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Abstract

Biological nitrogen fixation is catalyzed by the enzyme nitrogenase, which facilitates the cleavage
of the relatively inert triple bond of N,. Nitrogenase is most commonly associated with the
molybdenum-iron cofactor called FeMoco or the M-cluster, and it has been the subject of
extensive structural and spectroscopic characterization over the past 60 years. In the late 1980’s
and early 1990’s, two ‘alternative nitrogenase’ systems were discovered, isolated, and were found
to incorporate V or Fe in place of the Mo. These systems are regulated by separate gene clusters,
however, there is a high degree of structural and functional similarity between each nitrogenase.
Limited studies with the V- and Fe-nitrogenases initially demonstrated that these enzymes were
analogously active as the Mo-nitrogenase, but more recent investigations have found capabilities
that are unique to the alternative systems. In this review, we will discuss the reactivity, biosynthetic
and mechanistic proposals for the alternative nitrogenases as well as their electronic and structural
properties in comparison to the well-characterized Mo-dependent system. Studies over the past 10
years have been particularly fruitful, though, key aspects about V- and Fe-nitrogenases remain
unexplored.
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H,  CH,0+NH,

Introduction

Nitrogen fixation occurs in biology through the activity or enzymes known as nitrogenase.
The enzyme takes N, from the atmosphere or other sources, and at ambient temperature and
pressure can cleave the strong triple N, bond to generate two equivalents of ammonia, as
seen in a simplified reaction 1:

Ny+6H"Y + 6~ — 2N Hj (€]

However, as will be discussed in Section 5, the stoichiometry and mechanism of this
enzymatic process is more complex. Nitrogenases play a critical role in the global nitrogen
cycle and provide bioavailable nitrogen for organisms to form the fundamental building
blocks of life — amino acids and nucleobases. In diazotrophic organisms that can express
nitrogenase, there are three different variants: Mo-dependent, V-dependent and Fe-only
nitrogenases. These three systems are closely related as they are likely products of genetic
duplication and evolutionary divergence as opposed to the simple substitution of the
transition metal. The Mo-dependent systems have been studied more extensively than the
others, however, the focus of this review will be on the mechanism and reactivity of the Mo-
independent systems. Inherently there is less characterization reported for the V- and Fe-only
nitrogenases due to the relatively recent isolation, so information will be discussed within
the context of what is available for the alternative systems and will not constitute an
exhaustive description of Mo-nitrogenase.
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2. Genetic Distribution, Regulation and Evolution of Mo-Independent
Nitrogenases

Within the last decade, genetic sequencing efforts have expanded the genome data bank, and
this has allowed for the identification of an array of novel nitrogen fixing organisms.
Bioinformatics, in combination with a better understanding of nitrogenase assembly, was
used to identify 149 diazotrophs in 2012 after a comprehensive genome search using a
minimum gene set 7/fHDKENB; this number increased to 359 organisms from a similar
study conducted in 2019.2 In Archaea, nitrogenase is restricted to the Euryarchaeota phylum
whereas in Bacteria, nitrogenase can be found in 13 different phyla; primarily in
Proteobacteria, Firmicutes, Cyanobacteria and Bacteroidetes.1 =3 The sources of these
organisms were shown to be far more diverse than previously understood. Beyond the
conventional soil dwellers in agricultural sites,13 nitrogen fixing organisms have been found
in a variety of environments ranging from marine, coastal and freshwater sediments,* to
waste and sewage stacks,® the termite midgut® and in human pathogens.® The number of
organisms identified with putative alternative nitrogenases also increased proportionately
with the number of available genomes,”:8 indicating a more widespread taxonomic
distribution of alternative nitrogenases than considered previously. One study by Morel and
co-workers estimated that alternative nitrogenases constitute 14—-21% of the total nitrogenase
activity, and are major participants of diazotrophic activity in almost a quarter of
environments where biological nitrogen fixation is detected.3

