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ABSTRACT: Nitrogenase harbors three distinct metal prosthetic groups that are required o© ©
for its activity. The simplest one is a [4Fe-4S] cluster located at the Fe protein nitrogenase L&

component. The MoFe protein component carries an [8Fe-7S] group called P-cluster and a .
[7Fe-9S-C-Mo-R-homocitrate] group called FeMo-co. Formation of nitrogenase metal- '
loclusters requires the participation of the structural nitrogenase components and many *, 0
accessory proteins, and occurs both in situ, for the P-cluster, and in external assembly sites
for FeMo-co. The biosynthesis of FeMo-co is performed stepwise and involves molecular
scaffolds, metallochaperones, radical chemistry, and novel and unique biosynthetic
intermediates. This review provides a critical overview of discoveries on nitrogenase
cofactor structure, function, and activity over the last four decades.
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1. INTRODUCTION

The molybdenum (Mo) nitrogenase enzyme consists of two
interacting metalloproteins (the MoFe protein and the Fe
protein) that together catalyze the reduction of N, into NH; in
a reaction that depends on intra- and intermolecular electron
transfer and the energy released by ATP hydrolysis."”” The
MoFe protein (named so because of the presence of Mo and
Fe in its active-site metalloclusters, also known as Component
I in early work or simply as dinitrogenase) is a dinitrogenase
that binds and reduces N,. The Fe protein (named so because
of Fe being the sole metal present in its clusters, also known as
Component II or dinitrogenase reductase) is a reductase
whose function is to provide the MoFe protein with the
electrons required for N, reduction. In addition, the Fe protein
plays an essential role in the maturation of the metalloclusters
of the MoFe protein. Each electron transfer event from the Fe
protein to the MoFe protein involves the proteins to associate
and dissociate’ with the following sequence of events: ATP
binding to the Fe protein, complex formation with the MoFe
protein, electron transfer, ATP hydrolysis at the Fe protein, Pi
release, and nitrogenase complex dissociation.

The Fe protein is a homodimer of the nif H gene product
that carries a single [4Fe-4S] cluster bridging the two
subunits.” The MoFe protein is a a3, heterodimer of the
nif D and nifK gene products that carries in each o/ half a pair
of complex metal cofactors, called the P-cluster and the iron—
molybdenum cofactor (FeMo-co).’ The three metal clusters
are all essential for nitrogenase function and are synthesized by
complex biochemical pathways involving the products of many
other N, fixation genes.””

As the structural polypeptides of the nitrogenase require
metallocluster-prosthetic groups for catalytic activity, two main
hypotheses on the mechanisms for the assembly of such
clusters have been put forward. In the first mechanism, a
cluster is assembled or finalized in situ, on the nitrogenase
component. In the second mechanism, a cluster is assembled
elsewhere and then inserted into the nitrogenase component.
In fact, it is now clear that both mechanisms occur. Namely,
the P-clusters are formed via condensation of simpler [Fe—S]
cluster precursors already bound at its final location in the
MoFe protein,” while the FeMo-co is assembled and
completed outside of the MoFe protein'’ by the sequential
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Figure 1. Structure of Mo nitrogenase. (A) A. vinelandii MoFe protein and Fe protein complex (PDB: 1G21). Top half shows polypeptide
secondary structure. Partial transparency has been applied to the polypeptide chains of the bottom half to visualize metal clusters and nucleotides.

Ligands and surrounding environment for (B) FeMo-co, (C) P-cluster and
the bottom. Images created with NGL viewer*® and RCSB PDB.

(D) [4Fe-4S] cluster are shown. Mo nitrogenase reaction is shown at

activities of several biosynthetic proteins prior delivery to the
MoFe protein.

Because of its complexity, the biosynthesis of nitrogenase
metal clusters has served as model to understand the
biosynthesis of simple and complex clusters in other enzymes.
The existence of an accessory protein (NifEN) functioning as
molecular scaffold for external assembly of a complex
metallocluster,'' prior insertion in the real enzyme, was a
revolutionary hypothesis derived from nitrogenase research
that could later be expanded to other systems such as the
hydrogenases.'” By investigating the roles of NifU and Nif$ in
the maturation of nitrogenase components, a new concept of
scaffold-controlled [Fe—S] cluster assembly was conceived,
giving birth to an entire new research field."”'* A wealth of
high-quality structural and spectroscopic information along
with the development of new techniques is owed to
nitrogenase researchers. The discovery of FeMo-co'® and the
development of an in vitro FeMo-co synthesis assay'® are
reviewed here in depth because of the crucial importance to
find and investigate proteins and factors required for FeMo-co
synthesis. This assay permitted the elucidation of homocitrate
as an integral component of FeMo-co;'”'® the isolation of
NifB-co, the FeMo-co biosynthetic precursor of unique
structure that results from the first committed step in FeMo-
co biosynthesis and that connects simpler [Fe—S] clusters into
a more complex structure;'”*® the confirmation that NifEN
acts as a molecular scaffold for FeMo-co synthesis;*' and
finally, the demonstration that FeMo-co can be synthesized in
vitro from elemental Fe, S, Mo, and homocitrate using only
three purified protein components (NifB, NifH, and NifEN).**

However, our understanding of the nitrogenase metal
cofactors formation is still incomplete. Despite decades of
investigation, many crucial aspects of nitrogenase maturation
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are still unclear. Only very recently, new factors affecting
maturation of the MoFe protein have been described.”® The
role of NifM in processing the Fe protein polypeptide and its
effect on Fe protein activity is still unknown, as is the exact
mechanism by which NifEN acts as scaffold to transform NifB-
co into FeMo-co.”*

One important conceptual outcome from studying the
nitrogenase cofactor biosynthesis is that the proteins involved
can be classified into three main groups: (1) proteins acting as
molecular scaffolds for the assembly of the inorganic network
of atoms (NifU, NifB, NifQ, and NifEN); (2) proteins acting
as chaperones both by carrying and protecting metalloclusters
in their transit between assembly scaffolds and to their final
targets (NifX and NafY) or by maturing the nitrogenase
polypeptides (NifM, NafH, NifW, and NifZ); and (3) proteins
with enzymatic activities that provide substrates that are used
as cofactor parts (NifS, NifV, and NifB).” In addition, the Fe
protein is also essential to P-cluster and FeMo-co biosynthesis,
although its role does not appear to fit in any of these three
groups.

This review spans research reported from 1966 until 2019.
We have tried to include all those original reports that have
been essential to our understanding of nitrogenase metal-
locluster formation. If we have missed important work, we
apologize to those authors involved. Also, this review refers to
the information obtained from biochemical work on nitro-
genase in vitro as well as that obtained from the numerous gene
mutants generated. Many of the methods used today were not
available for the detailed assessment of many of these mutants
at the time they were generated. Initial analyses were often
constrained to measuring acetylene reduction activities, the
presence and functionality of Fe protein and MoFe protein
components, and the ability for diazotrophic growth. Never-
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Figure 2. Organization and proposed functions of Mo nitrogenase genes in A. vinelandii. Figure shows the chromosomal location and genetic
organization of the major and minor nif gene clusters. Numbers to the left and right of each gene cluster indicate chromosomal location.
Transcriptional units are depicted by arrows. Proposed roles in Mo nitrogenase are color coded in the legend. Metal clusters embedded in Mo

nitrogenase and a surface structure of the complex are shown.

theless, there is much information to be found in these early
works. This is especially true for persons about to enter the
nitrogenase field. However, it is important to highlight that
studying the microbial physiology alone has some limitations,
for example, the interpretation of leaky mutant phenotypes due
to nonessential functions, gene redundancy, or dispensability
under certain growth conditions. Studies based on the use of
mutant strains with gene disruptions also present limitations
when the ultimate goal is to define the specific function of
proteins with several activities, such as the Fe protein, which is
involved in P-cluster maturation, FeMo-co synthesis, and
electron donation to the MoFe protein for nitrogen reduction,
or when there are multiple proteins that are functionally
related, such as Fe proteins for the three nitrogenase systems.
On the other hand, we must acknowledge that regarding a
function solely because it has been proven in vitro can be
misleading, as the experimental conditions are often far from
the actual situation in vivo. For example, to protect the purified
nitrogenase proteins from traces of O, and to provide
electrons to nitrogenase not depending on its physiological
donors, assays are normally performed under very artificial
conditions in the presence of dithionite (DTH) at low mM
concentrations. Therefore, results obtained from the in vitro
and in vivo experiments should be compared and interpreted as
a whole whenever possible.

Finally, there are some aspects of nitrogenase cofactor
formation that are strongly controversial, including the
mechanisms of incorporation of Mo into the FeMo-co, the
role of accessory proteins in P-cluster maturation, and the
confusing nomenclature used by the different groups working
in this field. We have tried to be comprehensive albeit critical

4924

in treating these aspects and we hope that this review will be

helpful to the general reader.

2. STRUCTURE OF MO—NITROGENASE COMPLEX

Figure 1 shows the structure of the Mo nitrogenase complex
including its component polypeptides, metal prosthetic groups,
and bound nucleotides.” The complex is composed of one
central MoFe protein tetramer with @,f, subunit composition
and one Fe protein homodimer bound to each af half (Figure
1A). The metal clusters are positioned to facilitate electron
transfer from each Fe protein [4Fe-4S] cluster via the surface-
located P-cluster to the iron—molybdenum cofactor (FeMo-
co) located at the active site buried 10 A beneath the surface of
each a subunit. FeMo-co is composed of an inorganic [7Fe-9S-
C-Mo] cluster and a molecule of R-homocitrate exclusively
bound to the Mo atom.”***” FeMo-co is ligated by a Cys
residue to its terminal Fe and by a His residue to the Mo atom
(a-Cys*”® and a-His*? in the Azotobacter vinelandii MoFe
protein) (Figure 1B). The environment around FeMo-co is
mostly hydrophilic, especially at the homocitrate site that is
surrounded by a pool of water molecules that participate in a
H-bonding network.”®

The P-clusters are [8Fe-7S] groups located at the interface
of the a and f subunits within each af half of the MoFe
protein.”*” Their positioning is consistent with its function as
intermediate carrier of electrons from the Fe protein to FeMo-
c0.”® The conformation of the P-cluster depends on its
oxidation state. The oxidized P-cluster is covalently bound to
six Cys residues (Cys®, Cys*, and Cys'>* from the a chain,
and Cys’®, Cys®®, and Cys'*® from the f chain in A. vinelandii)
and to the Ser'®® residue from the f# chain (Figure 1C). In this
conformation, one-half of the P-cluster exists as a standard

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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[4Fe-4S] cubane and the other half as a distorted [4Fe-3S]
unit.”’ Upon reduction, two Fe atoms from one-half dissociate
from residues @-Cys®® and S-Ser'®® and bind to a corner S from
the other cubane, resulting in two almost regular [4Fe-4S]
cubanes sharing one S atom. The residues that coordinate the
P-cluster in the A. vinelandii and Klebsiella pneumoniae MoFe
proteins have been extensively studied by site-directed
mutagenesis. Substitutions of a-Cys®, a-Cys*, and p-Cys”
diminished nitrogenase activity with more than 99%,'~*
while substitutions of the other four coordinating residues
resulted in MoFe protein variants that could support some
diazotrophic growth.””*' ™%

In the Fe protein, the [4Fe-4S] cluster occupies a bridging
position at the interface of both subunits and is symmetrically
coordinated by two Cys residues from each one (Cys’’ and
Cys"? in A. vinelandii) (Figure 1D). As a P-loop ATPase, each
Fe protein subunit also binds a nucleotide (MgATP or
MgADP) in a channel located at the opposite face from the
[4Fe-4S] cluster.

3. ORGANIZATION OF MO—-NITROGENASE GENES
AND PROPOSED FUNCTIONS OF THEIR
PRODUCTS

3.1. Genomic Organization of A. vinelandii
Mo—Nitrogenase Genes

In A. vinelandii, Mo-nitrogenase nitrogen fixation genes (nif)
are clustered in two different regions adjacent and equidistant
to the replication origin of its single 5.35 Mb chromosome.’”
These regions were originally named as major and minor nif
gene clusters according to their size.”®*” The major nif cluster
is located 135—163 kb downstream of the replication origin. It
contains the three structural genes for the MoFe protein (nif D
for the a subunit and nifK for the f subunit) and the Fe
protein (nifH) and 32 additional genes organized in nine
transcriptional units (Figure 2). Genes in this region encode
proteins involved in the biosynthesis of MoFe protein
cofactors (nifE and nifN), the maturation of Fe protein
(nif M) and MoFe protein (nafH, nif W, nifZ) polypeptides,
proteins for the biosynthesis of [Fe—S] clusters (nif U, nifS,
iscA™, cysEI), a homocitrate synthase (nif V), proteins involved
in electron transfer to nitrogenase (nifF) and in protection
against oxidation (feSII), and proteins involved in recycling
biosynthetic proteins (clpX2). The region contains well
characterized nif genes as well as nitrogenase accessory factors
(naf).

The minor operon is in the 5.16—5.17 Mb region upstream
from the replication origin, and it contains 17 genes in five
transcriptional units (Figure 2). Among them is the essential
nif B gene, which product catalyzes the first committed step in
the biosynthesis of FeMo-co.'”*****" Additional genes in the
nif B operon are important for nif B function (fdxN) or for Mo
processing for nitrogenase (nifO and nif Q). The products of
the nif LA operon form an activator (NifA)/antiactivator
(NifL) regulatory pair that controls the expression of nif genes
in response to environmental signals such as nitrogen
assimilation rates, presence of O,, cellular redox status, and
ATP levels.”~*" Divergent from the nif LA operon appear the
rnfl and the nafYX operons. The product of nafY has a dual
role in MoFe protein stabilization and in FeMo-co insertion.
The rnf genes were first discovered in Rhodobacter capsulatus
and encode the components of a membrane protein complex
proposed to be involved in electron transport to nitrogenase
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based on their requirement for nitrogenase activity in vivo but
not in vitro.”> Rof complexes have been shown to catalyze
NADH-dependent reduction of ferredoxin (Fd) coupled to an
electrochemical gradient.*>*” Initial genetic analysis of the A.
vinelandii rnfl operon, however, did not support a role in
electron transport in this bacterium but rather a role in a redox
mechanism to control expression and maturation of nitro-
genase components.”® However, a recent study showed that
the A. vinelandii Arnfl phenotype was obscured because its
function was compensated by the products of fixABCX, which
utilized a bifurcating mechanism to generate low potential
electrons for nitrogenase catalysis.*’

One striking feature of the A. vinelandii nif gene clusters is
the large number of genes present in comparison with most
other N, fixing organisms studied to date. Maturation of
nitrogenase components from translated structural polypep-
tides to the metallocluster containing active forms requires
more accessory proteins in A. vinelandii than in many other
organisms (Figure 3). This could be because A. vinelandii is a
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Figure 3. Processes for Mo-nitrogenase biogenesis in the model
bacterium A. vinelandii. Proteins involved in each process are shown.

strict aerobe while nitrogenase structural and biosynthetic
proteins are extremely sensitive to oxidative damage. Although
A. vinelandii has mechanisms to protect nitrogenase against O,,
such as its very high respiratory activity coupled to high affinity
terminal oxidases that deplete intracellular O, it must
certainly cope with stressing conditions that might complicate
nitrogenase maturation. Finally, the stoichiometry of all these
essential and accessory factors must be tightly controlled for
efficient N, fixation. Cellular Nif protein concentrations are
exquisitely balanced in A. vinelandii with FeMo-co biosynthetic
proteins accumulating 50- to 100-fold less than the structural
proteins.51 In this context, mutations of nonregulatory genes
were shown to produce dramatic outcomes in nif gene
expression and system balance overall.’!

In addition to the nif gene clusters, A. vinelandii carries gene
complements required for a V-dependent nitrogenase (vnf
genes) and an Fe-only nitrogenase (anf genes). At least five nif
genes, nif B, nif U, nif S, nif V, and nif M, have been reported to
be required for alternative nitrogenases.’”*>** The alternative
nitrogenases will not be reviewed here.

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Table 1. A. vinelandii Genes Involved in Mo-Dependent N, Fixation and Roles of Their Products

gene” pheri])ltfypeb identity/role(s)

nif H - Fe protein. Obligate electron donor to the MoFe protein. Also required for FeMo-co biosynthesis and apo-MoFe maturation.

nif D - MoFe protein a-subunit. FeMo-co binding subunit. Forms an a,f, tetramer with NifK.

nif K - MoFe protein f-subunit. Forms an a,f, tetramer with NifD.

nif T + Unknown

nif Y + Interacts with apo-MoFe protein prior to FeMo-co insertion.

nafA + Unknown function.

nif E - Scaffold for NifB-co maturation into FeMo-co. Forms an a,f3, tetramer with NifN.

nif N - Scaffold for NifB-co maturation into FeMo-co. Forms an @,f}, tetramer with NifE.

nif X + Binds NifB-co and VK-cluster. Interacts with apo-NifEN. Proposed carrier of FeMo-co precursors.

naf C + Unknown function.

feSIT + Shethna protein II. Nitrogenase protection against O,.

"TscA + Fe—S scaffolding Nif protein. Contains a [4Fe-4S] cluster.

nif U - Supplies [Fe—S] clusters precursors for nitrogenase proteins and cofactors.

nif S + Mobilizes S for [Fe—S] cluster synthesis on NifU.

nif V + Homocitrate synthase. Involved in FeMo-co synthesis.

cysEl + Serine O-acetyltransferase. Participates in cysteine formation.

nafH + Binds to apo-MoFe protein preceding P-cluster maturation.

nif W + Associates with apo-MoFe protein preceding P-cluster maturation.

nifZ + Involved in P-cluster maturation in combination with the Fe protein.

nif M - Esser&flial for the maturation of the Fe protein. Proposed peptidyl-prolyl cis—trans isomerases that would act over the Pro**® residue of
NifH.

clpx2 + Regulates NifEN and NifB protein levels.

nif F + Flavodoxin. Physiological electron donor to the Fe protein.

nifL + Sensor protein. Acts as NifA antiactivator.

nifA - Transcriptional activator. Forms a two-component regulatory system with NifL.

nif B - Essential for FeMo-co synthesis. Catalyzes NifB-co formation, the first committed step in FeMo-co biosynthesis.

fdxN + 2x[4Fe-4S] ferredoxin. Required for NifB in the formation of NifB-co.

nif O + Required for simultaneous activation of nitrogenase and nitrate reductase.

nif Q - Processes Mo prior to its incorporation into FeMo-co.

naf W + Rhodanase-like protein. Also called rhdN. Unknown function.

nafZ + Glutaredoxin-like protein. Also called grxs"™'. Unknown function.

rnfA© + Transmembrane protein. Part of the Rnf complex, which is involved in supplying low potential electrons to the nitrogenase.

rnfB° + Contains two [Fe—S] cluster binding sites. It is part of the Rnf complex.

rnf C* + Contains [4Fe-4S] binding site. Electron transport component of the Rnf complex.

rnfD* + Transmembrane protein of the Rnf complex. Includes a flavin binding motive.

rnf G + Last electron acceptor component of the Rnf complex. Contains FMN binding site.

rnfE° + Transmembrane protein of the Rnf complex.

rnfH" + Soluble protein of the rnf gene cluster.

naf Y + In A. vinelandii, y subunit of apo-MoFe protein. Stabilizes apo-MoFe protein prior to FeMo-co insertion. Also binds FeMo-co specifically.

mosA + Mo storage protein @ subunit. Forms an a;f; hexamer with MosB.

mosB Mo storage protein £ subunit.

“Minimum set of essential Mo-nitrogenase genes is shown in bold. by Diazotrophic growth, & slow diazotrophic growth, — no diazotrophic growth.

“Phenotype of rnf genes was determined by deleting the entire rnf operon.

3.2. Proposed Functions of nif Gene Products

Table 1 summarizes Nif phenotypes, obtained by genetic
analysis, and roles proposed for their products. Five out of six
genes regarded as the minimum complement for functional
Mo-nitrogenase based on genetic and biochemical evidence
(nifH, nif D, nifK, nifE and nifN, labeled in Figure 2 with red
dots)** are present in the major nif cluster, whereas the
essential nifB gene is located in the minor nif cluster. This
minimum gene complement has been used as criterion to
identify N,-fixing organisms in protein databases.”* It should
be noted that the product of nif M, which is essential for Mo-
nitrogenase in A. vinelandii, K. pneumoniae, and other well
studied diazotrophs, is not universally essential as the Fe
proteins from many N, fixing organisms are NifM
independent.
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3.3. Essential and Ancillary Proteins for Mo—Nitrogenase

Biochemical studies have shown that the [4Fe-4S] cluster of
the Fe protein can be formed into cluster-less Fe protein in
vitro, either by chemical reconstitution using Fe and S under
reducing conditions or by transfer of [4Fe-4S] clusters
preformed at NifU.>® In addition, the minimum protein and
substrate requirements for maturation and activation of the
MoFe protein have been established. Simplified, these
processes can be divided into three steps: (1) P-cluster
formation (at the MoFe protein), (2) FeMo-co synthesis (at
the NifB and NifEN proteins), and (3) insertion of FeMo-co
into the P-cluster containing MoFe protein. P-cluster
formation can be accomplished in vitro by incubating the
MoFe protein isolated from a nifH deletion mutant, which
contains P-cluster precursors, with Fe protein and ATP under

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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DTH reducing conditions. The P-cluster containing apo-MoFe
protein can then be activated by the simple addition of FeMo-
co.’® For FeMo-co synthesis, NifB catalysis to render the
FeMo-co precursor, NifB-co, can be accomplished in vitro by
addition of S-adenosylmethionine (SAM), DTH, Fe, and
#4758 o from using SAM together with preformed [4Fe-
48] clusters.”® Conversion of NifB-co into FeMo-co in NifEN
only requires the Fe protein, Mo, homocitrate, DTH, and
ATP, and de novo synthesized FeMo-co can be directly
transferred to the apo-MoFe protein.®”®"

Importantly, the complete in vitro FeMo-co synthesis and
formation of active MoFe protein could be achieved using the
purified protein products of only six nif genes (NifB, NifEN, Fe
protein, and MoFe protein containing P-clusters) when
supplemented with Fe, S, SAM, Mo, homocitrate, and ATP
under reducing conditions.”> This study demonstrated that
these six proteins are sufficient for the formation of a functional
Mo-nitrogenase in vitro. These six proteins are either structural
components (Fe protein and MoFe protein) or involved in P-
cluster formation (Fe protein) or FeMo-co synthesis (NifB,
NifEN, and the Fe protein). Consistently, genomic studies
showed that nearly all organisms containing Mo-nitrogenases
carry nif B, nifE, nifN, nifH, nif D, and nifK.>* Interestingly,
some diazotrophs contain fusions of these essential genes. For
instance, the nif E-N fusion found in the nitrogenase 2 gene
cluster of Anabaena variabilis”* the nif H-E fusion found in
some Archaea,”* or the nif N-B fusion found in the genomes of
many Clostridia.”>**

