed [60]. Whether
or not Mo and homocitrate react at the point of NifEN involvement remains to be determined.
There is evidence that supports the involvement of the Fe protein with NifEN during FeMo-
cofactor biosynthesis and will be discussed in the body of this dissertation. Work included within
this dissertation has made it possible to purify quantities of NifEN such that characterization of

this FeMo-cofactor scaffold protein can be investigated in detail.

NifV.  Homocitrate is the organic acid constituent of the FeMo-cofactor, which is produced by
the action of NifV. NifV is a homocitrate synthase that catalyzes the condensation of acetyl-
CoA anda-ketoglutarate to produce homocitrate[6H. pneumonia@ndA. vinelandiistrains
deficient innifV produce MoFe proteins that have altered catalytic characteristics. These altered
proteins are capable of the reduction of acetylene to ethylene, but are poor nitrogen fixers [68,
69]. The first direct evidence that FeMo-cofactor was the substrate reduction site was shown by
experiments where apo-MoFe protein reconstituted by FeMo-cofactor isolated from MoFe
protein produced by aifV- mutant exhibited the altered catalytic properties associated with the
nifV phenotype [29]. IK. pneumoniael-eMo-cofactor produced by nif¥hutants accumulate
citrate rather than homocitrate as its organic acid component [30]. In the dasaralandij it
appears as if no organic acid is associated with the FeMo-cofactor in the absemité of
(Commaratta, L.M., and Dean, D.R. unpublished results). The mechanism of homocitrate
incorporation into FeMo-cofactor is unknown. Whether homocitrate is added at the stage of
NIifEN or at a later stage is currently under investigation. However, the involvement of NifW
and NifZ may be involved in homocitrate processing and incorporation into active FeMo-

cofactor [62] .
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NifH The involvement ohifH in FeMo-cofactor biosynthesis is one of the most puzzling
aspects of nitrogenase maturation. The Fe protein, encodeifHy\is the obligate electron
donor to the MoFe protein during nitrogenase catalysis [47]. Extracts from cefthimutant
strains produce apo-MoFe protein [70, 71]. The reconstitution of these apo-MoFe proteins
requires the presence of both MgATP and Fe protein [22, 72]. However, reconstitution of apo-
MoFe protein produced hyifE or nifB mutants does not require the addition of Fe protein or
MgATP [22, 56, 73, 74]. Studies involving the application of anoxic native gel electrophoresis
have shown that apo-MoFe protein produceaify or nifE mutant strains are different from the
apo-MoFe protein produced byrafH mutant strains [22, 74]. These results have been
interpreted as the Fe protein having two distinct functions in FeMo-cofactor biosynthesis, the
direct involvement of Fe protein in the biosynthesis of FeMo-cofactor, and the active
participation in the maturation of the apo-MoFe protein such that it is in a form that is amenable
to FeMo-cofactor insertion.

The active participation of the Fe protein and MgATP in FeMo-cofactor biosynthesis is
very reasonable based on the apparent structural similarities between the MoFe protein and the
NIfEN complex. It was first thought that the role of Fe protein in FeMo-cofactor biosynthesis
was similar to its role in nitrogenase catalysis, such that NifEN replaced MoFe protein as the Fe
protein’s substrate [71]. This idea is very intriguing, based on the conservation of a number of
residues within NifEN that are thought to be involved in the MoFe protein-Fe protein docking
model. Three possible roles of the Fe protein binding to the NifEN complex are: (i) an electron
transfer event required for the activation of a FeMo-cofactor precursor (NifB-cofactor) bound to

NIifEN, (ii) an Fe protein binding induced conformational change on the NifEN complex which
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is required for the accessibility of a metallocluster assembly site that is otherwise buried within
NIifEN, and (iii) Fe protein induced redox or conformational change required for the release of
FeMo-cofactor or precursor from the NifEN complex [62]. Though these possible interactions
are intriguing, there is little evidence to support the involvement of Fe protein with NifEN. A
number of studies have shown that altered Fe proteins that can no longer function in nitrogenase
catalysis are still capable of the biosynthesis of FeMo-cofactor. For example, Fe protein
produced from aifM mutant strain is inactive in substrate reduction, however functions in the
synthesis of FeMo-cofactor [55, 75]. Additionally, a number of mutant strains that produce Fe
proteins that are defective in electron transfer, or MgATP binding or hydrolysis accumulate
MoFe protein that contains FeMo-cofactor [76, 77].

The involvement of Fe protein and MgATP with apo-MoFe protein maturation is just as
perplexing as its role in FeMo-cofactor synthesis. There are two main theories about FeMo-
cofactor insertion into apo-MoFe protein. One theory involves a molecular prop that is
necessary to keep the apo-MoFe protein in a conformation amenable for FeMo-cofactor
insertion. InK. pneumoniaghis molecular prop is encoded by§Y [78], and inA. vinelandiiit
is encoded by a nonif regulated protein designated gamiypd19]. The association of this prop
(NifY or gamma) converts the apo-MoFe protein fromogfl, tetrameric conformation to an
a,3,y, hexameric conformation, and is dependent on Fe protein and MgATP. There is, however,
a case in which the tetrameric apo-MoFe protein producedhbi-@eletion inA. vinelandiican
be activated by addition of FeMo-cofactor alone [56]. This data suggests that gamma, in the case
of A. vinelandij is not necessary for FeMo-cofactor insertion into apo-MoFe protein. Perhaps
the role of gamma is to kinetically enhance this process or perhaps gamma is iaquiretbr

some aspect of FeMo-cofactor insertion.
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NifY Different forms of the apo-MoFe protein accumulate under different genetic backgrounds.
These forms have been characterized by their electrophoretic mobilities under non-denaturing
conditions [22, 74, 78, 80]. When extracts deficient in the produat§B®fnifE, or nifN are
examined, the apo-MoFe proteins produced all have the same electrophoretic mobility. This
mobility is different from that of apo-MoFe proteins produced byftd deletion. The difference

in these forms of the apo-MoFe protein is the presence or absence of a small molecular weight
protein. InK. pneumoniagthe small molecular weight protein was identified asniffié gene
product [78, 80]. IrA. vinelandij the small molecular weight protein (termgdvas shown to

be a nomif encoded protein [78]. Addition of FeMo-cofactor to apo-MoFe protein associated
with either NifY K. pneumoniageory (A. vinelandi), results in the reconstitution of apo-MoFe
protein and the release of either NifYydi78, 80]. However, the apo-MoFe protein produced by

a nifH deletion does not have tyesubunits associated with it, and is not activated with the
addition of FeMo-cofactor. However, the addition of Fe protein and MgATP to such extracts
results in the association ¢f[22]. They subunits attached in this way can subsequently be
released from the complex by the addition of FeMo-cofactor [62].

These results indicate that the apo-MoFe protein must be processed in order to be
competent to accept FeMo-cofactor. This processing event involves the Fe protein and MgATP
dependent association of the small molecular weight protein (Nifytorthe apo-MoFe protein.

The role of this small molecular weight protein is thought to be as a molecular prop, which
facilitates the insertion of FeMo-cofactor into apo-MoFe protein [80]. Its action may be to
maintain a conformation of the apo-MoFe protein where the FeMo-cofactor-binding site either

remains accessible for FeMo-cofactor attachment or is protected from reactivity with other
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cellular constituents [62]. There is evidence supporting these ideas from two independent studies
by Homeret al [78], and Christianseet al.(see Chapter Il). The study by Honstral. showed

that in aK. pneumonia nB-nifY double mutant apo-MoFe protein is only partially activated
upon addition of FeMo-cofactor. Christiansetnal. [56] showed that in aA. vinelandii niB
deletion, apo-MoFe protein containing a poly-histidine fusion did not associate with the
subunit, rendering it susceptible to alkylation at the exposed active site cya@&igg. (It is
believed that after insertion of FeMo-cofactor the reconstituted apo-MoFe protein undergoes a
conformational change, resulting from a dissociation of the molecular prop, which is evidenced

by a change in electrophoretic mobility under nondenaturing conditions.

NifX Inspection of thenif-specific gene organization (Figure 3) reveals thif is contained

within the same transcriptional unit and downstream from the genes encoding the MoFe protein
subunits. ThenifEN transcription unit containsifX downstream from th@ifEN genes. NifY

and NifX bear significant primary sequence identity when compared to each other [81]. Based
on these considerations, and on the likely structural similarity between the MoFe protein and the
NIfEN complex, it is inferred that NifY and NifX probably have related functions in processing
FeMo-cofactor or FeMo-cofactor precursors, respectively. This proposed model is also
attractive based on primary sequence conservation between NifX and WfBapsulatu$82],

as well as irk. pneumonia@ndA. vinelandii Cysteine residues that are conserved within NifX
proteins from the above mentioned organisms may provide the ligands necessary to bind a
FeMo-cofactor precursor. Recent work utilizing a purified FeMo-cofactor synthesis system,
lacking the presence of crude extract, has shown that NifX activity is required for FeMo-cofactor

formation [83]. Despite this result, the activity and function of NifX has not yet been
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determined. Work present in Chapter Il of this dissertation examines the involvement of NifX

in metallocluster binding.

NifQ The precise role ohifQ in FeMo-cofactor biosynthesis is not known, however it is
believed to be involved in molybdenum processing and insertion into the FeMo-cofactor [84]. In
nifQ mutants of botkK. pneumoniae@ndA. vinelandij a Nif phenotype is observed under low
molybdenum (nanomolar) conditions [84, 85]. However, this phenotype can be overcome by the
simple addition of molybdenum (micromolar) to the growth medium [84]. Althau[d
mutations are not defective in the uptake of Mo, they accumulate lower levels of intracellular
molybdenum than wild type [84]. Malfunctions mfQ can be overcome by the addition of
cysteine as a sulfur source in the medium [86]. The fachif@tis not involved in the synthesis

of molybdenum cofactor (the cofactor of other molybdoenzymes) suggests it has a specific role
in FeMo-cofactor biosynthesis [87]. In spite of these results, NifQ has neither been purified to
date, nor is there any known activity for NifQ. Inspection of the NifQ primary sequence
revealed a cluster of four conserved cysteine residues at the C-terminus of the protein [61].
These cysteine residues may provide the ligands for a redox site within NifQ, or perhaps provide
a nucleation site for the formation of a Mo-containing precursor of the FeMo-cofactor. The
location of this cysteine-rich region near the surface of the protein is indicated by the relatively
high number of hydrophilic residues in this region [61]. If this Mo-containing precursor were to
be transferred to an additional protein on the FeMo-cofactor assembly line, an ideal location

within NifQ would be near the surface of the protein.
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NifU and NifS In addition to the gene products that are specifically involved in nitrogenase

metallocluster biosynthesis there are two othiegenesnifS andnifU, whose products catalyze
reactions that are involved in the mobilization of Fe and S for metallocluster assembly [51, 88].
The nifS gene product is a cysteine desulfurase that activates S for Fe-S cluster formation,
whereas thenifU gene product probably has a complementary role as an Fe carrier [89]. The
catalytic role of NifS in Fe-S cluster synthesis was demonstrated by the ability of NifS to
reconstitute the [4Fe-4S] cluster of the Fe protein, providing a source of Fe and reductant was
present [51]. Homologues tifU andnifS whose expression is not undérspecific control are
present in many organisms. The products of these genes probably have general functions in [Fe-
S] cluster formation and repair [90].

Current research in this area involves the formation of Fe-S clustateo, by the action
of NifU and NifS. NifU is a modular protein containing distinct functional domains, which has
permitted the purification of these specific polypeptide domains. NifU-1 encompasses the N-
terminal region of NifU containing three conserved cysteine residues that are required for NifU
activity. NifU-2 contains the region of NifU that has a bound [2Fe-2S] cluster. The ability to
purify the functional domains of NifU has permitted the study of Fe-S cluster synthegi®
by monitoring cluster formation over time by UV-VIS spectroscopy. The interferring signal
from the [2Fe-2S] cluster of NifU can be excluded by purifying NifU-1 and using it in the Fe-S
synthesis reactions. NifU-1 has the ability to bind Fe, and when incubated with catalytic
amounts of NifS, cysteine an@tmercaptoethanol will catalyze the formation of [2Fe-2S]

clusters (P. Yuvaniyama, and D.R. Dean, personal communication).
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NifW and NifZ The functions of NifW and NifZ in FeMo-cofactor biosynthesis are not fully

understood. During FeMo-cofactor synthesis homocitrate formed by NifV must be coordinated
to Mo. It is not clear whether this process requires an enzymatic activity, or if this process
occurs on the NIfEN complex or at a later step during FeMo-cofactor biosynthesis. Deletion of
eithernifW or nifZ results in a slower diazotrophic growth rate than a wild type strain and a
slight decrease in MoFe protein activity, but no apparent effect on Fe protein activity [75, 91]. It
has been suggested that NifW and NifZ may form a macromolecular complex, owing to their
similar biochemical and growth phenotypes as well as the fachifViit and nifZ are co-
transcribed irk. pneumoniagd2] andA. vinelandii[75]. Study of anifW-nifZ double mutant in

R. capsulatufias shed more light on the possible involvement of these proteins with homocitrate
processing. ThaifW-nifZ double mutant has a more pronounced effect on the diazotrophic
growth rate when compared to wild type, however, this phenotype can be rescued by the addition
of homocitrate to the growth medium [Masepohl, 1989 #4550]. This effect is also seef.in an
vinelandii nifW-nifV double mutant, which alludes to the involvement of NifW and NifZ in a

common processing event requiring homocitrate [62].

Proposed Model for FeMo-cofactor Biosynthesis

The current model for FeMo-cofactor synthesis is illustrated in Figure 4. NifU and NifS
most likely mobilize Fe and S, respectively. Fe and S recruited in this manner are then donated
to NifB. Using this donated Fe and S, NifB catalyzes the formation of an Fe/S precursor to the
FeMo-cofactor, termed NifB-cofactor. NifB then donates NifB-cofactor to the NifEN complex.
Whether or not NifB directly interacts with NifEN is not known. Perhaps NifB-cofactor

association with NifEN requires specific proteins that act to transport metalloclusters. A possible
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Figure 4. Schematic model for FeMo-cofactor biosynthesif\invinelandii The following features of
FeMo-cofactor biosynthesis are summarized: (i) NifU and NifS are probably involved in mobilization of
Fe and S, respectively; (ii) NifB promotes the formation of an FeMo-cofactor precursor using the Fe and
S provided by NifU and NifS; (iii) The FeMo-cofactor precursor provided by NifB, NifB-cofactor, is
donated to the NIfEN complex. This process may involve direct association of NifB and NifEN or the
involvement of a metallocluster transport protein, such as NifX; (iv) NifEN with bound NifB-cofactor
interacts with the Fe protein in an unknown manner; (v) After NifEN interacts with Fe protein, it is
possible that NifEN is capable of incorporating Mo and homocitrate into FeMo-cofactor synthesis; (vi)
Finally, fully formed FeMo-cofactor is released from NIifEN and is available for the maturation of the
apo-MoFe protein. Question marks indicate areas of synthesis that are not fully understood. Also, it is
not known whether FeMo-cofactor is directly released to the apo-MoFe protein from NIifEN or whether

there is an intermediate carrier.
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candidate for such a trafficking role is the NifX protein. The NIfEN complex acts as a
processing point for FeMo-cofactor biosynthesis. NIfEN binds NifB-cofactor and processes it
along the path of FeMo-cofactor synthesis. Whether or not a structural rearrangement of NifB-
cofactor occurs upon NIifEN is not known. It is thought that after NifEN binds, and perhaps
processes, NifB-cofactor, the Fe protein interacts with the NifEN in some manner. The next few
steps are unclear. It is not known if the Mo and homocitrate are incorporated at the stage of
NifEN or at a later stage in synthesis. Organic acid and metal analysis of NifEN have not
indicated the presence of homocitrate or Mo. Also, it is not certain how fully formed FeMo-
cofactor is mobilized for the activation of apo-MoFe protein. It is thoughtythatnonnif

protein, is involved with mobilization of FeMo-cofactor and subsequent insertion into apo-MoFe
protein. However, conflicting reports exist of the mattey mivolvement. The most interesting
holes concerning the process of FeMo-cofactor biosynthesis, as it pertains to the research
contained within this dissertation, pertain to the involvement of the Fe protein and the transport
of metalloclusters such as NifB-cofactor and FeMo-cofactor.

The dissertation in hand is focussed on increasing the understanding of FeMo-cofactor
biosynthesis imA. vinelandii Chapter | deals with the development of a gene fusion approach
for NifEN overproduction and the application of immobilized metal-affinity chromatography for
the purification of a poly-histidine tagged NIfEN complex. Within this chapter the initial
biophysical characterization of the NifEN complex metal centers were completed. Chapter Il
involves the poly-histidine fusion approach for the purification of apo-MoFe protein frofB-a
deletion inA. vinelandii Also contained within this chapter is the detailed biophysical
characterization of the P-cluster associated with the apo-MoFe protein. Chapter Il constitutes an

initial study of an FeMo-cofactor precursor bound to the NiIfEN complex. Additional work
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includes the involvement of NifX in processing NifB-cofactor, FeMo-cofactor and precursor

bound on NIfEN. Finally, chapter IV probes at the interaction of the Fe protein of nitrogenase
with the NIfEN complex. Aspects of this study involve the use of altered forms of the Fe protein
to probe protein-protein interaction with NifEN and the use of biophysical techniques to

investigate electron transfer from the Fe protein to the NifEN complex.

29



CHAPTER |

The Azotobacter vinelandiNifEN Complex Contains Two Identical [4Fe-4S]
Clusters
This Chapter was written by the combined efforts of myself, Jeffrey N. Agam, T.
Roll,"Gary P. Robert§Michael K. Johnsofi,and Dennis R. Dean* and was published in the
journal Biochemistry(Goodwinet al.,1998). | was involved in all aspects of the experiments
performed for the preparation of this manuscript. Experiments pertaining to recombinant DNA
technology, bacterial strain construction , protein purification and protein characterization were
performed in the laboratory of Dennis Dean at Virginia Tech. Plasmids used in strain
construction were prepared by technician Valerie Cash of Dennis Dean’s laboratory.
Experiments involving biophysical characterization techniques were performed under the
supervision of Jeff Agar in the laboratory of Michael Johnson at the Center for Metalloenzyme

studies located at the University of Georgia.

Reprinted with Permission froBiochemistryl998 37, 10420-10428. Copyright 1998

American Chemical Society.
* Department of Biochemistry, Virginia Tech, Blacksburg, VA 24061

8 Department of Chemistry and Center for Metalloenzyme Studies, University of Georgia, Athens, GA 30602

" Department of Bacteriology, University of Wisconsin, Madison, WI 53706
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Summary

The nifE and nifN gene products froAzotobacter vinelandiform ana,B, tetramer
(NIfEN complex) that is required for the biosynthesis of the nitrogenase FeMo-cofactor. The
current model for NifEN complex organization and function is that it is structurally analogous to
the nitrogenase MoFe protein and that it provides an assembly site for a portion of FeMo-
cofactor biosynthesis. In the present work, gene fusion and immobilized metal-affinity
chromatography strategies were used to elevatathigo production of NifEN complex and to
facilitate its rapid and efficient purification. The NifEN complex produced and purified in this
way exhibits a similar FeMo-cofactor biosynthetic activity to that previously described for
NIfEN complex purified by traditional chromatography methods. UV-visible, EPR, variable-
temperature magnetic circular dichroism, and resonance Raman spectroscopies were used to
show that the NifEN complex contains two identical [4Fe~4S$]usters. These clusters have a
predominantlyS= 1/2 ground state in the reduced form, exhibit a reduction potential of -350
mV, and are likely to be coordinated entirely by cysteinyl residues based on spectroscopic
properties and sequence comparisons. A model is proposed where each NIifEN complex [4Fe-
4S] cluster is bridged between a NIifE-NifN subunit interface at a position analogous to that
occupied by the P clusters in the nitrogenase MoFe protein. In contrast to the MoFe protein P
clusters, the NIfEN complex [4Fe-4S] clusters are proposed to be asymmetrically coordinated to
the NiIfEN complex where NiIfE cysteines-37, -62, and -124 and NifN cysteine-44 are the
coordinating ligands. Based on a homology model of the three dimensional structure of the
NifEN complex, the [4Fe-4S] cluster sites are likely to be remote from the proposed FeMo-
cofactor assembly site and are unlikely to become incorporated into FeMo-cofactor during its

assembly.
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Introduction

Biological nitrogen fixation is catalyzed by nitrogenase, a metalloenzyme composed of
two-component proteins called the Fe protein and MoFe protein (reviewed in [6, 26, 93]). The
Fe protein (also called dinitrogenase reductase [13]) is a homodimer that contains a single [4Fe-
4S] cluster bridged between its identical subunits [14]. The MoFe protein (also called
dinitrogenase) is a,B, tetramer that contains two pairs of novel metalloclusters called the P-
cluster (FgS;) and the iron-molybdenum cofactor (FeMo-cofactor,ffdo:homocitrate]).
Eachap-unit of the MoFe protein is believed to comprise a single catalytic unit that contains one
P-cluster and one FeMo-cofactor that are separated by approximately 17 A [12]. During
catalysis the Fe protein delivers electrons to the MoFe protein in a process that involves
association-dissociation of the component proteins, MgATP binding, and nucleotide hydrolysis
[13]. The nucleotide binding sites are located on the Fe protein and a minimum of two MgATP
are hydrolysed for each electron transfer event. The P-cluster is locatedmirttegface of the
MoFe protein and appears to function as an intermediate electron carrier site that accepts
electrons from the Fe protein and subsequently effects their intramolecular delivery to FeMo-
cofactor [25, 94, 95] - the site of substrate binding and reduction [11, 29, 31].

Because FeMo-cofactor provides the site of substrate binding and reduction, its structure
and assembly have attracted considerable attention. X-ray crystallographic analyses have shown
that FeMo-cofactor consists of a metal sulfur core,$0) and one molecule of (R)-
homocitrate [28]. The metal-sulfur core is constructed frogs,M® and FgS, fragments that

are connected by three inorganic sulfide bridges located between pairs of Fe atoms from
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opposing fragments. Homocitrate is coordinated to the Mo atom through its 2-hydroxy and 2-
carboxyl groups.

Biochemical and genetic studies using béthotobacter vinelandiandKlebsiella
pneumoniaehave revealed that at least si-specific gene products, includimdgjfB, NifE,

NifN, NifV, NifQ, and NifH, are directly involved in the biosynthesis of FeMo-cofactor [96].
NifB catalyzes the formation of an FeMo-cofactor precursor called B-cofactor which is
composed of an iron-sulfur core that does not include Mo or homaocitrate [58]. NIfE and NifN
form ana,B, tetramer [66] that is able to bind B-cofactor [59, 60], and in doing so provide a
scaffold for one or more steps in FeMo-cofactor biosynthesis. NifQ appears to have a role in the
activation of Mo for FeMo-cofactor assembly [84], and NifV is a homocitrate synthase that
provides the organic constituent of FeMo-cofactor [67, 97]. The role of NifH (Fe protein) in
FeMo-cofactor assembly is not yet understood but its role does not appear to involve either
electron transfer or MgATP hydrolysis [62, 76, 98]. The Fe protein and the product of another
gene (NifY in the case df. pneumoniag¢78, 80] and a protein called gamma in the cas&.of
vinelandii[73, 79]) also appear to have some role in the incorporation of FeMo-cofactor into the
apo-MoFe protein.

Most of what is known about the assembly of FeMo-cofactor has involved the application
of in vitro reconstitution [11] andn vitro biosynthetic assays [99] developed by Shah and
coworkers. For exampl@ vitro reconstitution assays were used to show that FeMo-cofactor is
separately synthesized and then inserted into the apo-MoFe protein rather than being assemblec
stepwise into the apo-MoFe protein [63]. This observation, primary sequence comparisons [65,
100], and the two-dimensional electrophoretic properties of NifE and NifN ultimately led to the

hypothesis that the NifEN complex provides a molecular scaffold for at least a portion of FeMo-
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cofactor biosynthesis [100]. In related experiments it was found that NifB- and NifE- or NifN-
deficient extracts could be mixed to achieve FeMo-cofactor formation, providing that Mo and
MgATP were also added to the reaction mixture [99]. Experiments of this sort provided an assay
that permitted the isolation of small amounts of the NifEN complex [66], which was shown to be
an a,f, tetramer that contains Fe-S cluster(s). One problem encountered in the isolation and
characterization of FeMo-cofactor biosynthetic enzymes is that they are only present in very low
intracellular amounts. To date, this feature has precluded the purification of the NifEN complex
in the quantities necessary for detailed biophysical characterization of its associated Fe-S
cluster(s). In the present work a gene fusion approach for overproduction of the NifEN complex
in A. vinelandiiand the application of immobilized metal-affinity chromatography for NifEN
complex purification are described. These procedures have permitted purification of active

NIfEN complex in sufficient quantities for biophysical characterization.

Experimental Procedures

DNA biochemistry and strain constructions. TransformatioA.ofinelandiiwas performed as

previously described by Page & von Tigerstrom [101]. Strain DJ1061 (Figure 1) was
constructed in several steps. In the first step, polymerase-chain-reaction (PCR) -directed DNA
amplification and mutagenesis was used to obtain an approximately 0/8dkisal fragment

of A. vinelandiigenomic DNA [100] that was incorporated irffond-Sal-digested pUC119

vector DNA. This plasmid was designated pDB902 and it containg\thanelandiinifE
promoter, as well as upstream and downstream sequences extending approximately 450 base-
pairs in each direction. Plasmid pDB902 was also constructed so that a Nd@juestriction

enzyme site overlaps thefE translation initiation site. Plasmid pDB904 was constructed by
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digesting pDB902 witiNdd and incorporating a kanamycin-resistance cartridge derived from
pUC4-KAPA [102] at theNdd site of pDB902. Plasmid pDB906 was constructed by digesting
pDB902 withNdd and then ligating a synthetic DNA cartridge into this site. The sense strand of
the synthetic cartridge has the sequence:. 5TATGCATCACCACCATCACCACCA3. The
triplet that corresponds to tifE translation initiation codon is underlined in the synthetic DNA
cartridge shown above. This construction places seven in-frame histidine codons between the
initiating methionine-codon and the second codon of the cloned portionf®fcarried on
pDB906. Restriction enzyme mapping and DNA sequence analyses were used to confirm all
plasmid constructions. Wild-typ&. vinelandiicells were transformed using pDB904 DNA as
the donor and then selecting for kanamycin resistance and scoring for ampicillin sensitivity. One
transformant that resulted from double-reciprocal crossover events, and which is Nif-minus,
kanamyci¥, and ampicillif, was designated DJ1057. Strain DJ1061 was constructed by
transformation of DJ1057, using pDB906 DNA as the donor, resulting in a Nif-plus, kanamycin
phenotype. Strain DJ1061 is genotypically identical to the wild-type except that there are seven
histidine codons immediately following the initiating methionine codon at the N-terminus of
nifE. It should be noted that none of the plasmids used for strain constructions described in the
present work are capable of autonomous replicatién innelandi

Strain DJ1041 (Figure 1) was also constructed in several steps. In the first step a DNA
cartridge, extending from theifH translation initiation site to approximately 500 base-pairs
upstream, was generated by PCR amplification. This cartridge was constructed sd\ithét an
restriction enzyme site was located at thiH translation initiation site, and Bglll site was
located approximately 500 base-pairs upstream ohifie translation initiation site. This

cartridge was digested Ndd andBglll and ligated intd\Ndd-BgllI-digested pT-7 plasmid
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DI1061 H B % T¥ E N X

DI1041 E N X

Figure 1. Organization dfif-specific genes in various strains relevant to the present work.
Horizontal arrows indicate the direction of transcription. The approximate position wftthe
promoter is indicated by a filled box, and filled circles indicate the approximate positions of
promoters for other transcription units. The cross-hatched bar indicates the region deleted from
the chromosome in construction of DJ1041. The filled portion at the beginningrof&igene

for DJ1061 and DJ1041 indicates the position of the sequence encoding the respective

polyhistidine tags.
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vector DNA [103] to form plasmid pDB591. In the second steyfla -gene cartridge was
generated by PCR amplification so thatNuohd site was located at thefE-initiation codon and

a BanHl site was located shortly downstream of thi#=-coding sequence. This cartridge was
ligated intoNdd-BanHI-digested pJ-7 vector DNA to form pDB558. In the next step pDB558
was digested witiNdd and BanH| and the resultingnifE-cartridge purified and ligated into
Ndd-BanHI-digested pDB591 to form pDB597. Construction of pDB597 results in a fusion of
the nifH-transcriptional and -translational elements to the coding portion oiftagene. In the

final step of plasmid constructions pDB597 was digested Matd and ligated with the same
synthetic DNA cartridge described above to form plasmid pDB867. This construction places
seven in-frame histidine codons between the initiating methionine-codon and the second codon
of the nifE -coding sequence. The fusion of thiéH promoter sequence with tiéfE-coding
sequence carried by pDB867 was then transferred té thenelandii chromosome to yield
strain DJ1041. This construction was accomplished by transformation using congression
(coincident transfer of unlinked genetic markers) where the rifampicin-resistance marker
contained in pDB303 [64] was used as the selected marker. The phenotype of DJ1041 is Nif

and Rif.