The increasing prevalence of alternative nitrogenases identified in genomic databases
highlights a potential for ecological importance and a role in the global nitrogen cycle,
which raises the question of how alternative nitrogenase expression may be regulated. Most
organisms that fix N, only encode for Mo-nitrogenase (//#), but organisms that encode the
alternative nitrogenases (vz7fand/or anfj also encode for Mo-nitrogenase.1:%-12 Several
prokaryotes, namely Azotobacter vinelandii, Methanosarcina acetivorans, and
Rhodopseudomonas palustris, have the genes for all three nitrogenases,® however, some
diazotrophs only encode Mo- and Fe-only nitrogenases (Rhodobacter species),}* while
others only encode Mo- and V-nitrogenases (Anabaena species).1® In A. vinelandii, the
putative regulatory pathway involves the master regulator genes nifA, vnfA and anfA, which
are responsible for the expression of Mo-, V- and Fe-nitrogenase encoding genes,
respectively.16 In the presence of Mo, the gene product NifA turns on the expression of the
nifencoding genes while vnfA and anfA are both transcriptionally repressed. In the
presence of V and absence of Mo, VnfA is expressed and it transcriptionally suppresses the
nif and anf encoding nitrogenase genes. Lastly, in the absence of both Mo and V, the anfA
gene is activated to turn on the synthesis of Fe-nitrogenase.1” There is certain degree of
overlap between these nitrogenase systems given that neither the vnfnor the anfgene
clusters contain the entire set of necessary biosynthetic genes. For one example, in A.
vinelandii the biosynthesis of all nitrogenases require the action of NifU, NifS and NifB.18
Interestingly, transcriptome analysis also revealed that many of the genes required for V-
nitrogenase assembly are also turned on when the organism was expressing Fe-nitrogenase.
18 The NifA-mediated regulation framework seems to be employed by other diazotrophic
proteobacteria, albeit with some modifications. For instance, in Rhodobacter capsulatus,
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NifA is believed to be necessary for the synthesis of Fe-only nitrogenase, although this is
facilitated through a NifA-dependent factor known as RpoN.1° Alternatively, there are
instances where the n/fA gene does not appear have any encoded homologs, with many
examples found in diazotrophic cyanobacteria. In one example, in Anabaena variabilis,
nitrogenase expression is controlled by an interplay of a number of environmental factors,
and ultimately through regulation of the 72/f8 promoter.20 More recent evidence has revealed
a more complex picture of alternative nitrogenase usage. Sequencing results taken from
lichen and termite hindgut samples indicated a small or inconsistent correlation between
alternative nitrogenase expression with trace metal availability.6:21:22 Even in the well-
established system of A. vinelandii, it is known that “hybrid” nitrogenases, such as the V-
dependent protein containing the Mo-dependent cofactor, can be produced under specific
growth conditions (see Section 4.6).23 Thus, there are still many questions that remain
concerning the gene regulation of alternative nitrogenase, and addressing them will become
increasingly important for the future.

Due to improvements in sequencing techniques and the widespread availability of genetic
information, the potential evolution of nitrogenase has been reassessed. Based on the
availability of fixed nitrogen, Fe, and Mo in the ancient oceans, an initial proposal posited
that the alternative nitrogenases predated Mo-nitrogenase.10:24 However, recent phylogenetic
studies point to the existence of a proto-nitrogenase species that was a common ancestor of
all three known nitrogenases, and it was suggested to contain a precursor cofactor that
lacked Mo.212.25 peters, Boyd and co-workers have argued that the structural genes of the
modern Mo-nitrogenase, namely nifHDK, were the first to evolve from the proto-
nitrogenase genes, potentially through gene duplication of n/fD and differentiation events.
17.25 sybsequently, it was proposed that the 7/fDK genes might have been duplicated in
order to give rise to cofactor biosynthetic genes n/ifEN, thereby allowing for the development
of a fully functional Mo-nitrogenase.? Based on a concatenated phylogenetic lineage of the
nifHDK genes, it was further suggested that the structural genes of V-nitrogenase, /.e.
vnfHDGK; were derived from nifHDK while structural genes of Fe-only-nitrogenase,
anfHDGK; were subsequently evolved from the v7fgenes.2® This notion is consistent with
the fact that the assembly of the V- and Fe-only nitrogenase cofactors rely on nifencoded
genes, particularly nifUS and nifB as well as nifEN for organisms other than A. vinelandii
and R. palustris which instead encode for vafEN.11:26 This proto-nitrogenase proposal was
also compared with studies of ancient sedimentary rock from marine and fluvial sources that
investigated the nitrogen isotope ratios of the encapsulated biomass from that time period.
21,28 Niitrogenases are known to produce fixed nitrogen that disfavors the heavier 1°N
isotope relative to the natural isotopic abundance of No. This can represented by the nitrogen
fractionation where (615N = [(1°N/14N)sample/ (2°N/14N)standard] - 1), and Mo-
nitrogenase can show 615N values between —1% to —4% whereas the alternative
nitrogenases favor 4N products more strongly with §1°N values between —6% and —8%.
21-29 The sediments tested were between 3.2 and 2.75 billion years old, and in that time
frame, the observed fractionation was 81°N ~ 0%, which is more consistent with Mo-
nitrogenase than the Mo-independent variants.28 Compared to the phylogenetic analysis, the
isotope experiments support the notion that Mo-nitrogenase predates the alternative systems.
However, the isotope fractionation of a proto-nitrogenase cannot be accurately known, but it
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has been suggested that such a nitrogenase ancestor would be promiscuous, inefficient, and
likely unable to discriminate against the heavy nitrogen isotope.1” Additionally, there is no
clear time point of when such a proto-nitrogenase would have started to incorporate Mo. A
detailed picture for the evolution of nitrogenase proteins has begun to emerge, but it will be
interesting to see how this changes as further investigation unveils new nitrogen fixing
species and probes the biochemistry the nitrogenase proteins from these sources.