It is important to note that many of the proteins used in
these assays have been isolated with small epitope-tags, added
to facilitate and improve the purification procedures by both
shortening the length of the protocol and increasing the purity
of the isolated protein. The location, size, and properties of
these tags can influence the function of the proteins, for
example, by altering their activities or their possibilities to
interact to other protein partners. Although functionality of
many of these tagged protein variants has been confirmed in
vivo, it is important to remember that their function might not
be identical to their corresponding native proteins. In addition,
much of our understanding of the nitrogenase comes from
model organisms that carry many ancillary Nif proteins, for
example, K. oxytoca, C. pasteurianum, or A. vinelandii. In this
regard, the number of nif related genes is exacerbated in A.
vinelandii, probably to cope with its strict aerobic metabolism
and because of the existence of not only one, but three,
different nitrogenases. Other diazotrophic organisms with
distinct lifestyles and metabolic re%uirements carry fewer
auxiliary genes or even different ones.”®

3.4. Biosynthesis of Genetically Simpler Mo—Nitrogenases

Some organisms with less complex nitrogenase machineries
have been genetically characterized, suggesting that specific
gene requirements can be associated with certain lifestyles. For
instance, the nine nif-gene cluster (nif BHDKENXhesAnif V) of
the Gram-positive, facultative anaerobic rhizobacterium,
Paenibacillus sp. WLY78, has been shown to direct the
formation of active Mo-nitrogenase when expressed in E.
coli.®® In addition to the products of the six essential nif genes
and the homocitrate synthase encoding gene nif V, this cluster
contains hesA and nifX. The clustering of nifX and nif EN
genes often occurs in diazotrophic bacteria,’” which is
surprising given the nonessential character of NifX and its
lack of any demonstrated catalytic activity over the FeMo-co
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precursors.”* The presence of hesA in nif gene clusters is much
less frequent. HesA is similar to MoeB, a protein that catalyzes
the acyladenylation of the MoaD protein prior to S transfer
during the biosynthesis of the molybdopterin-based Mo-
cofactor, but its exact role in nitrogenase has not yet been
elucidated.”®

One can envision nitrogenase biogenesis in a diazotroph
carrying only the six conserved nif genes (nif HDKBEN)
(Figure 4) as a process in which [4Fe-4S] clusters are provided

Electron Delivery Chaperones & Maturases

\

Accessory Proteins

¥

Structural proteins

T

Cofactor Biosynthesis

™ SAM
Fe-S Clusters T \ Biosynthesis
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¢ (%) @ Lysine

Fe Metabolism S Metabolism Mo Metabolism Biosynthesis

Figure 4. Simplification of genetic requirements for Mo-nitrogenase
biogenesis achieved by its integration with housekeeping processes.
The essential six gene core is highlighted in green in the middle.
Housekeeping processes provide the functions of nitrogenase ancillary
proteins.

by a housekeeping system (e.g, isc or suf machineries),' %’
homocitrate is provided by a homocitrate synthase (e.g,, one
that is involved in lysine biosynthesis),”” and in which Mo is
incorporated directly into FeMo-co without the need for a Mo
concentrating mechanism (e.%., MoSto),71 a Mo partitioning
mechanism executed by NifO,”” or the specific Mo delivery by
NifQ.”* The NifB protein would be active without a specific
FdxN protein or a NifX-like domain.”* In this hypothetical
organism, the biosynthetic gene products NifB, NifE, and NifN
could form a complex that would interact with some Fe protein
to support FeMo-co biosynthesis and to transfer FeMo-co
directly to P-cluster containing apo-MoFe protein. Under
optimal conditions, carrier proteins such as NifX, NifY, and
NafY would not be needed, as their functions would only
marginally improve pathway efficiency. In this organism, P-
cluster formation could even occur at the same complex by the
action of the Fe protein on the P-cluster precursor-containing
apo-MoFe protein. No additional factors such as NifM, NifZ,
NifW, or NafH would be needed because the biosynthetic
rates of Fe protein and MoFe protein would not be as
demanding as in A. vinelandii or any other highly efficient
diazotroph. One could even imagine a simpler genetic
machinery for a Mo-nitrogenase composed of nif HBDK
genes and lacking the nif EN genes, as it is the case of the
putative diazotroph Roseiflexus sp.”* For such a nitrogenase,
FeMo-co biosynthesis would be initiated on NifB and then
finished directly on the apo-MoFe protein scaffold. Although
this limited system would likely not provide high levels of N,
fixation activity, these could be enough to support diazotrophic

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Figure 5. A. vinelandii NifS cysteine desulfurase. (A) Domain composition and % identity of A. vinelandii NifS (Uniprot CIDH19) compared to
IscS (Uniprot C1DH19) and SufS (Uniprot C1IDH19). (B) Structure of the NifS homologue protein CsdB showing the surface position of the
active-site Cys residue. Image created with NGL viewer’® and RCSB PDB.

growth under certain conditions. If demonstrated, the
existence of this genetically simpler nitrogenase could be
beneficial to engineer it in a eukaryotic host such as plants.”®

4. BIOSYNTHESIS OF SIMPLE [FE-S] CLUSTERS FOR
NITROGENASE: ROLES OF NIFU AND NIFS

4.1. Information from nifU and nif S Mutagenesis

A. vinelandii with a disrupted nifU gene did not grow under
diazotrophic conditions, indicating that its product is required
for the function of Mo nitrogenase.”*** Corresponding nif$
mutant strains showed very slow growth, similarly to what had
been observed in K. pneumoniae,** and therefore, nifS was
deemed important but not strictly essential under N,-fixing
conditions. Replacing the nif-regulated nif US gene cluster with
a sucrose-regulated copy of nifUS in the A. vinelandii strain
DJ1475 showed that addition of sucrose under N,-fixing
conditions rescued diazotrophic growth, conclusively proving
NifU and NifS requirement for nitrogenase functionality.”
Deletion of isc (iron—sulfur cluster) genes, required for the
maturation of [Fe—S] proteins involved in general metabolic
processes, showed that while the function of IscU could be
rescued by NifU, NifS was not capable of replacing IscS.”*””
Diazotrophic growth of A. vinelandii with deleted nif U could
only be partially rescued by iscU overexpression,”” proving that
the NifU and NifS proteins are specific and essential for
nitrogenase [Fe—S] cluster maturation in vivo.

Fe protein and MoFe protein activities in extracts of A.
vinelandii with disrupted nif U or nif S genes were lowered by
95% and 75%, respectively.”” Disruption of both genes
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simultaneously abolished Fe protein activity and lowered
MoFe protein activity by more than 90%. MoFe protein could
not be activated in vitro by addition of FeMo-co even if
complemented with saturating amounts of Fe protein,
indicating that the MoFe protein factored in strains lacking
nif U or nif S is nonfunctional and likely does not even contain
P-cluster precursors. Similar results were also observed in K
pneumoniae.** Later studies confirmed that disrupting nif U and
nif S genes abolished or severely impaired A. vinelandii growth
under diazotrophic conditions requiring each of the three types
of nitrogenases.”” This result suggests that NifU and NifS
proteins are also essential to the alternative V- and Fe-only
nitrogenases and that no additional proteins performing the
exact same functions exist for these alternative systems.

4.2, NifS Is a Cysteine Desulfurase Involved in
Metallocluster Biosynthesis

Heterologous expression and purification of A. vinelandii NifS
from E. coli produced yellow-colored protein with a molecular
weight of about 44 kDa.'’ Native molecular weight
determination indicated that NifS was a homodimer of about
88 kDa. Extraction of the chromophore suggested a NifS-
bound pyridoxal S-phosphate (PLP) cofactor characteristic of
enzymes catalyzing a diverse group of elimination and
replacement reactions involving amino acids. Incubation with
L-cysteine but none of the other 19 L-amino acids or the p-
cysteine isomer altered the protein UV—visible (UV—vis)
absorption spectrum. Incubation of NifS with L-cysteine for
longer than 10 min formed a cloudy precipitate of elemental
sulfur (S)."” The overall reaction catalyzed by NifS under

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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nonreducing conditions showed to be desulfuration of L-
cysteine to yield S and r-alanine. Cysteine desulfurases are
highly conserved enzymes (Figure SA). It was later found that
A. vinelandii carries a NifS homologue, called IscS, that
functions in general housekeeping [Fe—S] cluster biosyn-
thesis."* It was suggested that NifS generates S destined for
nitrogenase [Fe—S] clusters via formation of a persulfide
bound at residue Cys**® (Figure 5B).”® NifS was capable of
catalyzing the activation of apo-Fe protein (Fe protein with its
[4Fe-4S] cluster removed by chelation in wvitro) in a
reconstitution reaction containing L-cysteine, ferrous (II)
iron, dithiothreitol (DTT), and MgATP.”” A modified version
of NifS in which the Cys** residue was replaced by Ala could
not activate the apo-Fe protein.

4.3. NifU Is a Molecular Scaffold for Assembly of
Nitrogenase-Destined [4Fe-4S] Clusters

Expression of A. vinelandii NifU in E. coli produced cell pellets
with a red color enriched in a 33 kDa protein.*” Size exclusion
chromatography indicated that NifU was a homodimer of
about 63 kDa, and Fe quantification suggested that NifU
contained two Fe atoms per monomer. UV—vis absorption
spectra indicated a dithionite (DTH)-reducible [2Fe-25]**/1*
cluster in each NifU subunit, which was confirmed by using
other spectroscopic techniques such as X-band electron
paramagnetic resonance (EPR), variable temperature magnetic
circular dichroism (VT-MCD), and resonance Raman.*’
Comparison of the primary sequences of A. vinelandii and K.
pneumoniae NifU proteins had previously identified nine
conserved Cys residues.”’ It was observed that NifU redox
potential (—254 + 20 mV) was not low enough to serve as
electron donor to the Fe protein. On the other hand, the
number and arrangement of conserved Cys residues (being
more than needed to coordinate one [2Fe-2S] cluster) and the
close phenotypical connection to NifS suggested that NifU
could instead be involved in sequestering Fe and S for
nitrogenase [Fe—S] cluster formation.*’

The [2Fe-28)**/1* clusters attached to as-isolated NifU were
resistant to Fe chelation,* indicating that these clusters are of
a “permanent” nature and likely important for NifU activity,
but not precursor clusters destined for nitrogenase. On the
basis of sequence comparison to other [2Fe-2S] cluster
containing proteins, the four Cys residues located at the
middle of the NifU primary sequence (Cys'’, Cys'¥, Cys'”?,
Cys'”) were proposed to bind the permanent cluster, leaving
three Cys residues (Cys®, Cys®?, Cys'®) in the N-terminal
part of the protein, and two Cys residues (Cys*’?, Cys*”) at
the C-terminal part, available for transient Fe coordination®
(Figure 6A). Substituting any of the first seven NifU Cys
residues to Ala affected diazotrophic growth in A. vinelandii,
while Cys*”* and Cys*”® appeared as not important for NifU
functionality.”” Purification of each of these nine Cys-mutated
NifU variants from recombinant E. coli confirmed that Cys'?’,
Cys"’, Cys'”? and Cys'” provided ligands for the permanent
[2Fe-28]**/'* cluster. The modular nature of the NifU protein
was further confirmed by expressing and purifying two
truncated variants: NifU-1, the IscU-like N-terminal fragment
of NifU encompassing residues 1—131 with the conserved
Cys*, Cys®, and Cys'% residues; and NifU-2 starting at
residue 126 with the permanent [2Fe-2S]** cluster coordinated
by Cys'*, Cys'**, Cys'’?, and Cys'” together with C-terminal
residues Cys”’*> and Cys®”® (Figure 6B). NfU-2 generated
spectral characteristics similar to the full-length protein,
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Figure 6. Modularity of NifU structure and function. (A) A. vinelandii
NifU domain architecture and conserved Cys residues (Uniprot
CIDH18). Three distinct NifU domains are shown in green, pink,
and blue, and their roles in coordinating permanent or transient [Fe—
S] clusters are indicated. (B) Alignment of full-length NifU with the
NifU-1 and NifU-2 truncated variants and with the homologous
proteins IscU (Uniprot CIDE67) and human NfU (Uniprot
CIDLWO). Conserved domains are color coded. % Identity and
similarity between NifU and NfU or IscU are shown to the right. (C).
Structural model of the N-terminal domain of NifU generated with
Swiss-Model.*” The protein pocket with ligands to a transient [2Fe-
28] cluster is magnified to the right of the structure. Graphics
generated with the PYMOL Molecular Graphics System, Version 2.3.2
Schrodinger, LLC. (D) Proposed model for NifS-mediated assembly
of [4&3—45] clusters in the N-terminal and C-terminal domains of the
NifU.
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confirming that the initial three Cys residues (Cys*, Cys®,
Cys'®) were not involved in the coordination of the [2Fe-
281%*/1* cluster.® Consistently, site-directed mutagenesis of
NifU-1 residues Cys*, Cys®, and Cys'% suggested they were
rather involved in transient binding of Fe destined for
nitrogenase [Fe—S] cluster formation.

Later studies showed that human Nfu, a [Fe—S] cluster
scaffold protein with significant sequence similarity to the C-
terminal domain of NifU (Figure 6B), could assemble one
labile [4Fe-4S] cluster per Nfu dimer in vitro.”> While Cys*”
and Cys*”® mutations in A. vinelandii did not significantly affect
diazotrophic growth,”* they could still provide a second
assembly site for transient [Fe—S] clusters and explain why
NifU proteins with mutations at the N-terminal Cys*, Cys®,
and Cys'® residues supported some growth under N,-fixing
conditions. In support of this hypothesis, it was observed that
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replacing any or all of the three N-terminal Cys®, Cys®, or
Cys'% residues with Ala affected diazotrophic growth to the
same extent. However, if Cys*’® was also changed by mutation,
a significantly more severe growth phenotype was observed,
indicating that the N-terminal and C-terminal domains of NifU
to some extent have independent but additive functions.>

4.4, NifS-Mediated Assembly of Transient [Fe-S] Clusters
at NifU

Using catalytic amounts of NifS together with L-Cys, ferric
(IIT) iron, and f-mercaptoethanol (B-ME), the formation of an
extremely reductant-sensitive [2Fe-2S] cluster could be
observed at the N-terminal part of NifU (one [2Fe-2S] per
dimer).** Figure 6C shows a model of the N-terminal half of
NifU coordinating this [2Fe-2S] cluster. NifS was subsequently
found to also catalyze the formation of one [4Fe-4S]** cluster
at the IscA™ homodimer, a nif-specific homologue of IscA
located immediately upstream of nif U, which could provide an
alternative scaffold for the assembly of nitrogenase-destined
[Fe—S] clusters.” Interestingly, the formation of the IscA™
[4Fe-4S]** cluster was also time-dependent and formed via an
intermediate [2Fe-25]** cluster. Similar results had also been
observed using the homologous IscS and IscU proteins of A.
vinelandii, where IscU is homologous to the N-terminal part of
NifU with the three conserved Cys**, Cys®’, and Cys'®
residues.'* Cluster assembly in IscU, monitored via anaerobic
anion exchange chromatography that allowed for a more
detailed time-course study and avoided the formation of iron
sulfides, showed that also IscS-mediated cluster assembly
proceeded in sequential steps with one [2Fe-2S]** per dimer
followed by two [2Fe-2S]** per dimer and finally one [4Fe-
4S]** per dimer.*

Finally, NifS-mediated assembly of [4Fe-4S]** clusters at
NifU was also shown.*® Careful analysis of the NifU cluster
assembly using the two truncated NifU variants, NifU-1 and
NifU-2, showed that both cluster assembly domains could
transfer [4Fe-4S]*" clusters to, and thereby activate, apo-Fe
protein. While one [4Fe-4S]** cluster per NifU monomer was
rapidly factored at the C-terminal Nfu-type domain (likely
without [2Fe-2S] cluster intermediates), [4Fe-4S]** assembly
at the N-terminal IscU-like domain was slow and progressed
via [2Fe-2S]*" clusters (Figure 6D).**

The reason for NifU having two scaffold sites is not clear. It
could reflect the large number of nitrogenase components
requiring [Fe—S] clusters for their activity and, therefore, the
huge demand for [Fe—S] cluster formation. It could also be
that each [Fe—S] cluster scaffold targets distinct proteins.
Other explanations could be that the different [Fe—S] scaffolds
are involved either in de novo cluster synthesis or in the
reassembly of damaged clusters, respectively, or even that they
show different activities under distinct metabolic conditions.
For example, IscA™ was found capable of accepting [4Fe-4S]**
clusters from NifU and to activate apo-Fe protein in vitro but
also to cycle between forms containing one [2Fe-2S]*" or one
[4Fe-4S]* per homodimer in response to O, exposure and
DTT-induced two-electron reductive coupling.”” In this
regard, it is interesting to note that, only if cells were cultured
under low-O, conditions, normal levels of NifU were capable
of replacing the function of IscU in vivo.”” In this regard, the
rescue of IscU ablation by NifU required the N-terminal
domain of NifU, while Cys®” at its C-terminal scaffold domain
was not important,77 possibly indicating that the function of
the C-terminal part of NifU is more specialized.
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4.5, NifS and NifU Transfer of [4Fe-4S] Cluster to Fe
Protein

As extracts of A. vinelandii with disrupted nif U and nif S genes
almost completely lacked Fe protein activity,”” and as
functional Fe protein requires a subunit-bridging [4Fe-4S]
cluster® (Figure 1), it seemed reasonable that NifU and NifS
were the sources of the Fe protein [4Fe-4S] cluster. To test
this hypothesis in vitro, NifU and NifS were expressed in E. coli
at equimolar ratios. Purified NifU and NifS proteins were then
incubated with ferrous (II) ion, Cys, f-ME, and [4Fe-4S]
cluster-free apo-Fe protein prepared by Fe chelator-treat-
ment.”> Under these conditions, about 90% Fe protein
activation could be achieved. Specificity of the reaction was
shown by the inability of the Cys**>-mutated NifS to activate
Fe protein. The fact that the initial cluster was assembled at the
NifU scaffold became evident from reactions where NifS was
first used to build cluster on NifU and then removed before the
NifU-mediated apo-Fe protein activation.”> NifU protein
where the conserved Cys*, Cys®, and Cys'® residues were
replaced by Ala was still capable of activating the apo-Fe
protein, albeit at a higher NifU ratio, corroborating the ability
of NifU with mutated N-terminal Cys residues to support
diazotrophic growth. Additional mutation of the C-terminal
Cys®” residue abolished in vitro Fe-protein activation by NifU
and confirmed redundancy in the function of the N- and C-
terminal NifU [Fe—S] cluster assembly sites. Later work
showed that [4Fe-4S]*" clusters assembled at both the N- and
C-terminal domains of NifU could be transferred to the apo-Fe
protein.88 Importantly, cluster transfer appeared to be
immediate and to not require additional accessory proteins.

5. FE PROTEIN MATURATION

Fe protein maturation is divided into two processes: the
correct folding and formation of the NifH homodimer, and the
acquisition of the [4Fe-4S] cluster to generate active Fe
protein (Figure 7A). As [4Fe-4S] cluster acquisition has been
described in Section 4, here we will focus on NifH folding and
the role that NifM plays on it. It is important to note that the
Fe protein has at least three roles in the Mo-nitrogenase
system: (1) a dinitrogenase reductase role that requires fully
mature [4Fe-4S] cluster-containing Fe protein; (2) a role in
the formation of the P-clusters in complex with the MoFe
protein; and (3) a role in the biosynthesis of FeMo-co in
complex with NifEN, a paralog of the MoFe protein (Figure
7B). Although controversial, there is biochemical evidence
supporting that [4Fe-4S] cluster-deficient apo-Fe protein
functions in P-cluster and FeMo-co biosynthesis.**”’

5.1. Role of NifM

Early work using K. pneumoniae mutants showed that extracts
prepared from nif M~ strains exhibited negligible activity of Fe
protein and about 10% of MoFe protein activity compared to
the wild type."* The leaky phenotype for the MoFe protein
could indicate that some P-cluster maturation and FeMo-co
synthesis happened in vivo in the nif M mutants. However, it
could also be an experimental artifact due to some in vitro
MoFe protein maturation by Fe protein added during the
acetylene reduction assay. The nif M mutants accumulated low,
but significant, amounts of Fe protein polzpeptide and normal
amounts of MoFe protein polypeptides.** The NifM depend-
ency of Fe protein was later experimentally tested in a
heterologous expression system in Escherichia coli. The Fe
protein produced in the absence of NifM was much less stable
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Figure 7. Fe protein maturation and the roles of the Fe protein in
MoFe protein maturation. (A) Simplified model for the roles of NifM,
NifU and NifS in Fe protein maturation. (B) Requirement of Fe
protein for MoFe protein maturation. MoFe protein variants from left
to right correspond to the AnifH apo-MoFe protein, the AnifB apo-
MoFe protein, and the holo-MoFe protein. Fe protein is shown as
NifH homodimer lacking [4Fe-4S] cluster to indicate that apo-Fe
protein is competent in P-cluster formation and in FeMo-co

biosynthesis.

and accumulated as completely inactive protein.”’ It was
proposed that NifM would be involved in [4Fe-4S] cluster
insertion in the Fe protein. Given the enormous difference in
expression levels between NifH and NifM in a N,-fixing
bacterium, it was proposed that the action of NifM over NifH
would be catalytic.

A study to define K. pneumoniae genes necessary to produce
not only Fe protein but also apo-MoFe protein with mature P-
cluster but lacking FeMo-co, confirmed that active Fe protein
required coexpression of nif H and nif M.”>”* However, inactive
Fe protein produced by cells lacking nif M was sufficient to
produce significant amount of apo-MoFe protein activatable by
FeMo-co, which suggested that P-cluster maturation at the
MoFe protein did not strictly re%uire active Fe protein but only
the structural NifH polypeptide.” It should be noted, however,
that as the FeMo-co insertion assay was followed by addition
of purified K. pneumoniae Fe protein, it is difficult to exclude
that some apo-MoFe protein formation (P-cluster maturation)
happened in vitro by the exogenously added Fe protein.

The Nif~ phenotype of nif M mutants was later confirmed in
an A. vinelandii strain with a deleted nifM gene. This strain
contained negligible levels of Fe protein activity and 30%
MoFe protein activity compared to wild type.*” In contrast to
the phenotype in K. pneumoniae,”’ NifH polypeptide
accumulation appeared not to be affected in the A. vinelandii
nif M deleted strain although polypeptide turnover measure-
ments were not carried out to determine protein stability.*”
MoFe protein activity was increased 30% by the addition of
exogenous FeMo-co, which indicates FeMo-co limitation in
the extract and suggests that FeMo-co synthesis might be
affected in nif M mutants. However, like in the work with K.
pneumoniae proteins discussed above, some P-cluster matura-
tion could have taken place in vitro during the assay. Although
these studies presented compelling data for the necessity of
NifM to mature the Fe protein, the mode of action for the
distinct NifM proteins or the physical effects on their NifH
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targets appeared different. For instance, while the lack of K.
pneumoniae NifM protein affected both Fe protein stability and
dimerization neither of those appeared affected in the A.
vinelandii nif M mutant strain.

The importance of NifM to produce active Fe protein has
also been shown in heterologous expression in yeast. Direct
physical interaction between the nif H gene product from
Rhizobium meliloti and the nif M product from K. pneumoniae
was established using a yeast two-hybrid system.”* It was also
shown that coexpression with NifM was required for R. meliloti
Fe protein dimer formation and NifH polypeptide stability in
yeast.”> Recently, coexpression of the A. vinelandii nif M and
nifH genes and targeting of their products to the matrix of
mitochondria rendered Fe protein active as electron donor to
the MoFe protein.”