Cell growth, purification of the NifEN complex, and assags vinelandiicells were grown at

30°C in a 150-L custom-built fermenter (W. B. Moore, Inc. Easton , PA) in modified Burk
medium containing 1@M Na,MoO, and 10 mM urea[104]. Cultures were sparged with
pressurized air (80 I/min at 5 psi) and agitated at 125 rpm. When the cell density reached 180
Klett units (red filter) they were derepressed fof expression by concentration and

resuspension in Burk medium with no added nitrogen source [44]. Harvested cells were stored at
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-80°C until used. Crude extracts were prepared by the osmotic shock method [105] in degassed
buffer containing 25 mM Tris-HCI (pH 7.9) and 1 mM Na dithionite. Prior to NifEN complex
purification, the extracts were made 500 mM in NaCl by the addition of degassed, granular
NaCl. All biochemical manipulations were performed under an Argon atmosphere using a
Schlenk apparatus. Approximately 120 g of cells (wet weight) were processed for each
purification yielding approximately 10 g of total protein in the crude extract. The NIfEN
complex was purified using immobilized metal-affinity chromatography (IMAC) and DEAE-
sepharose anion-exchange chromatography (Amersham-Pharmacia, Piscataway, NJ). Cell
extracts were loaded on an IMAC Zn(ll)-charged column (30 ml of resinin a 1.5 cm x 15 cm
column) using a peristaltic pump. After loading the extract, the column was washed with three
column volumes of the above buffer containing 20 mM imidazole-HCIl. The protein that
remained bound to the column was then eluted using the above buffer containing 250 mM
imidazole-HCI. The eluted protein was collected and diluted 7 x in a degassed buffer (25 mM
Tris-HCI, pH 7.9) containing 1 mM Na dithionite. The diluted protein was then loaded onto a
DEAE-sepharose column (30 ml of resin in a 1.5 cm x 15 cm column) and eluted using a linear
NaCl gradient (100 mM to 300 mM NaCl over 5 column volumes). The NIfEN fraction, which
eluted at approximately 250 mM NaCl, was collected and concentrated using an Amicon
concentrator (Beverly, MA) fitted with a YM10O0 filter. Concentrated protein was pelleted and
stored in liquid nitrogen until used. Protein purity was monitored by SDS-PAGE electrophoresis
as previously described [44]. Protein was quantitated by the BCA method using bovine serum
albumin as the standard [106].

NIifEN activity was determined by slight modifications of previously described

procedures [60, 66]. Each degassed 9-ml reaction vial included Outp @Oisolated NIfEN,
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100pl of 25 mM Tris-HCI (pH 7.4, 1.0 mM Na dithionite), 200f 5 mM homocitrate, 1Ql of

1.0 mM NgMoOQ,, 200ul of an ATP-regenerating system (containing 3.6 mM ATP, 6.3 mM
MgCl,, 51 mM phosphocreatine, 20 unit/ml creatine phosphokinase, and 6.3 mM Na dithionite),
and 200ul of DJ1007 AnifE) crude extract. The reaction vial also included an excess of B-
cofactor, which is necessary for FeMo-cofactor biosynthesiqul(®® an isolated B-cofactor
preparation (60 mg of Fe/L) provided by V. K. Shah was used [58]). Vials were incubated at 30
°C for 30 min to allow FeMo-cofactor biosynthesis and insertion into apo-MoFe protein present
in the DJ1007 crude extract. An additional 0®f the ATP-regenerating system was then
added, the vials brought to 1 atm, and a 30 min acetylene reduction assay was performed under a
10% acetylene atm at 30 °C. Ethylene formation was monitored using a Hewlett Packard 5890A
gas chromatograph equipped with an FID detector. The amount of apo-MoFe protein present in
the DJ1007 extract was estimated by the reconstitution system using isolated FeMo-cofactor (
100 mg of Fe/L) as previously described [11]. FeMo-cofactor used in the present work was a

gift from V. K. Shah.

Metal analysis Fe was quantitated by tlaex' bipyridyl method [107], and Mo was quantitated

by inductively coupled plasma emission (Utah State University, Soil Testing Laboratory).

Preparation of Antisera Against NifN. For the preparation of antibodies against NifN for use in

western analyses, NifN was produced at a high levEl ieoli and purified. For this purpose a
PCR-generatedifN gene cartridge was cloned into tNdd-BanH]I sites of the cloning vector
pT,-7 to form pDB560. This construct places expressionifdf under the T control elements.

Plasmid pDB560 was then transformed into Enecoli host strain BL21(DE3). NifN was then
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produced at a high level and purified by using essentially the same procedures previously
described for the high level of expression and purification of NifU [88]. Purified NifN was then
sent to Cocalico Biologicals Inc., Reamstown, PA, for commercial production of Rabbit anti-
NifN antisera. Chemicals for western analysis were obtained from ICN Biomedicals (Costa

Mesa, CA) and the procedures recommended by the supplier were followed.

Spectroscopic Characterization of NifEN. The sample concentrations given in the figure

captions are based on the quantitation of the purified protein solution by the BCA method [106].
Spectroscopic results were quantified gerheterodimer. UV-Visible absorption spectra were
recorded under anaerobic conditions in septum-sealed 1-mm cuvettes using a Shimadzu 3101PC
scanning spectrophotdeter. Variable-temperature magnetic circular dichroism (VTMCD)
spectra were recorded on samples containing 55% (v/v) glycerol in 1-mm cuvettes using an
Oxford Instruments Spectromag 4000 (0-7 T) split coil superconducting magnet (1.5-300 K)
mated to a Jasco J-715C spectropolarimeter. Experimental protocols used for VTMCD studies
were performed as previously described [108, 109]. X-band (~9.6 GHz) Electron Paramagnetic
Resonance (EPR) spectra were recorded on a Bruker ESP-300E EPR spectrometer equipped with
a dual mode ER-4116 cavity and an Oxford Instruments ESR-9 flow cryostat. Frequencies were
measured with a Systron-Donner 6054B frequency counter, while the magnetic field was

calibrated with a Bruker ERO35M gaussmeter. Spin quantitations were carried out under non

! Abbreviations: VTMCD, variable-temperature magnetic circular dichroism; RR,

resonance Raman; NHE, normal hydrogen electrode
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saturating conditions with 1mM Cu(I)EDTA as the standard, using the procedures outlined by
Aasa and Vanngard [110].

Resonance Raman spectra were recorded using an Instruments SA Ramanor U1000
spectrometer fitted with a cooled RCA 31034 photomultiplier tube with 90° scattering geometry.
Spectra were recorded digitally using photon-counting electronics, and signal-to-noise was
improved by signal averaging of multiple scans. Band positions were calibrated using the
excitation frequency and C@ind are accurate telcm®. Laser excitation lines were from a
Coherent Innova 100 10-W argon ion laser, with plasma lines removed using a Pellin Broca
Prism premonochromater. Resonance Raman samples were placed in a specially designed
sample cell [111] at the end of an Air Products Displex Model CSA-202E closed-cycle
refrigerator and remained at 28 K and under an atmosphere of argon throughout scanning. The
low sample temperature facilitates improved spectral resolution and prevents laser-induced
sample degradation. Scattering was collected from the surface of a frogzienlrbplet.

EPR redox titration was performed at ambient temperature (25-27° C) within a glovebox
under anaerobic conditions, using 20 mM Tris-HCI buffer (pH 7.9) and 300 mM NaCl. The
concentration of the NIfEN complex was 14M. Each mediator dye was added to a
concentration of 5@M in order to cover the range of -500 through -100 mV (vs NHE). The
mediator dyes used were methyl viologen, benzyl viologen, neutral red, safranin O,
anthraquinone-2-sulfonate, phenosafranin, and anthraquinone-1-5-disulfonate. Samples were
first reduced by addition of excess sodium dithionite followed by oxidative titration with
potassium ferricyanide. Potentials were measured with a platinum working electrode and a

saturated Ag/AgClI reference electrode. After equilibration at the desired potential,ud 250
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aliquot was transferred to a calibrated EPR tube and frozen immediately in liquid nitrogen.

Redox potentials are reported relative to the NHE.

Results

Expression and Purification of the NifEN complex. Figure 1 shows a schematic of the relevant

genomicnif region for the wild type (DJ) and the two strains (DJ1061 & DJ1041) that were
constructed by gene-directed mutagenesis and gene-replacement techniques. Strain DJ1041 wa:
designed for: (a) the elevated production of th#EN gene products and, (b) the facile
purification of the NifEN complex by using IMAC. The first of these goals was achieved by
deleting the intervening region between the relatively stnoifig promoter and thenifEN
structural genes, thereby placing the expressionitEN under the direction of thaifH
transcriptional and translational control elements. The second goal was made possible by
placing seven histidine codons between the methionine initiation codon and the second codon of
the nifE-coding sequence. Strain DJ1061 was constructed to: (a) determine whether or not
insertion of the polyhistidine coding sequence at the N-terminagalters than vivo activity

of the NIfEN complex and, (b) permit the comparison of the relative amounts of the NIfEN
complex that accumulate whaifEN expression is driven by either th#E- or thenifH-control
elements. Both the wild type and DJ1061 grow at the same rate (doubling-time of 2.2 - 2.4
hours) when cultured under diazotrophic growth conditions. Thus, because strains deleted for
nifE are unable to grow diazotrophically [65], this result indicates that placement of the poly-
histidine tail at the N-terminal region of NifE does not impair the NifEN complex to an extent

that can be detectad vivo. Figure 2A and 2B show SDS-PAGE profiles for fractions obtained
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Figure 2. Gel electrophoresis of various stages during the IMAC purification of the NIfEN
complex from DJ1061 (panel A) and DJ1041 (panel B). The proteins were separated by 12%
SDS-PAGE and stained with Coomassie brilliant blue. Lane, ktddards (phosphorylase b,
bovine serum albumin, carbonic anhydrase, and soybean trypsin inhibitor); Lane 2, crude extract;
Lane 3, column flow through; Lane 4, 20 mM imidazole-HCI wash fraction; Lane 5, purified
NIifEN complex. Arrows pointing left indicate the position of NifE (upper band) and NifN
(lower band). The arrow pointing right in panel A indicates the position of the MoFe protein

and pg-subunits. Corresponding MoFe protein subunit bands are not seen in panel B because

nifDK are deleted in strain DJ1041.
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during the purification of the NifEN complex from DJ1061 and DJ1041, respectively. The
simple four-step purification procedure involves: (i) passing a crude extract prepareaffrom
derepressed cells over a Zn(ll) charged IMAC column, (ii) washing the column with a 20 mM
imidazole-HCI buffer, (iii) eluting the bound protein with 250 mM imidazole-HCI buffer, and
(iv) anion-exchange column chromatography. The relative amounts of NifEN complex purified
from DJ1061 and DJ1041 shown in Figure 2, which represent different purifications performed
on different days, cannot be quantitatively compared. Nevertheless, examination of the
individual panels in Figure 2, which compare individual fractions at different stages of
purification, clearly indicates that the amount of NifEN complex that can be purified from
DJ1041 is much higher than from DJ1061. About 70 mg of pure NIfEN complex can be
routinely obtained from 10 gm of DJ1041 crude extract protein whereas only about 7 mg of
NIfEN complex can be obtained from the same amount of DJ1061 crude extract protein. Also,
the estimated amount of NifEN complex obtained from DJ1061 crude extracts is probably an
overestimation because there is a significant amount of contaminating proteins in the purified
sample from DJ1061, as can be seen by inspection of lane 5 in Figure 2A. Identification of the
protein bands indicated as NIifEN in Figure 2 was confirmed in two different ways. First, bands
at a similar location were not recognized when crude extract from the wild-type strain was
processed in the same way. This result is consistent with the fact that NifE from the parental
wild-type strain does not have a polyhistidine tail. Second, the bands corresponding to NifN in
Figure 2 were identified by western analysis (data not shown) using rabbit antibodies raised
against purified NifN protein that was heterologously expressgéd aoli. Although the amount

of NIfEN complex accumulated by DJ1041 is much greater than that accumulated by DJ1061,

the yield is still lower than might be expected for proteins whose synthesis is directed by the
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nifH-control elements. For example, in related studies we have also placed a polyhistidine tag
near the N-terminus afifD, which encodes the-subunit of the MoFe protein, and whose
synthesis is naturally directed by théH-promoter. By using the same IMAC approach
described here for NifEN purification, 350 mg of polyhistidine tagged MoFe protein, having full
catalytic activity € 2,000 nmoles KHevolved - mirt - mg' protein), can be routinely isolated

from 10 g of nitrogenase-derepressed crude extract (Christiansen, Goodwin, Zheng & Dean,
unpublished). Although it is not known why NIfEN from DJ1041 accumulates to levels lower
than might be expected, it was found that the amount of NifEN that can be detected in crude
extracts by western analysis drops dramatically after about three hours of nitrogenase
derepression (data not shown). This result indicates that the NiIfEN complex might have a
relatively shortin vivo half-life. Roll et al[60] have also reported that the yield of NifEN
complex obtained by using other purification methods is dependent upon the genetic background

from which the complex is isolated.

IMAC-Purified NifEN Complex Activity Previous work has shown that the NifEN complex

isolated from anifB-deficientA. vinelandiistrain can be added tonHEN-deficient crude extract

to achieve activation of the apo-MoFe protein, providing other factors necessary for FeMo-
cofactor biosynthesis (MgATP, Mo, and homaocitrate) are also included [60, 66]. Furthermore,
FeMo-cofactor biosynthetic activity is maximized in this system when an excess of B-cofactor,
product of NifB activity, is also added to the reaction mixture. In the present work it was
important to establish that the NIifEN complex isolated by the IMAC method has the same
composition and a similar ability to participate in FeMo-cofactor biosynthesis as previously

reported for NifEN complex isolated by other methods. These features were demonstrated in the
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following ways. The ability of IMAC-purified NifEN complex to activate apo-MoFe protein in
extracts prepared fromrafE-deletion mutant was shown to be almost identical to that described
for NifEN complex that was purified using the original purification scheme reported by Paustian
et al (Figure 3B; see Figure 5 in ref. [66]). The maximum amount of activation of apo-MoFe
protein effected by IMAC-purified NifEN complex (Figure 3B) also corresponds to the
maximum amount of reconstitution that can be achieved by addition of isolated FeMo-cofactor
to the same extract (Figure 3A). IMAC-purified NIfEN complex was shown to hgpan
tetramer by its mobility on a gel exclusion chromotography column (data not shown). It was also
found that, like the NIfEN complex previously characterized [66], IMAC-purified NIifEN is
oxygen-labile, contains Fe, and exhibits a characteristic UV-Visible spectrum in its oxidized and

reduced states (Figure 4).

Biophysical Characterization of the NifEN Complex Fe-S Clusters: UV-visible Absorption.

Figure 4 shows the UV-Visible absorption of oxidized and reduced NIifEN. The oxidized
spectrum with its pronounced shoulder at 410 nm is characteristic of proteins containing [4Fe-
4SF* clusters [112]. Upon reduction with dithionite, the peak at 410 nm diminishes and a broad
featureless spectrum indicative of a [4Fe*4d]ster appears. The molar extinction coefficients

for oxidized €,,,~13,500 M'cm™) and reducede,~ 9,500 M'cm™) NifEN (expressed pefp-

dimer) indicate two [4Fe-48]" clusters per NifENa,3,-tetramer. These results are also in good
agreement with iron analyses of NifEN, which indicate 9.5 + 0.5 iron atoms pgtetramer,

with no Mo detected.
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Figure 3. Reconstitution of apo-MoFe protein using either isolated FeMo-cofactor (panel A) or
the FeMo-cofactor biosynthesis system (panel B), as describEgperimental Procedures
Assay

MoFe protein activity is expressed as nanomoles of ethylene produced per min.
conditions are described in Experimental Procedures. For the biosynthetic assay shown in panel

B all known components required for FeMo-cofactor biosynthesis are present in excess except
for the NIfEN complex. The same crude extract (9.0 mg for each assay) was used for all

reconstitution assays shown in panel A and panel B. Data points represent the average of two

independent assays.
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EPR and EPR-monitored Redox Titration. X-band EPR spectra of dithionite-reduced NIifEN

were recorded at temperatures in the range 4.2-100 K with microwave powers between 0.001 and
100 mW. A less extensive series of experiments were conducted on NifEN samples containing
55% (v/v) glycerol (i.e. the same samples used for VTMCD studies), and the EPR properties
were found to be unperturbed by the presence of glycerol. A representative EPR spectra of
dithionite-reduced NIifEN is shown in Figure 5. The protein exhibits a rhombic spectrum, g =
2.10, 1.92, 1.85, that is only discernible at temperatures below 30 K. This resonance accounts
for 1.1 spins pesp-dimer and except for a minor adventitious*fen signal centered at g = 4.3,

there was no evidence for aBy> 1/2 resonances in the low field region. Taken together, the
spin quantitation, g-values and the relaxation properties indicat8 twt2 [4Fe-4S] clusters

per a,B,-tetramer. In order to assess the midpoint potential of the [4F&*4Qjuple, a dye-
mediated EPR-monitored redox titration of purified NifEN was carried out at pH 7.9. Figure 6
shows a plot of the intensity of tf&= 1/2 resonance as a function of the potential. A one-
electron Nernst plot overlays the individual data points to a good approximation, indicating a

midpoint potential of -350 + 20 mV.

VTMCD. Temperature-dependant MCD bands are observed throughout the 300-800 nm region
in the VTMCD spectra of reduced NIFEN (Figure 7). The pattern of these bands is characteristic
of a [4Fe-4S] cluster [112-115], with the derivative feature centered around 410 nm arising at

least in part from a very minor heme contaminant. While the absence of a pronounced negative

feature centered around 650 nm is generally indicativeSof 8/2 [4Fe-4S]cluster [113, 114],
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Figure 4. UV-visible absorption spectra for oxidized and reduced NIifEN. Excess sodium
dithionite was removed from reduced NIifEN (lower spectrum) by anaerobic buffer exchange.

NIfEN was oxidized with thionine (upper spectrum) and the excess was removed by anaerobic

buffer exchange.
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Figure 5. X-band EPR spectrum of dithionite-reduced NIifEN. The sample (0.4 mM) was in 20
mM Tris-HCI buffer, pH 7.9, with 1 mM sodium dithionite. Conditions of measurement:

microwave frequency, 9.6 GHz; modulation amplitude, 0.64 mT: microwave power, 20 mW;

temperature 10 K.
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Figure 6. EPR signal intensity (arbitrary units) for NifEN (0.15 mM) as a function of poised

potential. Dye-mediated redox titrations were carried out as described in the Experimental
section. Data points correspond to the peak-to-trough intensity (g = 1.93 - 1.85) at 10 K. Solid
line represents a plot of a one-electron Nernst equation with a midpoint potential (vs NHE) of -
350 mV. EPR conditions: temperature 10 K; microwave power, 20 mW; modulation amplitude,

1.02 mT; microwave frequency, 9.60 GHz.
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MCD magnetization data collected at 536 nm (Figure 9) indicate that the cluster ground state is
predominantlyS= 1/2, in accord with the EPR results. The magnetization data collected at three
fixed temperatures (1.8 K, 4.2 K and 10.0 K) are fit to first approximation by theoretical data
constructed using the EPR-determined g-valuegs 210 and g =1.89. The intensities of the
low-temperature MCD spectra of paramagnetic Fe-S clusters, compared under equivalent
conditions after normalizing for concentration and path length, and correcting for sample
depolarization [108, 109], provide an approximate estimation of cluster concentration. Synthetic

and biologicalS = 1/2 [4Fe-4S] clusters havAg values for the positive band at 520 nm in the

range of 60-90 Mcm* at 4.5 T and 2 K [112, 113]. The 2 K MCD spectrum of NifEN, which

hasA€E = 76 M* cmi* when quantified pesig-heterodimer, complements the UV-visible molar

extinction coefficients and the EPR spin quantitation in suggesting that there is one [4Fe-4S]

cluster per NifENuB-heterodimer.

Resonance Raman. Resonance Raman spectra in the Fe-S stretching region, 200-450 cm

provide a means for identifying both Fe-S type in diamagnetic redox states [116, 117] and
assessing the cluster ligation [114, 118]. The RR spectrum of thionine-oxidized NifEN complex
obtained with 457.9-nm laser excitation is shown in Figure 9. The vibrational frequencies and
relative intensities of the Fe-S stretching modes are characteristic of those established for [4Fe-
4SF* clusters [119, 120] and can be assigned by direct analogy under idealized tetrahedral
symmetry for the F&,°S," unit (b = bridging and t = terminal), i.e. JFe-S$, 251 cm'; (T,) Fe-

S, 265 cmt; (E) Fe-8, 280 cm'; (A)) Fe-S, 340 cmt; (T,) Fe-S, 356 cnt, (T,) Fe-S, 383

52



Ae (M em™)

A b I r T
a0 B850 B30
Wavelength'mm

Figure 7. VTMCD spectra of dithionite-reduced NIifEN. The sample (0.1 mM) was in 20 mM
Tris-HCI buffer, pH 7.9, with 1 mM sodium dithionite and 55% (v/v) glycerol. The MCD

spectra were recorded in a 1-mm cuvette with a magnetic field of 6.0 T, at 1.8, 4.2, and 10.0 K.

All bands increase in intensity with decreasing temperature.
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Figure 8. MCD magnetization data for dithionite-reduced NifEN. Sample description is given in
Fig. 7. NIifEN magnetization collected at 536 nm using magnetic fields between 0 and 6 T and
fixed temperatures of: 10.0 R) 4.2 K, ([)) 1.8 K (©). Solid line is theoretical magnetization
data for aS= 1/2 ground state using EPR-determined g-valye2 98 andy =1.888 and with

m,,, = 1.1.

zIxy
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cm?, (A) Fe-S, 390 cnt. For example, resonance Raman spectra having similar relative band
intensities and frequencies are observed for the [4F&-d8%ter contained in the nitrogenase Fe
protein [120] and in synthetic analog complexes having benzyl thiolate ligands [119]. The
frequency of the most intense band, which corresponds to the totally symmetric breathing mode
of the FgS, cubane, has been found to a be a useful indicator of non-cysteinyl coordination at a
specific Fe [114]. This band occurs at 340*'dmNifEN, just outside the range established for
[4Fe-4ST* clusters with complete cysteinyl ligation (333-339'dh14]) and within the range
established for clusters with oxygenic ligation at a specific Fe site (339-3421dmh, 121]).
Although this raises the possibility of an oxygenic cluster ligand, the slightly highg@r-¢AS
frequency could equally well be the result of a hitherto uninvestigated arrangement of
coordinating cysteine residues. For example, sequence comparisons with the MoFe protein
suggest cluster ligation by three cysteines from the NIfE subunit and one from the NifN subunit,
see below. This type of subunit bridging arrangement would be unique among Fe-S proteins and

hence could account for a slightly higher frequency for the totally symmetric breathing mode.

Discussion

It was previously shown [65, 100] that the products of the FeMo-cofactor biosynthetic
genesnifE andnifN, bear sequence identity when respectively compared te tr@dp-subunits
of the MoFe protein. In other words, NIifE has a primary sequence similar to NifD (MoFe
proteina-subunit), and NifN has a primary sequence similar to NifK (MoFe prgtsubunit).
Such primary sequence comparisons, the relative migration patterns of NifD, NifK, NifE and

NifN on two-dimensional electrophoretic gels [122], theivo mutual stability requirements for
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Figure 9. Low-temperature resonance Raman spectrum of thoinin-oxidized NIifEN. Protein
concentration was ~3 mM, and the buffering medium was 20 mM Tris HCI, pH 7.9. The
spectrum was obtained at 28 K using 457.9-nm argon laser excitation and is the sum of 103
scans. Each scan involved advancing the spectrometer in 0.%ncrements, and photon
counting for 1s/point with 6 cthspectral resolution. A linear ramp was subtracted to correct for

background fluorescence and lattice modes of ice are indicated by an asterisk.
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NIifE and NifN [122], and the observation that FeMo-cofactor biosynthesis is completed prior to
its insertion into apo-MoFe protein [63], led to the hypothesis that NIfE and NifN form a
complex [122] that is structurally homologous to the MoFe protein and which provides a scaffold
for one or more steps in FeMo-cofactor biosynthesis [65]. This hypothesis was supported by
Paustiaret al.[66] who purified a tetrameric form of NifEN froi. vinelandij and reported
evidence that the as-isolated NifEN complex contains an Fe-S cluster. In the case of the MoFe
protein there are two different types of metalloclusters, the P-cluster and the FeMo-cofactor [6,
26, 93]. Thus, by analogy to the MoFe protein, it is reasonable to expect that the NifEN complex
could also have two types of metalloclusters. One such site within the NifEN complex could be
analogous to the MoFe protein P-cluster site, while the other provides an FeMo-cofactor
intermediate assembly site. In this model the NifEN complex is expected to cycle between a
“charged” form that contains an FeMo-cofactor intermediate and a “discharged” form that has
released the FeMo-cofactor intermediate during maturation of the apo-MoFe protein [7]. Strong
evidence supporting this possibility was reported by Bokl [60] who found that the native
electrophoretic mobility of the NifEN complex is different in crude extracts prepared from
different genetic backgrounds. For example, the native electrophoretic mobility of the NifEN
complex present in a NifB-deficient crude extract is different than the native electrophoretic
mobility of NIifEN complex present in a crude extract prepared from a strain deletatHbDK .
Importantly, the addition of B-cofactor to a NifB-deficient crude extract alters the native
electrophoretic mobility of the NifEN complex so that it assumes the same native electrophoretic
mobility as NIfEN complex produced from tim&fHDK deletion strain. Because the originally
purified NifEN complex was obtained from a NifB-deficient background, and therefore can not

contain B-cofactor, the question arises about the nature and function of the Fe-S cluster
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Figure 10. Comparison of the structural model for the P-cluster (62) in its as-isdlattteP

(A) and the proposed structure and organization of the NifEN complex [4Fe-4S] cluster (B). In
the above schematic the NifEN complex residues from the NifE subunit are indicated as (a) and
the residue from the NifN subunit is indicated as (b). Primary sequence comparisons (21, 33)
indicate that MoFe protein residues62, o-88, a-154, andp-70 are located at equivalent
positions to residues a-37, a-62, a-124, and b-44, respectively, in the primary sequence of the

NIfEN complex.
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contained in the as-isolated NifEN complex. It should be noted that, although it appears that B-
cofactor is attached to the NIfEN complex in the early stages of its purification from a NifHDK
deficient background, NIifEN complex isolated from either a NifB-deficient or a NifHDK-
deficient background appear to be identical [66]. In other words, B-cofactor is lost from the
NIfEN complex during its purification from a MoFe protein-deficient background.