2.1. Assembly of Mo- and V-Nitrogenases

Extensive characterization efforts in the past two decades have provided valuable insight into
the biochemistry and assembly of the catalytic component of Mo-nitrogenase, called the
MoFe protein or NifDK. NifDK is a heterotetrameric protein that contains two cofactors —
the [FegS7] P-cluster and the [MoFe;SgC-(R)-homaocitrate] M-cluster (also called FeMoco).
For A. vinelandii, it is understood that the synthesis of the P- and M-clusters of NifDK
require a minimum set of proteins that include NifU, NifS, NifB, NifEN, NifV and NifZ, in
addition to the structural gene products NifH and NifDK.30 The functions of these nifgene
products have been studied in great detail and are briefly summarized in Table 1. Overall,
the P-cluster of the MoFe protein was determined to be synthesized /n situ, i.e. on the NifDK
polypeptide scaffold, and the M-cluster was synthesized ex situ, i.e. outside of the NifDK
protein.3%-32 |n the former case, a biosynthetic precursor of the P-cluster, denoted as the P*-
cluster, was identified as a pair of [Fe4S4]-like clusters. The conversion of this P*-cluster to
the fully matured P-cluster was described as the fusion of the two [FesS4] clusters, with the
loss of a sulfur atom. The process also involves the action of NifZ and NifH in an ATP- and
electron-dependent manner (Figure 1).33 The catalytic component of V-nitrogenase, called
VFe protein or VnfDGK, has a similar composition as the Mo-dependent system, with a P-
cluster and a V-containing analog of the M-cluster called the V-cluster. Interestingly, a
significant degree of similarity was observed between the P*-cluster in the pre-matured
MoFe protein and the matured P-cluster in V-nitrogenase based upon electron paramagnetic
resonance (EPR) and X-ray absorption spectroscopic (XAS) analyses (see Section 3).34 The
synthesis of the M-cluster involves a series of transformative steps, starting from a pair of
[FesS4] clusters (denoted as the K-cluster). The K-cluster is then converted into a [FegSgC]
core (denoted as the L-cluster), and finally Mo and AR-homacitrate are incorporated to yield
the matured M-cluster (Figure 1).30-33.35-37 |t has been suggested that the M- and V-clusters
share the same biosynthetic pathway until the formation of the L-cluster, and after this point
the pathways diverge as either Mo or V is inserted along with the organic ligand /-
homocitrate.31:32

While the topic of Mo-nitrogenase assembly has been covered in a number of reviews, there
is currently little understanding of the assembly process for the alternative nitrogenases aside
from indirect association to what is known about the Mo-dependent system. In light of this,
a brief synopsis will be outlined in this portion of the review with a focus on the biosynthesis
of the M-, V- and Fe-clusters. The intention is to emphasize the potential commonalities
shared by the biosynthetic pathways of these analogous nitrogenase cofactors.