5.2. Proposed Function of NifM in Fe Protein Maturation

Analysis of the A. vinelandii NifM sequence identifies a PpiC-
type domain significant of peptidyl-prolyl cis—trans isomerases
(PPlIase),””” a group of enzymes that accelerate protein
folding by catalyzing the cis—trans isomerization of proline
imidic peptide bonds. By examining the consensus sequence of
60 different nif H gene products, seven conserved Pro residues
were identified.”” Mutagenesis of the Pro residues in the A.
vinelandii Fe protein showed that exchanging Pro*® for Ser
converted the Fe protein into a NifM-independent variant and
suggested that this residue could act as substrate for NifM
PPlase activity. Pro**® is located at the C-terminus of the Fe
protein in a stretch that wraps around the other subunit of the
homodimer, potentially explainingg the importance of NifM on
Fe protein function (Figure 8).”” In this regard, the reported

a1-Pro?8

a2-Pro?#8

Figure 8. Location of Pro**® in a top-view structure of the A. vinelandii

Fe protein (PDB 1FP6). The two monomers, the central [4Fe-4S]
cluster, and the two nucleotides are easily identified. Graphics
generated with the PYMOL Molecular Graphics System, Version 2.3.2
Schrodinger, LLC.

leaky phenotype of nif M mutants could be explained by
nonspecific isomerization of the target Pro residue at the Fe
protein, or by the activity of other isomerase(s) at lower rates,
resulting in low amounts of functional Fe protein.

In addition to its requirement for the Fe protein of the Mo-
nitrogenase, NifM appears to be required for the Fe proteins of
the alternative nitrogenases as A. vinelandii nif M mutants did
not show diazotrophic growth in Mo-deficient medium.” In
support of the proposed function for NifM, Pro residues
corresponding to Pro**® are also present in the A. vinelandii
AnfH and VnfH proteins. However, more recent work has

https://dx.doi.org/10.1021/acs.chemrev.9b00489
Chem. Rev. 2020, 120, 4921-4968
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shown that NifM was not essential to produce functional FeFe-
nitrogenase in an engineered E. coli strain carrying all necessary
anf genes.'”’ It should also be noted that not much recent
research has been reported regarding NifM. Examples of open
questions are how the Fe protein is matured in organisms
lacking nif M, or how an Fe protein with another structural
architecture (tetramer) is formed.'”" Another interesting topic
is what evolutionary benefit NifM-dependence could provide if
mutating a certain Pro residue of the Fe protein would render
the protein to be NifM-independent. It is therefore probable
that the proposed model for the NifM mechanism is not
complete and that it requires more attention.

6. INTERACTION OF MATURATION FACTORS WITH
COFACTOR DEFICIENT MOFE PROTEIN

The maturation of the MoFe protein is a sequential process
driven by the stepwise action of accessory proteins that interact
with and convert catalytically inactive NifD and NifK
polypeptides into a MoFe protein tetramer equipped with
two P-clusters and two FeMo-co molecules. The MoFe protein
has a symmetric a,f3, structure,® and because each af8 subunit
pair of the protein has one P-cluster and one FeMo-co, the
cluster composition is heterogeneous and different along a very
complex process of polypeptide and prosthetic group
maturation. One important difference between the acquisition
of P-cluster and FeMo-co is that the first one is matured in situ,
that is, from precursor clusters that are already bound to the
NifDK polypeptides while the latter is assembled elsewhere
(see below) and then inserted into a P-cluster containing form
of apo-MoFe protein.'”

MoFe protein maturation can be rationalized by dividing it
into stages defined by the properties of the MoFe protein
variants that have been isolated from A. vinelandii strains with
mutations in genes essential to P-cluster or FeMo-co
biosynthesis (Figure 7B).'"” First, apo-MoFe protein lacking
both the P-cluster and FeMo-co (but containing P-cluster
precursors) is isolated from strains with nif H mutations.'**~'%°
This protein cannot be activated by the simple addition of
FeMo-co and requires prior maturation of its P-clusters.'*”'*®
Second is apo-MoFe protein that contains mature P-clusters
but lacks FeMo-co and can therefore be activated in vitro by
the simple addition of pure FeMo-co.”'*>"'% This form is
isolated from strains with mutations in nifB, nifE, or nif N
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specifically disrupting FeMo-co biosynthesis and is typically
used in the in vitro FeMo-co synthesis and insertion assays
because it is the more stable apo-MoFe protein variant and
does not require in vitro P-cluster maturation. Third, mature
and functional protein equipped with two pairs of P-clusters
and FeMo-co (holo-MoFe protein or simply MoFe protein).
As described below, even more complex and heterogeneous
apo-MoFe protein populations are found in strains with
mutations affecting nonessential gene products involved in
MoFe protein maturation.

Important to note is that most studies have used MoFe
protein variants isolated under conditions that disrupted the
labile interactions between immature apo-MoFe protein and its
maturation factors. Recent use of milder Strep-tag affinity
chromatography (STAC),"'" which enables protein purifica-
tion avoiding metal-affinity resins that can remove labile
nitrogenase [Fe—S] clusters (that can be important for
nitrogenase protein functions/interactions) and that does not
require the use of the organic compound imidazole for protein
elution (that can disrupt nitrogenase protein interac-
tions),">~""* has permitted the isolation and reevaluation of
complexes of the MoFe protein and these factors.”®> The
rationale of this work was that proteins specifically trapped at
certain stages of apo-MoFe protein maturation should be
involved in prior maturation steps. For instance, NifW, NifZ,
and NafH copurified with MoFe protein from an A. vinelandii
AnifH strain that is impaired in P-cluster maturation,
suggesting their involvement in P-cluster maturation or in a
preceding reaction. By deleting each one of these genes
individually, a NafH—-NifW—NifZ stepwise sequence of
interactions preceding the binding of Fe protein was firmly
established (Figure 9).** This sequence of interactions also
reflects their relative positions within the A. vinelandii
chromosome (Figure 2). Neither NafH, NifW, nor NifZ was
bound to the P-cluster containing, but FeMo-co deficient, apo-
MoFe protein isolated from cells with impaired FeMo-co
synthesis (AnifB or AnifE strains).””"'* Instead, two other
accessory proteins, NifY and NafY, were found. This
observation suggests that NifZ dissociation, the last protein
in the above stepwise interaction sequence, is followed by P-
cluster maturation, which triggers NafY/NifY binding. NifY
binding to apo-MoFe protein was unexpected as no mutant

https://dx.doi.org/10.1021/acs.chemrev.9b00489
Chem. Rev. 2020, 120, 4921-4968


https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=fig9&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00489?ref=pdf

Chemical Reviews

pubs.acs.org/CR

phenotype has yet been shown for a AnifY A. vinelandii strain
(see Section 15.2).

These accessory proteins could also be used as baits to
capture their corresponding apo-MoFe protein isoform by
using affinity chromatography. The trapped apo-MoFe
proteins, likely representing snapshots at distinct steps of the
maturation process, could be characterized. For example, apo-
MoFe proteins containing P-cluster precursors at different
degree of maturation could be isolated using NifW (see
below). Unfortunately, the roles of NifW and that of the
recently identified NafH factor remain unknown. In contrast,
the population of apo-MoFe protein that was captured by
either NafY or NifY was homogeneous with mature P-clusters
but no FeMo-co.”” Interestingly, although NafY and NifY share
a high degree of primary structure similarity, they did not
coexist and were found at distinct apo-MoFe protein
molecules, suggesting that they have different roles in the
maturation of A. vinelandii MoFe protein.

7. FORMATION OF MOFE PROTEIN P-CLUSTERS

The current model for the maturation of the A. vinelandii apo-
MoFe protein up to the stage containing mature P-clusters
involves the participation of seven proteins: the Fe protein,
NifZ, NifU, NifS, NifM, NifW, and NafH. From this group of
proteins, only the Fe protein has been conclusively

demonstrated to be essential for P-cluster matura-
. 23,104,107,108,115—117
tion.

7.1. NifU and NifS

The transformation of simpler [Fe—S] precursors into the P-
cluster occurs in situ at the MoFe protein. These precursors are
believed to be [4Fe-4S] clusters delivered by NifU, although
direct involvement of NifU and NifS has not been strictly
demonstrated.””*>”*** Disruption of nif U or nifS genes in A.
vinelandii or K. pneumoniae showed their essentiality for N,
fixation as they almost completely abolished Fe protein activity
and seriously impaired MoFe protein activity.”***** It is
possible, but not yet shown, that a AnifUS strain would
produce a MoFe protein devoid of Fe—S clusters. It may seem
difficult to separate direct effects of nif U and nif S mutations on
the MoFe protein from those derived from the production of
[4Fe-4S] cluster-deficient Fe protein. However, it must be
noted that two independent reports showed that [4Fe-4S]
cluster-deficient Fe protein is able to mature apo-MoFe
protein,**”" strongly suggesting direct requirement for NifU
and NifS in MoFe protein maturation. Detailed analysis of apo-
MoFe protein isolated from a AnifH AnifUS mutant strain
would clarify this point.

7.2. Fe Protein Is Required for P-Cluster Formation

The requirement of Fe protein for the maturation of MoFe
protein was shown in extracts of A. vinelandii nif H mutant
strains. These mutants lacked both Fe protein and MoFe
protein activity and accumulated apo-MoFe protein with a,f,
tetramer composition that, in contrast to the a,f,y, apo-MoFe
hexamers present in extracts of nif B or nif E mutant strains (see
Section 15.2 for details on the identity of the y subunit),* %’
could not be activated by the simple addition of FeMo-co.
Incubation of nif H mutant extracts with Fe protein and
MgATP under DTH reducing conditions was required prior to
activation by FeMo-co insertion.'””'%® Tt was proposed that
FeMo-co binding sites would be unavailable prior to P-cluster
maturation, and, after a conformational change driven by P-
cluster formation, they would be exposed and ready for FeMo-
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co binding. Both events are supported by additional
experimental evidence. First, apo-MoFe with mature P-clusters
have the FeMo-co-binding a-Cys*” residue exposed to solvent,
in contrast to the apo-MoFe protein with immature P-
clusters."'® Second, small-angle X-ray scattering (SAXS)
suggests that P-cluster formation induces a major conforma-
tional change that brings together the a and S subunits.'"”
Interestingly, it has been recently shown that VnfH was able to
replace, to some extent, Fe protein function in apo-MoFe
protein maturation in vivo.”

The construction of a new A. vinelandii AnifH strain in
which the apo-MoFe protein was equipped with a His-tag to
facilitate fast isolation of high quality protein enabled more
detailed spectroscopy and biochemical analyses.'”* The Anif H
apo-MoPFe protein lacked EPR signals from FeMo-co (S = 3/2;
g = 4.3, 3.6, and 2.01) and the P-cluster (g = 11.8 in parallel
mode) but presented a novel S = 1/2 EPR signal in the g = 2
region proposed to originate from a pair of [4Fe-4S] clusters
that would serve as P-cluster precursor. The structure and
electronic properties of the metal clusters in Anif H apo-MoFe
have also been investigated by extended X-ray absorption fine
structure (EXAFS)'*® and VT-MCD,"*" which concur with
EPR assignments. Incubation with the Fe protein, DTH, and
MgATP caused disappearance of the S = 1/2 signal and
appearance of the P-cluster signal.''” On the basis of the
dynamics of EPR signal changes, it was suggested that the first
P-cluster of each tetramer was rapidly matured, while
maturation of the second was slow. As detailed below, this
hypothesis has been challenged by new data.""®

It was also possible to mature the P-clusters in the absence
of Fe protein using the strong reductant Ti(III) citrate.'*” This
was achieved by briefly incubating AnifH apo-MoFe protein
with Ti(III) citrate, which produced disappearance of the EPR
signal from the P-cluster precursor and subsequent oxidation
with indigo disulfonate (IDS) leading to the formation of P-
clusters. Involvement of all ferrous [4Fe-4S]° intermediates for
P-cluster formation was proposed. However, given the very
reducing conditions of this study (12 mM Ti(IIl) citrate), the
physiological relevance of its results needs to be interpreted
with care.

Despite substantial progress in understanding P-cluster
maturation, it is important to note that the exact Fe protein
role in this process is still unknown. Several site-specific Fe
protein mutant variants with deficiencies in MgATP binding or
hydrolysis, or in complex formation or electron transfer to the
MoFe protein, were investigated for their capacity to drive P-
cluster formation.'”® The results of these experiments
suggested that MgATP binding and interaction with apo-
MoFe protein were the only properties essential to P-cluster
maturation. Neither MgATP hydrolysis nor the presence of
[4Fe-4S] cluster in the Fe protein was essential to this process
in vitro.””'>* However, a different study using only purified
proteins showed a strict dependence for P-cluster maturation
on ATP hydrolysis since site-directed Fe protein mutants
defective in ATP hydrolysis, or the use of nonhydrolyzable
ATP analogs, prevented P-cluster formation.” It is unclear
whether these opposing results was due to different assay
conditions, for example, the genetic background the MoFe
protein or the use of purified protein components instead of
cell-free extracts.
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7.3. NifZ Is Involved in P-Cluster Formation

Deletion of nifZ in A. vinelandii had no effect on Fe protein
activity but decreased MoFe protein activity by 66%. Addition
of FeMo-co to extracts of a AnifZ strain did not activate MoFe
protein,” suggesting a role for NifZ in P-cluster formation or
in earlier stage. Two different models have been put forward to
explain the role of NifZ (Figure 10).

7.3.1. Model 1: NifZ Is Only Required for Maturation
of Second P-Cluster in Each Apo-MoFe Protein
Molecule. His-tagged MoFe protein isolated from an A.
vinelandii nif Z mutant exhibited partial activity and mixed EPR
signals arising from FeMo-co, P-cluster, and precursors to the
P-cluster."' These results were interpreted as if one a3 half of
the MoFe protein was completely mature while the other half
was locked at the stage prior to P-cluster formation. Further,
apo-MoFe protein from a AnifZ Anif B double mutant lacked
FeMo-co EPR signals (as expected due to deletion of nifB)
and maintained EPR signals both from P-cluster precursors
and mature P-cluster. The absence of FeMo-co in AnifB
AnifZ apo-MoFe protein facilitated its investigation by VT-
MCD, which supported the conclusions obtained from EPR
analysis."** It followed that the in situ assembly of the P-
clusters occurred stepwise and was controlled by NifZ, which
would be a chaperone that induced a conformational change
required for the formation of the P-cluster in the second half of
apo-MoFe protein. Consistent with this model, only the
concerted action of both the NifZ and the Fe protein produced
apo-MoFe protein with both P-clusters matured (Figure 10A).

The order in which NifZ and the Fe protein acted was
inferred by breaking up the in vitro P-cluster maturation assay
into two phases. First, AnifB AnifZ apo-MoFe protein was
incubated with NifZ alone. Then apo-MoFe protein exposed to
NifZ was reisolated and incubated with the Fe protein and
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MgATP under reducing conditions. Performing the assay in
that order, but not in the reverse, generated apo-MoFe protein
with mature P-clusters capable of almost full activation by
FeMo-co, indicating that the action of NifZ preceded that of
the Fe protein.” The disappearance of the S = 1/2 signal
associated with P-cluster precursors during the first 15 min of
incubation and the increase of the g = 11.8 EPR signal during
the first hour of incubation was interpreted as resulting from
time-dependent maturation of the P-cluster.

7.3.2. Model 2: NifZ Is Involved in Maturation of Both
P-Clusters. The stepwise Model 1 assumes that in a AnifZ
strain, the MoFe protein is homogeneous and locked in a state
having only one mature P-cluster. However, heterogeneous
MoFe protein populations were recently identified using
different methodology. Namely, careful analysis of MoFe
protein isolated from AnifZ strains using STAC methodology
that better preserves weak protein interactions and [Fe—S]
clusters identified variants that included, at a minimum, MoFe
protein with both halves containing only P-cluster precursors,
MoFe protein having in one-half only P-cluster precursors and
in the other half P-clusters and FeMo-co, and MoFe protein
replete with FeMo-co and mature P-cluster.''® In addition,
NifW and NafH were found associated with the preparations
of purified MoFe protein. The findings of this study, which are
described in detail below, revealed a continuous process
strongly supporting a model in which NifZ has equivalent
function in the maturation of both P-clusters (Figure 10B). It
follows that the stepwise model represents only a discrete
snapshot rather than the overall process.

Both his-tagged and strep-tagged MoFe protein variants
purified from AnifZ strains were heterogeneous as shown by
further fractionation by anion exchange chromatography.
Attachment of different amounts of the acidic protein NifW
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to the MoFe protein determined the charge of the complex and
hence column retention time (Figure 11). Fraction 1 contained
MoFe protein not associated with NifW. Its specific activity
was close to 50% of the MoFe protein isolated from wild-type
cells, and it showed EPR signals arising from FeMo-co and P-
cluster precursors. This fraction contained the MoFe protein
forms described in previous work.''> Fraction 2 contained
MoFe protein with NifW bound at 1:1 ratio, its specific activity
was 25% of wild-type, and it presented EPR signals arising
from FeMo-co and P-cluster precursors. The third Fraction
contained inactive MoFe protein:NifW complex at 1:2 ratio,
showed strong EPR signal arising from P-cluster precursors
and very weak FeMo-co signal. Such activities and spectro-
scopic properties resembled the Anif H MoFe protein.'"*
Fraction 1 was further separated into two subfractions using
excess NifW as bait for aflinity purification of the MoFe
proteins.''® The subfraction bound to the NifW bait showed
much lower activity and EPR signals from FeMo-co and P-
cluster precursors (Figure 11, fraction 1b). However, the
subfraction rejecting the NifW bait was highly enriched in fully
mature MoFe protein (Figure 11, fraction 1a), demonstrating
that NifZ was not strictly required to mature the second P-
cluster, as proposed in Model 1.

In Model 2, NifZ aids in the maturation of both P-clusters to
the same extent but is not essential to any of them.
Consistently, the levels of mature MoFe protein in the
AnifZ strain slowly increased over time following nitrogenase
derepression. In support of this model, it was shown that
supplementing AnifZ cell extracts only with MgATP and DTH
resulted in time-dependent and NifZ-independent P-cluster

5

maturation and MoFe protein activation.''® Surprisingly, this
result differs from a previous study showing absolute NifZ
dependency of Fe protein driven P-cluster maturation.’
Perhaps some additional factors present in the AnifZ cell
extracts, for example, NifW, would aid in NifZ-independent

maturation.
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8. FEMO-CO: DESCRIPTION OF THE COFACTOR AND
METHODS TO MEASURE ITS BIOSYNTHESIS

8.1. Discovery and Isolation of FeMo-co

Before its isolation and characterization FeMo-co was reported
as an “activating factor” capable of reconstituting inactive
nitrogenase produced in A. vinelandii UW45,"*>'*° a strain
carrying the nif-45 mutation later shown to locate to the nifB
gene.”” UW45 accumulated active Fe protein but inactive
MoFe protein.lzs’127 Activation of MoFe protein in UW4S
extracts was achieved by adding the activating factor extracted
from acid-denatured MoFe protein,'*® using a method
analogous to the extraction of molybdenum cofactor (Mo-
co) from xanthine oxidase.'*® Acid-treated MoFe protein was
completely inactivated after removal of its activating factor.
The activating factor could equally be obtained from
Clostridium pasteurianum, K. pneumoniae, or Rhodospirillum
rubrum MoFe proteins.'*® Similar results were obtained with
the UN106 strain of K. pneumoniae (carrying the nif-4106
mutation later described to locate to the nif B gene'*”). UN106
showed expression of active Fe protein but inactive MoFe
protein that could be converted into functional protein in vitro
by the activating factor.'*

The reconstitution of inactive MoFe protein in extracts of
UW4S5 was used as proxy to isolate the activating factor to
homogeneity."> Purified factor contained Fe and Mo at an
estimated ratio of 8 to 1 (an accurate initial estimate compared
the real 7 to 1 ratio) and was given the name iron—
molybdenum cofactor or FeMo-co. Isolated FeMo-co did not
reduce acetylene unless incorporated into MoFe protein.
Activation by FeMo-co followed a saturation kinetics with
almost 100% MoFe protein reconstitution. FeMo-co was
extremely oxygen labile, completely losing activity after 1 min
exposure to air. It was also unstable in protic solvents such as
water, lasting only a few hours in aqueous buffer under
anaerobic conditions. A method to isolate FeMo-co into
anaerobic N-methyl formamide (NMF) following acid
denaturation of MoFe protein was developed to stabilize the
cofactor, which kept full activity after 10 days of anaerobic
storage in NMF. In addition to the A. vinelandii MoFe protein,
FeMo-co was isolated from K. pneumoniae, C. pasteurianum, R.
rubrum, and Bacillus polymyxa, and it was determined that all

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Figure 12. Structure of FeMo-co. The structure shows the trigonal prism at the center of the cofactor, the capping Fe and Mo atoms, and the

location of R-homocitrate.

FeMo-cofactors were very similar or identical based on metal
content, activity,"> and EPR spectra.”*" A modified method to
obtain FeMo-co preparations at large scale has also been
reported.'*

Initially, there was confusion about commonality of
molybdenum cofactors from different molybdoenzymes such
as nitrogenase, xanthine oxidase, and nitrate reductase. Pienkos
et al. used the same NMF-based method to extract FeMo-co
from hi%hly purified MoFe protein and Mo-co from xanthine
oxidase."** It was shown that FeMo-co could activate inactive
MoFe protein in extracts of A. vinelandii UW4S but not nitrate
reductase in extracts of Neurospora crassa Nitl—1, whereas
Mo-co could activate nitrate reductase but not the inactive
MoFe protein. It was concluded that Mo-co and FeMo-co
were different cofactors. Interestingly, it was reported that A.
vinelandii synthesized both Mo-co and FeMo-co when cells
were fixing N,, an early observation of a peculiar property of A.
vinelandii, which can simultaneously synthesize nitrogenase
and nitrate reductase (see Section 11.2).

FeMo-co solutions are greenish brown and distinct from
simpler Fe—S clusters and exhibit a nondescript spectrum with
a steady decrease in absorbance from 400 to 700 nm. Exposure
to air destroys the cofactor and decreases absorbance. The
EPR spectrum of DTH-reduced FeMo-co corresponds to a S =
3/2 center with g values (gy = 4.6, g, = 3.3, g = 1.93) and line
shape similar to the M spectral component of the MoFe
protein,'** although considerably broader due to differences in
the ligand environment."’' Incubation of FeMo-co with
ligands'*® or with the FeMo-co binding protein Nafy'*
narrow the EPR signal resembling that of FeMo-co in MoFe
protein. The EPR signal changes observed in MoFe protein
under turnover conditions are attributed to FeMo-co, and
additional evidence that FeMo-co constitutes the active site of
the enzyme."’

FeMo-co was considered a completely inorganic cofactor
until homocitrate was identified as integral part of the cofactor
many years later.'® The atomic structure of FeMo-co was
finally solved along with that of the MoFe protein by X-ray
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crystallography.28 FeMo-co was best described as a [4Fe-3S]
cluster and a [Mo-3Fe-3S] cluster bridged by a belt of 3
equivalent S atoms. The molecule of (R)-homocitrate was
bound the Mo atom by its C-2 carboxyl and hydroxyl groups.
A higher-resolution MoFe protein structure identified an
electron density at the center of the cofactor, which was
proposed to correspond to either N, O, or C.2° This provided a
new perspective of the cofactor in which a central atom would
be symmetrically coordinated by six Fe atoms forming one
6Fe-9S-X trigonal prism capped by one Fe atom and one end
and one Mo atom at the other end. The central atom was
finally identified as C by using X-ray emission spectroscopy, by
determining the MoFe protein crystal structure at 1 A
resolution, and by radioactive carbon tracing experi-
ments.””"*¥'* Figure 12 shows the FeMo-co atomic structure.