In order to purify enough NIifEN complex for rigorous biophysical analyses, gene fusion
and affinity purification methods were respectively used to elevatathiwo level of NifEN
complex and to facilitate its rapid and efficient purification. The NIfEN complex produced and
purified in this way is apparently unaltered in eitherimtss/ivo or in vitro activities. In the
present study a combination of UV-Visible, EPR, VTMCD, and resonance Raman
spectroscopies have been used to show that the Fe contained in the as-isolated NifEN complex is
organized into two identical [4Fe-43] clusters. These clusters are ligated to the protein
complex for the most part or entirely by cysteine residues, have predomigabt®yground in
the reduced form, and exhibit a midpoint potential of -350 mV. What then is the function of the
[4Fe-4S] clusters contained within the as-isolated NIfEN complex? Among the obvious
possibilities are: (i) they play a structural role in formation or stabilization of the tetrameric
complex, (ii) they have a redox function that is necessary for FeMo-cofactor formation, (iii) they
are FeMo-cofactor precursors, or (iv) some combination of these possibilities.

Muchmore et al. [62] have previously developed a homology model for the three-
dimensional structure of the NIfEN complex that is based on the crystallographically solved
MoFe protein structure [26]. This model places four cysteine residues (three from NIfE -
residues-37, -62 and -124; and one from NifN - residue-44) in the appropriate geometry to form

a [4Fe-4S] cluster that is located at the NifE-NifN interface at a position analogous to the MoFe
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protein P cluster site (Figurel0). We favor this model because the four proposed [4Fe-4S]
cysteine ligands, and the proposed FeMo-cofactor assembly site cysteine (residue-250 [65, 100]),
are the only conserved cysteines among all known NIifE and NifN primary sequences [61]. This
model indicates that the NifEN complex [4Fe-4S] clusters are most likely to play structural or
redox roles rather than becoming incorporated into FeMo-cofactor during its assembly because it
places the proposed [4Fe-4S] cluster sites at positions that are remote from the proposed FeMo-
cofactor assembly sites [62]. Site-directed mutagenesis and gene-replacement experiments
similar to those used to alter the functional properties of the P cluster [123] should be useful in
clarifying the functional role of the [4Fe-4S] clusters contained within the NifEN complex. This
approach, and the availability of relatively large amounts of purified NifEN complex, should also
help extend the experimental strategy described &odll. [60] to clarify the nature of the
interaction of B-cofactor with the NifEN complex and to determine if the B-cofactor Fe-S core is

rearranged or further processed upon its binding to the NifEN complex.
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Summary

A Zn immobilized metal-affinity chromatography technique was used to purify an FeMo-
cofactorless MoFe protein (apo-MoFe protein) frommitB deletion mutant oAzotobacter
vinelandii Apo-MoFe protein prepared in this way was obtained in sufficient concentrations for
detailed catalytic, kinetic, and spectroscopic analyses. Metal analysis and electron paramagnetic
resonance spectroscopy (EPR) was used to show that the apo-MoFe protein does not contain
FeMo-cofactor. The EPR of the as-isolated apo-MoFe protein is featureless except for a minor
S=1/2 signal probably arising from the presence of either a damaged P cluster or a P cluster
precursor. The apo-MoFe protein hasugh) subunit composition and can be activated to 80%
of the theoretical MoFe protein value by the addition of isolated FeMo-cofactor. Oxidation of
the as-isolated apo-MoFe protein by indigodisulfonate was used to elicit the parallel mode EPR
signal indicative of the two-electron oxidized form of the P clust&).(Fhe midpoint potential
of the P/P** redox couple for the apo-MoFe protein was shown to be shifted by -63 mV when
compared to the same redox couple for the intact MoFe protein. Although the apo-MoFe protein
is not able to catalyze the reduction of substrates under turnover conditions, it does support the
hydrolysis of MgGATP at 60% of the rate supported by the MoFe protein when incubated in the
presence of Fe protein. The ability of the apo-MoFe protein to specifically interact with the Fe
protein was also shown by stopped-flow techniques and by formation of an apo-MoFe protein-Fe
protein complex. Finally, the two-electron oxidized form of the apo-MoFe protein could be
reduced to the one-electron oxidized formi*n a reaction that required Fe protein and
MgATP. These results are interpreted to indicate that the apo-MoFe protein producefin a

deficient genetic backround contains intact P clusters and P cluster polypeptide environments.
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Small changes in the electronic properties of P clusters contained within the apo-MoFe protein

are most likely caused by slight perturbations in their polypeptide environments.

Introduction

Nitrogenase is a complex, two-component metalloprotein composed of the iron (Fe)
protein and the molybdenume-iron (MoFe) protein [7]. The Fe protein is a 64 kD homodimer that
contains two MgATP binding sites and a single [4Fe-4S] cluster [9]. The MoFe protein is a 240
kD a,B, tetramer that contains two pairs of novel metalloclusters, called P clusters and FeMo-
cofactors [28, 124]. The structures of the two nitrogenase component proteins, together with
models of their associated metalloclusters, have been determined by x-ray crystallography [9, 23,
28]. During catalysis the Fe protein serves as a specific reductant of the MoFe protein, which in
turn provides the site of substrate reduction [47]. The most probable direction of electron flow in
this process is shown in Scheme 1.

Scheme 1

Fe protein [4Fe-4S] clustes MoFe protein [P cluster}. MoFe protein [FeMo-cofactor}. substrate

A major challenge of nitrogen fixation research is to understand how the mutliple
electrons required for substrate reduction are delivered by the Fe protein and accumulated within
the MoFe protein. How P clusters might accept electrons from the Fe protein during
intercomponent electron transfer is currently enigmatic because they are believed to be already
fully reduced in the as-isolated resting state [125]. Two approaches that should be useful to
probe the function of the P cluster include substitution of amino acids that provide the
coordination shell that surrounds the P cluster, and alteration of P cluster function by treatment
with small molecule inhibitors of nitrogenase catalysis, such as NQa@dl CO. In the case of
nitrogenase there are several caveats to these approaches that, so far, have denied at

unambiguous assignment of the role of P clusters in the nitrogenase catalytic mechanism. First,
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it is not possible to treat the P clusters with small molecule inhibitors of nitrogenase catalysis
without also affecting the function of FeMo-cofactor. For this same reason, evaluation of
perturbations in the P cluster environment caused by amino acid substitutions cannot be made
with complete confidence that new spectroscopic or catalytic features have not been elicited by
an attendant alteration in FeMo-cofactor or its polypeptide environment. Finally, we have found
that many of the potentially most interesting MoFe proteins altered by site-directed mutagenesis
can not be characterized owing to their lability during the standard purification procedure, which

involves a heat step and strong ion-exchange chromatography [126, 127].

One possible way to circumvent these problems would be to isolate an FeMo-cofactorless
form of the MoFe protein that contains intact P clusters and can be activated by the simple
addition of isolated FeMo-cofactor. To be useful for the approaches described above, it is
necessary that such a protein be amenable to isolation in sufficient quantities for detailed
catalytic, kinetic and spectroscopic analyses. In the present work, site-directed mutagenesis and
gene-replacement techniques were used to construct MoFe proteins that respectively contain
poly-histidine sequences near the N- or C-terminus regions ofotiseiibunits. An immobilized
metal-afinity chromatography (IMAC)-based technique was developed for the rapid and gentle
purification of these MoFe proteins. Gene-directed mutagenesis was also used to construct
derivatives of these strains which are inactivatedifid gene function. It has previously been
shown that MoFe protein fromifB-deficient mutants do not contain FeMo-cofactor but do
contain other metal clusters, presumably P clusters [57, 73]. The same IMAC-based method
described above was also used to purify “apo-MoFe protein” from thi#seleficient strains.

The catalytic and biophysical properties of the MoFe proteins produced in the present work are

described.
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Experimental Procedures

Strain Constructions and DNA Biochemistry. Five differAntinelandiistrains were used in

the present work (Table 1). These include: (i) the high-frequency transfoAnivigelandii
wild-type strain designated DJ (the strain from which all other mutants were ultimately derived);
(i) a strain that has eight histidine codons placed between the third and fourth codon&.of the
vinelandii wild-type nifD gene (DJ1141). TheifD gene encodes the MoFe protehsubunit

[128]; (iii) a strain derived from DJ1141 that also contains an insertion and deletion mutation
within the nifB gene (DJ1143); (iv) a strain that has seven histidine codons placed between
codons 481 and 482 of the wild-typ#D gene (DJ995) and; (v) a strain derived from DJ995 that
also contains an insertion and deletion mutation withimitiizgene (DJ1003).

The plasmid used for initiating construction of DJ1141 was designated pDB280. This
plasmid contains a 1.1 KKpnl restriction enzyme fragment that includes portions ofAhe
vinelandii nifH andnifD genes [128] cloned into the pUC19 vector [102]. Plasmid pDB280
DNA was digested witiAgd and a DNA cartridge encoding eight histidine codons was inserted
into this site to form pDB944. The unigAgd restriction enzyme site within pDB280 spans the
third and fourth codons ofifD. The synthetic DNA fragments used to form the cartridge that
was inserted into pDB280 to construct pDB944 have the sequences:
5’CGGTCATCACCATCACCACCATCACCACT' and 5CCGGAGTGGTGATGGTGGTGATGGTGATGA'. The
gene cartridge contained within th#D coding region of pDB944 was then transferred toAhe
vinelandii chromosome by double-reciprocal recombination events that occured during
transformation using pDB944 as the donor DNA. Procedures for transformation [101] and gene
replacement [64, 75] were performed as previously described. Strain DJ1143 was constructed by
transformation of DJ1141 to Khsing pDB218 as the donor DNA. Plasmid pDB218 contains a
portion of theA. vinelandiinifB gene cloned into the pUC7 vector. Plasmid pDB218 also has an

internal portion of thaifB gene sequence deleted and replaced by agéme cartridge. The
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Table 1: Strains used in this study

Strain Features
DJ Wild typeA. vinelandiiparental strain.
DJ995 Produces MoFe protein that contains seven tandem

histidines within the C-terminal region of thesubuwn

DJ114 Produces MoFe protein that contains eight tandent histi

within the N-terminal region of the-subunit.

DJ10G Same as DJ995 but also contains an insertion and

deletion mutation withimifB.

DJ114 Same as DJ1141 but also contains an insertion and

deletion mutation withimifB.
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portion of thenifB gene deleted in pDB218 is flanked $gH restriction enzyme sites [85]. The
plasmid used for initiating construction of strain DJ995 was designated pDB875. It contains a
2.9 kb Sal restriction enzyme fragment that includes allnifD, as well as portions of the
flanking nifH andnifK genes [128], cloned into the pUC119 cloning vector [129]. Plasmid
pDB875 was digested witHindlll and a DNA cartridge encoding seven histidine codons was
inserted into this site to form pDB827. The uniddi@dlll site within pDB875 spansifD
codons 481 and 482. The synthetic DNA fragments used to form the cartridge had the
sequences: BGCTCACCACCATCACCACCACCATGA' and S5AGCTGCATGGTGGTGGTGATGGTGGTE'.

The gene cartridge contained within théD coding region of pDB827 was then transferred to
the A.vinelandiichromosome by double-reciprocal recombination events that occured during
transformation using pDB944 as the donor DNA. Strain DJ1003 was constructed by
transforming DJ995 to Kiusing pDB218 as the donor DNA.

Cell Growth and Protein Purification A. vinelandii cells were grown at 30°C in a 150-L

custom-built fermenter (W. B. Moore, Inc. Easton, PA) in modified Burk medilov]
containing 1QuM Na,MoO, and 10 mM urea as a nitrogen source. Cultures were sparged with
pressurized air (80 L/min at 5 psi) and agitated at 125 rpm. When the cell density r2&thed
Klett units (red filter) cells were derepressedridr gene expression by concentration (6-fold)
using a custom-built AG Technologies tangential-flow concentrator and resuspension in Burk
medium with no added nitrogen source [44]. Harvested cells were stored at -80°C until used.
All protein manipulations were performed under anaerobic conditions maintained using either a
Schlenk apparatus [126] or an anaerobic glovebox.

Crude extracts were prepared by the osmotic shock method [105] in a degassed buffer
that contained 25 mM Tris-HCI (pH 7.9) and 1 mM Na dithionite. For crude extract preparation,
the buffer also contained 0.2 mM PMSF to inhibit protease activity. Prior to purification, the
extracts were brought to 500 mM in NaCl by the addition of degassed, granular NacCl.

Approximately 360 g of cells (wet weight) were processed for each purification. Poly-histidine
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tagged proteins were purified using immobilized metal-affinity chromatography (IMAC) and
DEAE-Sepharose anion-exchange chromatography (Amersham-Pharmacia, Piscataway, NJ).
Column eluents were monitored af,Ausing a Pharmacia UV-1 optical detector and control unit
(Amersham-Pharmacia, Piscataway, NJ).

Cell extracts were loaded onto a Zn(ll)-charged IMAC column (90 mL of resin in a 2.5
cm x 30 cm column) using a peristaltic pump. After loading the extract, the column was washed
with three column volumes of Buffer A (25 mM Tris-HCI, pH 7.9, 500 mM NaCl, 1 mM Na
dithionite) containing 40 mM imidazole-HCI. The protein that remained bound to the column
was then eluted using Buffer A containing 250 mM imidazole-HCI. The eluted protein was
collected and diluted 8-fold in a degassed buffer (25 mM Tris-HCI, pH 8.0) containing 1 mM Na
dithionite. The diluted protein was then loaded onto a DEAE-Sepharose column (30 mL of resin
ina 1.5 cm x 15 cm column) and eluted using a linear NaCl gradient (100 mM to 300 mM NacCl
over 5 column volumes). Proteins eluted and were collected at approximately 250 mM NacCl.
Proteins were concentrated using an Amicon concentrator (Beverly, MA) fitted with a YM100
filter. Protein was quantitated by a modified biuret method using bovine serum albumin as the
standard [130], and protein purity was monitored by SDS-PAGE electrophoresis T13&].
final purified product was pelleted and stored in liquid nitrogen until used.

Assays.Nitrogenase assays were performed as previously described [127, 132]. FeMo-cofactor
was extracted into NMF and concentrated as previously described [11]. For apo-MoFe protein
activation experiments, @ of isolated FeMo-cofactor (0.31 mg/L in Fe, 0.05 mg/L in Mo) was
added to 5Qug of purified apo-MoFe protein and allowed to incubate for 5 minutes with gentle
shaking in a 30° C water bath. MoFe protein control samples followed the same steps with or
without the addition of isolated FeMo-cofactor. FeMo-cofactor-treated protein was then assayed
by the addition of 45@g of purified Fe protein. Samples were incubated for 8 minutes with
gentle shaking in a 30°C water bath and the reaction was terminated by additiorubfd%0

0.4 M EDTA solution. Hproduction was monitored by injection of 200 of the gas phase into

a Shimadzu GC-14 equipped with a Supelco 80/100 molecular sieve 5A column and a TCD
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detector. Acetylene reduction assays were performed under a 10% acetylene atmosphere and
monitored using a Hewlett-Packard 5890A gas chromatograph equipped witjOarmcagillary
column and a FID detector.

MgATP hydrolysis was determined by a colorimetric assay [133] that measures the rate
of creatine produced from the MgATP regenerating system used in the gas chromatography

assays described above.

Metal analysis. Fe was quantitated by dhe bipyridyl method [107], and Mo was quantitated

by inductively coupled plasma emission (Utah State University, Soil Testing Laboratory).

Chemical modification of cysteines. The alkylating reagent, I-AEDANS, was used to determine

if the apo-MoFe protein has solvent exposed sulfhydryl groups. For this analysig D30
protein was brought up to a volume of d0by the addition of 0.5 M Tris-HCI, pH 8.0, 1 mM

Na dithionite. The alkylation reaction was initiated by addition oil106f a 10 mM I-AEDANS
solution to the protein sample followed by incubation at room temperature. The alkylation
reaction was terminated at specific time points by the addition pE I a 1.0 M DTT solution

to the sample. Approximately 1@ of I-AEDANS-treated protein was then loaded onto an
SDS-PAGE gel [131] to separate the individual protein bands and to remove excess I-AEDANS.
Protein alkylation was visualized by UV illumination of the PAGE gel prior to staining with

Coomassie brilliant blue.

UV/Visible absorption spectroscopy. UV/Visible spectra were collected on a Hewlett-Packard

8452A diode array spectrophotometer. Samples were prepared by passage over a Sephadex G
25 column to remove Na dithionite or a Dowex 1X8-100 ion exchange column (Sigma, St.
Louis, MO) to remove IDS. Samples were sealed inside a 1 cm pathlength quartz cuvette under

anoxic conditions [134]. Final protein concentration was 1.2 mg/mL for all samples.
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EPR and Redox Titrations of MoFe protein and apo-MoFe ProERR spectra were recorded

on a Bruker ESP300E spectrometer equipped with a dual mode cavity and an Oxford ESR 900
liquid helium cryostat. Unless otherwise noted, all spectra were recorded as follows: Parallel
mode spectra were recorded at 12 K with a microwave power of 10.1 mW, microwave frequency
of 9.39 GHz, modulation amplitude of 7.969 G, modulation frequency of 100 kHz, and time
constant and conversion time of 10.24 ms each. In each case, the final spectrum was the sum of
20 scans. EPR spectra acquired in perpendicular mode were recorded at 12 K with a microwave
power of 6.36 mW, microwave frequency of 9.64 GHz, modulation amplitude of 7.969 G,
modulation frequency of 100 kHz, and a time constant and conversion time of 10.24 ms. For
each case, the final spectrum was the sum of 10 scans.

Potentiometric redox titrations were performed essentially as previously described [135].
Protein samples were prepared for redox titrations by first passing them over a Sephadex G-25
column equilibrated with the appropriate buffer and at the required pH value. For all redox
titrations, the redox mediators flavin mononucleotiig, € -172 mV and -238 mV), benzyl
viologen En = -361 mV), and methyl viologenEf, = -440 mV) were used at final
concentrations of 5AM each. The redox potential of the titration solution was adjusted by the
addition of small aliquots of a 2 mM Na dithionite solution or an oxidized 25 mM IDS solution.

At defined potentials, 25QL aliquots were removed from the titration solution and were
immediately frozen in calibrated quartz EPR tubes (Wilmad Co., Buena, NJ). The final
concentration for each protein sample analyzed was approximateli.75The reference
electrode was a Ag/AgCl microelectrode calibrated against a standard calomel electrode. The
electrode calibration was confirmed by performing a redox titration of MoFe protein at pH 8.0,
which has a known E-309 mV (vs. NHE) [136]. All potentials are reported relative to the
normal hydrogen electrode (NHE).

For analysis of the titration data, the relative concentration of tretae of the P cluster
was quantified from the peak to baseline height of the S > 3 parallel mode EPR signal at g =11.8

[125, 136, 137]. Normalized signal intensities were determined by comparing each signal
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intensity to the maximum intensity observed at positive potentials. The relative signal intensities
were plotted against the applied potential and each data set was fit to the Nernst equation for a

one electron transfer [138].

Activation of apo-MoFe protein as monitored by EPR. The same apo-MoFe protein:FeMo-

cofactor ratio used in the activation assays described aboyg:&L) was used to examine the
EPR of apo-MoFe protein activated by FeMoFeMo-cofactor. Au@5€ample of 36.5 mg/mL
apo-MoFe protein was diluted into 183 mL of 25 mM HEPES, pH 7.4, and 1 mM Na dithionite.
Isolated FeMo-cofoactor (total volume 1.8 mL) was then slowly added to the solution with
gentle mixing. After a 5 minute incubation at 30° C, the mixture was loaded onto a DEAE
Sepharose column (10 mL resin, 0.5 x 20 cm column) equilibrated in 25 mM Tris-HCI, pH 8.0,
and 1 mM Na dithionite. Excess FeMo-cofactor was removed by washing the column with 3
volumes of 100 mM NaCl, 25 mM Tris-HCI, pH 8.0, and 1 mM Na dithionite. FeMo-cofactor-
treated MoFe protein was then eluted using a linear salt gradient of 100 mM NaCl to 300 mM
NaCl over 4 column volumes. A 250 sample of the reconstituted protein (6 mg/mL) was
loaded under anoxic conditions into a quartz EPR tube and the EPR spectrum was recorded as

described above.

Stopped-Flow Spectrophotometryrhe rate constant for the dissociation of Fe protein-MoFe
protein complex was determined from stopped-flow experiments by measuring the decrease in
A3, during the transition of Fe protein from an oxidized to a reduced state as it dissociates from
the MoFe protein and is reduced by Na dithionite [139]. Rate constants were determined by
fitting the data to a single exponential function. For these experiments, Na dithionite was
removed from the reduced, as-isolated, proteins and exchanged into a 50 mM HEPES buffer, pH
7.4, by passage over a Sephadex G-25 column. Oxidized Fe protein was generated by treating

the as-isolated Fe protein with increments of a 25 mM IDS solution until a persistent blue color
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was observed. IDS was then removed by passing the sample over a Dowex anion exchange
column. Experiments were performed using a Hi-Tech SF61 stopped flow spectrophotometer,
equipped with a computer controlled data acquisition and analysis package (Hi-Tech, Salisbury,
Wilts, UK). The SHU-61 sample handling/mixing unit was kept inside an anaerobic glovebox
and temperature was maintained at 22.4 + 0.1° C with a Techne C-85D closed cycle water
circulator attached to a Techne FC-200 flow cooler (Techne Ltd., Duxford, Cambridge, UK).
For each experiment, syringe A containedu0IDS-oxidized Fe protein, 40M MoFe protein,
5 mM MgADP, and 200 mM NaCl in a 50 mM HEPES buffer, pH 7.4, and syringe B contained
200 uM reduced Fe protein, and 10 mM Na dithioninte in 50 mM HEPES buffer, pH 7.4. For
those experiments involving apo-MoFe protein, identical experimental conditions were used
except that MoFe protein was replaced with apo-MoFe protein.

The rate constant for primary electron transfer from the reduced Fe protein to the MoFe
protein was also determined using stopped-flow and was monitored by an incregge timaf
occurs as the Fe protein becomes oxidized during turnover. For these conditions, the apparent
first order rate constant of primary electron transfer can be determined by fitting the data to a
single exponential function [140, 141]. In these experiments syringe A containdd [oFe
protein, 10 mM MgATP, and 10 mM Na dithionite in 50 mM HEPES buffer, pH 7.4, and syringe

B contained 8@M Fe protein and 10 mM Na dithionite in 50 mM HEPES buffer, pH 7.4.

Complex Formation. Two different methods were used to assess complex formation between the

Fe protein and different forms of the MoFe protein. One method involved the use of an altered
Fe protein that is deleted for residue PPéyaL127 Fe protein) [95]. The second method

involved the use of a phosphate analog, ,Al&nd MgATP to capture the Fe protein - MoFe

72



protein complex [39, 40]. In both types of experiments, a Superose-12 gel exclusion column
(Pharmacia, Piscataway, NJ) equilibrated in 200 mM MOPS buffer, 25 mM Tris, pH 7.3, 100
mM NaCl, and 2 mM Na dithionite was used for chromatography. Column eluent was
monitored using a Pharmacia UV-1 detector and control unit (see above). Fe protein and MoFe

protein were added in a 4:1 molar ratio for both types of experiments.

Electron Transfer to the apo-MoFe protein. In order to determine if the Fe protein is able to

transfer electrons to the oxidized P clusters of the apo-MoFe protein, EPR spectroscopy was used
to monitor the signals from the nitrogenase metal clusters. For these experiments all proteins
were exchanged into a 50 mM MOPS buffer, pH 7.0, that contained 2 mM Na dithionite. MoFe
and apo-MoFe proteins were first oxidized with IDS which was then removed by passing the
sample over a Dowex anion exchange column. Na dithionite was removed from the Fe protein
by passage over a Sephadex G-25 column. Proteins were prepared in an Fe protein:MoFe
protein ratio of 2:1 in the presence of either 2.5 mM MgATP or MgADP. Samples of the
individual MoFe/apo-MoFe proteins, together with Fe protein and the appropriate nucleotide,
were flash-frozen in a hexane/liquid nitrogen slurry and monitored by EPR. For parallel mode
EPR, each plot shown is the sum of 40 scans collected at 17 K with a microwave frequency of
9.4 GHz, microwave power of 20.1 mW, modulation amplitude of 12.63 G at a frequency of 100
kHz, conversion and time constants of 20.48 ms. For perpendicular mode EPR, the spectra are
the sum of 50 scans collected at 17 K with a microwave frequency of 9.64 Ghz, microwave
power of 10.1 mW, modulation amplitude of 7.969 G at a frequency of 100 kHz, conversion and

time constants of 20.48 ms.
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Results

Purification and characterization of poly-histidine-tagged MoFe protdim® mutant strains

were constructed for which IMAC-based methods could be applied to MoFe protein purification
(Table 1). One of these mutants (DJ1141) has eight histidine codons inserted between the third
and fourth codons of theifD gene and produces a modified MoFe protein that has a histidine-
tag located near the N-terminus of each oti#subunits. The other strain (DJ995) has seven
histidine codons inserted betwesiiD codons 481 and 482 and produces a modified MoFe
protein having a histidine-tag located near the C-terminus of each @ofitbunits. A third

strain was constructed that produces a modified MoFe protein containing the same poly-histidine
stretch within the C-terminal region of the MoFe proteisubunits as DJ995, but it also
contains a factor Xa cleavage site (lle-Glu-Gly-Arg) preceding the poly-histidine tagged
sequences. However, MoFe protein produced by this strain could not be cleaved by treatment
with factor Xa protease under anaerobic conditions that included the presence of 1.0 mM Na
dithionite in the buffer, so it was not studied further.