The biosynthesis of the M-cluster starts with the assembly of [FesS4] units, composed of
mobilized iron and sulfur (Figure 1).38:39 In A. vinelandiithe NifU and NifS gene products
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accomplish this task,18 however, not all diazotrophs encode 7/fUS but alternative systems
can be used. In the genome of Paenibacillus sp. WLY 78, there is no encoded n/fUS, but
several genes exist that can facilitate the same function, including a complete suf
(sufCBSUD) operon, and partial suf(sufABC) and isc (iscR and falx) systems,17:40
Additionally, it has been demonstrated that plasmids carrying the iscSUA and hscABfdx
genes that encode for [Fe4S4] cluster assembly proteins can be used to heterologously
express structural nitrogenase proteins from methanogenic organisms in Escherichia coli**
These FeS biosynthetic building blocks are then loaded onto NifB, the radical S-adenosyl-L-
methionine (SAM)-dependent enzyme that serves as the site where the precursor 8Fe core
(L-cluster) is generated. On NifB, two types of FeS clusters were found as predicted by
sequence analysis.*2 The first is a [Fe4S,4] cluster that is bound to a radical SAM-motif,
referred to as the SAM cluster,*3 and the second type is actually a pair of [FesS4]-like
clusters, known as the K-cluster,3 that serves as building blocks for the L-cluster (Figure 1).
When the NifB protein is reduced using dithionite (S,0427), these two sets of metal clusters
give rise to a composite EPR signal with g-values at 2.02, 1.95, and 1.90.43 Upon addition of
SAM, this signal is greatly diminished, and is accompanied by the appearance of a signal at
g = 1.94 associated with the L-cluster.#44> This observation pointed to a mechanism where
the two [FesS4] components of the K-cluster fused into the 8Fe L-cluster through the action
of radical SAM cleavage. Indeed, radiolabel tracing has provided strong evidence for this
proposal, as a 14C-labeled L-cluster can be generated through the addition of [methyl-14C]
SAM to NifB.4647 The carbon labeling along with the detection of the reaction product S
adenosyl-L-homocysteine (SAH), was strongly indicative of a Sy2-type methyl transfer
reaction. This is a common reactivity among SAM enzymes,*8 and implied that the SAM
cluster transferred carbon to the substrate K-cluster, which gave rise to the central carbide of
L-cluster. The reaction of SAM with NifB (Figure 2) also yielded 5’-deoxyadensine (5°dA),
indicating involvement of a 5’-deoxyadensyl radical (5’dA°®). Deuterium labeling
demonstrated that the radical species was involved in the hydrogen abstraction of the methyl
group that was transferred to the K-cluster.46 Furthermore, methanethiol (CH3SH) was also
detected upon acid quenching of the reaction, demonstrating that the SAM-derived methyl
group is transferred to an acid-labile sulfur atom instead of an iron atom associated with the
K-cluster.® More recently, the site-directed mutagenesis of NifB has led to the identification
of the so-called K2 cluster, one 4Fe half of K-cluster that is coordinated by Cys?64, Cys274
and Cys?’7, as being the site of methyl transfer.0 The other half of K-cluster, designated as
the K1 cluster, is coordinated by Cys30, Cys83 and Cys!29, and was studied using advanced
pulse EPR techniques and a NifB variant carrying only the K1 cluster.59 It was demonstrated
that a histidine ligand from the protein might be coordinating to the K1 module and this
coordination was lost upon the conversion of K- to L cluster.50 Further analysis of NifB is
currently hindered by a lack of a reported crystal structure.