8.2. In Vitro Systems for FeMo-Cofactor Synthesis and
Insertion

The first systems for in vitro FeMo-co insertion have been
described above and consisted on the activation of inactive
MoFe protein in extracts of A. vinelandii UW4S by addition of
a mysterious activating factor'*® and later by FeMo-co isolated
from crystallized MoFe protein."> Soon followed the first assay
for in vitro FeMo-co synthesis, designed to elucidate specific
functions of known participant proteins, such as NifB and
NifEN, to find novel functions and proteins and, altogether, to
understand the FeMo-co biosynthetic pathway.'® This assay
was performed by mixing cell extracts of A. vinelandii and K
pneumoniae strains with mutations impairing FeMo-co biosyn-
thesis at independent steps, typically A. vinelandii UWA4S
(nifB™) and K. pneumoniae UN1100 (nifE™). In vitro
synthesized FeMo-co was incorporated into the apo-MoFe
protein present in the extracts, and the activity of reconstituted
MoFe protein was estimated by the acetylene reduction assay
after addition of excess Fe protein and an ATP regenerating
mixture.'*® Addition of exogenous molybdate, a reductant, and
MgATP was required for in vitro activation. Addition of
exogenous Fe and S was not required because, as shown later,
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protein-bound Fe—S$ cluster FeMo-co precursors were present
in the mixtures. Participation of homocitrate in FeMo-co was
still unknown, and therefore, this component was not added to
the assay. It appears that cell extracts provided enough
homocitrate as to detect activity.

The in vitro FeMo-co synthesis and insertion assay has been
used to elucidate the importance of proteins in FeMo-co
biosynthesis. For instance, the essentiality of NifB'® and
NifEN,”" the sufficiency of apo-Fe protein in FeMo-co
synthesis,”” and the direct Mo transfer from NifQ to a
complex of NifEN with Fe protein’® were demonstrated using
this assay. Involvement of nonessential proteins such as
NifX,""' NafY,** and FdxN"* was also elucidated. The assay
was also used to identify FeMo-co biosynthetic intermediates,
most importantly the so-called V factor or homocitrate'” (see
Section 12), an Fe—S cluster precursor to FeMo-co produced
by NifB and called NifB-co'” (see Section 10.2) and its
derivate cluster bound to NifEN and designated as VK-
cluster”® (see Section 13.4) in honor of Vinod Shah, who
discovered FeMo-co and NifB-co and developed the in vitro
FeMo-co synthesis assay.

Currently, in vitro FeMo synthesis assays (with apo-MoFe
protein activation) are typically performed in completely
defined reactions using only purified proteins and starting from
FeMo-co biosynthetic intermediates that might either be
protein-bound or added exogenously. Figure 13 summarizes
the different assays for in vitro FeMo-co synthesis and insertion
with purified components. All reaction mixtures contain
components that are extremely oxygen labile. The FeMo-co
insertion assay only requires AnifB apo-MoFe protein and
exogenous FeMo-co solution in NMF (less than $% NMF in
final reaction mixture). The NifEN-dependent assay requires
holo-NifEN (with bound VK-cluster), Fe protein, molybdate,
R-homocitrate, MgATP, DTH, and Anif B apo-MoFe protein.
The NifB-co-dependent assay requires exogenous NifB-co
aqueous solution, AnifB apo-NifEN (without bound pre-
cursor), Fe protein, molybdate, R-homocitrate, MgATP, DTH,
and AnifB apo-MoFe protein. The NifB-dependent assay
requires [Fe—S] cluster-reconstituted NifB, SAM, AnifB apo-
NifEN (without bound precursor), Fe protein, molybdate, R-
homocitrate, MgATP, DTH, and Anif B apo-MoFe protein. All
assays require activity determination of the in vitro
reconstituted MoFe protein, for which excess of complemen-
tary Fe protein component (40:1 molar ratio of Fe protein to
MoFe protein), a MgATP regenerating mixture, and excess
reductant (DTH) are added. Nitrogenase activities determined
may include reduction of acetylene into ethylene, reduction of
protons into H,, and reduction of N, into NHj.

Not all nif or naf gene products are similarly required for in
vitro or in vivo FeMo-co synthesis. The nif D and nif K products
are not required for FeMo-co synthesis in vivo'® or in vitro.'*
The products of nifH, nifB, nifE, and nif N are absolutely
essential both in vivo and in vitro. The products of nif U and
nif S are required in vivo>”** but not in vitro as current systems
provide either Fe and S or [Fe—S] biosynthetic intermediates
to FeMo-co. NifM in vivo requirement is not unambiguously
demonstrated, but this protein is certainly not required in vitro
as addition of Fe protein waives its function. NifQ is required
in vivo only under Mo limitation'* and has been successfully
used in the in vitro assay,”” although it is usually replaced by
molybdate. NifV is not absolutely essential in vivo,"* and it is
usually replaced by R-homocitrate in vitro. NifX and NafY are
neither essential in vivo'™ nor in vitro, but they stimulate in
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Figure 13. Assays for in vitro FeMo-co synthesis and apo-MoFe
protein reconstitution. This schematic diagram shows the most
relevant in vitro FeMo-co synthesis assays described in the literature
and labeled to the right as NifB-dependent, NifB-co-dependent,
NifEN-dependent, FeMo-co insertion, and MoFe protein activity,
relating to the starting component (protein or cluster precursor)
being tested. The assays can be performed by mixing cell extracts
containing the indicated components or by using highly purified
proteins, precursors and chemicals. The most complex assay would be
the NifB-dependent (requires competent NifB containing its [Fe—S]
cluster complement), which includes NifB, SAM, AnifB apo-NifEN,
Na,MoO,, homocitrate, Fe protein, DTH, Anif B apo-MoFe protein,
and ATP mix. NifX and NafY are not essential but stimulate FeMo-co
synthesis and insertion. Na,MoO, can be replaced by NifQ.
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involved. Roles of NifX and NafY in delivering NifB-co and FeMo-co to NifEN and the MoFe protein, respectively, are indicated.

vitro FeMo-co synthesis when added at precise stoichiometry
with respect to NifEN and MoFe protein.”>"'>'*!

Finally, Curatti et al. showed that FeMo-co synthesis and
apo-MoFe protein activation in vitro could be achieved by
using only NifB, NifEN, Fe protein, and apo-MoFe protein if
FeMo-co components (Fe, S, Mo, and homocitrate) in their
appropriate chemical forms, a strong reductant, SAM and
MgATP were provided to the assay. This result unambiguously
showed that reactions carried out by these six gene products,
which had also deemed essential by genetic analysis (Figure 4),
were sufficient for FeMo-co synthesis and that the in vitro
system mimicked the process in vivo.”

9. MODEL FOR FEMO-CO BIOSYNTHESIS

Our current simplified model for FeMo-co biosynthesis is
shown in Figure 14. This model derives from our best
understanding of genetic, biochemical and biophysical
evidence accumulated over decades of investigations from
many research groups. We note that some aspects of this
model are not free of controversy, most importantly those
related to the incorporation of Mo into the cofactor. All
features of this model, including its controversial aspects, will
be discussed in detail in following sections.

FeMo-co is synthesized outside of the MoFe protein. The
MoFe protein paralog, NifEN, occupies a central role in the
FeMo-co biosynthetic pathway, functioning as scaffold for the
transformation of a symmetric [8Fe-9S—C] cluster into the
final cofactor containing Mo and homocitrate. In this role,
NifEN interacts with the Fe protein, NifQ, NifX, and probably
with NafY and NifB. Interaction with NifV has not been
observed, and NifV does not seem necessary other than to
synthesize homocitrate. Figure 14 shows three independent
branches converging into NifEN to provide all required Fe and
S in a single [Fe—S—C] cluster called NifB-co, Mo in an Fe—§
cluster ligand environment, and R-homocitrate, with one
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output that is FeMo-co. The Fe—S core branch involves NifU,
NifS, NifB, FdxN, Fe, cysteine, SAM, and a reductant, roles of
which will be discussed in Section 10. The Mo branch involves
molybdate, NifQ, NifO, and a reductant, and it will be
discussed in Section 11. Homocitrate production will be
discussed in Section 12. NifEN biochemical properties and
reactions taking place in NifEN, including those promoted by
the Fe protein, will be discussed in Sections 13 and 14,
respectively. The roles of NifX and NafY will be discussed in
Section 18.

A functional categorization of proteins in this pathway has
been previously proposed’ that shows proteins acting as
molecular scaffolds for the assembly of [Fe—S] clusters (NifU,
NifB, NifQ, and NifEN), enzymes acting as donors of FeMo-
co components (NifS, NifB, and NifV), and proteins carrying
labile metallocluster precursors between scaffolds and finally
FeMo-co to the target MoFe protein.

10. BIOSYNTHESIS OF FEMO-CO FE-S CORE: ROLES
OF NIFU, NIFS, NIFB, AND FDXN

10.1. NifS and NifU Assembly of Precursor [Fe-S] Clusters
for FeMo-co

As mentioned above, A. vinelandii or K. pneumoniae strains
with disrupted nif U or nifS genes had reduced nitrogenase
activity and no (or slow) growth under N,-fixing conditions.
This growth phenotype correlated with lower activities for
their corresponding Fe and MoFe proteins in vitro.””**'*® As
MoFe protein could not be activated by the addition of FeMo-
co in vitro, P-cluster maturation (required for and preceding
the insertion of FeMo-co into MoFe protein) was affected in
these cells. The exact consequence from NifU and NifS
absence on FeMo-co synthesis was therefore not clear.’” A way
to solve this dilemma was by isolating a FeMo-co biosynthetic
precursor, synthesized by NifB and called NifB-co (Figure 15),
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from the cytosolic membranes of the nif N mutant K
pneumoniae strain UN1217, and demonstrating that functional
nifU and nifS genes were required for most NifB-co
accumulation,’*” which suggested that NifU and NifS were
the main providers of [Fe—S] clusters precursors to NifB-co
(and therefore FeMo-co).

Replacement of the endogenous nif B gene with an IPTG-
controlled gene variant that produced a glutathione S-
transferase (GST)-tagged NifB protein (GST-NifB) enabled
the purification of NifB from a K. pneumoniae nif N mutant
strain (UC17), or from cells with additionally disrupted nif US
genes (UC18). GST-NifB purified from UC17 cells contained
about 10 Fe per NifB monomer and did not require addition of
Fe, S, and SAM to support in vitro FeMo-co synthesis and
nitrogenase activation when combined with extracts from the
A. vinelandii nif B~ strain UW45."*” On the contrary, GST-NifB
isolated from UC18 cells could not support in vitro FeMo-co
synthesis to the extent of the corresponding GST-NifB protein
produced by UC17 cells, further indicating the NifU and NifS
contribution to provide FeMo-co precursors to NifB.
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10.2. NifB and NifB-co

10.2.1. Information from nifB Mutagenesis. The
importance of the nifB gene product became obvious from
mutant strains of N,-fixing bacteria unable to grow using N, as
sole nitrogen source. The history of nifB research is closely
connected to the discovery of FeMo-co and the development
of the in vitro FeMo-co synthesis assay. From genetic mapping
experiments, it was shown that nif B was essential for the
production of a so-called “activation factor” in A. vinelandii and
K. pneumoniae.*”">*'*>13% The activation of MoFe protein in
cell extracts of nif B mutant strains upon insertion of purified
FeMo-co confirmed that NifB directly affected FeMo-co
biosynthesis.'>** The NifB protein was later identified as a
thermosensitive protein of 51.5 kDa in K. pneumoniae'*® that
lacked close homologues in nondiazotrophic organisms. In
vitro complementation assays using extracts confirmed that the
nif B gene product was essential for FeMo-co synthesis and
extremely sensitive to O, exposure.'® This work also predicted
that in vitro FeMo-co synthesis would be possible using a
completely defined system, a prophecy that was fulfilled 21
years later.””
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By using the A. vinelandii nif B mutant strains CA30 and
UWA4S, it was also shown that NifB was essential for N, fixation
under all growth conditions (+Mo, + V, or Mo and V
deficient), suggesting that all three dinitrogenase types (and
not only the MoFe protein) require NifB for their
function®”'*” and that the NifB produced factor should be a
common precursor to the active-site cofactors of all
dinitrogenases.

10.2.2. Identification and lIsolation of NifB-co, the
Product of NifB Activity. A breakthrough to understand the
NifB factor essential to FeMo-co synthesis came from the
attempts aiming to purify the NifB protein from K. pneumoniae.
Using the nif N mutant strain UN1217,"* a highly elaborate
and methodological screening procedure resulted in a three-
day protocol where NifB-co was found to elute from UN1217
membranes upon several rounds of membrane washes and
freeze—thaw cycles (Figure 15A)." The eluted NifB-co could
then be bound and purified using Sephacryl S-200 and phenyl-
Sepharose columns. However, purification of the NifB protein
was unsuccessful, and NifB in this way sticks out as its product
was isolated before the protein itself.

As predicted, NifB-co was a low molecular weight molecule.
Like FeMo-co solutions, NifB-co solutions had a green—brown
color and exhibited broad absorbance between 400 and 700
nm without distinctive peaks or shoulders (Figure 15B). In
contrast to FeMo-co, NifB-co was EPR silent in its DTH-
reduced state. NifB-co did not contain any detectable metals
other than Fe, in line with the concept of NifB-co being a
common [Fe—S] precursor for the active-site metalloclusters
(FeMo-co, FeV-co, and FeFe-co) of all three types of
nitrogenases, although this assumption has not yet been
experimentally tested in vitro. NifB-co was found to be resistant
to repeated freeze—thaw cycles, relatively stable upon heat-
treatment but extremely sensitive to O, exposure (half-life of
less than 15 s)."” NifB-co was not detected in wild-type K.
pneumoniae membrane preparations indicating that the product
is rapidly processed to FeMo-co in vivo. Importantly, when the
level of MoFe protein activation was related to the atomic Fe
content of NifB-co, activation per nmol Fe was similar to the
values obtained using FeMo-co, and suggested that NifB-co
served as the [Fe—S] cluster source for FeMo-co synthesis.'’
This was later shown biochemically using NifB-co with
isotope-labeled Fe or S (Figure 15A)."°° Additionally, Fe
from NifB-co accumulated at NifEN in vitro when MgATP,
Mo, homocitrate, or Fe protein were absent, or when the
MoFe protein was first loaded with FeMo-co. Altogether, these
results strongly supported a stepwise model for FeMo-co
synthesis where the NifB-co is first delivered to NifEN and
then further converted into FeMo-co.

10.2.3. Interstitial Atom of FeMo-co Is Present at
NifB-co. No NifB-co X-ray crystal structure is yet available.
Instead, the composition and structure of NifB-co has been
studied using other spectroscopic techniques. In vitro FeMo-co
biosynthesis using **Fe-labeled NifB-co as precursor showed
that >Fe was bound to NifX when MoFe protein was absent,
suggesting that NifX could accumulate FeMo-co precursors.""
The function of NifX acting as a promiscuous reservoir for
FeMo-co precursors was further confirmed when it was seen
that A. vinelandii NifX could accumulate both NifB-co for
delivery to NifEN, and a novel FeMo-co precursor, called VK-
cluster, that was formed at NifEN (see below).”* The function
of NifX and other carrier proteins involved in metallocluster
trafficking during nitrogenase maturation will be discussed in
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Section 15. NifX expressed and purified from E. coli was found
to readily accept NifB-co in the absence of other protein
components in vitro, indicating a direct and specific interaction.
The NifX-NifB-co complex reproduced the absorbance
spectrum of NifB-co isolated from K. preumoniae.”*

Taking advantage of the interaction between NifB-co and its
intracellular carrier protein NifX, metal-free NifX purified from
E. coli was used as acceptor for the NifB-co produced by K.
pneumoniae UN1217. K. pneumoniae cultures were grown with
either naturally abundant Fe, or Y'Fe, as source of Fe and
used for X-ray absorption spectroscopy (XAS) and EXAFS, or
EXAFS together with nuclear resonance vibrational spectros-
copy (NRVS) analysis, respectively. Using NafY loaded with
FeMo-co as control sample, the oxidation states and the ligand
environments of the Fe atoms for both NifB-co/NifX and
FeMo-co/NafY were found to be similar.'>> No Mo was
detected in NifB-co, confirming previous studies.'” EXAFS
strongly suggested the presence of a 6Fe-9S-X core in NifB-co,
and three working models with six, seven, or eight Fe atoms
were constructed based on the structure of FeMo-co. Of the
three models, the six Fe model gave the best fit to the
experimentally observed data. However, as explained below,
Mossbauer provided stronger evidence to support the eight Fe
atom model. Importantly, EXAFS data and NVRS analysis
provided the first evidence that the single interstitial light atom
X (C, N, or O), at the time suggested to be part of FeMo-co,*
was already present at NifB-co (Figure 15A).

Some information regarding NifB-co was also obtained from
the generation of a MoFe protein containing NifB-co instead
of FeMo-co at its active site, obtained from passing purified
FeMo-co deficient A. vinelandii AnifB apo-MoFe protein
through a Sephacryl column loaded with NifB-co isolated from
the K. pneumoniae nif N mutant strain UN1217.'>® The
chimeric MoFe protein had a brown—green color similar to
the corresponding FeMo-co containing protein, and Fe
analysis was indicative of two NifB-co molecules per MoFe
tetramer. The MoFe protein-bound NifB-co was EPR silent,
and no Mo was found even when apo-MoFe protein
reconstitution was carried out in the presence of exogenous
molybdate and homocitrate. While MoFe protein with bound
NifB-co showed significant Fe protein- and MgATP-dependent
H* (and some C,H,) reduction, no N, to NH; conversion was
observed. Whether NifB-co could be inserted into MoFe
protein in vivo or if cellular mechanisms preventing insertion of
premature clusters exist, or whether NifB-co-loaded MoFe
protein could represent an early ancestor (not capable of
FeMo-co biosynthesis) of nitrogenase awaits further inves-
tigation. 153

10.2.4. NifB-co Is an [8Fe-9S—C] Biosynthetic Pre-
cursor to FeMo-co. The NifB product has also been studied
when isolated from NifEN in A. vinelandii strains not capable
of completing FeMo-co maturation. In this regard, EPR and
XAS/EXAFS analyses of the FeMo-co precursor bound to His-
tagged NifEN from the A. vinelandii strain DJ1041"*
(Anif HDKTYnafAB) showed that the cluster could be best
modeled as an eight Fe analog of FeMo-co, where the terminal
Mo atom was replaced by an Fe atom, and homocitrate was
missing.bS However, this FeMo-co precursor originated from
NifEN, and modifications to NifB-co at NifEN, even in the
absence of Fe protein, have been reported.”* Therefore, the
definite answer to the Fe composition of NifB-co came from
NifX-bound NifB-co subjected to Mossbauer spectroscozpy and
density functional theory (DFT) analysis (Figure 15C). ” Two
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Table 2. Rosetta Stone: Equivalences and Names of FeMo-co Intermediates Found in the Literature

Name used  First isolated Composition Structure Other name(s)
FeMo-co Shah 1977 ¥ [7Fe-95-C-Mo-R- M-spectral component 34
homocitrate]?6-28138 Mepg Cluster 131
M-cluster 13°
NifB-co Shah 1994 1° [8Fe-95-C]20152 L-cluster 3°
VK-cluster  Hernandez 2007 **  [8Fe-95-C] ¢ L-cluster 13°
24,158,159
K1 cluster  Rettberg 2018 1% [4Fe-4S] 5758 @ K-cluster 57:13°
AC2 cluster %8
K2 cluster ~ Rettberg 2018 1% [4Fe-4S] 5758 ﬁ K-cluster 37/13°

AC1 cluster >8

“VK-cluster is electronically distinct from NifB-co.

distinct methods were used to prepare *’Fe-enriched NifX/
NifB-co complexes. In the first, A. vinelandii NifX was loaded
with NifB-co isolated from K. pneumoniae. In the second, GST-
tagged NifX was expressed in a K. pneumoniae strain UN1217
where FeMo-co biosynthesis was interrupted at the level of
NifEN, resulting in the in vivo accumulation of a GST-NifX/
NifB-co complex. In vivo generated NifX/NifB-co contained
7.4 mol Fe per mol NifX, and the Mossbauer analysis provided
evidence for the NifB-co being an eight Fe cluster with two
distinct types of Fe, where six of the eight Fe atoms have
delocalized valences, and two Fe atoms have localized
valences.”” The NifB-cofactor is in this regard different from
FeMo-co where all Fe have delocalized valences.'*® High-field
Mossbauer measurements further identified NifB-co as a
diamagnetic (S 0) eight Fe-cluster,”’ consistent with
previous EPR studies of NifX/ NifB-co'”** and NifB-co/
MoFe protein.' >’

Taken together, the collective experimental data obtained
from analysis of the NifB-cofactor points to NifB-co being a
diamagnetic cluster, best described either as 4Fe**-4Fe’ or a
6Fe*"-2Fe™ cluster having valence-delocalized states.”” Taking
into consideration the presence of an interstitial atom in the
Fe—S cage of NifB-co,"** and the high-resolution structures
and X-ray emission spectroscopy of the MoFe protein showing
that the interstitial light atom of FeMo-co is carbon (C),713®
it is logical to propose a structure of NifB-co with an [8Fe-9S—
C] arrangement. This atomic composition is also supported
from NifB mechanistic studies showing that the NifB-cofactor
is factored from a SAM-dependent fusion of two [4Fe-4S]
clusters with a concomitant insertion of a ninth S (see
below)” and that C derived from SAM can be found at the
NifEN-bound precursor'>” and be followed to FeMo-co in a
NifB-dependent reaction."*”
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10.2.5. Rosetta Stone of Nitrogenase Metalloclusters.
Unfortunately, different research groups use different nomen-
clature for the FeMo-co biosynthetic intermediates and even
for FeMo-co itself. This situation obscures results, precludes
direct comparison, and makes literature interpretation, in
general, very difficult to the nonexpert. Table 2 shows chemical
equivalences and names of FeMo-co [Fe—S]-cluster bio-
synthetic intermediates found in the literature. In this review,
we use the original names given to these [Fe—S]-clusters by
the researchers that isolated and characterized them first.