MoFe proteins that contained poly-histidine tags at either the N- or C- terminal regions of
their respective-subunits were isolated from crude extracts of nitrogenase-derepressed DJ1141
(N-tag) or DJ995 (C-tag) cells using a simple four step procedure that includes: (i) passing
approximately 30 g of crude extract protein over a Zn(ll)-charged IMAC column, (ii) washing
the column with Buffer A containing 40 mM imidazole, (iii) eluting the bound protein with
Buffer A containing 250 mM imidazole, and (iv) DEAE-Sepharose ion-exchange column
chromatography. The entire procedure can be completed in about 12 h and routinely yields
approximately 1.2 g of electrophoretically pure MoFe protein for each 30 g of crude extract

protein processed. Also, the heme-containing protein that is often found as a persistent
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contaminant in preparations of MoFe protein when traditional chromatography methods are used
[142] is not found when MoFe protein is isolated using the IMAC-based method described here.
MoFe protein isolated from extracts of the wild-type DJ strain by using the traditional
purification protocol [126, 127] was compared to poly-histidine-tagged MoFe proteins purified
using the IMAC-based method. These comparisons include the following catalytic, kinetic and
spectroscopic parameters: (i) proton reduction specific activity (2,000 - 2,400 nmdébesed
min' mg MoFe protein), (ii) acetylene reduction specific activity (1,800 - 2,100 nmoles
acetylene reduced minmg MoFe protein), (iii) rate of MgATP hydrolysis observed in
hydrogen- or acetylene-reduction assays (4.5 - 5.5 MgATP hydrolysed per eacanaferred
to product), (iv) the amount of Fe protein needed to achieve half the maximum activity (2.5-3.2
uM of Fe protein per approximately 0.4®1 of MoFe protein used in a 1.0 mL assay), (v) rate
constant of primary electron transfer from the Fe protein to the MoFe protein (120 t9),160 s
(vi) Fe protein-MoFe protein dissociation rate constant (4.4-6)5 (8ii) presence of the
characteristicS=3/2 perpendicular mode EPR spectrum indicative of the FeMo-cofactor (g= 4.3,
3.7, 2.0, [[143]], see Figure 4), (viii) presence of the characteristic parallel mode EPR spectrum
indicative of oxidized P clusters{Pg=11.8, [[125, 136, 137]], see Figure 5) and, (ix) all three
MoFe proteins also exhibited the ability to form a tight complex when incubated with the Fe
protein in the presence of MgATP and AlBr when incubated withL127 Fe protein. There is
some variation from certain published values determined by different investigators because most
kinetic and catalytic parameters of nitrogenase depend upon the protein concentration, the assay
pH, component protein ratios, and salt concentration [35, 144-146]. All three MoFe protein
types characterized in the present work were examined under identical experimental conditions

for each parameter tested. Thus, a lack of a substantial difference for any of the catalytic, kinetic
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or spectroscopic features measured for the three forms of MoFe protein characterized here
indicates that neither of the poly-histidine-tagged versions of the MoFe protein are appreciably
different from the normal MoFe protein in terms of their catalytic or biophysical properties. This
conclusion is further supported by the observation that strains DJ, DJ1141 (N-tag), and DJ995
(C-tag) all exhibit the same diazotrophic growth rates. Because strains DJ1141 (N-tag) and
DJ995 (C-tag) produce proteins having nearly identical properties, only strain DJ1141 (N-tag),
and derivatives thereof, were studied further in the present work.

IMAC purification of apo-MoFe protein. Strain DJ1141 (N-tag) was used as the parental strain

to construct a mutant strain deleted fofB (DJ1143). Previous work has shown that MoFe
protein produced from this genetic background does not contain FeMoFeMo-cofactor, but does
contain other metal centers, presumably P clusters [11, 57, 73] (MoFe protein that does not
contain FeMo-cofactor is referred to as apo-MoFe prteifi™*}. Hereafter, MoFe protein

will refer to the poly-histidine modified form produced by strain DJ1141 (N-tag), and apo-MoFe
protein will refer to the poly-histidine modified form produced by DJ1143. By using the same
IMAC-based approach described above it was possible to purify approximately 400 mg of apo-
MoFe protein per 30 gram of DJ114Bide extract protein processed. Figure 1 shows an SDS-

PAGE gel for a typical purification of apo-MoFe protein.

Time-dependent alkylation of MoFe protein and apo-MoFe protein. Figure 2 shows a

comparison of the time course alkylation of MoFe protein and apo-MoFe protein. For the apo-
MoFe protein, there is already some apparent alkylation after only 1 second of I-AEDANS

treatment (Figure 2, panel B). However, even after a 30 second I-AEDANS treatment, intact
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Figure 1. SDS-PAGE for the IMAC purification of apo-MoFe protein (DJ1143)oteins were
separated using SDS-PAGE with a 4% stacking gel and a 20% running gel and then stained with
Coomassie brilliant blue. Lane 1 and 7,9%ndards, (from top: phosphorylase b, 97,400; serum
albumin, 66,200; carbonic anhydrase, 31,000; soybean trypsin inhibitor, 21,500; lysozyme,
14,400); Lane 2, sample of crude extract that was loaded onto the IMAC column; Lane 3, IMAC
column flow through; Lane 4, IMAC column eluent from Buffer A, 20 mM imidazole-HCI wash;
Lane 5, protein collected from the Buffer A, 250 mM imidazole-HCI elution; Lane 6, purified
apo-MoFe protein from DEAE column fraction. For lane 2 the amount of protein loaded was
~30ug, and for lane 6 the amount of protein loaded wastglOFor the other lanes the amount

of protein loaded was not determined.
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Figure 2: Time course for the alkylation of the isolated MoFe protein and apo-MoFe protein
Coomassie stained SDS-PAGE gels of MoFe proteéeamél A, top and apo-MoFe protein
(Panel B, top treated with I-AEDANS as described in the experimental section. Each lane was
loaded with ~1Qug of I-AEDANS treated protein. The leftmost lane in both gels is a control,
where the MoFe protein or apo-MoFe protein was not treated with I-AEDANS, the lanes that
follow correspond to 1, 5, 10, 15 and 30 second I-AEDANS incubation, respectively. The SDS-
PAGE gel of MoFe proteinRanel A, bottorhand apo-MoFe proteinP@nel B, bottom
visualized with UV light prior to Coomassie staining. The apo-MoFe protein alkylates rapidly,
while the MoFe protein is not modified during the same time period. The locations wf the
and3— subunits of the MoFe and apo-MoFe protein are indicated by arrows for the SDS-PAGE

gels in both panels.
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MoFe protein does not show any modification (Figure 2, panel A). These results are consistent
with those reported by Magnusoetal. [147]who showed that apo-MoFe protein has two
cysteines (residuaes-Cys-45 and-Cys-275) that are readily alkylated, whereas the intact MoFe
protein is not susceptible to rapid alkylation. In a separate experiment, a 20 minute, anoxic
incubation of isolated apo-MoFe protein (4N in 1 mL) with a 1 mMa,o’ bipyridyl solution

did not result in a change in the,A Thus, the iron contained within the intact apo-MoFe is not
accessible to the metal-chelating reagent bipyridyl. However, upon exposing the same

sample to air, the 4, showed a 7-fold increase within one minute.

UV-visible spectroscopic properties of apo-MoFe protein. Isolated apo-MoFe protein has a

distinct maroon color that is readily distinquished from the greenish-brown color of purified
MoFe protein. The UV/Visible spectra of the reduced, as-isolated-, and IDS-oxidized-, forms of
the MoFe protein and the apo-MoFe protein are shown in Figure 3. The respective spectra of the
MoFe protein and apo-MoFe protein are essentially featureless in the 350 nm to 700 nm range.
For the apo-MoFe protein, the amplitude in the visible range is lower when compared to the
MoFe protein. The inset to Figure 3 shows that at 400 nm, the reduced apo-MoFe protein has an
£,0=35.5 mM'cm*, whereas the reduced MoFe protein hag,@nr62.3 mM'cm™[148]. Another
property is that the respectivg,values for neither the apo-MoFe protein nor the MoFe protein

appreciably change upon their oxidation by IDS[149].

Activation of apo-MoFe protein The as-isolated apo-MoFe protein does not exhibiStHg#2

EPR signal that is characteristic of the MoFe protein or isolated FeMo-cofactor[143, 150], a
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Figure 3: UV/Visible spectra of the apo-MoFe protein and MoFe proteéspectra of the as-
isolated (solid line) and IDS-oxidized (dotted line) apo-MoFe protein.

Also shown is the
UV/Visible spectrum of the MoFe protein in the as-isolated (dash-dot) and IDS-oxidized

(dashed) forms. Before taking the spectra, Na dithionite or IDS were removed by anaerobic
buffer exchange using either a G-25 column or a Dowex strong anion exchange column,
respectively. Protein concentrations were maintained at 1.2 mg/mL for each spectrum. The inset

shows the 350-700 nm visible region with the y-axis converted to units of absorption coefficient
(e).
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result that is consistent with the expectation that apo-MoFe protein does not contain any FeMo-
cofactor (Figure 4A). This result is also consistent with metal analyses that failed to detect any
Mo associated with the as-isolated apo-MoFe protein. Although thereSs3i» EPR signal
present in the as-isolated apo-MoFe protein, there & a2 signal that is recognized in the g=2
region and that disappears completely above 30 K. Spin quantitation of this species revealed that
it is a very minor component representing less than 0.05 spins per apo-MoFe protein.

Apo-MoFe protein could be activated by the addition of isolated FeMo-cofactor to yield a
MoFe protein that exhibits &=3/2 EPR signal that is identical in lineshape and g-values to the
isolated MoFe protein (Figure 4B) and does not exhibit the broad spectral features seen in the
EPR of isolated FeMo-cofactor[150]. As discussed below, a s$ra&lk EPR signal that is
present in the as-isolated apo-MoFe protein persists in the FeMo-cofactor-treated sample. The
activated protein has a specific activity of 1600 nmolgfokned mint mgapo-MoFe proteity
The apo-MoFe protein did not exhibit any proton- or acetylene-reduction activity prior to FeMo-
cofactor addition. MoFe protein isolated from DJ1141 (N-tag) typically has a specific activity of
2,000 nmoles kformed mint mg MoFe protein, so the activation achieved by FeMo-cofactor
addition represents about 80% of the theoretical activation value. Attempts to enhance the
FeMo-cofactor-dependent activation of apo-MoFe protein by the addition of either dithiothreitol
or Fe protein, with or without MgATP, were not successful. Similarly, the addition of crude

extracts from anifHDK strain also failed to enhance the activation of apo-MoFe protein.

EPR spectroscopic properties of apo-MoFe protdiwo EPR signals have been reported that

represent two different oxidation states of the P cluster. One of these signals arises from the one-

electron oxidation of the P cluster{Btate) and can be recognized by a rhombic signal in
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Figure 4: Activation of apo-MoFe protein observed using ERR) Perpendicular mode EPR of

the apo-MoFe protein (36.5 mg/mL, 10 scans). The inset in the upper right corner is a 5x blow-
up of the g=1.95 signal with the associated g-values showB). Perpendicular mode EPR
spectrum of the activated apo-MoFe protein (6 mg/mL, 30 scans), activated as described in the
text. C) EPR of MoFe protein (62.7 mg/mL, 10 scans). All spectra have been amplitude
corrected for protein concentration (and also for power in the case of the MoFe protein
spectrum). Spectra were collected at 12 K and 9.64 GHz with the following parameters: power
6.36 mW (with the exception of the MoFe protein sample, which was at 0.201 mW), receiver

gain 1x10, modulation frequency 100 kHz, modulation amplitude 12.6 G.
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perpendicular mode EPR with g-values of 2.05, 1.94, and 1.81[151]. The other signal arises
from the two-electron oxidized form {Pstate) and can be recognized by=ay8 peak observed

in parallel mode EPR[125, 136, 137]. At pH 8.0, the pH at which all the proteins were purified

in the present work, the"PEPR signal cannot be observed because ie'rRand P*/P** redox
couples exhibit the same midpoint potentials (-309 mV, [[136]]). Thaignal was initially
observed for a MoFe protein sample prepared in a pH 7.4 buffer[151], and recent work has
shown that the #P"* redox couple is pH-dependent[24]. Thus, by exchanging the protein into a
pH 7.4 buffer, and poising the sample at a defined potential, both forms of the oxidized P cluster
from the MoFe protein can be observed (Figure 5 A & B, trace 2). For similarly treated apo-
MoFe protein, both the'Pand P’ signals, having the same g-values and line-shape as the
corresponding intact MoFe protein signals, can be recognized (Figure 5 A & B, trace 1). The
spectra shown in Figure 5B represent the maximum observed intensity df gignl for the
samples run. However, each sample had to be poised at a different potential for these spectra
(see legend to Figure 5) which suggested that the midpoint potentials for the metal cluster in the
apo-MoFe protein may be different from that observed in the MoFe protein. Differences
between the spectra shown in Figure 5B are due to the contribution cf2tieature from the
FeMo-cofactorS=3/2 signal in the MoFe protein sample, and the contribution of a mediator-
derived radical signal at g=2 in the apo-MoFe protein sample. As discussed beloWpPthe P
redox couple for the apo-MoFe protein is shifted -63 mV relative to the intact MoFe protein.
Thus, a corresponding mediator-derived radical signal is not recognized for intact MoFe protein
because the respective samples were poised at different potentials.

By monitoring the amplitude of theé'FEPR signal at pH 8.0, the midpoint potential for
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Figure 5. EPR spectra of the?’Pand P* states of the P cluster in apo-MoFe and MoFe protein
Representative spectra taken from the redox potential titrations performed as described under
experimental methods. Pénel A) Spectra for IDS-oxidized apo-MoF#&rdce 1) and IDS-
oxidized MoFe proteinstiace 2 in parallel mode at pH 8.0. The MoFe protef $tgnal
intensity was adjusted for protein concentratioRanel B Spectra for the IDS-oxidized apo-
MoFe protein (-306 mV)tface J) and MoFe protein (-230 mVjrace 2 in perpendicular mode

at pH 7.4. The P signal is indicated by ‘a’ in the figure. The radical signal exhibited in the
apo-MoFe protein at ~3450 G arises from the mediator solution (as described in results), while
the dip observed for the MoFe protein in the same region is due to the FeMo-c&&8Ir

signal.
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Figure 6. Redox titration of the P signal from apo-MoFe protein and the MoFe protein
Redox titrations were performed as described in experimental procedures. Normalized
intensities of the apo-MoFe proteis and MoFe protein (O)’PEPR signals are plotted against
the applied potential (vs. NHE). Data has been fit to the Nernst equation for a one electron
transfer event. Midpoint potentials are -377 mV and -314 mV for the apo-MoFe protein and the

MoFe protein, respectively.
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the P'/P** redox couple can be measured by performing a mediated redox titration. Figure 6
shows titration data with corresponding fits to the Nernst equation for a single electron transfer.
The MoFe protein Nernst fit yields a midpoint potential of -314 mV for tH&*Pcouple, a

value that is consistent with previous reports [6]. In contrast, the apo-MoFe protein Nernst fit
renders a midpoint potential of -377 mV, which represents a -63 mV shift relative to the MoFe

protein.

Fe protein-apo-MoFe protein interactioriacubation of the MoFe protein with Fe protein, Na

dithionite and MgATP under an argon atmosphere results in the reduction of protons with
approximately 4-5 MgATP hydrolysed for each évolved [146]. The maxium rate for,H
evolution catalyzed by the isolated MoFe protein produced by strain DJ1141 (N-tag) was
approximately 2,000 nmoles,ormed mint mg MoFe protein with a corresponding MgATP
hydrolysis rate of 9800 nmoles MgATP hydrolyzed mimg MoFe protein (4.9 MgATP/28.
Incubation of apo-MoFe protein under the same catalytic conditions resulted yemolttion,

but MgATP hydrolysis occurred at a rate of 5,900 nmoles MgATP hydolyzed ménapo-

MoFe proteirt, which is about 60% that supported by the MoFe protein. No MgATP hydrolysis
was catalyzed by the apo-MoFe protein in the absence of the Fe protein.

Another way to examine the interaction of the nitrogenase component proteins is to
measure the apparent first order rate constant of dissociation using stopped flow spectroscopy.
As described in the experimental section, the dissociation rate constant of the component
proteins can be indirectly measured by determining the rate of Na dithionite-mediated reduction
of the oxidized MgADP-bound Fe protein as it is released from the MoFe protein. The measured

dissociation rate constant for the MoFe protein - Fe prdfgADP complex is 3.6'5 and the
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dissociation rate constant for the apo-MoFe protein - Fe privtgikDP complex is 4.5
(Figure 7). In similar experiments, where i1 27 Fe protein is used in place of the Fe protein,
the rate of MoFe proteint 127 Fe protein dissociation is too slow to be accurately measured. In
contrast, the dissociation rate constant for the apo-MoFe promih2-7 Fe protein could be
measured and was found to be approximately1.0 s

Finally, evidence for specific interaction between the apo-MoFe protein and the Fe
protein was obtained by complex formation, as evaluated by gel exclusion chromatography,
when apo-MoFe protein and Fe protein were incubated in the presence of MgATP gnd AlF
These results are similar to those previously reported for the intact MoFe protein [39, 40], except
that trapping of all of the available apo-MoFe protein, even when incubated in the presence of a
large excess of Fe protein, could not be achieved (data not shown). In contrast, incubation of a
molar excess of Fe protein relative to the MoFe protein, together with MgATP and AlF
resulted in the capture of all the available MoFe protein into a tight complex composed of 2
bound Fe protein per each MoFe protein tetramer ([[38]], control experiments performed in the
present work). Another difference observed between the intact MoFe protein and the apo-MoFe
protein was that co-incubation of apo-MoFe protein and Fe protein in the presence of MgATP
and AIF,; beyond 15 min resulted in precipitation of the sample. In related experiments,
incubation of apo-MoFe protein with thd 127 Fe protein also resulted in formation of a
complex that could be detected by gel exclusion chromatography.ATI# Fe protein is
known to adopt a nucleotide-bound conformation even in the absence of nucleotides [135], and it
forms a tight 2:1 complex when incubated with the MoFe protein [95]. Incubation of an excess

of thealL127 Fe protein with the apo-MoFe protein did result in the formation of a tight apo-
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Figure 7. Interaction of apo-MoFe protein with Fe protein monitored by stopped-flow
spectrophotometry The interaction of the apo-MoFe and the Fe protein was measured using
stopped-flow methods. The apparent first order rate constant, k, resulted from single exponential
fits to the data. Each trace represents the changg,dthat occurred after mixing a solution
containing 200uM Fe protein and 10 mM Na dithionite in 50 mM HEPES, pH 7.4 with a
solution containing: tface 1 20 uM reduced MoFe protein without Na dithionite, pM
oxidized Fe protein and 5 mM MgADP, k=36 sr (race 2 20uM reduced apo-MoFe protein
without Na dithionite, 2QuM oxidized Fe protein and 5 mM MgADP, k=4.5.s(trace 3
Change in Ay, that occurred after mixing a 10 mM Na dithionite solution with a solution
containing 20 mM oxidized Fe protein and 5 mM MgADP, k=17 Eor all experiments, the
oxidized Fe protein syringe contained 50 mM HEPES pH 7.4, 200 mM NacCl for buffer.
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Figure 8. MgATP dependent electron transfer from the Fe protein to the apo-MoFe protein.
(Panel A Parallel mode EPR for IDS-oxidized apo-MoFe protein with reduced, Na dithionite
free, Fe protein with the addition of MgADRog) or MgATP (ottom. (Panel B
Perpendicular mode EPR for the same samples in Panel A with the addition of Mpfpér (
MgATP (botton). As in Figure 5, th&=1/2 portion of the P signal is indicated by ‘a’.
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MoFe protein - Fe protein complex (data not shown). However, as in the case of fhe AlF
dependent complex trapping experiments described above, the interaction between the proteins
was weaker than that observed for MoFe protein, as indicated by the presence of uncomplexed
apo-MoFe protein even in the presence of exae$27 Fe protein. All of these results indicate

that, although the apo-MoFe protein is able to interact with the Fe protein, this interaction does

not appear to be identical to the normal Fe protein - MoFe protein interaction.

Electron transfer from the Fe protein to the apo-MoFe profém apparent primary electron

transfer from the reduced Fe protein to the as-isolated apo-MoFe protein could be detected by
stopped flow spectrophotometry. Furthermore, there was neither a lossSlltBeEPR signal
characteristic of the reduced Fe protein nor the appearance of any new EPR signals when Fe
protein and apo-MoFe were co-incubated under turnover conditions. In contrast, MgATP-
dependent electron transfer from the Fe protein to apo-MoFe protein irf'tilstat® was
detected. Figure 8 shows the parallel and perpendicular mode EPR spectra of samples where
IDS-oxidized apo-MoFe protein (P cluster in th& Btate) and reduced Fe protein were co-
incubated in the presence of either MgADP or MgATP. The top spectrum in Panel A of Figure 8
shows the presence of the parallel motieEPR signal for the oxidized apo-MoFe protein when
incubated with Fe protein and MgADP, indicating that there is no electron transfer under these
conditions. However, as shown in the bottom spectrum of Panel A, there is no parallefmode P
EPR signal in a sample for which MgATP was substituted for MgADP, indicating an electron
transfer event has occured and thegfate has been reduced. Panel B shows the spectra of the
corresponding samples run in perpendicular mode. In the top trace of Panel B the characteristic

S=1/2 signature in the=g region for the reduced Fe protein with MgADP bound [18] is evident.
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In the lower trace, the sample for which MgADP has been replaced by MgATP, the signal in the
g=2 region observed in the top trace has disappeared with the attendant appearance of a new
signal having g-values corresponding to theskate of the P cluster. Thus, electron transfer
from the reduced Fe protein to the IDS-oxidized apo-MoFe protein occurs only in the presence
of MgATP such that the?Pform of the P cluster is reduced to thHé$ate. Control experiments

using the MoFe protein, rather than the apo-MoFe protein, gave the same results.

Discussion

Two differentA. vinelandiistrains were constructed that produce MoFe proteins having
poly-histidine insertions located at, or near, their respecatsuigbunit C- or N-termini. Both of
these modified proteins can be rapidly purified through the application of an IMAC-based
procedure and yield proteins having the same catalytic, kinetic, and spectroscopic properties of
the normal MoFe protein. Thus, by using the IMAC-based approach, both the heat step and the
strong anion exchange chromatography step, necessary for the traditional purification of MoFe
proteins [126, 127], can be avoided. By using the appropriately constructed strains and by
application of the same IMAC-based purification procedure it is also possible to purify apo-
MoFe protein in concentrations amenable for detailed catalytic and spectroscopic
characterizations. Below, the results of the characterization of the apo-MoFe protein isolated in
the present work are interpreted and discussed in light of the properties of other apo-MoFe

proteins that have been previously described.

Subunit composition and activation of apo-MoFe praoteRurification of apo-MoFe protein

from anA. vinelandiinifB mutant has been previously described [73]. There are two significant
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differences between the properties of the apo-MoFe protein described here and the one
previously characterized. The previously described apo-MoFe protein hgg,gnsubunit
organization and is reported to be 100% activatable by FeMo-cofactor addition [73], whereas the
apo-MoFe protein described here does not contain the gamma subunit and is activated to 80% of
the theoretical value by FeMo-cofactor addition. Therénisitro evidence that gamma
stabilizes apo-MoFe protein and that it assists FeMo-cofactor insertion into the apo-MoFe
protein [79]. It is possible that our inability to achieve 100% of the theoretical activation value
could be related to the lack of the gamma protein.

There are several possibilities that could explain why there is no gamma protein
associated with the apo-MoFe protein described here. One possibility is that the poly-histidine
insertion located at the N-terminus of thesubunit of apo-MoFe protein purified from DJ1143
overlaps the gamma binding site and therefore prevents complex formation between gamma and
the apo-MoFe protein. This possibility was examined by isolating apo-MoFe protein from
DJ1003, which carries a poly-histidine insertion near the C-terminus eofshbunit. It was
determined that this apo-MoFe protein also did not contain the gamma protein. Because the N-
and C-termini of thei-subunit of the normal MoFe protein are separated by about 40 A in the
crystallographic model [12], it seems unlikely that both C- and N-terminal insertions would
eliminate the ability of gamma to interact with the MoFe protein. Nevertheless, the three-
dimensional structure of the apo-MoFe protein is not known, so this remains a reasonable
explanation. A second possibility is that the high salt concentration (0.5 M NaCl) present in the
early stages of the apo-MoFe protein purification described here, and not present in the
previously described purification protocol [73], might prevent the interaction of apo-MoFe

protein and gamma. A final possibility is that the attachment of gamma to the apo-MoFe protein
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is an artifact of the previously described purification procedure. In this context it is noted that
expression of gamma is noif-regulated nor does it dissociate from the apo-MoFe protein upon
activation [73]. These possibilities will only be resolved once purified gamma is available in
large quantities and the gene encoding gamma can be inaciwvated. \Whatever the reason
for our inability to fully reconstitute the apo-MoFe protein described here, it is clear from the
high level of activation that is achieved, and the appearance of a &81alIEPR signal upon
FeMo-cofactor addition, that activation of apo-MoFe protein can be accomplished by the simple
addition of isolated FeMo-cofactor and without the presence of the gamma subunit. Also,
because the parallel modé EPR signal evoked by IDS oxidation of the apo-MoFe protein
shows the same intensity when compared to IDS-oxidized MoFe protein (when adjusted for
protein concentration), it is not likely that the apo-MoFe protein we have purified consists of a
significant amount of unactivatable species.

There is also an,B,y, subunit organization in the case of apo-MoFe protein produced by
Klebsiella pneumoniae nifBwutants [57, 78, 80]. However, in this organismyteebunit has
been identified as the product of thiéY gene, and it does dissociate from the complex upon
FeMo-cofactor insertion[78, 80], in contrast with the stable hexameric form previously reported
for A. vinelandif73]. There is also aifY gene inA. vinelandij but the function of thaifY
product in this organism is not yet known, nor is there any phenotype associated with its
inactivation[81]. Even if thanifY gene product fromA. vinelandiiis capable of forming a
complex with the apo-MoFe protein, it is unlikely that such a complex would be identified in the
present work because, on the basis of northern analyses and gene fusion experiments ([[152]],
our unpublished work), the expressionniffY is much lower than expression of the genes that

encode the MoFe protein subunits. As in the case of the gamma protein, the potential
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involvement of theéA. vinelandiinifY gene product in FeMo-cofactor insertion or stabilization of

the apo-MoFe protein will require the purified protein.