Taken together, a mechanistic model emerges where the conversion of the K-cluster begins
with the Sy2-methyl transfer reaction from the first molecule of SAM to the K2 cluster,
followed by hydrogen atom abstraction of the K2-bound methyl group by 5’dA° to generate
a substrate bound methylene radical (Figure 2). This would then trigger a core
rearrangement, possibly facilitated by the His ligand on K1, and the two K-cluster modules
would fuse to form an [FegSgC] core. Biochemical and spectroscopic characterization of this
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core, designated the L*-cluster, suggested that it might have very similar topology compared
to the L-cluster, with the so-called “9™-sulfur” atom missing.51 XAS analysis detected a
slightly more open conformation of L*-cluster compared to L-cluster, and collectively, this
was interpreted to mean that the missing 9t sulfur atom on L*-cluster was from one of the
three ‘belt’ 1»-sulfide positions.>2 Surprisingly, the source of the 9t-sulfur atom is not
derived from SAM or NifS as previously understood,?3:54 but rather from sulfite (SO3%7) in
solution.?1 353 tracing experiments conclusively showed the sulfur incorporation into L-
cluster from sulfite by incubating 3°S032~ with NifB and SAM.51 Sulfite is one of the three
central hubs of prokaryotic sulfur metabolism, the other two being sulfate (SO427) and
sulfide (S%7), and this intriguing finding offers a potential link between nitrogenase cofactor
biosynthesis and cellular sulfur metabolism. Another interesting connection can also be
drawn to the potential involvement of a bridging 6 sulfur atom in catalysis. As observed in
Mo- and V-nitrogenase, the S2B atom that bridges between Fe2 and Fe6 in M- and V-
clusters was displaced by incoming inhibitor or substrate-like ligand (See Section 3 and 5).
The mechanism of this process remains unclear, but it could bear similarities with the sulfur
incorporation process observed for the L*-cluster.

In Mo-nitrogenase, the L-cluster is transferred from NifB to NifEN after its formation. NifE
and NifN are paralogs of NifD and NifK, and as mentioned above, NifEN is a scaffold
necessary for nitrogenase assembly. On NifEN, maturation of the L- to M-cluster occurs
through the participation of NifH, which mobilizes both molybdate (M00,427) and ~-
homacitrate, subsequently interacting with NifEN in order to insert these components into
the L-cluster.>6:57 This process /n vitro requires the hydrolysis of ATP and a high
concentration of dithionite as reductant.5” The role of NifH as Mo/homocitrate insertase was
suggested by Mo K-edge XAS analysis, which pointed to a change in the oxidation state and
the coordination environment of the NifH-bound Mo.58 EPR analysis also revealed
perturbations to the [FesS4] cluster of NifH as Mo/homocitrate were loaded onto the protein.
58 Additionally, Mo/homocitrate-loaded NifH could be separately purified and then reused
as a reagent for the conversion of L- to M-cluster. After Mo and homocitrate insertion,
NIifEN undergoes a conformational rearrangement in which the newly matured M-cluster
becomes less solvent exposed.>® /n vitro experiments demonstrated that the M-cluster
containing NifEN can then form a direct protein-protein complex together with gpo-NifDK
(7.e. M-cluster deficient yet P-cluster intact NifDK).60 In this complex, the M-cluster is
directly transferred and inserted into the NifDK protein through a positively charged funnel
of amino acid residues that also allows for the facile reconstitution of guo-NifDK with
isolated M-cluster (or V-cluster, see Section 4).51 The ferrying of the M-cluster between
NIfEN and NifDK is made possible because NIifEN lacks a number of key residues that
either provide a covalent ligand for the cluster or sterically enclose the M-cluster within a
positively charged insertion channel, analogous to that found in NifDK33:36.62

In the V-nitrogenase system from A. vinelandii, cofactor assembly diverges from the Mo-
dependent pathway as the NifB-bound L-cluster is likely transferred onto VnfEN instead of
NifEN (Figure 3). Based on the high sequence homology between NifEN and VnfEN due to
a gene duplication event, as well as the homology between NifH and VVnfH, a similar
mechanism of L-cluster maturation could be proposed in the alternative nitrogenase systems
to make V- and Fe-cluster on VVnfEN. This is substantiated by the fact that the residues
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ligating to the L- and M-clusters on NifEN are all conserved in VnfEN.3! Moreover, the
expression of n/fV, coded for homocitrate synthetase, has been observed when A. vinelandii
cultures were grown under V- and Fe-nitrogenase expressing conditions, lending further
support for this proposal.18:38 In addition, it has been shown that attempts to insert V and R-
homacitrate into the L-cluster using NifEN and NifH have led to a cluster species with low
V occupancy and limited ability to reconstitute and activate 4o0-NifDK.52 This observation
emphasizes the optimization of NifEN/NifH and VnfEN/VnfH for the insertion of Mo and V
atoms, respectively. In contrast, the combination of VnfEN/AnfH appears to be responsible
for the in vivo biosynthesis of Fe cluster. In A. vinelandii deletion of the vnfEN gene was
previously shown to eliminate the synthesis of functional V- and Fe-nitrogenases,54 and
transcriptome analysis also demonstrated that the vafEN gene is highly overexpressed (as
much as 50-fold from baseline) under nitrogen fixing conditions in the absence of Mo-
nitrogenase.1® By analogy to the Mo-nitrogenase system, V- or Fe-cluster could be delivered
directly from VnfEN to its target via protein-protein interactions (Figure 3). If this
hypothesis holds true, it would also imply that VnfEN might be able to dock to both
VnfDGK and AnfDGK to deliver the V- and Fe-clusters respectively. This is conceivable,
considering the homology between NIifEN and VnfEN, but also between NifDK, VnfDKG
and AnfDKG.38 Significantly, a number of residues that have been suggested to be
important for the M-cluster insertion in NifD are either observed or substituted to similar
residues in \/nfD as well as in AnfD.38 This provides a rudimentary framework for future
investigations of the alternative nitrogenase assembly.