10.3. NifB Protein and Its Activity

10.3.1. Three Distinct NifB Protein Architectures Exist
in Nature. Identification of the nifB gene products from K.
pneumoniae, A. vinelandii, Rhizobium, and Bradyrhizobium
japonicum in the mid-1980s suggested they were polypeptides
with molecular masses of about 50—55 kDa,**! %6162  ater
work showed that this is not always true, as “truncated” (but
functional) NifB homologues of about 35 kDa were found in
N,-fixing archaea such as Methanosarcina acetivorans, Meth-
anobacterium thermoautotrophicum, and Methanocaldococcus
infernus.””>%'°> While these proteins contain the NifB-
conserved N-terminal SAM-radical domain, they lack the C-
terminal NifX-like extension seen in the other “more complex”
variants such as NifB of K pneumoniae and A. vinelandii
(Figure 16A). Additionally, the archaea NifB variants were
monomers in contrast to the K. pneumoniae and A. vinelandii
NifB homodimers.* Analysis of the protein sequences from
functional NifB proteins revealed several SAM-domain specific
signatures such as the strictly conserved SAM-radical protein
AdoMet motif (CxoxCxxC) at the active site located at the N-
terminus of the SAM-domain. The three cysteine residues of
this hallmark signature are known to coordinate a [4Fe-4S]
cluster in SAM-radical proteins, where the forth Fe atom is

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Figure 16. (A) NifB domain architectures and conserved amino acid motifs. The simplest NifB proteins consist of a stand-alone SAM radical motif.
More complex NifB proteins include a C-terminal NifX-like, or N-terminal NifN-like domain and C-terminal NifX-like domain. (B) Structure of

the NifB homologue MoaA showing the [4Fe-4S]-SAM active site and

its ligating Cys residues. Images created with NGL viewer>® and RCSB PDB.

No NifB crystal structure is yet available. (C) Structural model, generated with SWISS-MODEL,*” of a 43 amino acid fragment of the A. vinelandii

NifB sequence including the AdoMet motif Cx;Cx,C.

ligated by the N and O atoms of the amino- and carboxy
groups of SAM (Figure 16B,C).'°*'® In addition to the
AdoMet motif, an ExRP motif, an AGPG motif, a TxTxN
motif, and a CxxCRxDAxG motif were identified (Figure 16A).
Application of these signature motifs as filter for 390 putative
NifB sequences from a diverse selection of organisms (with
proven or believed diazotrophic life-style) generated a data set
with 289 NifB proteins that could be grouped into three classes
according to their protein architecture (Figure 17).°* The most
common type of NifB protein contained an N-terminal SAM-

radical domain fused to a NifX-like domain, for example, the K.
pneumoniae and A. vinelandii NifB proteins. Interestingly, no
archaeal NifB was found to contain the NifX-like domain,
while almost 75% of the NifB proteins found in bacteria were
of the two-domain type. In addition, a few bacteria expressed
NifN proteins in the form of translational NifNB fusions.*®
Since NifX is capable of binding NifB-co,”*"*" it is
reasonable to imagine that the NifX-like domain of NifB
could exert protection of the synthesized NifB-co product or
facilitate its transfer to subsequent maturation factors.
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Figure 17. NifB phylogeny and distribution of NifB domain architectures among putative diazotrophs. The tree shows overall distribution and
relative frequency of NifB architectures. Figure reprinted from ref 64. Copyright 2017 Arragain, Jiménez-Vicente, Scandurra, Burén, Rubio, and
Echavarri-Erasun under CC BY 4.0 http://creativecommons.org/licenses/by/4.0/.

However, this has not been shown experimentally. On the
contrary, FeMo-co synthesis and MoFe protein activation
assays have shown that the NifX-like domain is not required
for efficient transfer of NifB-co in vitro, even when using pure
protein components isolated from the two-domain NifB host
A. vinelandii>”**'% The same result was observed in vivo by
complementation of a AnifB K. pneumoniae strain with the
SAM-domain-only NifB from M. infernus, or with a truncated
version of the Chlorobium tepidum NifB lacking the NifX-like
domain.°* Although full understanding of these findings
requires additional experimental work, they could explain
why mutations affecting the C-terminus of NifB generated a
leaky phenotype compared to other nif B mutant strains being
Nif~ 40:129,149

10.3.2. NifB Requires SAM for Its Activity. Biochemical
analysis of the NifB protein was for long hampered by the
difficulties to isolate it. In a breakthrough study, 12 years after
the isolation of the NifB product, NifB-co, a functional NifB
protein was purified from A. vinelandii.*' For this, the A.
vinelandii nif B gene was replaced with a His-tagged version
placed under the control of the nif H promoter. The N-
terminal His-tag did not hamper in vivo complementation, and
isolation under anaerobic conditions generated a yellow/
brown preparation of a NifB homodimer containing O,-
sensitive [Fe—S] clusters. As-isolated NifB protein carried an
average of 12 Fe atoms per NifB dimer. Addition of Fe and S
under reducing conditions increased the Fe content and
converted the protein into an active form that together with
Fe, S, and SAM could replace isolated NifB-co in the in vitro
FeMo-co synthesis assay using A. vinelandii nif B~ (UW4S)
extracts."' Low activity was obtained when SAM was absent
from the reaction or when SAM was replaced by the
nonreactive analog S-adenosyl homocysteine (SAH), proving
the SAM-dependent nature of the NifB-co formation. It also
showed that the IMAC purified A. vinelandii NifB did not
accumulate NifB-co at detectable levels although being
equipped with a NifX-like domain. In a follow-up work using
purified protein components only, the minimal in vitro system
for the NifB-dependent FeMo-co synthesis and apo-MoFe
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protein activation was defined to be composed of a FeMo-co
precursor-deficient NifEN (called apo-NifEN) and Fe protein,
together with Fe, S, SAM, Mo, homocitrate, and Mg-ATP, in
addition to NifB and apo-MoFe protein (Figure 13).”

10.3.3. NifB Contains Accessory [Fe—S] Clusters in
Addition to Catalytic [4Fe-4S]-SAM Cluster. Because
NifB-co is an [8Fe-9S—C] product, it could be imagined
that those eight Fe atoms originated from the fusion of two
[4Fe-4S] precursors at NifB. Being a member of the Radical
SAM protein superfamily first identified in 2001,"*” whose
proteins generate radical species by the reductive cleavage of
SAM through an unusual [Fe—S] center, a possibility was that
NifB contained three [Fe—S] clusters; one SAM-coordinated
[Fe—S] cluster required for catalytic activity and two [4Fe-4S]
precursor clusters. In fact, [Fe—S] cluster reconstitution of A.
vinelandii NifB was shown to increase its Fe content to nine Fe
atoms per monomer."" Similarly, as isolated K. pneumoniae
NifB contained 10 Fe atoms per monomer, consistent with the
presence of three [4Fe-4S] clusters, it was readily active in the
in vitro FeMo-co synthesis assay without the need for [Fe—S]
cluster reconstitution.'*” Alternative explanations included that
the SAM-coordinated [Fe—S] cluster also functioned as a
precursor cluster or that not all precursor clusters were directly
bound to NifB, although this seemed less likely due to the lack
of NifU or other [Fe—S] assembly factors in the minimal in
vitro NifB-dependent FeMo-co synthesis reaction described
above.

In a further study, Wiig and colleagues created a His-tagged
NifN-B fusion, similar to that naturally found in Clostridia,63
for expression in the A. vinelandii DJ1041 (Anif HDKTYnafAB)
mutant background,154 generating strain YM6SA.'*® The
purified fusion protein was capable of acting as a FeMo-co
donor to apo-MoFe-protein after incubation with DTH, Fe
protein, MgATP, Mo, and homocitrate. EPR analysis showed
that it, in addition to the NifEN bound FeMo-co precursor
produced and delivered by NifB, NifEN-B also contained
additional [4Fe-4S] cluster(s) whose signal intensity decreased
upon addition of SAM.'®® Differences in 420 nm absorption
between oxidized and reduced protein were interpreted as

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Figure 18. Spectroscopic signals from NifB [Fe—S] clusters. (A) SDS gel of purified M. infernus NifB used for spectroscopic analyses. (B) UV—vis
spectra of as-isolated and Fe—S$ cluster reconstituted NifB variants. All spectra were recorded in DTH-reduced samples. (C) Fe content and Fe—$
cluster assignment for the NifB variants. (D) Deconvolution of the EPR signal arising from the three distinct [4Fe-4S] clusters of NifB. Recorded
data are shown in black and the simulations in blue. The signal from the RS ([4Fe-4S]-SAM cluster) component is shown in red, that of the K1
component in blue, and that of the K2 component in pink. Figure adapted from ref 58. Copyright 2016 ACS.

NifEN-B containing 3.4 mol [4Fe-4S] cluster per mol protein.
As each NifB unit could harbor one SAM-coordinated [4Fe-
48] cluster, this study corroborated the presence of additional
non-SAM coordinated [4Fe-4S] clusters bound to NifB. These
additional cluster(s) were later named as the K-cluster."*’
Importantly, incubation with SAM caused a dose-dependent
reduction in the EPR signature of the additional [4Fe-4S]
clusters,"®® confirming the SAM-dependent chemistry of the
NifB mediated reaction previously observed by Curatti and
colleagues.”!

The requirement of Fe protein, Mo, and homocitrate, for
NifEN-B-dependent apo-MoFe activation, suggested that the
FeMo-co precursor bound to NifEN-B (L-cluster) was likely
identical to the much earlier described NifB-co.'” This was also

consistent with the first description of the L-cluster as the
FeMo-co precursor synthesized by NifB and delivered to
NifEN."*” Therefore, and to avoid confusion, when applicable,
the L-cluster will be hereinafter described as NifB-co.
However, it is important to note that, when investigated in
its NifEN-bound form, the L-cluster would correspond to the
VK-cluster, a previously described FeMo-co precursor isolated
from NifEN>* with the same atomic composition as NifB-co
but with different EPR properties (Table 2).

10.3.4. Coordination of NifB-Associated [4Fe-4S]
Clusters. Using site-directed mutagenesis, the three [Fe—S]
clusters of M. infernus NifB were characterized.’® Ala
substitution of Cys residues in the N-terminal AdoMet motif
(CxxxCxxC) or in the C-terminal CxxC U-type motif, reduced
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Fe and S content of NifB, changed the NifB UV-vis
absorption spectra (Figure 18A—C) and abolished NifB
activity.”® Importantly, the UV—vis spectrum and Fe and S
content of a double mutant version eliminating binding of both
clusters suggested the presence of a third[4Fe-4S] cluster. This
variant lacking two clusters presented an EPR signal arising
from a single [4Fe-4S] cluster, while multiple S = 1/2 [Fe—S]
clusters were seen in the WT and single cluster mutants. Using
the double cluster-deficient variant as a starting point for
analysis, simulation of the spectra from the other variants
suggested that a total of three [4Fe-4S] clusters were present at
reconstituted NifB (Figure 18D), which was supported by their
temperature-dependent EPR-spectra. The clusters were
denoted as RS for the SAM-binding cluster, and ACI and
AC2 for the auxiliary clusters. An additional cluster was
observed in the version where the SAM-cluster ligands were
mutated. However, this presumably [2Fe-2S] cluster was only
detected in this mutant and was assigned to a degraded cluster
(ACx). We note that this review will use the SAM-cluster, K1,
and K2 nomenclature instead, with equivalences shown in
Table 2.

M. infernus NifB does not contain enough conserved Cys
residues for a complete cysteinyl coordination of three [4Fe-
4S] clusters. However, its sequence contains two well-
conserved His residues as well as several conserved Ar
residues that could be involved in cluster coordination.’
Similarly, sequence analysis identified three groups of highly
conserved Cys residues in M. acetivorans NifB, each group
consistin% of three Cys believed to coordinate one [Fe—S]
cluster."®® Cys to Ala substitution was employed to generate
NifB variants capable of only coordinating a single cluster.
Following reconstitution using synthetic [4Fe-4S] clusters,>
the presence of three distinct [4Fe-4S] at NifB was confirmed,
and their Cys-coordination was shown,'® in agreement with
previously published data for M. infernus NifB.>® In addition, a
nitrogenous ligand likely originating from a His residue was
found to coordinate the K1 cluster in both studies,”®'*® while
no N coupling was found to the K2 cluster.>®

10.3.5. NifB-co Central Carbide Originates from SAM
during NifB Catalysis. The fact that NifB-co already
contained a central atom,"*” the identification of C as the
light interstitial atom of FeMo-co,””"® and the involvement of
SAM for methyl transfer and organic radical chemistry,'®® led
to the hypothesis that NifB could be responsible for C
insertion into NifB-co. This hypothesis was first tested using
the NifEN-B protein purified from A. vinelandii.'”” First,
cleavage of SAM into SAH and 5’-deoxyadenosine (5'-dAH)
by NifEN-B was shown, indicating that at least two distinct
SAM molecules were involved in the overall reaction (Figure
19A). NifB-dependent carbide insertion into NifB-co was
shown using [methyl-"*C]-SAM. This '*C signal could
subsequently be traced to FeMo-co (M-cluster, see Table 2)
by performing in vitro FeMo-co synthesis and insertion into
apo-MoFe protein. Replacement of [methyl-'"*C]-SAM with
[carboxyl-'*C]-SAM in the reaction mixture did not result in
!C-insertion, proving that the carbide specifically originated
from the methyl group of SAM. Further, hydrogen atom
abstraction from the methyl group was shown from incubation
of NifEN-B with deuterium-labeled [methyl-d;]-SAM. A
mixture of deuterium-labeled 5'-dAD and nonlabeled 5'-dAH
was detected, where presence of 5’-dAD suggested S'-dA°
mediated H abstraction from the labeled methyl group.
Concomitant production of 5'-dAH suggested abortive
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Figure 19. Model of the mechanism of NifB-co formation by NifB.
(A) Proposed steps based on biochemical evidence: the K1 cluster
presents mixed Cys-His coordination; SAM-dependent methyl group
transfer to the K2 cluster; reductive cleavage of a second SAM
molecule and formation of a 5'-dA radical at the active site; methyl
group H atom abstraction by the 5'-dA radical; oxidation/
deprotonation events to remove to H atoms; core rearrangement
and insertion of a S atom at the belt of the precursor. (B)
Hypothesized role of FdxN in reduction of the K2 cluster to prepare it
for methyl group acceptance.
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cleavage of SAM, with 5'-dA* mediating H abstraction from
the solvent or from other unlabeled methyl groups generated
by NifEN-B."*’

Two mechanisms for the stepwise and SAM-dependent
carbide insertion were proposed. First, a methyl group would
be transferred to an Fe or S atom of a K cluster, generating
SAH as byproduct. Second, a 5'-dA® radical generated by
reductive cleavage of another molecule of SAM would abstract
a hydrogen atom from the cluster-attached methyl group,
generating 5'-dAH as a byproduct. Continued deprotonation
(and insertion of a ninth S atom) would result in NifB-co.
While both mechanisms require two molecules of SAM for
NifB-co formation, they differ in the identity of the target atom
for the methyl group transfer (Fe or S) and therefore the
involvement of a reductant for the methyl transfer reaction.'*”

These findings using NifEN-B were later confirmed using
“truncated” SAM-domain-only NifB proteins from the
methanogenic, N,-fixing organisms M. acetivorans and M.
thermoautotrophicum.”” Upon expression in E. coli, these
monomeric NifB variants accumulated as soluble proteins
permitting more specific NifB cluster analysis, as the influence
of signals from NifEN [Fe—S] clusters could be avoided. In
vitro [Fe—S] cluster reconstitution suggested the presence of
three distinct [4Fe-4S] clusters per NifB.”” The clusters were
later characterized in more detail using a related NifB protein
from M. infer11us.58’64’163 As for A. vinelandii NifEN-B, these
methanogenic NifB proteins were capable of cleaving SAM
into SAH and 5'-dAH and produced more SAH than 5'-dAH
upon addition SAM under reaction conditions.””*® This could
indicate that only a single hydrogen atom is abstracted by a §'-
dA® radical and that the two remaining hydrogen atoms are
removed by oxidation/deprotonation events via a SAM-
independent mechanism.

Addition of SAM to the NifEN-B or NifB proteins decreased
the DTH-reduced S = 1/2 EPR signal, consistent with SAM-
dependent conversion of the [4Fe-4S] K-clusters present at
NifB into another entity. On the contrary, SAM-treatment
converted the otherwise EPR silent IDS-oxidized proteins into
proteins with EPR signatures, which could be indicative of
proteins with FeMo-co precursor.”” However, this result
conflicts with another report showing that NifB-co is a
diamagnetic cluster.”” The product of SAM-treated NifB could
be transferred to apo-NifEN, where it was converted into a
cluster capable of activating apo-MoFe protein. '*C-tracing
experiments using [methyl-'"*C]-SAM also confirmed the
previous study that SAM is the source of carbide in NifB-
co0.””” No methylation event could be detected on the NifB
polypeptide as a result of SAM exposure, as has been shown to
be the case for other well-characterized Radical SAM enzymes
performing similar reactions,'”'”" suggesting direct methyl
transfer from SAM to the K1 or K2 cluster.

10.3.6. NifB-co Formation Is Initiated by SAM-
Dependent Methyl Group Transfer to S at K2 Cluster.
Analysis of acid-treated NifEN-B released methanethiol
(CH;SH), suggesting that the SAM-derived methyl group
was linked to an acid-labile sulfur atom."”" The SAM-derived
origin of the methyl group was confirmed using [methyl-d,]-
SAM. Using allyl SAM (a SAM analogue with an allyl group
instead of a methyl group) in the NifEN-B reaction mixture
generated SAH but not 5'-dAH. Acid treatment of this NifEN-
B protein released allylthiol. These results indicate that the allyl
SAM was not capable of undergoing homolytic cleavage for the
generation of the 5'-dA°® radical required for hydrogen
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abstraction, suggesting that the methyl group transfer either
precedes or is independent from hydrogen abstraction.

Taking advantage of the possibility to produce NifB proteins
with unique and defined clusters, M. acetivorans NifB variants
with two clusters (the SAM-cluster together with either the K1
cluster or the K2 cluster) were generated. Only the version
equipped with the SAM-cluster and the K2 cluster was capable
of SAM-dependent methyl transfer and generation of 5’-dAH.
Together these results strongly suggest that the first step of
NifB-co formation involves methyl transfer from SAM to an S
at the K2 cluster and that the SAM-dependent reactions are
initiated by the SAM-cluster but require the presence of the
K2-cluster (Figure 19A).'%

10.3.7. Insertion of Interstitial C Precedes Incorpo-
ration of “Ninth” S into NifB-co. NifB-co appears to contain
one more S atom than present in the K1 and K2 clusters.
Therefore, an external S donor would be required. Using
synthetic [4Fe-4S] clusters instead of adding Fe and S under
reducing conditions (or using NifU or NifS), NifB from M.
acetivorans could be reconstituted with [4Fe-4S] precursors
avoiding attachment of extra S aggregates.”” This method
allowed testing of the capacity of distinct S-based products to
support K1 and K2 conversion into NifB-co and then into
FeMo-co. Only sulfite (SO,*7), but not sulfide (S*~) or sulfate
(SO4*"), generated clusters capable of activating apo-MoFe
protein. Addition of **SO;>” to [Fe—S] cluster reconstituted
NifB in the absence of SAM produced no significant **S-
labeled NifB or NifB-co, suggesting that incorporation of the S
into NifB-co happens after (or simultaneous to) the SAM-
dependent carbide insertion. While reconstituted NifB was
unable to provide a precursor cluster for FeMo-co synthesis in
a reaction mixture containing SAM but not SO,*~, SAM-
cleavage products were detected, and EPR analysis showed that
cluster conversion happened similarly to the mixture
containing SO,*7, indicative of SAM-dependent carbide
insertion. This putative cluster intermediate was tentatively
assigned as a [8Fe-85—C] cluster (Figure 19A).>" Albeit
functional in the in vitro FeMo-co synthesis assay, the
physiological relevance of SO;*~ as donor of the ninth S has
not yet been investigated, and it remains possible that NifS or
another S-donating enzyme could perform this role in vivo.

10.4. Genes Coexpressed with nifB

10.4.1. Mutational Analysis of nifB Gene Cluster.
Isolation and sequencing of a 3.8 kb fragment that corrected
the NifB~ phenotype of the A. vinelandii strains CA30 and
UWA45 identified four complete open reading frames,*’ where
the first one encoded a 54 kDa protein homologue to the 51
kDa and 54 kDa nif B gene products of K. pneumoniae and
Rhizobium species.'"®’ The TnS insertion and the nif-4S
mutation of CA30 and UW4S, respectively, were both located
within this nif B gene. In contrast to the K. pneumoniae nif B
gene,129 which was followed by the nifQ gene involved in
incorporation of Mo into the FeMo-co of Mo-type nitrogenase
(see Section 11.3),'*’ the A. vinelandii nif B and nif Q genes
were separated by fdxN and nifO (originally named as orf2
and orf3, respectively).*”'”* While the fdxN gene was found to
encode a protein containing Cys residues organized in a
pattern characteristic of ferredoxins, the function of the nif O
gene product was unknown but showed some similarity to
arsenate reductase.’””

Expression and phenotypic analysis of the A. vinelandii
nif BQ region showed that disruption of fdxN reduced
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Figure 20. Mo uptake, storage, and processing for nitrogenase in A. vinelandii. (A) Scheme summarizing current understanding of molybdenum
trafficking in A. vinelandii. Molybdate in the medium is chelated by siderophores protochelin and azotochelin. Internalization to the periplasm space
is believed to occur via outer membrane porins. Active transport of molybdate (and tungstate) to the cytoplasm is mediated by ABC transporters
composed of ModABC polypeptides. Most molybdate in A. vinelandii is stored at MoSto complex in a process energized by ATP hydrolysis.
However, in Mo-starved A. vinelandii cells, MoSto can store tungstate forming WSto."*® Mo in MoSto is available to the molybdoenzymes
nitrogenase and nitrate reductase. Pathway branching appears to occur before involvement of ModG, a trimer that binds eight molybdates at the
interface of its subunits. NifO is also involved in directing Mo toward FeMo-co against the Mo-co branch. NifQ carries a [Mo-3Fe-4S] cluster
shown to deliver Mo to the NifEN scaffold protein where it will be incorporated into an Fe—S cluster precursor to generate FeMo-co. The
structures of a ModA,B,C, transporter (PDB: 20NK), the a,f3; MoSto (PDB: 6GUS) and WSto (PDB: 20GX), an a; ModG (PDB 1H9M), a,f3,
NifEN (PDB: 3PDI), and the Fe protein (PDB: 1NIP) are shown. Structure images created with NGL viewer>® and RCSB PDB. (B) Molybdenum
and tungsten electronic shells and their molybdate and tungstate forms. (C) Common A. vinelandii metalophores. (D) Inside details of the MoSto
protein crystal structure shown in panel A including POMs (molybdenum-based polyoxometalates) and ATP sites.

nitrogenase activity to less than half under all nitrogen-fixing sion of fdxN with nif B in A. vinelandii.”"'”” The expression of
conditions (+Mo, + V, -Mo)."”* TIts effect on all three the nif B and fdxN genes,'”* and their kinetics,”" are also linked
nitrogenase systems, together with the coordinated expression in A. vinelandii supporting a concerted action of their products.
with nifB, suggested that FdxN could donate electrons for However, it is intriguing that while in A. vinelandii fdxN is
nitrogenase activity or for cofactor biosynthesis. Mutants of coexpressed with nif B and important for its activity (see
fdxN in other N,-fixing organisms had shown similar effects: a below), fdxN is absent from many N,-fixing organisms (e.g., K
Nif~ phenotype in R. meliloti and Herbaspirillum seropedi- pneumoniae).

e, /"7 and 50% decrease in nitrogenase activity in 10.4.2. FdxN Is Important for NifB Activity and NifB-
Bradyrhizobium japonicum.'”® The partial effect from fdxN co Production. Analysis of a AfdxN A. vinelandii strain
disruption could be explained by complementation of other showed impaired diazotrophic growth, decreased MoFe
ferredoxins. Later studies confirmed the coordinated expres- protein levels, and slightly increased Fe protein levels.”* The
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AfdxN strain produced fully active Fe protein, while the MoFe
protein accumulated as a mixture of functional holo-protein
and inactive apo-MoFe protein. Purified AfdxN MoFe was less
than 50% active, contained 19 Fe and 1 Mo atoms per
tetramer, and presented lower FeMo-co-dependent EPR
signals intensity, consistent with it containing two P-clusters
and one FeMo-co.”* The NafY protein was found to be
strongly upregulated in the AfdxN strain,”" a proxy indicative
of apo-MoFe protein accumulation.'”"”®

Although a definite role for FdxN is yet to be established,
current results identify FdxN as an important but poorly
studied component involved in FeMo-co, and more specifically
in NifB-co, formation. Cell extracts of a AfdxN Anif ENX
double mutant strain showed 20% NifB-co activity compared
to extracts containing FdxN.”* An electron donor is required to
start the reductive cleavage of SAM leading to 5'-dA°
formation. This electron donor could be FdxN. Another
possible role for FdxN that would also affect NifB activity
could be to poise the K2 cluster to a certain redox potential
suitable for SAM-derived methyl group acceptance (Figure
19B). Participation of FdxN in NifB-co formation is also
supported by early work showing that fdxN gene disruption in
A. vinelandii affected N, fixation under conditions depending
on each of the three nitrogenases,'’” which is to be expected as
NifB-co is believed to be a common precursor for FeMo-co,
FeV-co, and FeFe-co biosynthesis. Finally, a very recent study
of NifB expressed in yeast confirmed that FdxN is important
for NifB activity and specifically that NifB protein produced in
the absence of FdxN appears to be deficient of two of the three
[Fe—S] clusters (RS- and K1-clusters)."'” The results from this
study are particularly interesting not only because a eukaryotic
cell enables expression of the components in an environment
free from other Nif proteins but also because the NifB proteins
were isolated by STAC and did not require [Fe—S] cluster
reconstitution for activity.