Spectroscopic features of the apo-MoFe protdihe EPR spectrum of the as-isolated apo-MoFe

protein is featureless except for a mirg1/2 signal in the €2 region that has lineshape, g-
values and temperature dependence very similar to typical [4Fe-4S] clusters (Figure 4, [[153,
154]). This signal, which integrates to only 0.05 spins per MoFe protein, disappears upon
oxidation of the sample and reappears upon re-reduction by Na dithionite. The signal also
persists even after the addition of FeMo-cofactor, although it is somewhat obscured by the
contribution of FeMo-cofactor to the EPR spectrum=2t gConsidering the purity of the protein
sample, it is unlikely that the observ&d1/2 signal arises from a contaminating protein. A
similar S=1/2 EPR signal attributed to a damaged P cluster or a P cluster precursor has been
reported previously [57, 155]. This same signal is also present at 0.1 to 0.3 spins per mole in an
apo-MoFe protein produced byndH-deletion mutant[156]. In related work we have purified an
apo-MoFe protein form produced byhdH deletion strain using the IMAC-based approach and
confirm a previous report that it is different from apo-MoFe protein in that it contains a more
significant S=1/2 EPR signal (0.5 spins per mole of apo-MoFe protein) and that it cannot be
activated by the simple addition of isolated FeMo-cofactor[74, 157]. We also find that neither
the P* nor P*EPR signals can be elicited by IDS oxidation of apo-MoFe protein isolated from a
nifH deletion strain. On the basis of these observations, we find the proposal that intact P
clusters might be formed in a pathway that involves the fusion of two [4Fe-4S] cubanes an

attractive one[155], and suggest that the species giving rise 81li2 signal from apo-MoFe
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proteins produced from eitherfH- or nifB-deletion backgrounds represent either incompletely
processed or damaged P clusters.
The MoFe protein P clusters have been prepared in five different oxidation states at pH

8.0, as illustrated below ([[6]], Scheme 2).

psuperox

yEm=809mY . Enp=-300mY . Epg=+90my

€ e’ e

All eight iron atoms present in the P cluster in the as-isolated MoFe protein are believed to be in
the Fé" oxidation state, and this form of the P cluster is often referred tb @@sePN designation

refers to the Native or as-isolated form [[156]]). There is no direct evidence that the P cluster
can be reduced to a lower oxidation state. ThestBte of the P cluster can be reversibly
oxidized by up to three electron equivalents to respectively yield the oxidation states designated
P, P"* and P" in scheme 2. The P cluster can be further oxidized beyond*trstale but
oxidation to such “superoxidized” states is not reversible[6]. Thstd&e is diamagnetic and
therefore EPR silent, whereas both thegnd P* states are paramagnetic and have EPR signals.
The P state has a mixed spin systeé®1/2 and 5/2) with perpendicular mode signals in #& g

and 5 regions[151]. The*Pstate has an integer spin syste®n3d) with a parallel mode EPR
signal at g11.8[125, 136, 137]. The midpoint potentials for both &d E,, (Scheme 2) have

been determined to be -309 mV at pH 8.0 and, therefore, at pH 8.0 the EPR signal fér the P
oxidation state cannot be observed[136]. However, the redox couple betwaed P* is pH-
dependent[24, 151], so thé*Btate can be readily identified in a sample that has been IDS-

oxidized at pH 7.4.
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If the apo-MoFe protein has intact P clusters that are structurally and electronically
similar to the P clusters present in the MoFe protein, then it should be possible to elitit the P
and P* EPR signals by IDS-oxidation of apo-MoFe protein. Panel A in Figure 5 show§ the P
state (parallel mode EPR signal al #.8) for both the MoFe protein (trace 1) and the apo-MoFe
protein (trace 2) by IDS-mediated oxidation at pH 8.0. Panel B in Figure 5 shows shatd®
(perpendicular mode signal in theZ2gregion) for both the MoFe protein (trace 1) and the apo-
MoFe protein (trace 2) by IDS-mediated oxidation at pH 7.4. These observations confirm and
extend the work of Robinsagt al [158], who concluded from comparative MCD spectroscopy
that P clusters present in mature MoFe protein and an apo-MoFe protein producedirom a
pneumoniaaifB-mutant are electronically very similar or identical to each other[158].
Nevertheless, comparisons between the present work and that involving the corresgonding
pneumoniagroteins must be considered in light of differences between the respective apo-MoFe
proteins. For example, the apo-MoFe protein isolated fkimpneumoniaecontained
molybdenum, had an associateslibunit, and could only be activated to a very low level.

In the present work it is shown that the respective midpoint potentials fot/ffé fredox
couple for MoFe protein and apo-MoFe protein are significantly different (-314 mV vs -377 mV,
see Figure 6). Thus, there is a detectable difference in the electronic properties of P clusters
from the apo-MoFe protein versus the MoFe protein. It is likely that such differences are the
result of modest structural changes in the P cluster polypeptide environment rather than an
alternate form of the P cluster. Other evidence that there are some differences in the global
structure of apo-MoFe protein when compared to MoFe protein is that certain cysteine thiol
groups from the apo-MoFe are susceptible to alkylation whereas the corresponding residues in

the mature apo-MoFe protein are not ([[147]], Figure 2). Also, based onde&pendent

96



complex formation, and thesL127 Fe protein complex formation experiments, interactions
between the Fe protein and apo-MoFe protein do not appear to be as effective as interactions
between the Fe protein and MoFe protein. However, whatever the differences in the folding
pattern between the MoFe protein and apo-MoFe protein, perturbations at the psuedosymmetric
ap-subunit interface are likely to be minimal. This conclusion is based on the observation that
Fe protein and apo-MoFe protein are able to interact in a such a way that a high rate of MgGATP
hydrolysis capability is maintained. In this context it is noted that the three dimensional model
of the MoFe-protein/Fe protein complex shows that the Fe protein contacts the MoFe protein at

its ap-subunit interface and in the closest possible proximity to the P cluster[37, 38, 159].

Electron transfer to the apo-MoFe proteBecause apo-MoFe protein is able to catalyze a high
level of Fe protein-dependent MgATP hydrolysis, and because we were able to elititahe P

P> oxidation states within the apo-MoFe protein, it was of interest to determine if nucleotide-
dependent electron transfer from the Fe protein to the apo-MoFe protein could also occur.
Figure 8 shows that the oxidized apo-MoFe protein is able to accept an electron from the Fe
protein in a MgATP-dependent manner. In these experiments apo-MoFe protein ihstageP

was prepared and mixed with reduced Fe protein and either MgGADP or MgATP. In the presence
of MgADP the P' parallel mode g 11.8 EPR is apparent (Figure 8A) as is 8w/2
perpendicular mode EPR signal characteristic of the reduced Fe protein (Figure 8B). However,
in the presence of MgATP, the'"Pparallel mode signal disappears (Figure 8A), $d/2
perpendicular mode EPR signal of the Fe protein also disappears (as it becomes oxidized to the
diamagnetic state), and thé"F5=1/2 perpendicular mode signal becomes apparent as the P

cluster is reduced from thé'Rtate to the P state.
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Relevance of the UV-visible spectrum of as-isolated and oxidized apo-MoFe protein. In the

normal nitrogenase reaction the reduced- and MgATP-bound Fe protein complexes with the
MoFe protein followed by an intercomponent electron transfer event that is intimately associated
with nucleotide hydrolysis. The rate of oxidation of the Fe protein that occurs during these
events can be followed in real-time by monitoring the increase in theby stopped-flow
spectroscopy. Similarly, the rate of dissociation of the component proteins can be measured by
the decrease in the,Athat occurs when the oxidized Fe protein is released from the complex
and becomes reduced. An example of the latter type of experiment is shown in Figure 7. In
these experiments it is shown that the Fe protein dissociates from the apo-MoFe protein at a rate
that is only modestly faster than the Fe protein-MoFe protein dissociation. By using this type of
analysis Lowe and Thorneley have developed a kinetic model for nitrogenase catalysis and have
shown that the rate-limiting step under optimum turnover conditions is the dissociation of the
component proteins[139]. Although stopped-flow determination of the rate constant of primary
electron transfer is straightforward, the smaller, kinetically complex absorbance changes that
occur after primary electron transfer have not yet been adequately explained. As an example, a
small increase in the absorbance g} fhat occurs in stopped-flow experiments after about 0.5
seconds has been proposed to be the result of P cluster oxidation[94]. Although, oxidation of the
P clusters might occur at this stage, our finding that the UV-visible spectrum of the apo-MoFe
protein does not change upon IDS-oxidization does not support the possibility that any
absorbance changes that occur in stopped flow experiments can be attributed to oxidation of the
P cluster to thePstate. However, the previous investigation [94] suggested that the changes in

the P cluster A, are most likely arising from the*Poxidation state [136, 160] of the P cluster
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which was not examined in the present work. Furthermore, the previous studies [94] examined
EPR samples flash frozen after ~5 s, whereas the stopped-flow experiments examined time
domains of less than one second, so the possibility of a kinetic rearrangement of the P cluster that
might give rise to a change in thg,fcannot be discounted.

In summary, a method has been developed for the large scale purification of an apo-
MoFe protein that contains intact P clusters and that can be activated by the simple addition of
FeMo-cofactor. The availablity of such apo-MoFe protein can now be used to advance studies

aimed at determining the role of P clusters in the nitrogenase catalytic mechanism.
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CHAPTER Il

Initial Characterization of a NifEN Bound FeMo-cofactor Precursor
and an Interaction between NIfEN and NifX.

Summary

Iron-molybdenum cofactor (FeMo-cofactor) biosynthesis requires the involvement of the
NIfEN complex. The NIifEN complex is am,[3, tetramer that is believed to be a processing site
for FeMo-cofactor biosynthesis. Previous work involving the use of gene fusion and
immobilized metal-affinity chromatography (IMAC) was used to overproduce and purify NifEN
in sufficient quantities amenable for spectroscopic characterization. The NIfEN complex was
shown to contain two [4Fe-4S] clusters per NIifEN tetramer. Current work involves the
preliminary investigation of FeMo-cofactor precursors bound to the NIifEN complex. Metal
analysis of NifEN routinely yields the presence of more Fe than is necessary for the formation of
two [4Fe-4S] clusters. It is possible that this extra Fe represents an FeMo-cofactor precursor
bound to the NIfEN complex. Electron paramagnetic resonance (EPR) spectroscopy and
variable-temperature magnetic circular dichroism (VTMCD) were used to investigate the
presence of a FeMo-cofactor precursor bound to NIifEN. Oxidation of NifEN indicates the
presence of a novel EPR signal that is thought to arise from a bound precursor. This represents
the first spectroscopic evidence of an FeMo-cofactor precursor. VTMCD also confirmed the
presence of a paramagnetic signal on oxidized-NifEN. Current work reported here also
examines the interaction of NifX with the NifEN complex. NifX is capable of binding a
chromophore, perhaps the bound precursor, from the NIfEN complex. Additional experiments

detail the initial characterization of NifX and its interaction with NifB-cofactor and FeMo-
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cofactor. Based on this data, the involvement of NifX in FeMo-cofactor biosynthesis is

discussed.

Introduction

Biological nitrogen fixation involves the MgATP dependent reduction of atmospheric
dinitrogen to ammonia by the metalloenzyme nitrogenase. The nitrogenase enzyme complex is
composed of two component proteins, the iron (Fe) protein and the molybdenum-iron (MoFe)
protein [7]. During catalysis the Fe protein transfers electrons, one at a time, to the MoFe protein
in a process involving component protein association, MgATP hydrolysis, and complex
dissociation [6, 47]. The Fe protein is a 64 whomodimer that contains a single [4Fe-4S]
cluster bridging the two subunits [9, 161]. Besides being the obligate electron donor to the MoFe
protein, the Fe protein also provides the site of MgATP binding and hydrolysis. The MoFe
protein is a 250 kDx,B, heterotetramer that contains two pairs of metal clusters, termed P-
clusters [23] and iron-molybdenum (FeMo) cofactors [28]. The site of substrate binding and
reduction is the FeMo-cofactor that is composed of a homocitrate-ostdcluster bridged by
three inorganic sulfides to a jSg subcluster [28]. Although X-ray crystal structures exist for the
Fe protein [9, 162] and MoFe protein [12, 23], the nature of the biosynthesis and subsequent
insertion of the metal centers of nitrogenase is still not fully understood.

A number ofnif-specific gene products have been implicated in the process of FeMo-
cofactor formation and insertion [7]. This process involves the products oifithenifB, nifE,
nifN, nifV, nifX, andnifQ genes. The nitrogenase Fe protein, the produaifldf is required for
both the formation and the insertion of FeMo-cofactor [64, 70]. Although the specific function

of Fe protein in these processes is not known, neither its MgATP-binding and hydrolysis
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properties nor its ability to transfer electrons seem necessary [76, 98, 163]. Biochemical
complementation experiments have shown that FeMo-cofactor is separately synthesized and then
inserted into an apo-form of the MoFe protein, which contains intact P clusters, but lacks FeMo-
cofactor [63]. At least a portion of the biosynthetic process occurs within a complex of the
nifEN products. ThaifEN gene products bear primary sequence similarity to the products of the
nifDK structural genes, respectively [65]. The NIfEN complex is.@pnheterotetramer of the
nifEN products and serves as a molecular scaffold for FeMo-cofactor assembly [66]. The
product of thenifB gene catalyzes the formation of an FeMo-cofactor precursor called NifB-
cofactor [58]. NifB-cofactor is thought to provide the Fe-S cage necessary for FeMo-cofactor
construction. NifB-cofactor is thought to be inserted into the NifEN complex at an intermediate
stage in FeMo-cofactor formation [59, 60]. Tmé&/ gene catalyzes the condensation of acetyl-
CoA and a-ketoglutarate to form homocitrate, the organic constituent of FeMo-cd&&tor
164]. ThenifQ gene product appears to have a role in the mobilization of molybdenum (Mo)
required for FeMo-cofactor, but its exact role in this process is not known [84]. Recent work
involving thein vitro FeMo-cofactor biosynthetic assay has shown that NifX is required for
FeMo-cofactor synthesis [83], however, the exact function of NifX in cofactor synthesis remains
unknown.

Previously, we have reported a gene fusion approach for the overproduction of the NifEN
complex in A. vinelandii, as well as the application of immobilized metal-affinity
chromatography for the purification of poly-histidine tagged NIifEN [165]. This gene
fusion/IMAC approach provided a means that allowed the purification of NifEN in quantities
amenable for detail spectroscopic characterization. NIifEN produced and purified in this manner

is apparently unaltered in either itsvivo or in vitro activities [165]. Biophysical analyses have
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been used to show that NIfEN contains two identical [4Fe-4S] clusters, which are completely
ligated by cysteine residues. Muchmateal.[62] have previously developed a homology
model for the three-dimensional structure of the NIfEN complex that is based on the
crystallographically solved MoFe protein structure [12]. This model places four cysteine
residues in a geometry appropriate for forming the [4Fe-4S] cluster of NIifEN, which is
consistent with our experimental findings. In addition to the conservation of the cluster ligands,
NifEN contains a conserved cysteine residue, E225that is analogous to the FeMo-cofactor
cysteine ligand, D-275°[62, 65]. Site directed mutagenesis studies have shown that£i250
required for FeMo-cofactor biosynthesis [166] and that D278 required for MoFe protein
catalytic activity [167, 168]. The role of the E-250igand may be to bind FeMo-cofactor
precursors during their assembly on the NifEN complex.

We speculate that NifEN complex present in a genetic background deficient for the
nitrogenase structural genasfldDK) might trap a precursor to the FeMo-cofactor because the
final destination for FeMo-cofactor has been deleted. Metal analysis of the NifEN complex
routinely results in the presence of more Fe than is necessary to support the formation of the two
[4Fe-4S] cluster (12 —15 Fe atoms per NifEN tetramer). &oMl.,[60] have previously shown
that NiIfEN can exist in a charged or discharged form, dependent on the presence of NifB-
cofactor. We believe that our preparations of the NifEN complex contain a portion of precursor-
charged NIifEN. The identity of this precursor is most likely NifB-cofactor or a processed form
of NifB-cofactor.

In addition to identifying precursors on NIfEN, recent work has been directed towards
identifying additionalnif proteins that may be involved in precursor binding/release with the

NIifEN complex. InA. vinelandij NifY and NifX bear significant primary sequence identity
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when compared to one another, as well as being associated with the transcriptional units of the
MoFe protein and NIfEN, respectively [81]. Based on these considerations, and on the likely
structural similarity between the MoFe protein and the NIfEN complex [62], we propose that
NifY and NifX have related functions. The involvement of NifY in apo-MoFe protein
maturation inK. pneumoniaesuggests NifX may have a role in the mobilization of FeMo-
cofactor precursor associated with NifEN.

Current work examines the involvement of FeMo-cofactor precursors on NifEN by EPR
and MCD and the interactions between the NIfEN complex and NifX by size exclusion

chromatography.

Experimental Procedures

Overproduction of NifX inEscherichia coli.Overproduction of NifX inE. coli was

accomplished by constructingn@X gene cartridgen vitro and cloning this cartridge into the
pT,-7 plasmid such thatifX gene expression was controlled by thefage transcriptional and
translational regulatory elements[169]. Th&X gene cartridge was constructed by using an
isolated 1.3 kb DNA fragment, that was generated by BamHI restriction enzyme digestion of the
hybrid plasmid pDB166, as a template for polymerase chain reaction (PCR) amplification of the
nifX coding sequence. PCR amplificationnifiX was performed essentially as recommended by
the suppliers of Amplitag (Perkin-Elmer, Norwalk, CT). Cycling temperatures for PCR
amplification ofnifX were as follows: 9% for 1 min., 66C for 2 min., and 7#Z for 3 min.

The two PCR primers used fanifX amplification had the following sequences: 5’

CATGCATATGTCCAGCCCGACCCGA3' and 5'CTACGGATCCTCGCTGAAAAAGTGG3'. The amino

terminal coding region for NifX is underlined in the first primer sequence shown above.
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Following nifX amplification, the gene cartridge was digested with the restriction enydeds
andBamHI and ligated tdNdel andBamHFHdigested pF-7 DNA. Proper orientation afifxX

within the resulting hybrid plasmid (pDB553) such that theg@ne-10 promoter directsfX
transcription was confirmed by restriction enzyme digestion of isolated plasmid DNA. For
overproduction of NifX inE.coli, pDB553 was transformed into the host strain BL21 (DE3) and
the transformed cells were maintained on LB media supplemented with 100 pg/ml ampicillin.
Cells were grown in 500-ml batches in LBA media at@B@nd were induced for NifX
production at approximately 160 Klett units (red filter) by the addition of lactose to 1% final
concentration. Following addition of lactose, cells were cultured for an additional 2 hours, and

after this induction period cells were harvested by centrifugation and frozen &t -80

Purification of NifX. NifX was purified anaerobically under a purified argon atmosphere. Crude

extracts were prepared by resuspending cells in 25 mM Tris-HCI, pH 7.4 (2.0 ml of buffer per
gram weight of cells) and disruption by sonication. Following sonication, solid streptomycin
sulfate was added to the disrupted cells at 1% w/v and incubated at ambient temperature for 5
min. The disrupted cells were then subjected to centrifugation at 35,000 rpm for 1 hour in a
Beckman Type 45 rotor att@. Contaminating proteins were then precipitated from the
streptomycin treated crude extract by bringing the supernatent to 40% saturation with solid
ammonium sulfate and allowing this solution to incubate at ambient temperature for 5 min,
followed by centrifugation at 35,000 rpm for 30 min. &4 NifX was then precipitated from

the 40% ammonium sulfate supernatant by the addition of solid ammonium sulfate to 50%
saturation. NifX precipitated in this way was collected by centrifugation at 25,000 rpm for 30

min. and resuspended in buffer (25 mM Tris-HCI, pH 7.4), containing 1 mM dithiothreitol, to a
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volume equal to the original supernatant volume. The sample was then loaded onto a 1.5 cm x
15 cm (30 ml of resin) Q-Sepharose column (Pharmacia, Piscataway, NJ) using a peristaltic
pump and eluted using a 200 ml 0.1-0.6M linear NaCl gradient controlled by FPLC pumps.
NifX eluted between 0.3 and 0.4M NaCl. NifX was collected and concentrated using an Amicon
concentrator (Beverly, MA) fitted with a YM10 membrane. Using an FPLC, concentrated NifX
was further purified by passing it over a 3.0 cm x 30 cm (80 ml of resin) Sephacryl S300HR size
exclusion column (Pharmacia, Piscataway, NJ) that was equilibrated in degassed buffer (25 mM
Tris-HCI, pH 7.4, 200 mM NaCl and 1 mM sodium dithionite). Elution of NifX from both
columns was monitored by the,Aof the eluent. After the Sephacryl S300HR column, NifX
was concentrated using an Amicon concentrator (Beverly, MA) fitted with a YM10 membrane.
Protein was quantified by a modified biuret method using bovine serum albumin as the standard
[130], and protein purity was monitored by SDS-PAGE [13The final purified product was

stored as frozen pellets in liquid nitrogen until used.

NIfEN Complex Purification The NifEN complex was purified as previously described [165].

Metal Analysis Fe was quantitated by thex' bipyridyl method [107].

NifB-cofactor and FeMo-cofactor Purification. NifB-cofactor was generously donated by V.K.

Shah [58]. FeMo-cofactor was extracted purified MoFe protein [56] into NMF and concentrated

as previously reported [11].
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Size Exclusion Chromatographyigh-resolution, analytical size exclusion chromatography was

performed using a ZORBAX GF-250 (9.4 mm x 250 mm) HPLC column (Hewlett Packard,

Wilmington, DE) equilibrated in degassed 200 mM potassium phosphate buffer, pH 7.3 and 0.5
mM sodium dithionite. The HPLC control unit used for these experiments was a Beckman
System Gold equipped with a 126NM solvent module, a 168NM diode array detector and a
100ul sample loop. Column eluent was monitored from 200 nm to 800 nm and data was
collected and processed using Beckman System Gold software. Prior to injection onto the HPLC
column, samples were incubated for 5 min. at ambient temperature in degassed 200 mM
potassium phosphate buffer, pH 7.3, and 0.5 mM sodium dithionite. Protein concentrations for
each HPLC run were as follows: NIifEN complex, 35uM; NifX, 400 uM (assuming NifX is a

monomer with molecular mass of 17,000 predicted by the deduced primary sequence).
Metallocluster concentration (given in total concentration of Fe/sample) for each HPLC run was

as follows: NifB-cofactor, 220uM; FeMo-cofactor, 250uM.

Biophysical Characterization Methods. The sample concentrations given in the figure captions

are based on the quantitation of the purified protein solution by the BCA method [106].
Spectroscopic results were quantified pprheterodimer. Variable-temperature magnetic
circular dichroism (VTMCD) spectra were recorded on samples containing 55% (v/v) glycerol in
1-mm cuvettes using an Oxford Instruments Spectromag 4000 (0-7 T) split coil superconducting
magnet (1.5-30 K) mated to a Jasco J-715C spectropolarimeter. Experimental protocols used for
VTMCD studies were performed as previously described [108, 109]. X-band (~9.6 GHz)
Electron Paramagnetic Resonance (EPR) spectra were recorded on a Bruker ESP-300E EPR

spectrometer equipped with a dual mode ER-4116 cavity and an Oxford Instruments ESR-9 flow
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cryostat. Frequencies were measured with a Systron-Donner 6054B frequency counter, and the
magnetic field was calibrated with a Bruker ERO35M gaussmeter. Spin quantitations were
carried out under non-saturating conditions with 1ImM Cu(lIl)EDTA as the standard, using the

procedures outlined by Aasa and Vanngard [110].

Results

Purification of NifEN complex and NifX Purification of NifEN has been discussed in detail in

Chapter | of this dissertation [165]. Purification of NifX was accomplished through heterologous
overproduction inE.coli and standard protein chromatography methods. The purification of
NifX was monitored by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Purification of NifX involved ammonium sulfate precipitation, Q-Sepharose ion-exchange
chromatography and size exclusion chromatography, and was monitoreg,,by Agure 1
shows a SDS-PAGE of purified NifEN complex and purified NifX. NifEN (Fig. 1, lane 1)
purified as previously reported [165] and NifX (Fig.1, lane 2) results in a single band with an

apparent M= 15,000, as determined by SDS-PAGE.

Size exclusion Chromatography. Figure 2 shows the elution patterns of the NifEN complex and

NifX resulting from size exclusion chromatography. The patterns of the NifEN complex and
NifX as monitored at 280 nm (Fig. 2A, tracel and 2, respectively) result in single absorption
peaks as is expected for the purified proteins. However, when NIfEN complex and NifX are
incubated together (Fig. 2A, trace 3), it appears as if there is a third unresolved peak (indicated
by an arrow) which migrates at the position of NifX. This unresolved peak is better observed

when the elution profiles are monitored at 405 nm (Fig. 2B). The 405 nm elution profile of the
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Figure 1. SDS-PAGE for purified NifEN complex and NifX. Proteins were separated using a
4% stacking gel and a 20% separating gel and then stained with Coomassie brilliant blue: lane 1,
10 pg of purified NifEN complex; lane 2, 10 ug of purified NifX; lane 3,d%ndards, (from

top: phosphorylase b, 97,400; serum albumin, 66,200; carbonic anhydrase, 31,000; soybean
trypsin inhibitor, 21,500; lysozyme, 14,400).
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Figure 2. Interaction of NifEN and NifX monitored by size-exclusion HPLC. Column eluent

was monitored at 280 nm (A) and 405 nm (B). Trace for both graph A and B are as follows:

trace 1, 35 puM NIifEN complex; trace 2, 400 uM NifX; trace 3, 35 uM NIfEN complex + 400

MM NifX. The sample for trace 3 was prepared by incubating purified NifEN and purified NifX

for 5 min. prior to injection onto the size exclusion column.
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NIifEN complex results in a single peak (Fig. 2B, trace 1), which is primarily due to the presence
of the [4Fe-4S] clusters of NifEN. As-isolated NifX has no absorbance in the visible region and
results in a trace with no apparent peaks (Fig. 2B, trace 2). When the NifEN complex and NifX
(Fig. 2B, trace 3) are incubated together, two peaks are seen as monitored at 405 nm. One peak
migrates at the position of NifEN and the other at the position of NifX. Additionally, the NIifEN
complex peak has a decreased absorbance. This decrease in absorbance is associated with
proportional increased absorbance in the peak that migrates at the position of NifX, which gives
rise to the unresolved peak in Fig. 2A, trace 3. It appears that NifX is able to bind a
chromophore that has been released from the NifEN complex. This chromophore may be NifB-
cofactor or a processed form of NifB-cofactor, which is bound to the NifEN complex.

The interaction of NifX with NifB-cofactor and FeMo-cofactor are shown in Figure 3.
Elution profiles of pure NifX (Fig. 3, trace 1), NifB-cofactor (data not shown) and FeMo-
cofactor (data not shown) result in a featureless profile monitored at 405 nm. NifX is a colorless
protein and so would not be detected at 405nm. However, NifB-cofactor and FeMo-cofactor are
dark, brown-green in color, and should absorb in the visible region. It is known that NifB-
cofactor and FeMo-cofactor are not stable in an aqueous environment, resulting in the
destruction of these metalloclusters. When NifX is incubated with either NifB-cofactor or
FeMo-cofactor, the elution profile contains a single peak (Fig. 3, trace 2 or 3, respectively).
Upon binding of NifB-cofactor and FeMo-cofactor to NifX, these unstable metallocluster may
become protected from damage by the aqueous solvent. When comparing the peaks associatec
with NifX-NifB-cofactor (Fig. 3, trace 2) and NifX-FeMo-cofactor (Fig. 3, trace 3) with the
NifX bound to the chromophore from NIifEN (Fig. 3, trace 4), it appears that the NifX-NifB-

cofactor and NifX-chromophore migrate in a similar position to one another. The similarity in
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Figure 3. Interaction of NifX with NifB-cofactor and FeMo-cofactor as monitored by size-
exclusion HPLC. Protein and protein-metallocluster mixtures were separated by HPLC
monitored at 405 nm. Trace 1, NifX; trace 2, NifX + FeMo-cofactor; trace 3, NifX + NifB-
cofactor; trace 4, NifEN + NifX. Protein and metallocluster concentrations are given in the

Experimental Procedures.
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the migration of these peaks infers that the chromophore released from NifEN and bound to

NifX may be NifB-cofactor, or more alike NifB-cofactor than FeMo-cofactor.

EPR and VTMCD

NIfEN purified by two different protocals was examined by EPR. Purification involved
IMAC and anion exchange chromatography or IMAC only. A representative EPR spectrum of
thionin-oxidized NIifEN purified by IMAC and anion exchange is shown in Figure 4, panel A.
The EPR spectrum of IDS-oxidized NIifEN purified by IMAC alone is shown in Figure 4, panel
B. This resonance accounts for 0.5 spins per NIifEN tetramer with no evidence of ad8iional
1/2 resonances in the low field regiomhe obvious difference between panel A and B is that the
spectrum in panel B is representative of two EPR signals that are magnetically coupled. The g-
values (1.98, 1.95, and 1.89) and line shape of the EPR signal are unlike any signal previously
reported. Both oxidized-NifEN spectra are only discernable at temperatures below 30 K,
suggesting they do not originate from a radical species.

VTMCD of thionin-oxidized NIifEN results in a spectrum derived from a paramagnetic
center on NifEN (Figure 5). Temperature—dependent MCD bands are observed through the 400-
700 nm region in the VTMCD spectrum of thionin-oxidized NifEN. The patterns of these bands
are not characteristic of any characterized cluster orientation (Agar, J.N. and Johnson, M.K.,
personal communication). Further information regarding this spectrum is not available at this

time.

Discussion

For many years investigators have tried to identify and characterize FeMo-cofactor

intermediates. Various biophysical approaches have been used to study the FeMo-cofactor
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Figure 4. X-Band EPR spectra of oxidized NifEN. Panel A corresponds to NifEN oxidized with

thionin and purified as previously described [165]. Panel B corresponds to a partially pure
fraction of NifEN from IMAC oxidized with IDS. The samples (70 uM) were in 25 mM Tris-
HCI, pH 7.9 with excess oxidant present. Conditions for measurement. microwave frequency,

9.64 GHz; microwave amplitude, 0.64 mT; microwave power, 0.5 mW,; and temperature, 12K.
Each trace represents the average of 100 scans.
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Figure 5. VTMCD spectra of thionin —oxidized NifEN. The sample (50uM) was in 25 mM
Tris-HCI, pH 7.9 with excess oxidant present and 55% glycerol. The MCD spectra were
recorded in a 1Imm cuvette with a magnetic field of 6.0 T, at 2.0, 4.0, 10.0, 20.0, and 35 K. Each

trace is the average of 50 scans. All bands increase in intensity with decreasing temperature.
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precursor, NifB-cofactor. These examinations, however, have been unsuccessful, resulting in the
existence of no known spectroscopic signature for NifB-cofactor (V.K. Shah, personal
communication). During FeMo-cofactor biosynthesis, NifB-cofactor is bound to the NIifEN
complex and processed along the pathway to FeMo-cofactor [59, 60]. Based on this work, it is
believed NIfEN can exist in a charged or discharged state, depending on the presence or absence
of NifB-cofactor. When NIfEN is examined in extracts produced by mutantswiighdeletions,

the discharged form of NIfEN accumulates. This discharged form can be converted to the
charged form by the addition of NifB-cofactor to the extract [60]. It has long been a goal to
purify a form of the NifEN complex with bound NifB-cofactor. It is thought that perhaps NifB-
cofactor in a polypeptide environment might exhibit a spectroscopic signal, permitting its
characterization.

The NIfEN complex has been overproduced and purified by the use of gene fusion and
immobilized metal-affinity chromatography. NIifEN purified in this manner was subjected to
detailed biophysical characterization and found to contain two [4Fe-4S] clusters within each
NifEN tetramer [165]. Metal analysis of overproduced NIfEN consistently resulted in high
values, yielding 12-15 Fe atoms per NifEN tetramer. These data suggest that there is more Fe
present within NifEN than is required for two [4Fe-4S] clusters. It is possible that this extra Fe
is organized into an FeMo-cofactor precursor bound to the NifEN complex. Because the
structural genes for the MoFe protein are deleted in the strain used for the NifEN overproduction
system, an obstruction of the FeMo-cofactor biosynthetic machinery would occur. A result of
this obstruction would be the persistent binding of FeMo-cofactor precursors to biosynthetic

proteins, such as the NifEN complex. The presence of extra Fe on the NifEN complex and the
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possibility that it may be an FeMo-cofactor precursor has driven the current course of my
research.

Upon oxidation, the [4Fe-4S] clusters of NifEN go from a paramagnetic, EPR active state
to a diamagnetic, EPR silent state. However, oxidation of NifEN, with either indigodisulfonate
(IDS) or thionin, exhibits the appearance of an EPR signal. Thionin-oxidized NifEN results in
an axial EPR spectrum with a,gvalue of 1.95. The line shape ang of this signal is unlike
any spectrum previously seen in the nitrogenase system (Agar, J.N. and Johnson, M.K., personal
communication). It is possible that this spectrum is derived from an FeMo-cofactor precursor
bound on NIfEN. During the purification of NIifEN, protein collected on the metal-affinity
column is a dark brown-green in color, characteristic of isolated FeMo-cofactor [11]. The
subsequent step of purification, DEAE anion-exchange chromatography, removes this color from
NIifEN. Based on this observation, it is thought that NifEN accumulates in a charged, precursor-
bound staten vivo, however, this precursor is lost during the subsequent step of the NIfEN
purification process (DEAE anion-exchange). In an attempt to purify and characterize a fully
charged form of NifEN, NifEN was collected after the IMAC step and oxidized with IDS. IDS-
oxidation of NIifEN results in an EPR resonance that seems to be the product of two magnetically
coupledS=1/2 signals. The line shape and g-values of this spectrum is also unique to the
nitrogenase system. To date, these data represent the first spectroscopic evidence for an FeMo-
cofactor precursor. In addition to the EPR data, VTMCD data was also collected on thionin-
oxidized NIifEN purified by IMAC and anion exchange chromatography. The resulting MCD
spectra indicates the presence of a paramagnetic center, which has a number of temperature
dependent MCD bands. Though MCD has not shed any light as to the nature of this

paramagnetic center, it does support the presence of the paramagnetic signals observed with
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EPR. Characterization of this potential precursor signal has been hindered by the availability of
precursor-charged NIifEN. In an attempt to isolate a fully charged form of the NifEN complex, a
plasmid-based overproduction system for NifEN has been developed and is discussed in
Appendix VI to this dissertation. With the application of this plasmid system for overproduction
of NIfEN and the application of IMAC, it should be possible to purify a fully charged form of
NIfEN to be used for detailed biophysical characterization .

Recent work involving then vitro FeMo-cofactor biosynthesis assay has implicated the
necessity of NifX [83]. This system involves mixing purified components of the FeMo-cofactor
synthesis assay in order to determine which components are absolutely essential. From this
work, Shah and coworkers [83] have found that the FeMo-cofactor synthe&r® requires the
following: NIifEN, NifB-cofactor, molybdenum, homocitrate, Fe protein, MgATP, sodium
dithionite, NifX and a final unknown component. Despite the lack of direct evidence, it is
possible that the unknown component is NifS, a cysteine desulfurase that activates sulfur for Fe-
S cluster synthesis[51, 170]. Though it is known that NifX is requirexh fatro FeMo-cofactor
synthesis, the exact function of NifX in this process is not known. However, sind¥ a
deletion has no effect on nitrogenase actintyivo, there exists a possibility for a gene product
that has a general “housekeeping” function, which takes the place of NifX in FeMo-cofactor
synthesis. A number of intriguing features are apparent upon inspectionnift pecific gene
organization inA. vinelandii ThenifY gene is contained within the same transcriptional unit that
encodes the nitrogenase structural genes and the region engiddiagdnifN also containgifX
[81]. It has been shown Klebsiella pneumoniathat NifY is involved in the maturation of the
apo-MoFe protein [78, 80]. lA. vinelandij NifY and NifX bear significant primary sequence

identity when compared to one another [81]. Based on these considerations, and on the likely
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structural similarity between the MoFe protein and the NIfEN complex [62], we propose that
NifY and NifX probably have related functions. This proposed model is also attractive based on
primary sequence conservation between NifX and NifBRhodobacter capsulatusvhich
suggests NifX may be able to bind and process FeMo-cofactor precursors [82]. The
conservation of cysteine residues between NifX and NifB is also se&nvimelandiiand K.
pneumnoniaeas well as primary sequence conservation among the NifX proteins from these
various organisms. The presence of conserved cysteine residues within NifX may provide the
ligands necessary to bind a FeMo-cofactor precursor or the FeMo-cofactor. It is also possible
that NifX may function to stabilize the NifEN complex for NifB-cofactor insertion, and/or serve

to shuttle NifB-cofactor to the NifEN-complex from NifB.

To study the possible functions of NifX in FeMo-cofactor synthesis we examined
protein-protein interaction by means of size exclusion chromatography. Incubation of NifEN
and NifX resulted in the transfer of a chromophore from NIifEN to NifX. The exact nature of the
interaction is not certain, however, binding of the chromophore by NifX results in a decrease in
the visible absorbance (A associated with NifEN. This result taken in consideration with the
biophysical data, suggests that NifX can remove the bound precursor on NifEN. To determine
the nature of NifX interaction with nitrogenase metalloclusters, we examined the ability of NifX
to bind NifB-cofactor and FeMo-cofactor. Preliminary data from this experiment suggest that
NifX can bind both NifB-cofactor and FeMo-cofactor. It appears that the chromophore that
NifX can remove from NIfEN more closely resembles NifB-cofactor. This conclusion is based
on the lack of detectable Mo on NIifEN [165] and the similarity of the elution profiles of NifX-

NifB-cofactor and NifX-chromophore. The exact nature of metallocluster binding by NifX
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remains to be seen, however, NifX appears to has the ability to bind the NifB-cofactor, a cofactor
precursor from NIifEN, and the FeMo-cofactor.

Based on these data, | propose that NifX may function in FeMo-cofactor biosynthesis by
mobilizing metalloclusters for FeMo-cofactor synthesis. NifX may act to bind NifB-cofactor
from NifB and then transfer this precursor to the NifEN complex. The observation that NifX
binds a precursor from NIfEN suggests this action may be and equilibrium dependent process or
a mechanism to remove damaged precursor from NIifEN, preventing unproductive cofactor
synthesis. In order to fully understand the nature of NifX’s interaction with NifEN a fully
charged form of NifEN must be available. After NifX functions to donate NifB-cofactor to
NIifEN, NifB-cofactor is then processed along the path to FeMo-cofactor. NifX may also be
involved with binding the fully formed FeMo-cofactor and donating it to later steps in cofactor
synthesis or to apo-MoFe protein directly, based on the observation that NifX can bind the
FeMo-cofactor. It may be possible to purify a form of NifX that contains bound FeMo-cofactor
precursor by means of a plasmid-based overproduction syst&nvinelandii(as described in
Appendix VI). In a genetic background deficient in the genes encoding the MoFe protein and
NIifEN, FeMo-cofactor precursor would become bound to biosynthesis proteins that act at the
stage prior to NifEN involvement. Based on data presented in this chapter, NifX would possibly
contain bound precursor. Purification of NifX from this genetic background would permit the
direct characterization of FeMo-cofactor precursors bound to NifX and help further the

understanding of cofactor synthesis.
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CHAPTER IV

Preliminary Investigations of the Interaction between the Nitrogenase
Fe protein and the NIfEN complex

Summary
The Fe proteirhasthree major functions inhe nitrogenase enzymgystem. Besides
serving asthe obligate electrodonor tothe MoFe proteirduring nitrogenaseéurnover,the Fe

protein is required fothe biosynthesis othe iron-molybdenum cofactor (FeMo-cofactor) and for

the maturation ofi_f3, apo-MoFe protein tthe a_B,y, form (apo-MoFe protein maturation). The

roles played by the Fe protein in FeMo-cofactor biosynthesis and apo-MoFe protein maturation are
not well understood. In a@attempt tounderstandhe role of the Fe protein in FeMo-cofactor
biosynthesis, an altered form of the Fe protein that contains a deleteuciok127, L1272, was
employed tostudy possiblanteractions withthe NifEN complex. Thisalteredform of the Fe

protein does not permit substrate reduction in the nitrogenase system bebagse tintthe MoFe

protein, forming an irreversible protein complex. Basedhenstructural similarities between the
MoFe protein and thélifEN complex, it is possiblghat L1272\ Fe protein mayalso bind
irreversibly withNifEN. The formation of a of L12Y Fe protein -NifEN complexhasbeen
investigated by size exclusiahromatography. We repohere, the formation of a complex
between L12& Fe protein and th&ifEN complex. In additionpreliminary data obtained by
stopped-flow spectrophotometry indicate that the Fe protein is capable of transferring an electron to
NIifEN. This electron transfer event is MgGATP dependent and is accompanied by a decrease in the
g = 1.95 EPRfeature of aNifEN bound FeMo-cofactorprecursor. The implications of these

results are discussed with respect to the role of the Fe protein in FeMo-cofactor biosynthesis.
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Introduction

Nitrogenase catalyzes the conversion of dinitrogen to ammonium during biological nitrogen
fixation and is composed of two component metalloproteins, the molybdenum-iron (MoFe) protein
and theiron (Fe)protein [171]. The Feprotein, ahomodimer of thenifH gene producfl71],
contains twonucleotide bindingsites and on§4Fe-4S]cluster bridged between tiwo identical
subunits,ligated bycysteines 97 and 132, 14]. During nitrogenase&atalysis,the Fe protein
serves as the specific reductant of the MoFe protein, delivering electrons one at a time, in a process

involving component protein association-dissociation MygATP hydrolysis [6]. The MoFe

protein is aru B, heterotetramer encoded by thiéD andnifk geneproducts [171]. Tdunction

in nitrogenase turnover, the MoFe protein employs two metallocludiieesP clustef23] and the
iron-molybdenum (FeMo) cofactor [128]. The P cluster acts in electrpnocessingmediating
the electron flow from the [4Fe-4S] cluster of the Fe protein to the FeMo-cof@gtoiThe FeMo-
cofactor provides the site of substrate binding and reduction during nitrogenase ddth)ysr,
173].

The Fe proteirshares a higllegree of structural and functional homology téaw@ily of
GTP-binding proteins, termed G-proteins [26] . Two regions of sequence and stisiotiiaaty
exist between th&-proteins andhe Feprotein,these are th@-loop (residues 9 to 16 the Fe
protein), which is involved ithe binding of nucleotide (ATP) and tisavitch Il region (residues

125 to 132 in the Fe protein) involved in the coordination of'N& 38]. Thoughthe nucleotide
binding site in the Fe protein is approximately 19 A away from the [4Fe-4S] clusteh{®iges in
this cluster have been observed upon MgATP binding. These changes theledposure of the
[4Fe-4S]cluster to iron chelatorgke a-a'-bipyridyl [17], adecrease in theluster's mid-point
redox potential[18] and changes ithe lineshape othe electron paramagnetic resona(EeR)

spectrum[19]. These changes are thought to originten the movement of ther-carbon

backbone of the Fe protein in the vicinity of the P-loop and the switch Il regions [47].
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In addition to its indispensable role in nitrogeneatalysis,the Fe protein is involved in

the biosynthesis of FeMo-cofact¢72] and inthe maturation of the g, apo-MoFe protein to
thea gy, form [22, 72]. It is believed that the role of the Fe protein apo-MoFe protein

maturation is to catalyze the associatiory ggamma) to the tetramerform of apo-MoFe protein
[22]. Gamma is anon-if protein that igshought to donate FeMo-cofactor to apo-MoFe protein
during the formation of holo-MoFe protein [79]. It has recently b#@wnthat anA. vinelandij
poly-histidine tagged, apo-MoFe protein purified fromf8 deletion strairdoes nothavegamma
associated, but can be activated by the addition of preformed FeMo-c¢&&tarvhethergamma

is necessary foFeMo-cofactor insertion and activation of apo-MoFe proteimrislear. The
presence of gamma could work to eitfemilitate the activation ohpo-MoFe protein or to discern
between catalytically competent FeMo-cofactor and damaged FeMo-cafiagtan.

The products of atleast sevennif genesare known to beinvolved in FeMo-cofactor
biosynthesisnifQ, nifV, nifX, nifB, nifE, nifN, and nifH [66, 84, 174,175]. Azotobacter
vinelandiimutants harboring deletions mfH, nifN, nifE or nifB produce a cofactorless form of
MoFe protein,termed apo-MoFerotein. The nifQ gene produchasbeen postulated tact in
molybdenum processing during FeMo-cofactor biosynthgsi$. The nifV gene encodes a
homocitrate synthase, which provides homocitrate for FeMo-cofactor biosyrj@8sisThe nifX
gene product has been shown to be requireinh ficitro FeMo-cofactor synthesis, thougfire exact
role of NifX is notknown [83]. Evidencesuggests NifXmay have a role itransport of FeMo-
cofactor precursors during biosynthesis (Chapter Il of this dissertation). The metabolic product of
NifB is NifB-cofactor [58]. NifB-cofactor hasbeenshown tofunction as a specific iron and
sulfur donor toFeMo-cofactor during biosynthes[89]. The nifE and nifN gene products
together form an,B, tetrameric proteifi66, 165]that is able tdind NifB-cofactor[59, 60]and,
in doing so, provide a scaffold for one or more stefseillo-cofactorbiosynthesis. Arabsolute
requirement of thaifH gene product in FeMo-cofactor biosynthdsasbeen demonstratagsing
thein vitro FeMo-cofactor synthesis system [99] and the lack of FeMo-cofactor synthesis is strains

deletedfor nifH [70]. However,the preciserole(s) of the Fe protein in FeMo-cofactor
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biosynthesis is not clealNifH mutantstrains producing Fe protedefective in electrotransfer,
MgATP binding or hydrolysis accumulate MoFe prottiat contains a full complement of FeMo-
cofactor [76, 77].This supportghe hypothesighat the Fe proteinontains distinct domairthat
enable it to perform each of its functions independently.

In an attempt tainderstandhe role of the Fe protein in FeMo-cofacteynthesis, the
interaction of Fe protein WitiNifEN has beenstudied. In this study wéave used asite-
specifically alteredorm of the Feprotein, L127A. L127A Fe proteinhasbeenshown toform a
catalyticallyinactive, tight complex witlthe MoFe proteirj95]. L127A Fe protein is inactive in
FeMo-cofactorsynthesis and inhibitseMo-cofactorsynthesiscatalyzed bywild-type Fe protein
(P. Rangaraj,V.K. Shah,and P.W. Ludden; personal communication). Here we report the
formation of a L1224 complex with NifEN. It is thought that this form of NifEN contains a bound
FeMo-cofactor precursor, presumably NifB-cofactor (see Chapter Ill). Tthis fgst compelling
evidence to show the direct interaction of Fe protein with NifEN. Additionally, we repioiénce
of primary electron transfer from the Fe protein to the NifEN complex, monitored by stidpwped
spectroscopy. Irlight of thesedata, the possible roles for Feprotein in FeMo-cofactor

biosynthesis are discussed.

Experimental Procedures

Purification of L127A and Wild-Type Fe proteins Expression angurification of L1277\ Fe
protein was carried out as previously reported [138je wild-type and L12X Fe proteins were
purified to > 95% purity as judged by sodiwlodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), stained with Coomassie Brilliant blue R250.

Purification of NifEN and NifB-cofactor. The NIifEN complex was purified from a NifEN

overproducing strain dk. vinelandii,DJ1041, as previouslgescribed165]. NifB-cofactor was
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purified from an extract oKlebsiella pneumoniastrainUN1217 QnifE) as previously described

[58].

Association of NIifEN with L127A Fe protein = High-resolution, analytical size exclusion
chromatographywas performed using ZORBAX GF-250 (9.4 mm x 250 mmdum) HPLC

column (Hewlett Packard, Wilmington,DE) equilibrated in degassed 200 mM potassium
phosphate buffer, pH 7.3, and 0.5 mM sodium dithionitee HPLC control unitused forthese
experimentavas aBeckmanSystem Gold equipped with a 126NM solvent module, a 168NM
diode array detector and a 100ul sample loop. Column elusimonitored from200 nm to 800
nm anddata were collectedand processed usinBeckmanSystem Gold software. Prior to
injection onto the HPLC column, proteins werimcubatedfor 5 min. atambient temperature in

degassed 200 mM potassium phosphate buffer,7@1and 0.5 mM sodium dithionite. The

protein concentration dlifEN used foreachHPLC run was 35uM and that of wild type Fe

protein or L1274 Fe protein was 140M.

Stopped-Flowspedrophotometry A Hi-Tech SF-51 stopped-flospectrophotometgiSalisbury,

Wilts, U.K.) equipped with a computer controllddta acquisitiorand analysikit was used to
observe the pre-steady state electron transfer from Fe protein to the MoFe protéifEahd The

SHU-61 sample handling unitvas kept inside an anaerobic gloy®x andtemperature was

maintained at 22.4 0.1°C with a Techne C-85D closed water circulatiached to a Techne FC-

200 flow cooler (Techne Ltd., Duxford, Cambridg§eK.). The oxidation of the Fe protein was
monitored a¥#30 nm andhe datawerefitted with a single exponential functiofi40, 141]. In
these experiments, syringecAntained 20uMNIfEN, 10mM MgCI, or MgATP, and syringe B
contained 80uM Ferotein. Both syringesontained 10mMsodiumdithionite in 50mMHEPES

buffer, pH 7.4. ldentical conditions were used for experiments involving MoFe protein thatept
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NIifEN was replaced with MoF@rotein. The timeprogression curves fahe MgATP induced

oxidation of Fe protein represent the average of five experimental traces.

EPRMonitoredElectronTransferto the NifEN complex In order to determine the Fe protein is

able to transfer electrons tdhe oxidized [4Fe-4S] clusters ofthe NifEN complex, EPR
spectroscopy was used moonitor thesignals fromthe nitrogenasenetal clusters. Forthese
experiments all proteins were exchanged into a 50 mM MQPRfer, pH 7.0,which contained 2
mM sodium dithionite. The NifEN complexwas first oxidized with indigodisulfonat€IDS),
which was then removed by passing the sample over a Dowex anion exchange column equilibrated
in 50 mM HEPES, pH 7.4plus 250 mM NaCl. Sodiundithionite was removed fromthe Fe
protein by passage over a Sephad&25 column equilibrated in 50 mMMHEPES, pH7.4.
Proteins were prepared in an Fe protein:NifE#tio of 2:1 in the presence of eith25 mM
MgATP or nonucleotide. Samples diie individualNifEN complex(55 uM), together with Fe
protein (110 uM) and the appropriateucleotide, were flash-frozen in a hexane/liquid nitrogen
slurry after approximately 1 minute and monitored ByYR. Forperpendicular mod&PR, the
spectra are theum of 20 scansollected at 17 Kwith a microwave frequency d.64 Ghz,
microwavepower of 20.1 mWpmodulation amplitude 012.63 G at anodulation frequency of

100 kHz, conversion and time constants of 20.48 ms

Proteinassays Protein was quantitated by a modifiediret methodusing bovine seruralbumin

as the standard [130].

Metal Analysis. Iron was quantitated by thea' bipyridyl method as described previously [107].

Results

Complexformationof L127A Fe proteinwith the NifEN _complex Given the putative structural

similarity between NIifEN and the MoFe protein [62] and the fact thatA E&7protein inhibits
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Figure 1. Interaction of NifEN and Feprotein monitored by size exclusidtPLC. Column
eluent was monitored at 405 nm. The representative traces correspond to: trace ToNifEx
control; trace 2, Fe protein control; traceNBfEN complex + wild type Fe proteintrace 4,
NIifEN complex + L12A Fe protein. The arrow intrace 4 indicates theosition ofthe proposed
NIfEN:L127A complex. Proteins wer@gcubatedfor 5 min at ambient temperaturerior to
injection onto the column.
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acetylene reduction biprming a tight complex withthe MoFe proteif95], it was ofinterest to
determine if L12A Fe protein could form a complex withifEN. The association dNifEN with
L127A Fe proteirwas monitored by high resolutioanalytical sizeexclusion chromatography, as
described in Experiment&rocedures. Figure 1 showise elution patterns a&05 nm resulting
from the interactions of NifEN and L1&7e protein. The elution profile ofNIfEN resulted in a
single peak(Fig. 1, trace 1), which is partially due to the presence thfe[4Fe-4S] clusters of
NIifEN. Similarly, the elution profile of eithethe wild-type Fe proteilfFig. 1, trace 2) or L12&
Fe protein (data not shown) also resulted in a single peak due presence d#iFe-4S] clusters.
WhenNIifEN andthe wild-type Fe proteirwere incubatedogether,the elution profile(Fig. 1,
trace 3)resulted in two overlapping peattgat correspond tdahe positions ofthe NifEN control
(Fig. 1, tracel) and the wild-type Fe protein control (Fig. 1, trace 2). However, when NIifEN was
incubated withthe L1272\ Fe protein,the elution profileshowed 3 peaks. Two dhe peaks
correspond to those observed witlie NifEN control and the Fe proterontrol. The third peak
(Fig. 1, trace 4-arrow) elutes at a retentiiome consistent with a proteithat is larger in size than
both NifEN and Fe protein. Thikird peak elutes at a similar position tt@t observed for the
MoFe protein-L12& Fe protein complex (data nathown). Based onthe elution profile
similarities, webelieve that the third peakepresents aomplex ofNifEN and L127A Fe protein.
Additionally, SDS-PAGE was used to confirm the co-elution of NifEN and AN protein(data
not shown). In contrast to tleemplex formed between the MoFe protein and IALE@ protein,
the complex formation oNIfEN with L127A Fe protein is not complete. Because the
concentration of L12X Fe protein used in this experiment is ftomes that ofNifEN, one would
expect that all the NifEN would be complexed with LAZind elute at the position of teemplex,

as occurs with the MoFe protein. This is not the case, which can be seen clearly in Fig. 1, trace 4.

Stoppedrlow ElectronTransferfrom the Fe proteinto NifEN. Stopped-flow spectrophotometry

observes electron transfer from the Fe protein by monitoring the change in absorizB8e mt

When the Fe protein transfers an electron, the [4Fe-4S] cluster is converted from a reduced to an
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Figure 2. Primaryelectron transfer fronthe Fe protein tdNifEN monitored by stoppetiow
spectrophotometry. The apparent first-ordge constant, k, resulted frosingle-exponential fits
to the data. Each trace represents the changg,jthat occurred after mixing as described in the
Experimental Procedures. The lower trace corresponds to the 8ég@ol andthe uppertrace to
the MgATP experiment.
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oxidizedcluster. Thischange in oxidation statrresponds to aimcrease in absorbance at 430

nm. Figure 2 depicts the primary electron transfer ftioenFe protein tiNifEN in the absence of

MgATP (MgATP-), lower trace, and ithe presence dVigATP (MgATP?), upper trace. The
MgATP control trace does not show any distinct increases in intensity. Bedbaudatafrom the
experiments are near the limit of detection of the apparatus, there is considerable noise in the traces.
In the presence of MgATP, there is iammediateincrease in thestopped flow trace. Thishange

in absorbance results from the oxidation of the Fe protein [4Fe-4S] cluster after electron transfer to

NifEN. The rate constant of primary electroransfer, k, fromthe Fe protein to th&lifEN

complex, inthe presence dfigATP, wasdetermined to be 12 sed, resulting from aroverall

change in absorbance ®f0.015units at 430nm over @.5 sectime span. The primary electron

transfer rate from the Fe protein to the MoFe protein (data not shown) resultesténcanstant of

140 set, with an overall absorbance change@.06 units at 430nm over a 0.05 sec time span.