11. MOLYBDENUM UPTAKE, STORAGE AND
PROCESSING FOR NITROGENASE: ROLES OF
MOSTO, NIFQ, AND NIFO

11.1. Chelation and Mo Uptake from Medium

This section describes the characteristics of molybdenum
(Mo) scavenging, uptake, storage, and processing for
incorporation into FeMo-co in the model bacterium A.
vinelandii (Figure 20A). When genetic or biochemical data
were obtained from other organisms, such as K. pneumoniae or
R. capsulatus, it will be specifically indicated.

Molybdate (MoO,>”) is the predominant form of
bioavailable Mo. Despite its high solubility at neutral and
basic pH, it is generally the least abundant transition metal
with a biological function present in soils.'”” Thus, N,-fixing
organisms must frequently cope with Mo scarcity. Even when
molybdate levels are enough to support N, fixation (10 nM),
the similar tungstate (WO,*”) at concentration as low as 100
nM might outcompete molybdate and poison FeMo-co
biosynthesis (Figure 20B). In this regard, there is one report
of incorporation of W into the active site of R. capsulatus MoFe
protein rendering an inactive WFe component.180 In A
vinelandii, tungstate toxicity is lowered by a mechanism in
which siderophores discriminate between the two metals. The
production of distinct siderophores and their relative
abundance are tightly regulated and adapted to the
concentrations of molybdate and tungstate in the medium,
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among other metals, imposing a first barrier against W toxicity
(Figure 20C)."*" In addition, while the siderophores
protochelin and azotochelin chelate both Mo and W, upon
entry into the periplasm through porins, the membrane
transport systems discriminate against W-catechol acting as
second barrier against tungstate. It is possible that additional
mechanisms exist that discriminate between tungstate and
molybdate before entering in the periplasm, for example,
porins of the outer membrane.'*>"**

Molybdate is transported across the cytoplasmic membrane
by high affinity transporters from the ATP-binding cassette
(ABC) family composed of the products of the modA, modB,
and modC genes'®" (Figure 20A). In the periplasm, side-
rophores present molybdate and tungstate to the molybdate-
binding ModA protein.'® Since uptake of free tungstate is as
fast as that of free molybdate, it is possible that the relatively
fast dissociation of the metal from Mo-catechol comipared to
W-catechol causes discrimination against tungstate. *' Both
metals can be transported to the cytosol through the channel
provided by the membrane protein ModB. The ModC
component binds and hydrolyzes the MgATP required to
energize the active transport. The importance of achieving
sufficient intracellular Mo for N, fixation is highlighted by the
presence of three homologous modABC operons in A.
vinelandii.”” Mutants in the modA,B,C, operon, located nearby
the minor nif cluster, have been found to be affect *?Mo uptake
and the activity of the molybdoenzyme nitrate reductase.'**

11.2. Mo Storage and Homeostasis in A. vinelandii

Each MoFe protein contains two Mo atoms. As the MoFe
protein concentration in a N,-fixing cell has been shown to be
in the range of 50 uM,”" a [Mo] of about 0.1 mM is directly
bound to nitrogenase. Considering that A. vinelandii
accumulates up to 25-times more Mo than what is needed
for maximum N, fixation rates,'®”'*® a rather impressive
intracellular [Mo] of 2.5 mM can be estimated. This is mainly
accomplished by binding of intracellular molybdate to a Mo
storage protein (MoSto),187’189 a unique cage-shape hetero-
hexameric a3f; protein formed by the mosA and mosB gene
products. MoSto can accumulate up to 120 Mo or W atoms
per hexamer in the form of polyoxometalate clusters (Figure
20D).""""" In vitro experiments have determined that
molybdate incorporation into MoSto is dependent on
MgATP hydrolysis, while Mo release is an ATP independent
process above neutral pH.'”” Interestingly, it has been shown
that MoSto can serve as Mo donor for FeMo-co synthesis in
vitro, although this process is thought to be mediated by NifQ
in vivo.”" A. vinelandii requires MoSto for storage of Mo but
also to control its homeostasis and to properly repress
expression of V and Fe-only alternative nitrogenases in
conditions of transient Mo scarcity.”' Deletion of the mosAB
genes makes A. vinelandii less resilient to Mo starvation, and
growth is much more affected by tungstate inhibition.

A. vinelandii can fix N, and assimilate nitrate simulta-
neously,'” in contrast to its close relative A. chroococcum."”*
As both processes depend on the activity of two distinct
molybdoenzymes, the MoFe protein, and the nitrate reductase,
simultaneous use of Mo is ensured by a tightly regulated
mechanism in which NifO seems to play an essential role.'”>
The nif O gene is grouped together with nif Q in the same gene
cluster as nifB, fdxN, and rhdN (Figure 2).*>'"> The stop
codon of nif O overlaps with the start codon of nif Q, a type of
translational coupling that has been reported to ensure
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coexpression of two consecutive genes."” However, the

expression of the genes within this operon is affected by metals
present in the medium in different ways. For instance, under
Mo starvation, nif O expression is enhanced, while nifQ
expression decreases.’””

In the presence of nitrate, nif O mutants have lower N,
fixation rates but higher nitrate reductase activity."”'’> On the
other hand, constitutive nif O expression enhanced repression
of the nitrate reductase genes.”” This phenotype led to the
suggestion that NifO may direct Mo toward FeMo-co synthesis
under conditions where nitrate is simultaneously being used.””
Therefore, NifO appears to be important for the ability of A.
vinelandii to simultaneously assimilate nitrate and N, although
its exact role is not known. The protein contains a domain that
is also found in a subfamily of arsenate reductases, enzymes
that catalyze the reduction of arsenate to arsenite using
glutathione. NifO also shows similarity to the Azospirillum
brasilense DraB, a protein of unknown function encoded in the
draTGB operon.'”” In R. rubrum, and some other diazotrophs,
the DraG-DraT system is responsible for the reversible
inactivation of the Fe protein by ADP ribosylation.'”®

A function for the distribution of Mo between the MoFe
protein and nitrate reductase has also been suggested for the
product of modG, whose expression is regulated by ModE in
response to molybdate.'”” The Mo requirements for N,
fixation and nitrate assimilation are shifted in the modEG
double mutant, which could not grow at 10 uM molybdate in
the medium but exhibited maximum nitrate reductase activity
at 10 nM molybdate."** The role of ModG is not known,
except for its atomic structure that shows a protein formin§ a
homotrimer that binds eight atoms of Mo (Figure 20A).”

11.3. Role of NifQ in FeMo-co Biosynthesis

11.3.1. Information from nifQ Mutagenesis. The
analysis of K. pneumoniae mutants requiring high concentration
of molybdate in the medium for diazotrophic growth led to the
identification of genes associated with Mo incorporation into
FeMo-co and specifically to nif Q.'*”'** Although not impaired
in molybdate transport, nif Q mutants were defective in Mo
accumulation and had lower levels of Mo in the MoFe protein.
Supplementing the growth media with mM levels of molybdate
suppressed the nif Q phenotype.'*’ Similar nif Q phenotypes
were later observed in A. vinelandii*”'’* and R. capsulatus.”®" In
the symbiotic N,-fixing bacterium Sinorhizobium fredii, nif Q
deletion did not affect N, fixation but metal homeostasis and
accumulation of certain types of porphyrins that could be
involved in metal chelation in the nodules.***

An early observation associated with the study of K.
pneumoniae nif Q mutants was that if cysteine was used as
source of S in the medium, their molybdate requirements were
similar to those of the wild type strain.””” Because both high
molybdate and cysteine in the medium suppressed the nif Q
phenotype, it was proposed that NifQ functioned in a reaction
involving a Mo—S intermediate that could also be generated in
absence of NifQ if the levels of Mo and S were high. Finally,
because K. pneumonia nif Q mutants were not defective in
nitrate reductase activity, the role of NifQ was assumed to be
specific for FeMo-co biosynthesis.'**

11.3.2. NifQ Carries a Novel [Mo-3Fe-4S] Cluster and
Additional MoS,0, Species. Heterologous expression of
NifQ in E. coli appears to be difficult”>*** or produced
inactive protein.””> To obtain NifQ protein from A. vinelandii,
the nifQ gene was cloned downstream of the strong nif H

4949

promoter. The IMAC-purified A. vinelandii NifQ protein was
described as a monomer with 3.1 Fe atoms and 0.3 Mo atoms
per molecule, in contrast to the Mo-free protein produced in E.
coli that instead contained up to 4.6 Fe atoms per protein.”

Three possible reasons have been presented to account for
the substoichiometric levels of Mo bound to NifQ. First, Mo
binding to NifQ might be labile and easily lost during the
purification. Second, as NifQ_is normally present at very low
levels in nitrogenase-derepressed A. vinelandii, its over-
expression could affect the capacity to load it with Mo.
Similarly, the lack of Mo found at the E. coli protein could be
explained by NifQ accessory proteins being deficient in this
heterologous expression system. Third, if NifQ was involved in
Mo delivery, any as-isolated NifQ preparation obtained from a
wild type strain with ongoing FeMo-co biosynthesis should
comprise loaded and unloaded NifQ molecules.

Amino acid sequence comparison of NifQ_proteins revealed
a conserved Cx,Cx,Cx;C motif at the C-terminus of the
protein that could be involved in coordinating a metal cluster.
Indeed, EPR spectroscopy showed that NifQ preparations
contained redox-responsive [3Fe-4S]* clusters and [Mo-3Fe-
48]** clusters and that incubation with Mo and sulfide
increased the signal of the [Mo-3Fe-4S]%* clusters.””
Consistent with the third possibility mentioned above, this
result was interpreted as if each NifQ protein carried either a
[3Fe-4S] cluster (Mo unloaded form) or a [Mo-3Fe-4S]
cluster (Mo loaded form). It was hypothesized that these two
forms were interconvertible by the uptake or release of Mo.'”
Additional investigation using Mo and Fe K-edge EXAFS
revealed the presence of two different Mo coordination
environments in NifQ.”” In one of these environments, the
Mo atom was coordinated to Fe (at 2.71 A), S (at 2.34 A), and
O (at 2.12 A), which corresponded to the [Mo-3Fe-4S] cluster
previously observed in EPR spectroscopy.”” The second Mo
environment did not involve an [Fe—S] cluster but rather two
O atoms (at 1.73 A) and two S atoms (at 2.23 A), similar to
Mo in dithiomolybdate (Figure 21). It was determined that
each environment accommodated about half of the Mo bound
to NifQ. Fe EXAFS also identified the Mo-free [3Fe-4S]
cluster consistent with EPR assignments. Both Mo species
were shown to be relevant for FeMo-co synthesis as
elimination of the [Mo-3Fe-4S] cluster by chelation with
a,a'-bipyridyl affected the ability of NifQ to serve as Mo
donor, and displacement of the MoS,0, species by CuCl,
abolished Mo donation by NifQ to a NifEN/Fe protein
complex. The fact that both Mo environments in NifQ were
relevant for in vitro FeMo-co synthesis was not surprising as
conversion of molybdate (Mo®") into the form of Mo present
in FeMo-co (Mo*") requires both replacement of O-ligands by
S ligands and reduction of Mo for insertion into an [Fe—S]
cluster.”*>?%® The [3Fe-4S] cluster of NifQ is the obvious site
for reductive incorporation of Mo to yield a [Mo-3Fe-4S]
cluster in dynamic equilibrium. The role of the MoS,0,
species is less obvious as it may represent an intermediate
poised for incorporation into the [3Fe-4S] or a product
released from the [Mo-3Fe-4S] cluster to be donated for
FeMo-co synthesis.

12. DISCOVERY OF FEMO-CO ORGANIC MOIETY: THE
HOMOCITRATE SYNTHASE NIFV
For many vyears after its isolation in 1977, FeMo-co was

thought to contain exclusively Mo, Fe, and acid-labile s.!°
However, unlike other [Fe—S] clusters, FeMo-co was
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Figure 21. Metal cluster interconversions in NifQ. NifQ preparations
carry substoichiometric amounts of [Mo-3Fe-4S-20] cluster (0.3 mol
cluster per mol NifQ) and an independent MoO,S, species. A [3Fe-
48] cluster species makes up the full cluster complement (0.7 mol
cluster per mol NifQ). Redox-gated incorporation of Mo into the
[3Fe-4S] cluster has been shown. Molybdenum bound to NifQ is
delivered to a NifEN/Fe protein complex for FeMo-co biosynthesis.

unusually resistant to Fe chelators and showed net negative
charge at neutral pH that was inconsistent with its proposed
atomic composition. In addition, EXAFS analysis had
suggested that the first coordination sphere of the Mo atom
in FeMo-co contained three S atoms and three N or O
atoms.””” A putative organic moiety in the cofactor was
1nvest1gated but sugars, amlno acid, or other common moieties
could not be detected.’® In an extremely detailed inves-
tigation, Hoover and Ludden discovered in 1989 that the
organic acid homocitrate was an integral part of FeMo-co."
The crystal structure of the Mo-nitrogenase corroborated this
finding and suggested that the oxygen atoms from the C2
hydroxyl and carboxyl groups were the O ligands to the Mo
atom detected by early EXAFS studies (Figure 22).*

While homocitrate synthase catalyzes the first and
committed step in lysine biosynthesis in many fungi and
certain archaea,”® homocitrate for the nitrogenase cofactor is
synthesized by the nif V gene product. The elucidation of NifV
involvement in FeMo-co synthesis started many years earlier
by the analysis of nif V mutant phenotypes. K. pneumoniae nif V
mutant strains showed slow diazotrophic growth because they
could not reduce N, effectively."****” However, nifV strains
reduced H" and C,H,, which suggested that they were affected
in the catalytic properties of nitrogenase. Similar results were
shown later for the A. vinelandii nif V mutant strains.”” Hawkes
and colleagues showed that the nifV defect lay in FeMo-co
and, by doing so, presented direct evidence of FeMo-co being
the site for substrate reduction. This experiment consisted in
extracting the “activating factor” from MoFe protein of a nif V
mutant and inserting it into another apo-MoFe protein. The
reconstituted MoFe protein showed the altered substrate
reduction characteristic of nif V' strains.”"

pubs.acs.org/CR
A.
-
B.
-
>\‘;i‘ --Hydrogen bonds
] -- Metal interactions
C. /

@ H,O molecules

Figure 22. Coordination around homocitrate in the A. vinelandii
MoFe protein (PDB: IMIN). (A) Depiction of the FeMo-co pocket
showing solvent accessible tunnels to the cofactor. (B) Network of
hydrogen bonds among homocitrate, nearby amino acid residues, and
the pool of water molecules inside the pocket. (C) Interactions of the
Mo atom with His*? and with the C2 hydroxyl and carboxyl groups
of homocitrate. Images created with NGL viewer’ ¢ and RCSB PDB.

By using the in vitro FeMo-co synthesis assay, the
requirement of a low molecular weight factor became evident.
This factor was present in the extracts of all A. vinelandii and K.
preumoniae mutant strains tested except for nif V mutants and
was therefore designated as the V factor.'” Production of the V
factor was repressed by ammonium in the medium consistent
with it being a metabolite produced by a Nif protein. Using the
in vitro FeMo-co synthesis assay, the V factor was isolated and
shown by nuclear magnetic resonance (NMR) spectroscopy
and mass spectroscopy to be homocitric acid (R-2-hydroxy-
1,2,4-butanetricarboxylic acid).”'" Exogenously added homo-
citrate was then shown to be able to replace the V factor in the
assay. Final demonstration that homocitrate was an integral
part of FeMo-co in wild type MoFe proteins was obtained by
preparing and adding *H-homocitrate to the in vitro FeMo-co
synthesis assay for its incorporation into apo-MoFe protein.
Labeled MoFe protein was mixed with a larger amount of
unlabeled enzyme and the mixture used to reisolated FeMo-co,
which was further tested in independent FeMo-co insertion
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assays. Co-purification of *H label with FeMo-co activity was
found."®

A correlation between functional nifV gene and the
accumulation of homocitrate in nitrogenase derepressed K
pneumoniae cells was shown.”'” Moreover, phenotypic
reversion of a nif V mutant strain was achieved by addition
of homocitrate to the growth medium. The product of the nif V
gene was later confirmed to be a homocitrate synthase by
expression and purification from recombinant E. coli cells.”"”
Purified NifV was shown to be enough to catalyze the
condensation of acetyl coenzyme A and a-ketoglutarate to
form homocitrate.

As mentioned above, nif V mutant strains showed very low
levels of N, reducing activity. It was hypothesized that another
organic acid could be partially incorporated into FeMo-co in
these mutants. In fact, MoFe protein purified from a K
pneumoniae nif V mutant was shown to contain citrate.”'* In
this context, it had also been reported that citrate could replace
homocitrate in the in vitro FeMo-co synthesis assay, although
100-fold excess of citrate was required to observe appreciable
activity.”'" Extensive analysis of organic acids that could
replace homocitrate in the in vitro FeMo-co synthesis assay has
been performed. Incorporation of several analogs into the
cofactor resulted in reconstituted MoFe proteins with altered
substrate specificities.”'> Analysis of these MoFe proteins
suggested that the following structural features of homocitrate
are essential to obtain catalytically competent FeMo-co: its 1-
and 2-carboxyl groups, its hydroxyl group, the R configuration
of its chiral center, and a 4—6 carbon chain length with two
terminal carboxyl groups.

13. NIFEN SCAFFOLD AS CENTRAL NODE IN
FEMO-CO BIOSYNTHESIS

13.1. General Introduction to NifEN

The requirement of nif E for N, fixation was first established in
K. pneumoniae.”"® From the analysis of a large number of Nif”
K. pneumoniae strains by two-dimensional polyacrylamide gels,
it was established that nif E and nif N gene products had mutual
requirements for stability’® and were sensitive to O,
exposure.”’” Absence of either NifE or NifN eliminated
MoFe protein activity but not that of the Fe protein. Further in
vitro assays suggested their involvement in FeMo-co biosyn-
thesis.

Taking advantage of the assay to follow FeMo-co
biosynthetic activity in vitro,'® the nifE and nif N gene
products could be purified from A. vinelandii, which confirmed
their importance for FeMo-co synthesis.”' It was shown that
NifE and NifN form a complex (hereafter called NifEN) of
about 200 kDa. An a,f}, subunit structure similar to that of the
MoFe protein was suggested. As it is the case for most other
Nif components, purified NifEN was extremely sensitive to O,
exposure with a half-life of 1 min in air. Purified NifEN
samples, initially obtained by conventional long procedures,
contained 4.6 mol Fe per mol NifEN and presented DTH-
responsive UV—vis absorption spectra with a shoulder at
around 400 nm in the oxidized protein.*'

Because NifE and NifN primary sequences resembled those
of NifD and NifK (around 30—35% and 55—60% identity and
similarity between NifD and NifE, and around 25—30% and
50—55% identity and similarity between NifK and NifN),”’
and shared several conserved Cys residues with NifD and NifK
(among which the FeMo-co binding a-Cys*®),”"® an evolu-
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tionary relationship was proposed.'"”” A revolutionary idea,
two decades before it was biochemically shown, predicted that
NifEN functioned as a scaffold on which FeMo-co was
constructed and then delivered to the MoFe protein.'' The
NifEN-bound [Fe—S] cluster(s) was suggested to either be a
FeMo-co biosynthetic intermediate or a redox-active cluster
enabling NifEN to alter the oxidation state of Mo for
incorporation into FeMo-co. Later studies have shown that
NifEN possesses some redox capacity, being catalytically
competent to reduce simpler substrates (although at extremely
low ratezsl) ) for example, acetylene (C,H,) and azide (N;7), but
not N,.

13.2. NifEN Acts as Scaffold for FeMo-co Synthesis

The first biochemical evidence that NifEN has the ability to
accumulate FeMo-co biosynthetic intermediates came from
differential migration profiles on anoxic native gels.”*” With the
rationale that eventual FeMo-co precursors bound to NifEN
would affect its electrophoretic mobility under native
conditions, NifEN from different genetic backgrounds was
analyzed. NifEN from extracts of the A. vinelandii Anif HDK
strain CA12 migrated as a sharp band of higher mobility,
compared to the slower and more diffuse NifEN band
observed in extracts of the AnifB Anif DK strain DJ677.
During the isolation of NifEN from CAIl2, its migration
changed and converted to that of NifEN from the DJ677
strain, indicating the presence of a labile factor that dissociated
during the purification process. On the contrary, addition of
increasing amounts of purified NifB-co'” to NifEN from the
DJ677 mutant background increased its migration to that
observed using CAl2 extracts, suggesting that the factor
weakly bound to Anif HDK NifEN was in fact NifB-co or a
derivative of it.”** No change in NifEN migration was observed
upon addition of O,-exposed NifB-co, Fe(II) SO,*~, or FeMo-
co, indicating that the change in mobility specifically reflected
the interaction of NifEN with functional NifB-co. It also
suggested that NifEN produced in an A. vinelandii Anif HDK
strain, such as CA12, could accumulate NifB-co in vivo.

Direct biochemical proof of NifEN acting as an intermediate
scaffold for NifB-co-dependent FeMo-co biosynthesis came
from the appearance of **Fe label on NifEN after incubation
with >°Fe-labeled NifB-co in incomplete in vitro FeMo-co
synthesis mixtures, where either one of MgATP, Mo,
homocitrate, or the Fe protein (all required for FeMo-co
synthesis) was excluded from the mixture, or if apo-MoFe
protein was previously saturated with exogenously added
FeMo-co."’