In addition tostopped-flow spectrophotometrglectron paramagnetic resonan@ePR)
spectroscopy was used itvestigate electron transfer between Fe proteinNifieN (Figure 3).
For these experiments, reduced Fe protein and oxidM#eN had excesseductant or oxidant
removed, as described tine ExperimentaProcedures. EPRpectra of reduced Fe protein and
reduced Fe protein + MgATP ashown in Fig. 3,trace land 2, respectively.Characteristic
changes in the line shape of the EPR spectra of the [4Fe-4S] dastbeseen orthe addition of
MgATP to the samplg¢19]. Oxidation of NifEN with indigodisulfonate (IDS) results in the
oxidation of the[4Fe-4S]cluster and FeMo-cofactor precursoontained withinNifEN. The
oxidized [4Fe-4S] cluster is EPR silent, but oxidatiothefbound precursor gives rise tanavel
S=1/2 axial EPR signal, with a galue of1.95 (Fig. 3,trace3). Description of this novel EPR
signal is discussed in Chapter lll. By observing the behaviour of this oxiNi#eN signal, it is
possible to monitoelectron transfer bYEPR. Incubation ofreduced,dithionite-free Fe protein

with oxidized NiIfEN did not elicit a detectable change in the oxidized EPR signal associated with
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Figure 3. Electron transfer fronthe Fe protein toNifEN monitored by electron paramagnetic
resonance (EPR) spectroscopy. ER& used tamonitor electron transfer from reduced Fe
protein to oxidizedNifEN complex. Protein samples were prepared as described in the
ExperimentalProcedures.The representative tracesrrespondo: trace 1, reduced Fe protein;
trace 2, reduced Fe proteinMgATP; trace 3, oxidizedNifEN; trace 4, reduced Fe protein +
oxidized NIifEN, and; trace 5, reduced Fe protein + MgATP + oxidized NIifEN.
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NIifEN (Fig. 3, trace4), resulting in an additio'EPR spectrum ofeduced Fe protein + oxidized
NifEN. When MgATP isadded to the mixture of reduced Fe protein and oxiditiédN, the
0,,=1.95 oxidized signal disappears, a result of electron transfer from the Fe ffFagei, trace

5). The resulting spectrum (Fig. 3, trace 5) from this experiment has a line shape consistent with a
reduced [4Fe-4S] cluster, and could be the resuditbérexcess reduced Fe protein wNigATP

bound or reduced NIfEN [4Fe-4S] cluster.

Discussion

The Fe protein is the specific reductant of the MoFe prataimg nitrogenase catalysis.
Besides its role iratalysis,the Fe proteirplays a role in apo-MoFe protematuration and in
FeMo-cofactor biosynthesis. The role of the Fe protein in apo-MoFe protein maturation is thought
to involve theprocessing of apo-MoFe protein to a fomompetentfor activation by FeMo-
cofactor [22, 72, 79]. The competent form of apo-MoFe protein involves the association of a third
subunit provided by NifY inK. pneumoniad78] and non-if encodedprotein, gamma, irA.
vinelandii[79]. However, recent purification of an apo-MoFe protein produced rbiBedeletion
in A. vinelandiihas showrthat the thirdsubunit, gamma, isot necessary foFeMo-cofactor
activation [56]. In addition, unpublished results from our group (Christiadsegoodwin,P.J.
and Dean, D.R.) have indicated that apo-MoFe producedhibi @eletion does not contain intact,
or redox active, P clusters, in comparison to an apo-MoFe protein producedByleletionthat
doescontain P clusterfb6]. These data contradict fanding that showsthe apo-MoFe protein
produced by aifH deletion inA. vinelandiicontainsintact Pclusters[176]. The conflictingdata
include metal analysis arlelPR, which showsoxidation of theAnifH apo-MoFe proteioes not
elicit the EPRsignalscharacteristic of oxidized P clustdE6]. This suggestshat the Fe protein
may play a pivotal role early in the maturation of the MpFaein, involving synthesis ahature
P clusters.

The exact role of Fe protein in FeMo-cofactmiosynthesis is not fullyjunderstood,

however, several possible functions foe Fe protein can benvisioned. Based dahe potential
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structural similarities between the MoFe protein andNif&N complex[62], it is possible Fe
protein may be involvedith NifEN during FeMo-cofactorsynthesis. Several possibilities exist
for the necessity of Fe protein to complex to NifEN. The Fe protein may be required in a redox or
electron transfer capacityroviding reducing equivalents during cofactoosynthesis. This
action may be required tprocesscofactor intermediates or promote release pobcessed
intermediateduring synthesis. It iglso possiblehat Fe protein interactiowith the NIifEN
complex may induce a conformational change in NifEN, which may be requirétkforocessing
of FeMo-cofactor intermediatairing synthesis.Additionally, the binding of Fe proteimight
promote a conformational change permitting access to the FeMo-cof@otmssingsite within
NifEN. This action could benecessary fothe addition or removal of intermediatdsiring
synthesis. Although these possibilitiesound intriguing there islittle evidencesupporting Fe
protein involvement witiNifEN. In fact, certainstrainsthat producealtered Feproteinsthat are
catalytically inactive stilbroduce MoFe protein witintact FeMo-cofactor[76, 77]. Feprotein
produced from aifM mutant strain is inactive in substrate reduction, but canpstilicipate in the
synthesis of FeMo-cofactor [55, 75]. These studies suggest that the role of the Fe protein in FeMo-
cofactor biosynthesis is different from its role in nitrogenase catalysis.

To date,experiments aimed at determining tpessibleinteraction of Fe protein with
NIifEN have been unsuccessful. However, by making usesié-@pecifically altered Fprotein,
L127A, we have now been able ¢mamine Fe protein interactiamth NifEN. L127A Fe protein
has been shown to mimic an MgATP bound state of the Fe protein [135] and forms a tight complex
with the MoFe protein[95], inhibiting nitrogenasdurnover. Inlight of the likely structural
similarities betweeNIfEN andthe MoFe proteirj62], it is possibleghat L1272\ Fe protein may
form a complex with NifEN. L12X Fe proteinvas showmot to function in then vitro FeMo-
cofactor synthesis reaction (P. Rangaraj andP.W. Ludden, personal communication).
Additionally, L127A Fe proteinwas shown tanhibit FeMo-cofactorsynthesiscatalyzed bywild
type Fe protein. Total inhibition of FeMo-cofactor synthesis was achieved wagilr-#old excess

of L127A Fe protein over wild type Fprotein. These datasuggestthat L127\ Fe protein is
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sequestering vital components of FeMo-cofactor synthesis, and thus inhibéiogerallprocess.
Two likely candidates that may interasith L127A Fe protein are the apo-MoFe protein and the
NifEN complex. Because FeMo-cofactaynthesis is notlependent on apo-MoFe protgisi3],

the site of inhibition by L12X Fe protein is moslikely NifEN. However, it doesappearthat
MoFe protein purified fronthe L1272\ Fe protein strairdoescontain intactFeMo-cofactor (data
not shown).

The NifEN complexexists in twopredominanforms, acharged and an discharged form
[60]. In the chargedorm, it is believed thatNifEN contains bound NifB-cofactor, aReMo-
cofactor precursor. Inextracts containing a deletion mfH, this is the predominanform of
NIifEN that accumulatef50]. WhenNIfEN is examined in extracts produced hifB deletions,
the discharged form of NifEN accumulates. This discharged form can be convetieccharged
form by the addition of NifB-cofactor to thextract[60]. Because the chargddrm of NIfEN
accumulates in aifH deletion, it hadeenproposedthat the Fe protein involvement in FeMo-
cofactor synthesis occursfter the binding of NifB-cofactor tiNifEN [60]. Based onwork
presented in Chapter Il of this dissertation, NifEN appears to be primatte idischargedtate
due to the loss of precursor during the purificatioNGEN. Thoughmost NIifEN is discharged,
a population does exist that is in the charged, NifB-cofactor bound, state. Thus, it wdkédybe
thatonly a small portion oNIfEN would be able to complexwith L127A Fe protein, which is
consistent with the data presented here.

In this study, weexamined thegpossibleinteraction ofNifEN and Feprotein using size
exclusion chromatography. Control experimethist examined the interaction wfild type Fe
protein and NifEN did not yield compldrrmation. WhenNIifEN was incubated with L12X Fe
protein and subjected to size exclusahmomatography, it appeared as if@mplexwas formed.
The complex formedvith NifEN and L127A Fe protein is different fronthat complex formed
between L12Z& Fe protein and MoFprotein. When excess L12V Fe protein is incubated with
MoFe protein, all availableMoFe protein becomes complexed with LA2FFe protein, however,

when exces&127A Fe protein is incubated witifEN only asmall fraction ofNifEN forms a
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complex. Thigpartial complex formation ithought to be the result of tHéifEN existing as a
mixed species of charged and discharfgrdns. If only NifEN with bound NifB-cofactor can
complex with L1272 Fe protein, and only a small population of charged Nitiéts,then only a
small fraction ofNIfEN would complex with L1224 Fe protein. These data aralso consistent
with unpublished work athe University of Wisconsin(P. Rangaraj,V.K. Shah, and P.W.
Ludden), which finds that complex formation between I Ee protein andNifEN is dependent
on the addition oNifB-cofactor. These resultsuggestthat involvement of the Fe protein in
FeMo-cofactor biosynthesis occurtae stage oNIifEN involvement,after NifEN has bound the
FeMo-cofactomprecursor, NifB-cofactor. Howevethe observedcomplex ofNifEN and L127A
Fe protein may be a result of an equilibrium between of Fe proteiNi#iall. Considering the
conservation of primary sequence between the MoFe proteifN#BN [62], it is likely that
NIifEN is the product of a gerguplication event early in the evolution witrogenase. Based on
this fact,the association of the Fe protemth the NifEN complex mayonly be a function of
sequence conservation.

We also examinethe possibility of electroransfer fromthe Fe protein tdNifEN as
monitored by stoppetlow spectrophotometry.The stopped flowexperiment monitors primary
electron transfer fronthe Fe protein to thé&lifEN complex. Data from the primary electron
transfer experiment suggest that the Fe protein can transfer an eledtiemNifEN complex only
whenMgATP is present. Though it is possible t¢alculate kineticconstant forthe Fe protein-
NIifEN complex electron transfer reaction, these values may not be accurate. Because NIifEN exists
as a heterogeneous mixture of charged and disch&fedl, determination of the kinetic rate
constant forelectron transfer becomelifficult. Therefore, it isbetter todiscussthe primary
electron transfedata in a qualitativéight, rather than quantitative. The rate of electi@nsfer
from the Fe protein tNIfEN is approximatelyl0% that of transfer tothe MoFeprotein, with an
amplitude approximately 25% that of the Mgbi®tein. These resultsnay be accuratdyowever,
until sufficient quantities of @omogeneous sample MIfEN can be obtained, full kinetic

characterization oNIfEN will remain undetermined. Additionallyimited quantities ofNifEN
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prevented the completion of a numbecofical control experiments.The Fe proteiundergoes a
conformational change associated witie binding of eitherMgATP or MgADP.  This
conformational change results time lowering ofthe midpoint potential of thptFe-4S]cluster of
the Feprotein. It istherefore possibl¢hat the primary electrotransfer fromthe Fe protein to
NIifEN could be the result of the lowering of the redox potential of the [4FeldSer and not the
specific MgATP hydrolysis-dependent transfer of electrons. To date, effortietext MgATP
hydrolysis in a mixture of NifEN and Fe protdias notbeensuccessful. However, it should be
noted that Fe protein and NifEN form a complex when incubatedMgiTP and AlF; (data not
shown). AIF hasbeenshown toinhibit nitrogenase catalysis by the formation oMgADP-
AlF, analogue in the Fe protein-MoFe protein docked comjd@x 40]. This MgADP-AIF,
analogue acts as a MgATRnsition stat@nalogue, preventintpe dissociation of the Fe protein
and MoFe protein. Because AlEeatment also causes the Fe protein and NifEN to complex, this
suggests that the Fe protein-NifEN complex is capable of hydrolyzing MgATP,te@meetion of
AlF, is thought to occur after MgATP hydrolysis.

Electron transfer fromthe Fe protein toNifEN was also investigated using EPR
spectroscopy. In this set of experimentsogel EPR signal of a NifEN boun&eMo-cofactor
precursor was used to monitor electron transfer. The initial discussion abtleEEPR signal is
contained within Chaptdil of this dissertation. The signal is amaxial S=1/2 EPRsignal with a
g, Value of1.95. The lineshape and galue of this signal is unlike any oth&PR signal
previously reported. The presence of this signal, which for the content of discussion cailede
ENox, permitted the investigation dEPR monitored electrortransfer. The datafrom these
experiments indicated that reduced Fe protein, which was free of excess dithiasibepable to
transferring electrons to NifEN when MgATP is presefihe MgATP dependent electraransfer
is monitored by the disappearance of the ENox signal in the EPR spectra. Control expénahents
did not contain any nucleotide did not result in electron transfénet&Nox signal. However,
incubation of oxidizedNifEN andreduced Fe protein witmMgADP did result in electron transfer

andloss ofthe EN,, EPR signal. It is possibléhat either the MgADRstock wascontaminated
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with MgATP, orthe Fe proteifunctions as a non-specific reductantthg lowering of its [4Fe-
4S] clusteruponnucleotidebinding. Boththe EPR and stopped flowatasupport a function of
the Fe protein involving the transfer of electrons to the NifEN complex.

The work presented in this chapter is not definitivézurther study ofthe interaction
between the Fe protein and NIifEN is necessary to underiianle of Fe proteiduring FeMo-
cofactor biosynthesis. It appears that the Fe protein can only interact with NifEN if NifEN is in the
charged, or NifB-cofactor-bound state. Therefdine, population of chargeNIfEN dictates its
participation withthe Feprotein. Until homogenous samples of charged and dischakgi#eN
can be prepared, deciphering this interaction will be difficult. fassiblethat the role of the Fe
protein in biosynthesis is to transmit a signal by binding to NifEN. This signal could be to simply
inform the FeMo-cofactor biosynthetic machindimat the Fe protein ipresent,and to proceed
with the maturation of the MoHRerotein. This suggestiomakessensesince there is no need to
mature the MoFe protein if the Fe protein is not present to participate in catalysis. Frstadyjs
it appearghat the Fe protein caform a complex withthe NifEN complex thatcontains bound
NifB-cofactor. Whether or not this Fe protein interaction induces modification of NifB-cofactor on
NIifEN is not known at this time. It could be that this interaction is the sign#the NifEN-NifB-
cofactor complex to bind Mo and homocitrate dinish the process oFeMo-cofactorsynthesis.
Mature FeMo-cofactor could then be transferred to a tranppaietin, prior to insertiomto apo-
MoFe protein. Alikely candidatefor the transport protein iNifX, which hasthe ability tobind
both NifB-cofactor and FeMo-cofactor (see Chagtér. The role of NifX in FeMo-cofactor
biosynthesis is not clear, thougfe requirementor this proteinhasbeen demonstrated by tire

vitro FeMo-cofactor synthesis reaction [83].
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CHAPTER V

Summary and Outlook

The research contained within this dissertation concerns the biosynthesis of the FeMo-
cofactor of nitrogenase, particularly involvement of the NifEN complex. The current state of
understanding regarding FeMo-cofactor biosynthesis is as follows. Fe and S are most likely
mobilized by the action of NifU and NifS, respectively. Fe and S mobilized in this manner are
then donated to NifB, which catalyzes the formation of an FeMo-cofactor precursor that is called
NifB-cofactor. NifB-cofactor is then transferred to the NifEN complex, which functions as an
assembly point for FeMo-cofactor synthesis. After the formation of the NIfEN-NifB-cofactor
complex, it is processed in an unknown manner by the action of the Fe protein of nitrogenase.
The following steps of FeMo-cofactor synthesis are unclear. It is thought that after the Fe
protein interacts with the NIfEN-NifB-cofactor complex, that the system is ready for the
incorporation of molybdenum (Mo) and homocitrate. Whether FeMo-cofactor synthesis is
completed on the NIfEN complex is still unknown. After the biosynthetic cycle is completed,
fully formed FeMo-cofactor is available for apo-MoFe protein maturation. How FeMo-cofactor
is mobilized to apo-MoFe protein maturation is also unknown.

The purpose of my dissertation was to shed light on this biosynthetic pathway,
particularly steps within this process involving the NifEN complex. The NIifEN complex is an
a,[3, tetramer that functions as an assembly site during an FeMo-cofactor biosynthesis. Until
recently, work involving the characterization of NifEN was hindered by the lack of available
protein. My initial work involved a gene fusion approach for overproduction of the NIfEN

complex inA. vinelandiiand the application of immobilized metal-affinity chromatography for
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NIfEN complex purification. This approach provided a system that allowed the purification of
NIfEN in quantities necessary for biophysical and biochemical characterizations. Biophysical
characterization determined that the NifEN complex contained two identical [4Fe-4S] clusters
per NIfEN tetramer. Further biophysical analysis was also used to perform the initial
characterization of FeMo-cofactor precursors bound to the NifEN complex. Biochemical studies
involved the interaction of the NIfEN complex with other proteins required for FeMo-cofactor
biosynthesis. Preliminary findings indicate that the NifEN complex interacts with NifX and the
Fe protein of nitrogenase.

Future studies of NIfEN would involve characterization of the preliminary findings
reported in this dissertation. To facilitate overproduction of the NIfEN complex, a plasmid-
based overproduction system has been devised. Not only will this plasmid system be useful for
overproduction of NifEN, but site specifically altered forms of NifEN will be easier to generate
and purify. The ability to generate and purify site specifically altered forms will be useful in
deciphering the interaction of NifEN and other biosynthetic proteins, such as NifX and the Fe

protein.
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APPENDIX I: 150L Fermentor Procedure

This appendix represents the fermentation procedureAfmtobacter vinelandii
employed by the Dean laboratory. The fermentor used is a custom built WB Moore 150 liter IF
Series Pilot Plant, located in the fermentation facilities of the Fralin Biotechnology Center.
Individuals who plan to use this fermentor should be trained and certified by a qualified operator
and should read the operations manual for the fermentor. Before using the fermentor, operators
should be trained and proficient with aseptic microbiological techniques and the media used in
the growth ofA. vinelandii The growth ofA. vinelandiiis a very simple task, however, its
importance to the overall research effort is incalculable. This appendix should be used in
conjunction with the operators manual supplied by WB Moore.

System Tour

As complicated as the 150 liter fermentor may look to a new user, it is a fairly simple
instrument to understand and operate. The fermentor consists of a large, jacketed vessel that
contains an agitation impellar, gas (air) input and addition/harvest ports. The system is
equipped with simple gauges and valves for operation. More difficult tasks, such as temperature
control, are controlled by a computer located on the upper right-hand side of the machine.

Growth ofA. vinelandiiin the 150L fermentor is a 3 day process. The first day consists
of media preparation and inoculation of the inflalvinelandiistarter cultures. Day 2 involves
the sterilization of the fermentor and the inoculation of additional bacterial cultures for fermentor
inoculation. Day 3 inolves the growth, derepression and harvesting of the bacteria growing in

the fermentor.
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Day 1

1. Prepare 8-12 1xPGstarter cultures by adding 5 ml 100xP&nhd 450 ml d5D to a
2L flask. Cover with aluminum foil and autoclave on the Liquid 20 cylce.

2. Prepare 10xSALT in 50ml aliquots, according to the A. vinelandii media protocal
located in the Dean Lab. Autoclave on the Liquid 20 cycle.

3. Prepare 6M Urea and filter-sterilize into 200ml aliquots.

4. Prepare 600xP{solution.

5. When media is sterile and cool, prepare two starter cultures aseptically. Starter
cultures consist of a 1xB@tarter culture and 50ml aliquot of 10xSALT, plus 2.5ml
of 2M sterile Urea. Inoculate this starter with 1/2 to a full loop of the bacterial strain
of interest.

6. Place the inoculated culture in the floor shaker set & 2d 300 rpm agitation.
Allow to incubate for 10-12 hours.

Day 2

1. After 10-12 hours the culture should be turbid with bacteria (160-180 Klett units; a
light brown hazy culture). Prepare six additional starter cultures as required by step
4, Day 1.

2. Inoculate the six starters with 20-30ml of the strongest initial growth culture using
sterile pipets.

3. Allow to incubate for 8-10 hours in the shaking incubator. During this time autoclave
the fermentor using the protocal provided below. Media for the fermentor includes:

1. 2400g of sugar

2. 10.8g of CaCl
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3.

4.

249 of MgSQ

13ml of 10mM Mo-solution

4. After the fermentor has cooled to°8Dit is ready to inoculate with the bacerial starter

cultures.

5. Inoculuate the fermentor following the procedure listed below with:

1.

2.

3.

4.

Six starter cultures
200ml of 6M Urea
200ml of 600xPQ

6ml of 300mM Fe-citrate solution (provided in Dean Lab, make as necessary)

6. Set agitation at 125 rpm and air flow to 80L per minute. Allow to grow for 10-12

hours. Bacteria will be ready to derpress at 180-220 Klett units.

Day 3

1. Follow the concentrator protocal for the derepression and harvesting of the bacterial

growth (see Appendix II).

2. Clean up any mess.

Note: If multiple growths are to be run back to back, on Day 2 one must begin the Day 1

procedure and see it through to Day 3.

150L Fermentor System Operation

Initial Start-up and Inspection

1. Confirm that all valves are in the closed position.

2. Confirm that all power and control switches are set to ‘OFF'.

3. Open the three service valves (air/steam/water) at the rear of the unit (S1, S2 and S3)
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9.

Check and adjust service pressures:

Water pressure on WPG3 set to 20-30 psig

Steam pressure set on SPG3 set to 25-30 psig

Air pressure on APG2 set to 30 psig.

Examine the gauges before and after each of the input filters for pressure drop. If the
differential is greater than 20 psig for water, or 10 psig for steam, the filters must be
disassembled and replaced/cleaned.

Check the water traps for the air inputs and drain if necessary.

10.Perform a complete visual inspection of all components for leakage, excessive dirt,

etc.

11. Examine interior of vessel for any dirt or contaminants leftover from a previous run.

Start-Up

1. Secure all fittings and plugs on the vessel assembly.

2. Check all electrical connections.

3. Make sure the temperature sensor is in the thermowell with some mineral oil for
contact.

4. Turn on the main power switch.

5. Fill vessel with media through the fillport on the vessel headplate. The working
volume of 120L is accomplished by filling the vessel to the midpoint of the top
viewport.

6. Open the blue needle valve TV4 ~2 turns.

7. Open yellow needle valve TV3 ~4 turns.
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8. Adjust BPCV-2 (at the bottom of the vessel, to the rear) until the gauge reads 10-20
psig. During the run, frequently check this gauge to make sure that it is within the
recommended operating range.

9. Turn on the agitation power switch.

10.Adjust the agitation using the knob and reading the display on the bottom of the

control box. (125 RPM foA. vinelandi)

Vessel Pressure Test

1. Open black valve A8.

2. Open the air flow control valve, AF1, 4 to 5 turns.

3. Open air flow valve Al to start sparging air into the vessel.

4. Adjust R5 to read 60 psig. This will adjust the backpressure valve to the closed
position allowing pressure to build up in the vessel. Carefully monitor the vessel
backpressure gauge.

5. Allow vessel to reach 20 psig, then shut off valve A8.

6. Hold vessel at this pressure for several minutes. If the pressure drops, there is a leak
in the vessel somewhere that needs to be fixed.

7. Adjust R5 to read 0 psig, pressure in the vessel will be released.

8. Close valve Al.

9. Close valve A8 and valve AF1.

Sterilization Cycle

1. Open valve T8 to allow the vessel jacket to drain, wait 5 minutes before continuing.
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9.

10.

11.

12.

13.

14.

15.

16.

. Close blue needle valve TVA4.

Open green valve ECA4.
Confirm that blue needle valve H9 is closed.
Confirm that valves T6 and T7 are closed.

Confirm that the addition, sample and harvest ports are all closed.

. Open the steam input (red) and drain (green) on each of the addition, sample and

harvest ports. (there are four pairs of these valves total)

. Caution: These lines will heat up fast, do not touch. Care needs to be used

throughout the sterilization cycle to avoid burns.

Confirm valves A8 and AF1 are closed.

Confirm valve Al is closed.

Adjust R5 to read 60 psig.

Open red valve S5.

Open red valve S6 3-4 turns.

Open green filter condensate valve.

Confirm agitation rate and adjust if necessary.

Place the temperature control switch into the “STER” position. This will allow steam

to start entering the jacket. Monitor the steam pressure on the gauge just above the
jacket drain valve T8. The gauge should start with little/no pressure indicated and
then rise as the jacket heats up. Be aware of any over/under pressure readings. The

system will now start to warm up.
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at 100°C:

1. Open valve Al. This will allow steam to sparge through the vessel/media.

2. Open the addition and sample valves for a short period of time (1-2 minutes). Do not
open the harvest valve at the bottom of the vessel. Be sure these valves are closed
when finished.

at121.5°C:

1. Close valve Al.

Vessel can now be soaked at sterilization temperature for a desired time (~10 mins for

Av). Monitor the vessel pressure gauge to make sure that vessel pressure does not go past

30 psig.

Rapid Cool Cycle

When done sterilizing:

1.

2.

Close green valve ECA4.

Turn temperature control switch to the “OFF” position.

Close the red and green steam lines on the addition, sample and harvest ports.
Close red valves S5 and S6.

Open valve A8.

Open valve AF1 3-4 turns.

. Open valve Al.

Close valve ECA4. (green filter condensate valve)
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Closely monitor vessel backpressure at this point, it should NEVER exceed 30 psig. If
pressure continues to climb, IMMEDIATELY close valve A8 and release vessel pressure

with valve R5.

9. Slowly open valve T6. (can also open valve H9 here to speed cooling).

10. Close valve T8.

11. Open valve C9. This starts a flow of cold water through the jacket.

12.0pen valve TV4 3-4 turns. Start monitoring the seal pressure gauge and adjust with
BPCV-2. The reading will show a lot of fluctuation until the vessel reaches an

equilibrium temperature.

The vessel will now cool down under pressure. Allow the temperature to reach 10°
above your growth setpoint before switching to temperature control. If it will be a while
before inoculation, the system can be put into temperature control at any time after the

vessel temperature has reached ~70°C.

Temperature Control Mode

1. Adjust R5 to 0O psig.

2. Close valve A8.

3. Openvalve T7.

4. Open needle valve TV1 1 all the way.
5. Open needle valve TV2 1 turn.

6. Close valve C9.
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7. Turn temperature control switch to the “ON” position.

8. Open exhaust condenser valve H9.

Allow the vessel to approach the setpoint temperature, then move into the Growth Cycle.

Growth Cycle

1. Confirm desired growth temperature.

2. Set desired agitation rate.

3. Open valves A8 and Al, adjust the sparge rate by opening valve AF1 and monitoring
the flowmeter on the front of the control box. (~75 L/minAejy

4. Adjust R5 to achieve desired vessel backpressure (5-6 pd\y)for

Note: backpressure and airflow readings can change with temperature, so these should be

checked and adjusted periodically.

5. Adjust seal pressure using BPCV2 and make sure it is set to 10-20 psig.

Once growth temperature is reached, the vessel can be inoculated. Be sure to turn off air
flow and allow pressure to drop before opening fillport on top of vessel. To allow
sampling during the growth, remove the steam supply line from one of the lower sample
ports and attach the sampling nipple. Refer to concentrator instructions (Appendix Il)

when ready to harvest.
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Clean-Up

1. After growth, all equipment must be thoroughly cleaned and readied for the next user.
This includes rinsing out the vessel and wiping all surfaces.

2. Turn all control knobs to off (temperature, agitation).

3. Turn off the main power switch.

4. Turn off all service inputs (valves S1, S2 and S3) and allow any remaining pressure to
drain. For air, this can be accomplished by opening valves Al, AF1 and A8 to sparge
any remaining air through the vessel. For steam, open the red supply and green drain
lines on the sample and addition ports (this will bleed out slowly).

5. Close all valves.

6. Perform a visual inspection of the area for any leaks, dirt or other problems.
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APPENDIX Il: Concentrator Procedure

This appendix represents the procedure for concentratidaatbbacter vinelandiio be
used in conjunction with the 150 liter fermentor. The concentrator used is a GrandStand
Pilot/Process System designed by A/G Technology Corporation specifically for use with the
150L WB Moore Fermentor. Prior to operation of the GrandStand, user must be trained by a
gualified technician and must read the operation instructions provided by A/G Technologies.
System Tour

The GrandStand concentrator is best described when it is broken down into its
component parts. The component which functions to concentrate the cell suspension is a A/G
Technology Hollow Fiber Cartridge (size 65). This cartridge is an ultrafiltration device
functioning to concentrate the feed strean by tangential flow. The feed stream that is delivered to
the cartridge and is processed into either permeate or retentate. Permeate consists primarily of
media and waste, and is withdrawn to a waste drain. Retentate is recirculated through the system
until is has been concentrated to a desired volume. The feed stream, or cell suspension, is
delivered to the concentration cartridge by a UNIBLOC pump. Feed stream can flow through
the pump from either the feed tank or the process feed line. The feed tank is part of the
concentrator apparatus, where as the process feed line is a detachable line which is connected tc
the harvest valve of the fermentor (see appendix ). The amount of cell suspension that is to be
concentrated will determine if the feed stream is supplied by either the feed tank, or the process
feed line. The entire plumbed system is made of stainless steel tubing which is connected by tri-
clamps and gaskets. Switching the feed stream from either the feed tank, or the process feed line

can be accomplished by either closing, or opening butterfly valves built into the system.
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System Operation

System Draining To begin derepression or harvest concentration (see appendix 1) first drain the

system be opening the retentate valve 100%. Next, place a bucket under the drain valve and
open it NOTE: Make sure the feed tank is empty before draining the system). Storage solution
or water should drain from the system into the bucket. After draining the system close the drain

valve.

System Priming and Concentrating

1. Before concentrating, make sure the retentate outlet is directed into the feed tank. If the
retentate outlet is not directed into the feed tank make it so using the available PVC tubing
and plastic fitting.

2. Connect the process feed line to the fermentor harvest valve using the available PVC tubing
and plastic fitting. Also make sure that the permeate waste lines are placed in the bench top
drain. The system is now ready to be primed.

3. Turn off air flow into the fermentor be closing the A8 valve. As the air flow diminishes the
pressure in the fermentor vessel will decrease to 0 psi. After the pressure has dropped to O
psi, open the main addition port on the fermentor.

4. Open the fermentor harvest valve, making sure that the PVC line to the concentrator process
feed line is connected. To prime the transfer line and the concentrator pump, open the
process feed line valve on the concentral®®TE: If you forgot to close the concentrator
drain valve you have just flooded the floor with your cells).

5. Open the feed tank valve. Upon opening this valve you should observe the cell suspension

flowing into the feed tank.
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6. To begin concentrating, turn on the AC invertor by touching the forward button. Adjust the
forward speed with the up and down arrows to read 325 rpm. The cell suspension will begin
to flow from the fermentor to the concentrator. Keep note to the level of cell suspension
inside the fermentor. When the level falls below the lowest impellar, close the feed tank
valve and fill the feed tank with cell suspension. When the feed tank level begins to reach
full, open the feed tank valve and close the process feed line valve. This action will cycle the
feed stream through the feed tank. As the level in the feed tank lowers, repeat the above
filling procedure until all of the cells have been removed from the fermentor. Begin to
collect the permeate from the permeate waste line in the carboy available. At this point the
procedure deviates depending on whether the cells are being concentrated for a derepression

or a harvest.

Derepression

1. Concentrate cells to approximately 15 liters using the gradations on the side of the feed tank.

2. Re-inoculate the fermentor with 20 liters of cells. There should be about 15 liters in the feed
tank, which can be removed through the concnetrator harvest valve. The additional 5 liters
comes from the permeate that has been collected in the storage carboy.

3. After all the cells have been removed from the feed tank, fill the tank with the stored
permeate. Flush the remaining cells from the cartridge using the permeate and collect for the

additional five liters of inoculum.
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Harvesting

1.

Concentrate the cell down to about 4 liters in the feed tank. The speed of the concentrator

will have to be decreased when the volume in the feed tank falls below 10 liters (approx. 150

rpm).

. Press the stop button on the AC Invertor.

Press the jog button. This will only allow the concentrator to attain a set speed (50 rpm).
This speed has been set to allow for concentration of small volumes. After the jog button has
been pressed, the concentrator is in jog mode, which is distinguished by the presence of a
green light on the jog button.

Press and hold the forward button. This will begin to concentrate at a set low speed. To stop
the jog concentration, release pressure from the forward button.

Once there is no cells left in the feed tank, remove the cells from the cartridge by opening the
concentrator harvest valve, making sure you have a bucket to collect your sample. This
should yield approximately 4 liters. Flush the remaining cells from the cartridge and the
system using the stored permeate. Spin the cell suspension in the Beckman J6-HC
centrifuge equipped with a composite rotor (6 x 1L bottle capacity) at 5,200 rptasfdrO

15 minutes.

Supernatant is poured down the drain and cell pellet is removed with a spatula and placed in
ZipLoc freezer bags labeled with the storage code (strain-date-fermentor), date, strain, and

operators. Cells are stored in the®>@0reezer until used.

Washing and Storing the Concentrator

1. Fill the feed tank with hot tap water.
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. Direct both the permeate lines and the retentate outlet lines into the feed tank. The feed tank
valve should be open and the retentate outlet valve should be open 100%. The harvest valve
should be closed, as well as the process feed line valve.

. Cylce the hot tap water through the system at 350 rpm (forward). This action will remove
excess cells from the concentrator cartridge. After 15 minutes direct the flow from the feed
tank to the waste drain, making sure to decrease the speed of the AC Invertor to
approximately 260 rpm.

. Fill the feed tank 2/3 full with hot tap water. Add approximately 25g of Tergezyme to the
feed tank. Follow steps 2 and 3 above.

. Repeat steps 1 through 3.

. Fill the feed tank with distilled water. Follow step 3. The concentrator is now ready for

storage.
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APPENDIX IlI: Osmotic Shock Procedure

This appendix represents the procedure for crude extract preparatidmdimbacter
vinelandii using the technique of osmotic shock. The following procudure represents a
modification from the original method published by Shetval.(ref. #39, Chapter I). Before
performing this technige individuals should be experienced in anaerobic technique and sample
handling, as well as use of the Schlenk apparatus.

System Tour

The means by whicA. vinelandiiis disrupted by osmotic shock is its ability to take up
glycerol. A. vinelandiiis incubated in the presence of 4 M Glycerol buffer, during which time
glycerol is absorbed. Excess glycerol is then removed by centrifugation. The bacteria are then
treated with buffer that contains no glycerol, and experience an osmotic pressure effect. Through
manipulation of the bacteria during this change in osmotic pressure, the bacteria rupture. Any
unbroken cells or cell fragments are then removed by centrifugation. After centrifugation the
resulting supernatent is treated as the cell-free crude extract.

Procedure

To begin prepare the following buffers: Buffer A — 25mM Tris-HCI, pH 8.0 + 4 M
Glycerol; Buffer B — 25mM Tris-HCI, pH 8.0 + 0.2 mM Phenylmethylsulfonylflouride (PMSF).
Degas Buffer A and B using the Schlenk apparatus. After the buffers have been degassed, make
them 2 mM in sodium dithionite. Next, aliquot 60 g of froZenvinelandiicells into 500 mi
centrifuge bottles containing five marbles. The purpose of the marbles is to aid in mixing the
cell suspension and assist in cell rupture during the osmotic shock. After the cells have been
placed in the bottles bring them to the bench containing the degassed buffers. Place an argon

line into a bottle containing cells to flush out the air in the bottle. Next, place and argon line into
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a 250 ml graduated cylinder to flush out the air in it. Rinse the cylinder with about 50 ml of
degassed Buffer A. Next, resuspend the cells with 3 volumes of Buffer A (60 g cells — 180 ml
Buffer A). After Buffer A has been added to the cells, fasten the lid on the bottle and shake to
mix the cells and buffer. After mixing place the cell suspension on ice. Allow the cell
suspension to incubate in the ice for 15 to 20 minutes. During this incubation the cells are taking
up the glycerol in Buffer A and will begin to swell. After the incubation period spin the cell
suspension for 20 minutes atC4and= 12,000 x g. Discard the supernatant. Add some Dnasel

to the cell pellet (enough to cover the tip of a small spatula) and loosen the cell pellet with a
spatula under an argon line. Next, add 3-4 volumes of Buffer B (based on the original weight of
the cells) and quickly fasten lid and shake vigorously. When the solution is shaken, one will
notice if the Dnase | was not added due to the viscous nature of the suspension. As the cells
begin to rupture under the osmotic pressure the suspension will become foamy and have the
appearance of a freshly poured pint of Guinness beer (if you don’t know what that looks like you
are on your own). Place the ruptured cell suspension on ice and allow it to incubate for 20 — 30
minutes, during which time the foam will rise and the cell suspension will darken. After this
incubation period transfer the cell suspension, under an argon line, to 250 ml centrifuge bottles
(clear plastic ones) and spin the cell suspension for 1 hoe€ a&trtl= 26,000 x g. The resulting

supernatant is the osmotic shock crude extract.
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APPENDIX IV: Western Blot Procudure

This appendix represents the procedure for performing a western blot in the laboratory of
Prof. Dennis Dean. Before attempting this procedure individuals should be proficient in the
application of sodium dodecyl - polyacrylamide gel electrophoresis (SDS-PAGE). If one is not
familiar with the technique of SDS-PAGE, consult a member of the Dean Lab for assistance.
System Tour
The purpose of performing a western analysis is to immunologically probe for a known

protein on a SDS-PAGE. After one runs a SDS-PAGE gel, the individual protein bands on the
gel are electrophoretically transferred onto a nitrocellulose membrane. The nitrocellulose
membrane is probed with a primary antibody (monoclonal or polyclonal) specific for the known
target protein band(s). After an incubation period, the remaining primary antibody is washed
away and the membrane is probed with a secondary antibody, specific to the immunoglobulin
species contained in the first antibody. The secondary antibody is labeled with an enzyme( an
antibody conjugate), and the specific protein band can be visualized by the addition of enzyme
substrate containing a color developer. It is then possible to see where your target protein is by
looking for the presence of color on the membrane.
Procedure
1. Run a SDS-PAGE on the antigen specific to the antibody to be used. Also run any

controls which may be important to comparison.
2. Transfer proteins to nitrocellulose paper by electrophoretic transfer (see below).

Proper transfer of proteins may be verified by staining the nitrocellulose with 0.1%

Ponceau red in 1 % acetic acid. The dye is then washed off with TBST before

proceeding with the Western blot.
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3. Remove the membrane from the transfer apparatus and place the nitrocellulose paper
in Blocking buffer (4% non-fat milk in TBST buffer) and put on a shaker at room
temperature for 1 hour. The gel may be stained as usual if desired.

4. Wash the membrane 3 times for 5 minutes with 15 ml of TBST buffer to remove any
excess Blocking buffer.

5. Place the nitrocellulose membrane in 20 ml of primary antibody solution (1:10,000
dilution in TBST buffer). Incubate on a shaker at room temperature for 1 hour.

6. Rinse blot 3 times for 5 minutes each in 15 ml TBST buffer on the shaker table to
remove any unbound primary antibody.

7. Place the nitrocellulose in 20 ml diluted conjugate (an enzyme-linked anti-IgG)
which is specific to your sample (e.g. Goat anti-Rabbit IgG-AP) at the recommended
dilution (1:7,500) in TBST buffer. Incubate 1 hour at room temperature on a shaker.

8. Rinse blot 3 times for 5 minutes each in 15 ml TBST buffer on the shaker table to
remove any unbound secondary antibody conjugate.

9. Develop blot with one of the following substrates(specific for the conjugate used):
Horseradish Peroxidase (HRP)

GIBCO BRL TMB-Blot & Slide (Cat.#5982SA)
Alkaline Phosphatase
GIBCO BRL BCIP/NBT Stable Mix (Cat.#5984SA)
10.Allow approximately 10 minutes for the blot to develop. To stop development, rinse

with dH,0.
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Western blot Buffer Solutions

1. Electrophoresis buffer:

20 mM Tris-HCI, do not pH

150 mM Glycine

20% Methanol

0.1% sodium dodecy! sulfate
2. TBST buffer:

50 mM Tris-HCI, pH 7.5

150 mM NacCl

0.05% Tween-20 (polyoxyethylenesorbitan monolaurate)
3.

Electrophoretic Transfer

1. After the SDS-PAGE has been run assemble the components of the electrophoretic
transfer apparatus, consisting of:
Electrophoretic Blotting Unit [MODEL EBU-1000 (American BioNuclear,
Emeryville, CA)]
2 pieces of Whatman paper (15 x 20 cm)
2 pieces of 3M foam (15 x 20 cm)
1 plastic sandwich (2 pieces of porated plastic connected with a plastic band)

2. Place enough electrophoresis buffer in a pyrex dish (21 x 21 x 5 cm) to cover 1 piece

of Whatman which is lying on top of a piece of foam.
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3. Remove the SDS-PAGE from the glass plates and score the upper right hand corner
with a spatula.

4. Next, place the SDS-PAGE on the Whatman paper such that it has been flipped over
and the scored edge is now in the upper left hand corner.

5. Very carefully place a nitrocellulose membrane (ADVANTEC MFS Inc., Pleasanton,
CA; Cat. No. A0O45A078C; 7 x 8 cm) on top of the SDS-PAGE. Note: Once the
membrane touches the gel, it will bind proteins. Moving the membrane after it has
made contact will result in smears on the developed blot.

6. Wet the additional piece of Whatman paper with the excess electrophoresis buffer and
place it on top of the nitrocellulose membrane. On top of the Whatman paper, place
the additional piece of foam, wetted in electrophoresis buffer.

7. Next, slide the foam, Whatman, gel, and membrane stack into the plastic sandwich
piece, with the membrane nearest to the plastic piece labeled with a plus sign.

8. Place the completed sandwich into the blotting unit which has been filled with
electrophoresis buffer.

9. Add the electrode slabs to the blotting units, placing the positive electrode next to the
plastic sandwich pieces labeled with the plus sign and the negative electrode on the
opposite side of the sandwich.

10.Put the protective cover on the blotting unit and attach the electrode leads to a
constant power supply.

11.Electrophoretically transfer the proteins from the SDS-PAGE to the nitrocellulose

membrane at room temperature overnight at 20 volts. Note: Make sure that the
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electrodes are producing bubbles to be sure that current is running through the

system.
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APPENDIX V: Acetylene Synthesis Procedure

This appendix represents the process by which the Dean Lab synthesizes acetylene gas.
Acetylene is a very combustible gas. Caution should be used in the preparation of acetylene gas
by performing all manipulations in an operating fume hood and in the absence of any ignitable
substances. If you are following this procedure for the first time, ask someone who has
performed this operation for assistance.

System Tour

The overall process of acetylene synthesis is very simple. Water is added to solid
calcium carbide, which produces acetylene gas. The gas is then trapped and stored in a holding
apparatus which has been made from spare laboratory parts. This holding apparatus is fashioned
with a Suba-seal to allow acetylene gas to be withdrawn from the trapped gas reservoir. The
reservoir is held under positive pressure by the aid of a water-filled funnel connected to the
bottom of the gas reservoir.

Procedure

1. Clean up any unnecessary waste in the fume hood.

2. Fill the 4 L waste bucket with tap water. Fill a water bottle with@Has well as fill
the acetylene holding apparatus with water. The holding apparatus is comprised of a
tear-drop separatory funnel (500 ml) and a large cylindrical separatory funnel (1000
ml) connected to one another by rubber tubing. The holding apparatus is supported
by two ring stands fitted with clamps, which should be positioned such that the tear-
drop funnel is in a higher position relative to the cylindrical funnel. The flow of
water is controlled by stopcocks, which are located on both the separatory funnels.

Both stopcocks should be in the closed position after the apparatus is filled with
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water. Note: Make sure there is no trapped air in the holding apparatus after it is
filled with water. Residual air will contaminate the acetylene stock.

. With the cylindrical funnel filled to the top, and residual air removed, place a piece of
parafilm over the neck of the funnel. If any air is trapped under the parafilm seal, the
procedure must be repeated. Trapped air will contaminate the acetylene.

. Fill a plastic container is with dj@ to approximately three-quarters full and place
under the cylindrical funnel. Invert the sealed cylindrical funnel and place its neck
under the water level in the container. Secure the funnel in this position with the aid
of the ring stand and clamp. Once the funnel is secure and submerged, remove the
parafilm seal from the neck of the funnel.

. In-a 125 ml vacuum flask place approximately 5 g of solid calcium carbide. Wear
gloves when handling the calcium carbide and make sure to secure the calcium
carbide canister and remove it from the immediate working area.

. Place a piece of surgical tubing (approximately 30 cm in length) on the vacuum port
of the 125 ml vacuum flask. You are now ready to make acetylene. At this point
make sure that you have the following items at the ready: i) ,® dilled water
bottle; ii) a No. 5 butyl-stopper; iii) a No. 57 Suba-Seal stopper.

. Quickly add 5-10 ml of dkD to the 125 ml flask containing the calcium carbide. The
acetylene reaction will immediately start, quickly place the No. 5 butyl-stopper over
the opening of the 125 ml flask. The acetylene gas will be expelled through the
connected surgical tubing. Allow the flow of gas to proceed for about five seconds,
in order to purge any trapped air from the flask and/or the tubing. Place the tubing in

the water-filled container under the opening of the cylindrical funnel. The acetylene
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gas will begin to fill the cylinder and displace the water in the funnel into the
container. Fill the cylinder to about three-quarters full with acetylene gas.

8. After the cylinder is filled to the desired level, remove the tubing from underneath the
opening. Remove the stopper from the 125 ml flask and place the flask in the 4 L
waste bucket. This action will quench the acetylene synthesis reaction after about
five minutes. After this time remove the flask from the waste bucket and clean off
any residual calcium carbide its sides.

9. Place the No. 57 Suba-seal in the water-filled container and remove any air bubbles
that remain on its surface. Seal the gas-filled cylinder with the Supa-seal and remove
the cylinder from the water-filled container. Re-invert the cylinder and remove the
water container from the hood, making sure the cylinder is secure on the ring stand.

10.0pen both stopcocks on the holding apparatus. Water from the upper tear-drop
funnel will pressurize the gas in the lower cylindrical funnel. Remove gas with a gas
tight syringe from the Suba-seal on the cylindrical funnel. When gas is removed from
the lower cylindrical funnel, water from the upper tear-drop funnel replaces it.
Acetylene gas can be stored up to a week. After gas is removed, remember to replace

the water in the upper tear-drop funnel.
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APPENDIX VI: Development of an Avinelandii Plasmid-Based

Protein Overproduction System

Introduction

In an attempt of overproducef-specific proteins irA. vinelandiia hybrid plasmid
system has been devised. This system utilizes the broad-host specific (gram-negative
bacteria) plasmid, pKT230 as the plasmid vector. The plasmid construct contains the
protein of interest under the control of thiéH promoter. This powerful promoter utilizes
the A. vinelandii transcriptional and translational host regulation machinery to
overproduce specific target proteins. The pKT230 vector contains a unique BamHI
cloning site located between the genes encoding streptomycin and kanamycin resistance.
By digesting pKT230 with BamHI, one is able to insert a particular gene construct with
the proper compatible sticky ends. This allows the use of BamHI and Bglll for
construction of specific gene constructs for insertion into pKT230.

ThenifH promoter has been isolated from thevinelandiichromosome using PCR
and recombinant DNA technology. The PCR amplifigfél promoter has engineered 5’
Bglll and 3’ Ndel ends, and has been cloned into Bglll-Ndel digested p&ctor. The
Dean Lab has long been the pioneer in the use of PCR and recombinant DNA technology
in the study of thaif-specific gene products in. In addition to théH promoter, over
twenty nif-specific genes ofA. vinelandiihave been all been cloned, sequenced and
amplified. This is a great advantage when considering the design of gene constructs for
the in-house overproduction of proteinsAinvinelandii Overproduction of many of the

nif-specific gene products has been successful utiliEngoli as the host source.
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However, some of the more interestméspecific proteins are unable to be produced in
an active form bye. coli overproduction. Difficulties arise in terms of protein maturation
and synthesis of metalloclusters necessary for protein structure and function. However,
by overproducingif-specific proteins in their organism of origin, these obstacles can be
overcome.

NifH promoter overproduction of a poly-histidine tagged NIifEN complex has been
described (Chapter I). Overproduction in this manner was accomplished by &hering
A. vinelandii chromosome by means of homologous DNA recombination. The
advantages of this system place the transcriptional and translational control of NifEN
under the control of theifH promoter. Though this system provides a powerful tool in
protein overproduction, there are some disadvantages. First, there is only a single
chromosomal copy of the overproduction template. In plasmid overproduction systems,
20-50 copies of the overproduction template may be present within the host organism,
yielding a possible increase in protein production by 20-50 fold. Second, use of site
directed mutagenesis is hindered by the chromosomal derived overproduction system.
Though it is possible to use the chromosomal overproduction system for the production
of site specifically altered proteins, the complexity of the experiment to transfer and
ensure that the proper change has occurred becomes laborious. On the contrary, by use
of a plasmid borne overproduction system, one only has to introduce the site specific
alteration by means of oligonucleotide directed mutagenesis and sequence the region to
ensure the proper change occurred within the plasmid. The plasmid borne system does
have a distinct disadvantage associated with it. In order to ensure that homologous DNA

recombination does not occur between the host organism chromosome and the plasmid
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overproduction system, the region containing chromosomal DNA homologous to the
plasmid system must be removed. Recombination between the plasmid and the
chromosome would result in the loss of copy number of the plasmid, and hence the
strength of this system in the overproduction of target proteins. Though deletion of
chromosomal DNA sounds tedious, this techniques is commonly used with in the Dean
Lab.

The application of this plasmid overproduction system is of extreme interest in
studying the gene products associated with the biosynthesis of the FeMo-cofactor of
nitrogenase. The following instructions detail the construction of a plasmid
overproduction system for a poly-histidine tagged form of NifEN. The gene construct
used for this plasmid construction is the contains the same genetic arrangement as that
used to construct the chromosomal poly-histidine tagged NIfEN overproduction system
(DJ1041,; see Chapter 1). An additional application of the plasmid overproduction system
involves the NifX protein from A. vinelandii. Using this system it will be possible to
overproduce NifX (or poly-histidine tagged NifX) in a genetic background deficient for
the nitrogenase structural genes as well as the NifEN complex. Data presented in
Chapter 11l of this dissertation shows that NifX has the ability to bind the FeMo-cofactor
precursor, NifB-cofactor as well as the FeMo-cofactor itself. Additionally, NifX can
bind an FeMo-cofactor precursor that is associated with the NifEN complex. Given this
data, it is possible that in the absence of the nitrogenase structural genes and NIifEN, NifX
could become charged with an FeMo-cofactor precursor, presumably NifB-cofactor.
Purification on this form of NifX could be a valuable tool in the understanding of how

complex metalloclusters are mobilized, as well as synthesized.
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Experimental Methods

Assembly of the NIfEN Overproduction Construct. The gene construct withifiHe

promoter controlling the synthesis of th6E and N genes was constructed in the
following manner. Plasmid DNA containing a poly-histidméE under the control of

the nifH promoter, pDB867, was digested with BamHI and EcoRI. From this digestion
an approximately 3.5 kb fragment of DNA containing niffél promoter and 5’ portion of

the poly-histidine taggenifE in pT,-7 was isolated. Next, plasmid DNA containing the
region fromnifY to orf4, pDB55, was digested with EcoRI and BamHI. A 2.1 kb
fragment from this digestion was isolated, containing the 3’ regioifef nifN, nifX and

a portion of orf3. This 2.1 kb fragment from pDB55 was ligated into the EcoRI-BamHI
digested pDB867. This ligation mixture was transformed into competentE.1d@..
Proper gene construct was determined by minipreps and restriction enzyme digests. The
resulting plasmid , pDB1072, contained a poly-histidaif&, nifN, andnifX under the
control of thenifH promoter in the pF7 vector. Next, pDB1072 was digested with Bglll
and BamHI, and & 3.8 kb fragment containing th@fH promoter anchifENX was
isolated. This fragment was then ligated into BamHI digested pKT230 and transformed
into competent TB-E. coli.. Insertion of the gene construct into pKT230 was identified

by restriction enzyme digest. The resulting plasmid was stored as pDB1078.

Construction of theA. vinelandii recipient strain. The region . vinelandii

chromosome from theifH promoter to orf3 was deleted by transforming wild-tyje

vinelandii (TRANS) with pDB1074. This plasmid contains a deletion of the
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chromosomal DNA from the 5’ region of orfl2 to the 3’ region of orf3. A rif
congression experiment was used to transform wild-#pevinelandiito nif~ with
pDB1074 and the resulting strain was stored as DJ1222. Proper antibiotic screens were
performed to ensure a double recombination event had occurred. The plasmid pDB1074
was constructed by ligating an approximately 5 kb Xhol-Hindlll fragment of pDB37 into

the 4.6 kb Sall-Hindlll fragment of pDB894.

Conjugation of recipient strain with overproduction plasmid.

1. Competent E. coli strain S17-1 were transformed with pDB1078 and selected on LBK
plates. Plates were incubated at@G@vernight. Prepare FM plates (BN plate media:
LB plate media mixed in a 1:1 ratio).

2. Wash a 1/4 loopful of S17-1xpDB1078 cells with 200ul of sterile 1 xR@fer in a
sterile 1.5 ml eppendorf tube. Repeat this process three times, aspirating the wash
buffer after pelleting the cells in a microfuge.

3. Resuspend the washed S17-1xpDB1078 cells in 50ul of L1kBfBer. Place 5ul of
the resuspended cells in the middle of a FM plate.

4. Take 1/4 loopful of DJ1222 cells (third generation from a BN-Mo plate) and mix into
the 5ul droplet of S17-1xpDB1078 cells. Allow mixture to incubate 430
overnight. Prepare BNK plates. The FM plates allow the growth oftbhatili and
A. vinelandii.

5. Streak out the S17-1xpDB1078-DJ1222 mixture on BNK plates in order to isolate

independent colonies. Plates were incubated ‘& 8@til colonies became apparent.
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E.coli does not grow on BN media, therefore bacteria that grow are DJ1222
A.vinelandiithat have taken up pDB1078 be conjunction.
6. Independent colonies were checked for resistance to kanamycin. The resulting strain

was stored as DJ1228.

Results

A 150-L growth of DJ1228 was performed under the selective pressure of
kanamycin (20ug/ml) at all points during the growth. The presence of kanamycin is
critical, ensuring the presence of the plasmid overproduction system in growing bacteria.
DJ1228 was derepressed at 180 Klett (red filter) and allowed to grow for an additional
2.5 hours. Samples were taken at 30 minute intervals from the time of derepression.
Samples were analyzed by Western analysis (Appendix IV) and compared to DJ1041
(chromosomal overproduction system) grown in the same manner (except the presence of
kanamycin). From this direct comparison (data not shown) it is apparent that the plasmid
system (DJ1228) produces more NIifEN than does the chromosomal system (DJ1041).
Further work is necessary to purify the overproduced NIifEN from DJ1228 and see if it is

possible to purify larger quantities in comparison with DJ1041.
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