13.3. Characterization of NifEN and NifEN-Bound FeMo-co
Precursor

Our progressive understanding of the NifEN protein and its
mechanism of action have been confounded by incompatible
conclusions drawn from studies where different laboratories
have employed different purification methods. Interestingly,
these methods were often applied to the very same strain,
generated at the Dean laboratory to facilitate rapid purification
of large amounts of NifEN for accurate characterization.'>* As
such, much of our knowledge about NifEN is derived from
IMAC-assisted purification of an overproduced His-tagged
NifEN variant expressed in the A. vinelandii strain DJ1041
(Anif HDKTYnafAB) that places nif EN under the control of
the strong promoter of nifH (see chromosomal region in
Figure 2).154
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This purified His-NifEN variant showed an a,f, subunit
conformation with UV—vis absorption spectra characteristic of
proteins with [4Fe-4S]**/!* clusters. Molar extinction co-
efficients were consistent with two clusters per NifEN
tetramer, which was also consistent with the measured
protein-bound Fe content, EPR analysis, and VT-MCD
spectra.”>* The resonance Raman spectra additionally
suggested an all cysteinyl coordination for these clusters,
supported by the presence of sufficient Cys residues conserved
in NifEN proteins.'' A structural model would locate these
[4Fe-4S] clusters at positions equivalent to those of the P-
clusters of the MoFe protein. The Fe content of 15 atoms per
NifEN tetramer was, however, significantly higher than
required for its two identical [4Fe-4S] clusters. Importantly,
a NifEN-bound cluster exhibiting an axial EPR signal with a g
value of 1.95 in the thionin-oxidized state was identified.”" It
was suggested that this EPR signal originated from a trapped
FeMo-co precursor since strain DJ1041 had both FeMo-co
synthesis and delivery to apo-MoFe protein interrupted by
mutations in nif H and nif DK, respectively.

Disruption of the nifB gene in the A. vinelandii strain
DJ1041 generated the YM9A and UW?243 strains (AnifB
Anif HDKTYnafAB; hereafter designated as Anif B NifEN or
apo-NifEN for simplicity) at the Ribbe and Ludden
laboratories, respectively. These strains enabled the purifica-
tion of a less colored NifEN protein lacking any bound FeMo-
co precursor.”*® Comparison of the IDS-oxidized AnifB
NifEN protein to the NifEN isolated from the DJ1041 strain
showed that the g = 1.95 EPR signal, previously identified by
Goodwin and Dean,””' was missing in the AnifB NifEN
spectrum.’” Consistent with previous studies,"*” it was also
shown that the NifEN-bound FeMo-co precursor did not
contain homocitrate or Mo.

More information about the chemistry of the NifEN-bound
FeMo-co precursor was obtained from a series of related
studies that used more advanced methods to analyze high-
quality preparations of His-tagged NifEN.'>****7**° First,
DJ1041 NifEN protein was compared to the YM9A AnifB
NifEN using XAS/EXAFS data analysis.">® The NifEN-bound
FeMo-co precursor signal was estimated by subtracting the
signal originating from the so-called permanent [4Fe-4S]
clusters of Anif B NifEN. Comparison of the EXAFS data to
structural models derived from known high-nuclearity [Fe—S]
and mixed metal—sulfur models implied a seven or eight Fe
precursor of FeMo-co-like structure, while a six Fe cluster
variant was precluded due to the intensity of short-range Fe—
Fe scattering.'>® The eight Fe model was proposed as the most
likely form when comparing the EXAFS fit results with
previous biochemical characterization.”” Finally, an [8Fe-9S]
FeMo-co precursor was assumed from X-ray structural studies
of NifEN, although the electron density was not well resolved
(see below)."”’

13.4. NifEN Readily Converts NifB-co into Next FeMo-co
Biosynthetic Intermediate: Isolation of VK-Cluster

FeMo-co biosynthetic intermediates produced by NifB and
NifEN have been analyzed using the natural FeMo-co-
precursor carrier protein NifX, a tool used to avoid
spectroscopic interference from other [Fe—S] clusters present
in NifB and NifEN. The NifX protein does neither have
permanent [Fe—S] clusters nor binds Fe or other [Fe—S]
clusters.”” Using the A. vinelandii NifX produced and purified
from E. coli, and NifB-co purified from K. pneumoniae, a NifX/
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NifB-co complex could be generated in vitro. NifB-co binding
produced changes in the circular dichroism (CD) spectrum of
NifX, which were used to titrate binding and estimate a K4 for
NifB-co of about 1 uM. Transfer of NifB-co from NifX to apo-
NifEN could be followed by anoxic native gel electrophoresis.
Reciprocal transfer of Fe from the precursor-charged NifEN to
NifX was also observed. No stable protein complex of NifEN
with NifX was observed, suggesting transient interaction and
dynamic exchange of FeMo-co precursors between NifX and
NifEN. It was therefore suggested that NifX could function as a
reservoir of FeMo-co precursors to buffer their flow, in
addition to its role as carrier of NifB-co from NifB to NifEN.**
This hypothesis was consistent with NifX not being essential
for FeMo-co synthesis in vitro.””'*" The effect of nifX
disruption in vivo was evident during N, fixation under
conditions of Mo or Fe limitation, which are supposed to
impair or slow down cofactor biosynthesis.'***°

The NifEN [Fe—S] cluster extracted by NifX (defined as the
VK-cluster™*) did neither contain Mo nor homocitrate and
showed the same requirements for in vitro FeMo-co synthesis
as NifB-co and the NifEN-bound FeMo-co precursor (i.e.,
NifEN, Fe protein, Mo, homocitrate, MgATP, and DTH),
indicating that this VK-cluster was either NifB-co or an
intermediate cluster formed at NifEN at the expense of NifB-
co (Table 2). Importantly, the VK-cluster bound to NifX was
EPR active under both oxidized (axial S = 1/2 signal) and
reduced (isotropic S = 1/2 signal) conditions, and underwent
fully reversible two electron transitions,”* in contrast to the
diamagnetic NifX/NifB-co complex,zo’24 NifB-co alone,” or
NifB-co bound to the MoFe protein.'>® This indicated that
NifB-co and the VK-cluster were different entities, or at least
metalloclusters with distinct electromagnetic signatures. The
EPR signal of the isolated VK-cluster was also different from
the S = 1/2 EPR signal observed in IDS-oxidized NifEN, which
had been attributed to a FeMo-co precursor’®**' but is
reminiscent of a [3Fe-4S]*' type of cluster. Whether these
electronic state differences are physiologically and chemically
relevant for FeMo-co maturation requires further investigation.

13.5. Identification of Additional [Mo-3Fe-4S] Cluster at
DJ1041 NifEN Protein

As mentioned above, the technique employed to isolate NifEN
protein can significantly affect the composition of the protein-
bound metal clusters. A study in which the protocol for the
isolation of the DJ1041 NifEN protein was modified by using
IMAC with Co*" instead of Zn* (distinct metal ions can affect
the His-tag binding selectivity), produced NifEN preparations
with significantly higher Fe content,’’ 24 mol Fe per mol
NifEN tetramer compared to the previously reported values of
9.5,"** or 16 Fe atoms.®”**"*** Importantly, the NifEN protein
also contained Mo at levels of about 0.3—0.4 atoms per
tetramer, eliminating the strict requirement for external
molybdate addition in a defined in vitro FeMo-co synthesis
assays using purified protein components.’’ Furthermore, apo-
MoFe protein activation in absence of exogenously added
molybdate increased in proportion to the amount of heat-
denatured NifEN used to release NifEN-bound Mo, strongly
indicative of the NifEN protein serving as Mo source. It is
unlikely that the Mo was adventitiously bound to NifEN as the
buffers used throughout the purification procedure contained
only negligible amounts of molybdate, and since addition of an
excess tungstate during purification decreased the levels of Mo,
but not Fe, in NifEN.?" In addition, apo-NifEN purified from
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Figure 23. Comparison of NifEN and MoFe protein structures. (A) Cartoon depiction of NifEN atomic structure (PDB: 3PDI). Partial
transparency has been applied to the polypeptide chains to visualize metal clusters. (B) Cartoon depiction of MoFe protein atomic structure (PDB:
3KI1A). (C) [4Fe-4S] cluster structure and coordination by Cys residues in NifEN. (D) VK-cluster structure and coordination to @-Cys>® of
NifEN. Note superficial position of the VK-cluster in the protein. Each af half of NifEN contains a [4Fe-4S] cluster and a VK-cluster. Graphics
generated with the PyMOL Molecular Graphics System, Version 2.3.2 Schrodinger, LLC.

strain UW243 (a AnifB derivative of DJ1041) neither
contained Mo nor functioned as Mo source after heat
denaturation, indicating that Mo binding to NifEN occurs
after NifB-co binding or is stabilized by it, in agreement with
other observations.””” The study also suggested that the Fe
protein was not strictly necessary to move Mo into NifEN.
Because the VK-cluster did not contain Mo, it was proposed
that NifEN would have a site for transient Mo species prior
incorporation into the VK-cluster. This hypothesis was
confirmed by XAS/EXAFS measurements that detected a
Mo environment in purified NifEN with similar oxidation state
but different ligand field to Mo in the MoFe protein. The Mo
environment was found to resemble that of a [Mo-3Fe-4S]
cubane.””® EXAFS analysis did not elucidate whether the [Mo-
3Fe-4S] cluster was a fragment of a larger cluster. As a
transient cluster proposed to act as a Mo-donor to the VK-
cluster, the [Mo-3Fe-4S] cluster would be extremely labile,
which would explain why its presence or absence depends on
the procedure used to purify NifEN.

The homocitrate content of purified NifEN was not
specifically determined. However, in vitro reaction mixtures
lacking molybdate and homocitrate resulted in some apo-
MoFe protein activation, suggesting that NifEN could also
provide the organic acid.”’ Mo and homocitrate provided by
NifEN were suboptimal in the in vitro FeMo-co synthesis assay
as addition of external molybdate and homocitrate elevated
FeMo-co synthesis more than 10-fold.
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13.6. NifEN Atomic Structure Determination

The structure of NifEN loaded with VK-cluster has been
solved by X-ray crystallography, confirming a tetramer of two
aff dimer subunits similar to the MoFe protein (Figure
23A,B)."” Each permanent [4Fe-4S] cluster locates at the af3
interface and is coordinated by Cys*’, Cys®?, and Cys'** from
the a-subunit and Cys* from the $-subunit, much like the P-
cluster at the MoFe protein (Figure 23C). The VK-cluster (L-
cluster, see Table 2) is ligated by Cys® from the a-subunit in
an almost surface exposed position, in contrast to FeMo-co at
the MoFe protein, which is buried below the surface.’
Unfortunately, the electron density was not resolved enough
to unambiguously determine the structure of the VK-cluster
nor involvement of additional amino acid residues in cluster
ligation (Figure 23D). The labile [Mo-3Fe-4S] cluster was
absent, as expected, given the method used to purify the
protein. Using structural information, it was proposed that,
upon incorporation of Mo and homocitrate into the VK-
cluster, matured FeMo-co would be inserted into an open
funnel at NifEN, similarly to the position of FeMo-co at the
MoFe protein.">” Subsequent interactions between NifEN and
the MoFe protein were hypothesized to induce a conforma-
tional shift at NifEN that would then relocate FeMo-co back to
the surface for delivery to the apo-MoFe protein.
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14. INCORPORATION OF MO AND HOMOCITRATE
INTO NIFEN-BOUND FEMO-CO PRECURSOR

14.1. Conversion of VK-Cluster into FeMo-co in NifEN

Advanced spectroscopic studies were used to follow the
conversion of VK-cluster into FeMo-co within NifEN. This
was achieved by eliminating the terminal FeMo-co acceptor
(apo-MoFe protein) from an otherwise complete reaction
mixture of a NifEN-dependent in vitro FeMo-co synthesis assay
(Figure 13) containing NifEN, Fe protein, Mo, homocitrate,
MgATP, and DTH, a process designated as “NifEN
activation”.”** After incubation, the “activated NifEN” was
reisolated and analyzed. The EPR signal attributed to the IDS-
oxidized FeMo-co precursor® disappeared from NifEN.
Activated NifEN contained 1 mol Mo per mol NifEN, and
XAS/EXAFS analysis of the Mo environment pointed to the
incorporation of Mo into an [Fe—S] cluster. However, the S =
3/2 EPR signal characteristic of FeMo-co was not observed,
suggesting that the new cluster had a different spin state from
both the VK-cluster and FeMo-co.**> More recently, a NifEN-
bound cluster with EPR and XAS/EXAFS spectroscopic
properties more similar to FeMo-co was identified when the
concentration of DTH in the reaction was increased to 20
mM.*** Activated NifEN was capable of activating apo-MoFe
protein in these new reaction mixtures. It was claimed that
FeMo-co delivery from activated NifEN involved direct
interaction with apo-MoFe protein. However, to our knowl-
edge, no experimental evidence supporting this interaction has
been provided. In addition, by using the mild Strep-tag affinity
chromatography (STAC) assay, which has been successful in
identifying other protein partners transiently interacting with
the MoFe protein in various genetic backgrounds,” no NifEN
polypeptides have been detected so far.'"”

14.2. Fe Protein Is Essential for Maturation of VK-Cluster
into FeMo-co

An early assay for NifB-co-dependent in vitro FeMo-co
synthesis and insertion into apo-MoFe protein using purified
components (including apo-NifEN, NifB-co, NifX, Fe protein,
apo-MoFe protein, MgATP, Mo, homocitrate, and DTH) was
first developed,'*' and later on improved,””” by Ludden and
colleagues (Figure 13). Elimination of the Fe protein from the
reaction mixtures prevented activation of apo-MoFe protein,
showing its requirement for this process. This requirement for
the Fe protein was also observed in NifEN-dependent in vitro
FeMo-co synthesis assays in which VK-cluster-containing
NifEN substituted for NifB-co and apo-NifEN (Figure
13).°%°" In these studies, removal of the Fe protein resulted
in negligible apo-MoFe protein reconstitution.

There are, however, contradictory reports about the
biochemical requirements for the Fe protein to function in
FeMo-co synthesis. Hu and collaborators reported the
essentiality of the [4Fe-4S] cluster of the Fe protein.”*
However, it is worth noting that there are many reports ruling
out an obligate redox role for the Fe protein in FeMo-co
biosynthesis, among them reports showing that nif H mutants
impaired in electron transfer to the MoFe protein were active
in FeMo-co synthesis in vivo,"”'*>*** and a report showin%
that apo-Fe proteins functions in FeMo-co synthesis.”
Similarly, the ability of the Fe protein to hydrolyze MgATP
appeared to be required for in vitro FeMo-co synthesis in some
studies,”””*> whereas other studies show that Fe protein
variants capable of MgATP binding, but not hydrolysis, were
competent in FeMo-co synthesis in vivo and in vitro."*>**%**!
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Perhaps the most detailed analysis of Fe protein requirements
to function in the in vitro FeMo-co synthesis assay was
provided by Ludden and collaborators and is summarized in
Table 3 and Figure 24,2323 From these studies, a correlation

Table 3. Functionality of Altered Forms of NifH in in Vitro
P-Cluster Maturation and in Vitro FeMo-co Synthesis
Assays®

NifH
variant

MgATP
binding

MgATP
hydrolysis

FeMo-co
synthesis

P-cluster
maturation

- a
e” transfer

x
kS

x
x

K15R
K15Q
K15P
D39N
D43N
D43E
S44F
D125E
D125N
L127A
D129E
F135Y
M156C
A157S

SN N VNN
X X X X X X %X x

g
CALRAU X % A% X % %X
LUK UK X UK UK X X X X

“e” transfer to the MoFe protein. bGreen tick/red cross denote the
ability/inability to function in the properties tested; — means not
determined. “Table from ref 232, modified with permission.
Copyright 2004 Springer Nature.

between MgATP binding and ability to support FeMo-co
synthesis can be inferred. However, many variants that failed to
hydrolyze MgATP were shown active in the in vitro FeMo-co
synthesis assay.

Finally, while there is compelling evidence that the Fe
protein is required for the incorporation of Mo into the VK-
cluster, there are disagreements in the exact role played by the
Fe protein in this process. While some groups argue that the Fe
protein functions as a Mo/homocitrate insertase that delivers
Mo covalently bound to homocitrate into NifEN (Figure 25A),
others claim that it is NifQ_that delivers Mo to NifEN in the
presence of the Fe protein (Figure 25B). Previously, we
proposed a mechanism, accommodating most published data,
in which the Fe protein would dock at the surface of NifEN
and induce a conformational change in the complex that results
in Mo transfer from the transient NifEN [Mo-3Fe-4S] cluster
into the VK-cluster.” Homocitrate previously bound to NifEN
could be incorporated into the VK-cluster in the same reaction.
In our opinion, despite a considerable number of experiments
during the past decade, no strong new data have been
presented that would significantly argue against this model.
The next two sections describe in detail the experimental
evidence supporting both claims.

14.3. Does Fe Protein Function as Mo/Homocitrate
Insertase?

Ludden and co-workers found Mo attached to NifEN in an in
vitro FeMo-co synthesis reaction containing NifEN, Fe protein,
NifX, NifB-co, MgATP, DTH, isotope-labeled *’Mo, and
homocitrate.””’ It is important to mention that this study was
performed prior to the generation of strain DJ1041 (that
accumulates FeMo-co precursor at NifEN due to its
Anif HDKTYnafAB genotype), when purified preparations
were obtained by tedious and long procedures that rendered
precursor-free apo-NifEN. Under these in vitro conditions,
removal of either MgATP, Fe protein, or NifB-co from the

https://dx.doi.org/10.1021/acs.chemrev.9b00489
Chem. Rev. 2020, 120, 4921-4968


https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.9b00489?fig=tbl3&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00489?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Lys15

Asp43 Asp125 Asp129 Met156

Asp39 Leu127 Phe135

Figure 24. Position in the A. vinelandii Fe protein of amino acid
residues (from Table 3) mutated to investigate their involvement in
Fe protein function. (A) Semi transparent surface and loop
representation. (B) Ribbon diagram in the same orientation. (C)
Main chain loop representation. Graphics generated with the PyMOL
Molecular Graphics System, Version 2.3.2 Schrodinger, LLC. ADP
molecules are represented as filled spheres at the bottom part of the
protein. The [4Fe-4S] cluster is depicted with stick and balls in the
upper part of the protein. Each mutated amino acid residue is
assigned a different color.

mixture prevented Mo accumulation at NifEN, indicative of
Mo insertion into the NifEN-bound precursor being an Fe
protein-dependent process requiring prior NifB-co transfer
into NifEN. Some *Mo label was found associated to the Fe
protein in the complete reactions, and it was therefore
proposed that Fe protein might serve as the entry point for
Mo incorporation into NifEN. Interestingly, *’Mo label of the
Fe protein was negligible in the absence of the rest of the
components, discarding the ability of the Fe protein to bind to
Mo by itself.””

Further insight into the Fe protein role was obtained from
the analysis of NifEN and Fe protein reisolated from reaction
mixtures in the procedure described above as “NifEN

4955

activation”.”** Each reisolated NifEN or Fe protein was tested
for their ability to support FeMo-co synthesis and apo-MoFe
protein activation in reactions containing new NifEN and Fe
proteins, but without additional Mo or homocitrate. Not only
the activated NifEN but also the Fe protein was found to
accumulate Mo (at about 2 mol Mo per mol Fe protein) and
to support NifEN-dependent FeMo-co synthesis and apo-
MoFe protein activation. Similar to the previous study,”*’
these results suggested that the Mo and homocitrate required
for NifEN-dependent FeMo-co biosynthesis were provided by
the Fe protein, which was then assigned a role as Mo/
homocitrate insertase.””> Some activity was also observed
when the Fe protein was incubated with apo-NifEN in the
initial activation reaction, indicating that accumulation of Mo
and homocitrate at the Fe protein was not strictly dependent
on NifEN containing the VK-cluster. Along with NifEN,
MgATP hydrolysis, the [4Fe-4S] cluster containing Fe protein,
and DTH were required for Mo incorporation into the Fe
protein.””’ XAS/EXAFS analysis of reisolated Fe protein
showed that its interaction with Mo did not depend on
homocitrate. However, a refined study indicated that, to be
productive, the incorporation of Mo and homocitrate had to be
simultaneous and not sequential.”*> A NifEN-bound cluster
containing Mo but lacking homocitrate could be generated but
was inactive as FeMo-co precursor.

To summarize, these studies were interpreted as the Fe
protein functioning as insertase that delivers a Mo/homocitrate
complex into NifEN for the maturation of the VK-cluster into
FeMo-co (Figure ZSA).158’222_225 In our opinion, this
interpretation has some limitations. First, if the role of the
Fe protein in FeMo-co synthesis was to transfer Mo/
homocitrate to NifEN, it should be possible to make this
Mo/homocitrate/Fe protein complex in vitro in the absence of
NifEN, whereas all results described above showed that NifEN
are required for a significant accumulation of Mo (or Mo) at
the Fe protein. Second, as isolated Fe protein preparations
neither contain Mo nor can be used as a Mo donor for in vitro
FeMo-co synthesis.”’ Third, the isolation of a NifEN protein
partially equipped with a [Mo-3Fe-4S] cluster from an A.
vinelandii nif H mutant background argues against the Fe
protein functioning in Mo delivery to NifEN.**® One
explanation for this could be that another protein, for example,
VnfH, could partially replace the Fe protein in vivo. In support
of this hypothesis, it has been shown that the low amount of
FeMo-co produced in vivo in a nif H mutant background is
minimized in the nif HnfH double mutant.”® Fourth, it has
been shown that the Fe protein can bind molybdate ions at the
position corresponding to the y phosphate of ATP,” which
would be incompatible with the requirement of Fe protein
ATP hydrolysis. It must be noted, however, that this binding
occurred in a crystallization solution containing 0.2 M
molybdate, which is certainly not physiological and four
orders of magnitude above the concentration used in the in
vitro FeMo-co synthesis assays (18 M molybdate). Fifth, in
vitro FeMo-co synthesis reactions starting from **Fe labeled
NifB-co also results in **Fe-labeled Fe protein (with similar
requirements as for the *’Mo label). The simplest explanation
to account for this multiple labeling is that the Fe protein
interacts with FeMo-co or the FeMo-co precursor in a complex
with NifEN and that, upon complex dissociation, a part of this
label ends up in each protein.

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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Figure 25. Two models for NifEN metal cluster composition and Mo incorporation into an Fe—S cluster FeMo-co precursor to mature the
cofactor within NifEN. Each model shows the protein and metal cluster nomenclature used. EPR signals used as spectroscopic evidence of protein-
bound FeMo-co, FeMo-co precursors, and other MoFe$ clusters are shown. (A) Model in which the product of NifB, called L-cluster, is delivered
by NifB to apo-NifEN via direct interaction to generate the NifEN" form. In subsequent step, the Fe protein delivers a Mo-homocitrate complex
that replaces one terminal Fe atom in the L-cluster to generate the M-cluster found in a NifEN™ species. The M-cluster is transferred from NifEN™
to apo-MoFe protein by direct interaction to generate active MoFe protein. (B) Model in which the product of NifB, called NifB-co, is transferred
to apo-NifEN via NifX. Within NifEN, NifB-co is rapidly transformed into the VK-cluster by NifEN. VK-cluster can be extracted from NifEN by
NifX. Both NifX/NifB-co and NifX/VK-cluster complexes have been spectroscopically analyzed. In addition to the VK-cluster, NifEN contains a
[Mo-3Fe-4S] cluster proposed to be donated by NifQ, which carries a similar cluster. Homocitrate is donated by NifV. Once all FeMo-co
precursors are bound to NifEN, the docked Fe protein exerts a conformational change in NifEN that promotes FeMo-co formation. Mature FeMo-
co is transferred to apo-MoFe protein via NafY. NifQ inset adapted from ref 73. Copyright 2008 PNAS.

14.4. NifQ Delivers Mo to NifEN for Its Incorporation into
FeMo-co Precursor

S] cluster with substoichiometric amounts of Mo. EPR
spectroscopy suggested a heterogeneous NifQ population

A major step to understand the various processes converging at
NifEN came from the identification of NifQ as direct donor of
Mo for FeMo-co synthesis.”> Co?* IMAC purification of
overexpressed and His-tagged NifQ from A. vinelandii
identified the protein as a monomer containing a [Mo—Fe—
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with redox responsive [3Fe-4S]* clusters and [Mo-3Fe-4S]*"
clusters (see Section 11.3). Therefore, NifQ fulfills the
requirements expected of a Mo donor.

As isolated NifQ_ supported in vitro FeMo-co synthesis and
apo-MoFe protein activation in a reaction mixture lacking Mo

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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but containing apo-NifEN (isolated from the A. vinelandii
strain UW243), Fe protein, NifB-co, homocitrate, MgATP, and
DTH.” In support of previous studies, removal of Fe protein
or homocitrate from the reaction mixture prevented or strongly
reduced FeMo-co synthesis. Heat-denatured NifQ_could not
support FeMo-co synthesis, proving the direct requirement of
NifQ_ for the reaction. Mo transfer was not observed when
NifQ was incubated with NifEN or the Fe protein separately.
However, coincubation of all three protein components
resulted in Mo transfer from NifQ to both NifEN and the
Fe protein,”” as previously observed from *’Mo labeling and
anoxic native gels,227 and indicative of the formation of a
transient complex between NifEN and Fe protein that permits
or enhances Mo unloading from NifQ. Whether NifQ transfers
only Mo or its entire cluster is not known. In this regard, it
should be noted that the [Mo-3Fe-4S] cluster of NifQ
resembles the transient [Mo-3Fe-4S] cluster found in NifEN
preparations. Interestingly, not all NifQ-bound Mo was
transferred. In attempts to understand the function of each
of the two distinct Mo sites in NifQ (see Section 11.3),
individual elimination of each Mo site lowered or even
suppressed the ability of NifQ to provide Mo the FeMo-co
biosynthesis.”*®

15. METALLOCLUSTER TRAFFICKING IN FEMO-CO
SYNTHESIS: ROLES OF NIFY, NAFY, AND NIFX

Although activation of apo-MoFe protein in vitro is readily
accomplished by the simple addition of isolated FeMo-co, this
is less likely to happen in vivo due to the oxidative lability of
the cofactor and its instability in aqueous solutions."> In vivo,
both mature FeMo-co and its precursors appear to be
delivered/protected by cluster carrier proteins, that is, NifX
and NafY, which are proposed to transfer the clusters from
NifB to NifEN and from NifEN to the MoFe protein,
respectively. Early analysis of NifY and NifX amino acid
sequences from A. vinelandii, K. pneumoniae, and R. capsulatus
showed that NifX and the C-terminal 150 amino acids of NifY
shared conserved residues.**** The NifX sequences of R.
capsulatus™® and A. vinelandii'* also showed similarity to the
C-terminal domain of their respective NifB proteins. The
implications from the presence of a NifX-like domain in NifB
have been discussed above (Section 10.3). Co-transcription of
the nifY gene with the structural nitrogenase genes nif H, nif D,
and nifK, and that of nif X with the FeMo-co assembly scaffold
genes nifE and nif N in many diazotrophs, including A.
vinelandii and K. pneumoniae,”™"”"*** suggested that NifY was
associated with the MoFe protein, whereas NifX would be
associated with the NifEN complex. In this context, it is worth
noting that the nif DKY and nif ENX regions presumably
resulted from a gene duplication event.

15.1. NifX

Disruption of the nifX gene does not to cause significant
effects on N,-fixing capability in a range of diazotrophs
tested.’*>***3>?3¢  Although early work in K. preumoniae
suggested that NifX could act as a negative regulator of nif gene
expression,”*® later work pointed to a more direct role in
FeMo-co synthesis as metallocluster carrier capable of NifB-co
binding,”***"*"">* which implies that eventual regulatory
effects could be of indirect nature. In contrast to the lack of
phenotype reported from earlier in vivo studies, work in vitro
showed that NifX stimulated FeMo-co synthesis."*' NifX was
proposed to be transiently attached to NifEN during some
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stage of FeMo-co synthesis, a hypothesis that has been
experimentally confirmed.'"*

The importance of NifX for efficient FeMo-co biosynthesis
was later validated in vivo, when A. vinelandii or H. seropedicae
was grown under stressing N,-fixing conditions in media
presenting either Mo or Fe deficiency.'***° A more careful
study of the components required for in vitro synthesis of
FeMo-co showed that although NifX was not strictly essential
for the reaction, the protein did stimulate FeMo-co synthesis,
and the effect was dose-dependent.”” Higher concentrations of
NifX inhibited FeMo-co synthesis and apo-MoFe activation in
vitro, indicating a potential competition for FeMo-co
precursors or the finalized cofactor between NifX and other
proteins (e.g., NifEN and apo-MoFe protein).

VnfX, a NifX homologue expressed together with vnfE and
vnfN, was found to be involved in the synthesis of the FeV-
cofactor for the vanadium nitrogenase.””” VnfX could bind
NifB-co in vitro but also an O,-sensitive homocitrate-free FeV-
co precursor containing Fe, S, and V. As for NifX, the vnfX
gene was not required for FeV-co synthesis in vivo or for V-
dependent diazotrophic growth. That NifX could also act as
reservoir for other FeMo-co precursors, similar to VnfX in the
V-nitrogenase system,”’’ which was proposed when A.
vinelandii NifX was found to extract the VK-cluster from
NifEN.>* One difference of NifX compared to VnfX is that the
later was shown to bind a V-equipped precursor,”*” whereas no
heterometal (i.e., Mo) was found at the NifX-bound
precursors.”* However, in vitro FeMo-co synthesis using
isotope-labeled Mo has shown accumulation of Mo in
NifX. On the basis of this result, we hypothesize that a
precursor containing Fe, S, and Mo could be bound to NifX if
isolated from the appropriate mutant background.””’

In summary, NifX acts as carrier of NifB-co between NifB
and NifEN and as a temporal storage protein for the NifB-co
immediately processed by NifEN (in the form of the VK-
cluster). An additional population of NifX stable bound to
NifEN has been shown by STAC experiments.''* Its function
must be explored, but it is easy to imagine a function as
stabilizing factor similar to that provided to apo-MoFe protein
by NafY. To date, the lack of structural information for NifX
limits our understanding for how the protein interacts with
NifEN and NifB as well as cofactors.

15.2. NifY and NafY

15.2.1. NifY and Gamma Protein Form Stable
Complex with Apo-MoFe Protein Containing Mature
P-Clusters. The nifY gene is located together with the
structural nitrogenase genes in the A. vinelandii and the K
pneumoniae chromosomes (Figure 2). It was early described as
dispensable for growth under normal N, fixation conditions in
A. vinelandii.”® However, the NifY protein was first identified in
K. pneumoniae associated to the apo-MoFe protein from the
nif B~ strain UN106,>*® or the nif N~ mutant strain UN1217.'%
About two molecules of NifY were found attached to each apo-
MoFe protein tetramer. Apo-MoFe protein in extracts of a K.
pneumoniae a nif Y nif B double mutant could not be activated
by FeMo-co to the extent of apo-MoFe protein in extracts of a
nif B mutant strain. Importantly, upon activation by FeMo-co,
NifY dissociated from the reconstituted MoFe protein.'*” NifY
was then proposed to facilitate FeMo-co activation by
maintaining apo-MoFe protein in a conformation competent
for cofactor insertion.

https://dx.doi.org/10.1021/acs.chemrev.9b00489
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A better understanding of the mechanism of FeMo-co
insertion was obtained from experiments with apo-MoFe
protein produced by the A. vinelandii nif H mutant strain
UW97.'% First, FeMo-co activation of this MoFe protein
required prior action of the Fe protein and MgATP to convert
the AnifH apo-MoFe protein into a variant competent for
FeMo-co insertion. Second, apo-MoFe protein thus prepared
for FeMo-co insertion was found to readily bind a protein
designated as the Gamma protein forming a a,5,y, complex.'”®
Gamma was not the product of the A. vinelandii nifY gene, but
it appeared to play the same role as NifY in K. pneumoniae.
However, the primary sequence of the Gamma protein (later
identified as NafY, see below) and the Gamma-encoding gene
were unknown at the time. As the crystal structure of the active
MoFe protein showed that FeMo-co was buried within the
protein,’ it was proposed that Gamma could function by
making the FeMo-co binding site more accessible for the
cluster or that it could promote interactions with other factors
involved in FeMo-co insertion.'”® Together with the work in
K. pneumoniae, this study supported a stepwise maturation of
the MoFe protein where at least one intermediate step involves
the association between the apo-MoFe protein and NifY/
Gamma.

15.2.2. Gamma Binds FeMo-co. The stepwise model for
apo-MoFe protein activation and the function of Gamma in A.
vinelandii became more elaborate when a third Gamma
population was identified, in addition to the unassociated
(free Gamma) and the apo-MoFe protein-bound forms. This
third Gamma pool was found to bind to FeMo-co and be able
to donate it to the apo-MoFe protein.'”® Therefore, Gamma
appeared to play two roles: one that stabilizes apo-MoFe
protein in a conformation that facilitates FeMo-co insertion,
and one that acts as an intermediate FeMo-co carrier/insertase.
The latter role was supported by work showing that FeMo-co
accumulated in Gamma in A. vinelandii strains lacking nif D or
nifK'’® and that Gamma bound FeMo-co synthesized in the in
vitro FeMo-co synthesis assay performed in the absence of apo-
MoFe protein,'*>'%%**

15.2.3. nafY Gene of A. vinelandii Codes for Gamma
Protein. Interestingly, in A. vinelandii, the nif Y gene does not
code for the Gamma protein, and no biochemical activity has
yet been assigned to it. The identification of nafY (for
nitrogenase accessory factor Y) as the Gamma gene was
important because a wealth of biochemical information could
then be linked to a particular amino acid sequence and a new
family of proteins with similar amino acid sequences and
functions was revealed.'* The nafY gene is located at the
minor nif cluster together with the rnf genes and regulated
independently of the nif genes (Figure 2).

NafY showed sequence similarity to NifY, VnfY, NifX, VnfX,
and to the C-terminal domain of NifB (Figure 26). In
particular, NifY and NafY share about 40% identity, with NafY
having a short C-terminal extension dominated by negative
amino acids. The roles of NifY, NifX, and VnfX have been
discussed above. VnfY appears to be involved in the maturation
of V-nitrogenase as an A. vinelandii strain with deleted vnfY has
almost no VFe activity and shows defective incorporation of V
into the VFe protein.”*” The vnfY gene is located downstream
vnfK in a location analogous to nif Y. In addition, another naf Y’
homologue designated as nafX has recently been found
downstream of nafY at the minor nif gene cluster (Figure 2).>*
The function of NafX is unknown.
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Figure 26. Core domain conservation among members of NafY
family of proteins. NafY and homologues shown are from A.
vinelandii. UniProt accession numbers are NafY (C1DMA1), NifY
(C1DHO00), NifX (C1DHOS), VnfX (C1DI38), VnfY (C1DI21), and
NifB (C1IDMB1). Core domain is shown in orange, SAM-radical
domain in green, and the sterile a motif domain in blue.

Deletion of the nafY gene did not cause any significant effect
on Mo-dependent diazotrophic growth, in line with other work
suggesting that cluster-binding proteins (e.g., NifX and NifY)
are nonessential.**>***3>?3° Because of the possible functional
overlap between the NafY, NifY, and NifX proteins, A.
vinelandii strains with one, two, or three of these genes
removed were generated.'** The mutant strains showed only
minor growth phenotypes under standard N,-fixing conditions.
However, when cultures were grown under Mo-stressing
conditions, the strains lacking nafY and nifX genes were
significantly affected. No significant effect from nif Y deletion
was observed. Apo-MoFe protein levels in the AnifB AnafY
strains were severely affected, indicating that NafY function
was important for apo-MoFe protein stability. Consistently, the
reconstitution of apo-MoFe protein by addition of FeMo-co in
the AnifB AnafY strain was 50% compared to the AnifB
strain.'*

15.2.4. Structure and Function of NafY Protein
Domains. Sequence alignments of the A. vinelandii NifX,
VnfX, NafY, NifY, and VnfY proteins, and the K. pneumoniae
NifY, show that NafY and NifY have N-terminal extensions
(Figure 26).”*° Functional interaction of full-length A.
vinelandii NafY and an N-terminal truncated NafY variant
(designated as the “core domain”) with FeMo-co and with the
apo-MoFe protein was investigated. While both NafY variants
could efficiently bind FeMo-co, binding to apo-MoFe protein
was weakened in the truncated one, indicating that FeMo-co
binds to the C-terminal core domain of NafY and that the
function of the N-terminal extension could be to convey
interaction between the NafY and the apo-MoFe protein.”*’

The structure of full-length NafY could not be resolved
because of endogenous proteolytic activity. Isolation of NafY
using a different purification protocol, or the use of cleavage-
resistant site-directed NafY variants, might be useful for this.
To date, the two NafY domains have been independently
characterized at the atomic level (Figure 27A). The structure
of the core domain was solved by X-ray crystallography and
shown to fold as a mixed five-stranded fS-sheet flanked by five
a-helices in a conformation that resemble proteins from the
ribonuclease H superfamily (Figure 27B).”*" Such a fold has
no structural similarities to the FeMo-co binding pockets at
NifEN or the MoFe protein. The N-terminal domain structure
was solved by NMR and found to have an all-helical fold
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Figure 27. Atomic structures of NafY N-terminal and core domains.
(A) N-terminal and C-terminal (core) domains of NafY. (B) NafY N-
terminal domain structure (98 residues) solved by NMR (PDB
2KIC). (C) NafY core domain structure (145 residues) solved by X-
ray crystallography (PDB 1P90). The His'*' residue essential to
FeMo-co binding is labeled. Graphics generated with the PyMOL
Molecular Graphics System, Version 2.3.2 Schrédinger, LLC.

similar to that of a putative protein interaction module named
as the sterile alpha motif and normally involved in protein—
protein or protein-RNA interactions (Figure 27C).”*"*** Both
NafY domains appear to fold independently of each other and
to have very limited interactions in the full-length protein,
consistent with their divergent biochemical functions.""’

M. thermoautotrophicum MTHI117S protein is a homologue
of NifX. MTH1175 structure has also been determined by
NMR and consists of an a/f topology with a single mixed f-
sheet, two flexible loops, and an unstructured C-terminal
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tail.”*> Both MTH1175 and NafY share sequence similarity to
the IssA protein from the thermophilic archaeon Pyrococcus
furiosus, a protein storing Fe and S in the form of thioferrate.
Interestingly, IssA also contained an unstructured C-terminal
tail that was suggested to bind to thioferrate.”** If these
findings relate to the mechanism by which NifY/NafY/NifX
carry [Fe—S] clusters is not clear. Unfortunately, the C-
terminal 11 amino acids of NafY were missing from the core
domain and therefore not resolved by X-ray crystallography.

Further biochemical characterization established that NafY
was capable of binding one molecule of FeMo-co with high
affinity, with the NafY His'*' being essential for FeMo-co
binding,'*® His'*' is part of an HFG domain located at the
surface of NafY*** and is conserved in the K. pneumoniae NifY
but not in the A. vinelandii NifY. No FeMo-co binding was
detected in the absence of the entire C-terminal core domain.
Both unassociated and FeMo-co bound NafY were found to be
monomers, in contrast to previous work relgorting that
cofactor-less Gamma protein was a homodimer.'”® NafY was
also shown to bind NifB-co, although with much lower affinity
than FeMo-co. The preferential binding to one specific
metallocluster for members of this family of proteins is
thought to be of importance for correct cluster delivery in
vivo.""” Similar to the effect of NifX on the in vitro FeMo-co
synthesis assay, low levels of NafY increased apo-MoFe protein
activation, while higher levels inhibited it,* potentially
explained by competition for FeMo-co between NafY and
apo-MoFe protein.

The fact that the N-terminal domain of NafY is responsible
for apo-MoFe protein binding was initially revealed by pull-
down experiments, and interactions studies in which GST-
tagged NafY variants were used as bait to test their affinity for
apo-Mofe protein.''® Recently, better understanding of NafY
(and NifY) interaction with apo-MoFe protein was obtained
from STAC experiments,””''* in which apo-MoFe protein
could be isolated with bound NafY or NifY proteins. These
interactions are easily lost during IMAC because of the use of
imidazole.'"* NafY or NifY binding to apo-MoFe protein was
found to protect Cys*’*, which together with His*** anchors
FeMo-co to the MoFe protein. Mutation of either Cys*’® or
His**? prevented the dissociation of NifY or NafY from the
MoFe protein.”’ Interestingly, NafY and NifY were never
found simultaneously at the apo-MoFe protein, but the specific
order in which they bind to immature apo-MoFe protein
remains to be elucidated.

In summary, NafY (and the K. pneumoniae NifY) stabilizes
the P-cluster containing apo-MoFe protein by protecting the
FeMo-co ligand a-Cys””® from oxidation. NafY also acts as
carrier of matured FeMo-co from NifEN facilitating FeMo-co
insertion into the apo-MoFe protein, although this function is
neither essential in vivo nor in vitro. The exact mechanism
remains to be determined, but it is possible that NafY increases
the rate of FeMo-co transfer or that NafY makes FeMo-co
insertion more selective by discriminating against the insertion
of a FeMo-co biosynthetic precursor.

16. CONCLUDING REMARKS

Research on nitrogenase metal cofactor formation has
delivered results, concepts, and methodologies with broad
implications in all biology. In particular, the biosynthesis of
FeMo-co is a process of enormous complexity involving
molecular assembly scaffolds, enzymes to provide cofactor
parts, and metallocluster carrier proteins.
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NifB is one of the most interesting proteins involved in
FeMo-co assembly as it produces the unique [8Fe-9S—C]
NifB-co cluster that is used as precursor for the biosynthesis of
the active-site cofactors in all nitrogenases. Our understanding
of NifB has progressed enormously during the last years. Still,
several mechanistic questions need to be addressed; among
them are the in vivo source of sulfite proposed to donate the
“ninth” S required for NifB-co formation and how the last two
H atoms of the K2 cluster-bound methyl group are removed
following the first 5’-dA® radical-dependent H abstraction.
Also, NifB has one SAM-cluster, but at least two SAM
molecules are required for NifB-co formation. It is not clear
whether both molecules are presented by the SAM-cluster.
Regarding SAM, it is also unclear why NifB generates more
SAH than 5'-dAH,””® which would be expected to
accumulate at a 1:1 ratio if the currently proposed NifB
mechanism was entirely correct (Figure 19A). The exact role
of FdxN on NifB-co formation is also intriguing and awaits
further investigation.

Related to the mechanism and stability of NifB it is also not
known whether the protein is capable of multiple turnovers
(producing several consecutive NifB-co molecules). The
question is relevant as inactivation of the clpX2 gene, a
protease that is upregulated during N,-fixing conditions in A.
vinelandii, reduces the rate at which NifB is degraded in vivo.”*
One function of the CIpX2 protein could be to degrade cluster-
less NifB protein. This hypothesis is supported by the fact that
disruption of the nif ENX genes, whose products are acceptors
of NifB-co, made the (presumably cluster-loaded) NifB protein
more resistant to degradation.

Many of these open questions could be answered by having
a three-dimensional atomic structure of NifB. The structure
would also help to understand why, in many N,-fixing
organisms, NifB has an additional C-terminal NifX-like domain
that is neither strictly required for NifB-co production nor for
transfer of NifB-co in vitro and in vivo.

NifQ is another protein producing a unique [Mo-3Fe-4S]
cluster destined for FeMo-co biosynthesis.”* As it is the case of
NifB, there is no three-dimensional atomic structure of NifQ
that would help elucidate how this cluster is formed and how
can it serve as Mo donor. One open question about Mo
donation in the in vitro FeMo-co synthesis assay is whether the
current assays are appropriate to investigate this step of
cofactor biosynthesis. The fact that free molybdate, NifQ, the
MoSto protein, some NifEN preparations, and Fe protein
reisolated from a “NifEN activation” assay can all serve as Mo
donors in vitro suggests that the current in vitro FeMo-co
synthesis assay might not be properly reproducing the in vivo
reaction or that Mo can be incorporated through multiple
pathways.

Our understanding of the maturation of MoFe protein and
Fe protein polypeptides is still scarce. On one hand, the role of
NifM and its essentiality are unclear, as is the phylogenetic
distribution of NifM-dependent and NifM-independent Fe
proteins. Despite substantial progress in understanding P-
cluster maturation, it is important to note that the exact role of
the Fe protein in this process is still unknown. The ability of
apo-Fe protein to aid in P-cluster formation and FeMo-co
biosynthesis makes its role difficult to understand. Finally, the
MoFe protein maturation is more complex than initially
conceived, at least in the model diazotroph A. vinelandii.
Nevertheless, it is expected that novel methods and
technologies, such as the powerful and nondisruptive STAC,
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which has already unveiled and detailed the action of several
MoFe protein accessory factors,””"'>''* will provide more
precise mapping of the Nif protein complexes. Investigating
not only the functions of individual Nif proteins but also their
interactions and concert actions under different stimuli and
conditions will be important for a global view on nitrogenase
biogenesis. It will also be crucial for researchers aiming to
transfer the complete nitro;enase molecular machinery into
eukaryotes such as plants.” In this regard, several works
addressing methodologies and expression of functional Nif
proteins in gfeast and plants have recently been pub-
lished.”>'¢%**2% A key study showing in vivo synthesis of
NifB-co in yeast mitochondria has also been published,112 a
manifest that indicates that we might be closer than ever to
reach the longstanding idea of engineering plants capable of
utilizing atmospheric N, as direct nitrogen source.”””*>!
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ABBREVIATIONS

P-ME f-mercaptoethanol

GST glutathione S-transferase

IDS indigo disulfonate

DTH dithionite

NMEF N-methylformamide

STAC strep tag affinity chromatography

IMAC immobilized metal affinity chromatography
SAM S-adenosylmethionine

SAH S-adenosylhomocysteine

EPR electron paramagnetic resonance

UV—vis UV-—visible

NMR nuclear magnetic resonance

NRVS nuclear resonance vibrational spectroscopy
SAXS small angle X-ray scattering

EXAFS  extended X-ray absorption fine structure
XAS X-ray absorption spectroscopy

VT-MCD variable temperature magnetic circular dichroism
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