3. Structure and Properties of Nitrogenase Proteins

A key to understanding nitrogenase has come from the structural and spectroscopic analysis
of the two protein components and the transition metal cofactors housed therein.85.66 |n
1992, Rees and co-workers solved the crystal structures of both the catalytic (NifDK)57.68
and reductase (NifH) components®9 of the Mo-dependent nitrogenase from A. vinelandii.
These structures, along with the structure of the NifH:NifDK complex’%71 provided
necessary three-dimensional depictions of the enzyme in various states. This allowed for the
contextualization of much of the spectroscopic and biochemical analysis that had been
accumulated to that point. While the extent of this characterization for the Mo-dependent
system is vast, relatively little is available for the Mo-independent nitrogenases in
comparison. Initial structural information came in 1987 and 1988 from XAS analysis of the
VFe proteins from A. vinelandii and Azotobacter chroococcum using the unique V atom as a
spectroscopic probe,’273 but a crystal structure would not be solved until 2017 when Sippel
and Einsle reported the structure of the Av'VFe protein.”® The following year, the structure
of the Fe protein from the V-dependent system, VVnfH, was also reported by Einsle and co-
workers.”® Crystal structures from the Fe-only nitrogenase have not yet been reported,
though in 2002, Fe K-edge XAS and >"Fe Méssbauer spectroscopy were used to analyze the
cofactors of the FeFe protein from R. capsulatus, and this study suggested there is structural
homology to the Mo- and V-nitrogenases.’®

In general, the proteins from the different nitrogenase systems are broadly similar and share
common structural features. For the reductase proteins, each contain a [Fe4S4]-cluster and
nucleotide binding sites that facilitate the obligate electron transfer coupled to ATP
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hydrolysis during catalysis.”” On the other hand, the catalytic proteins contain two different
cluster species; one is the [MFe;SgC-(R)-homocitrate] (M = Mo, V, Fe) cluster called the
Mo-, V-, or Fe-cluster for the respective nitrogenase system and is the active site of substrate
reduction, whereas the other cluster is the [FegS7] P-cluster, responsible for the transfer of
electrons between the reductase and the active site.55:66 Each of these clusters also have
spectroscopic properties that have been used to generate structural models prior to the
availability of crystallographic evidence. Additionally, the V- and Fe-only nitrogenases also
contain an additional cofactorless protein subunit that Mo-nitrogenase lacks. This section
will cover the structural similarities and differences between the nitrogenase systems, and as
the focus of this review is on the alternative nitrogenases, details will be briefly summarized
for the Mo-dependent variant.

3.1. The Characterization of the Reductase Components — NifH, VnfH and AnfH

The reductase proteins of nitrogenase, also referred to as the Fe protein, component 2, or by
the gene product (NifH, VnfH, AnfH for Mo-, V-, and Fe-only nitrogenases, respectively),
are critical for both substrate turnover and for the biosynthesis of the clusters (Figure 4).77
The best characterized protein, Av NifH, has been recognized for three primary functions:
(1) Mo and homaocitrate insertase for the maturation of the precursor L-cluster to the M-
cluster;58 (2) reductase that carries out P-cluster synthesis on the catalytic NifDK protein;
34,79-82 (3) obligate electron transfer partner to NifDK for substrate turnover with
concomitant hydrolysis of two ATP molecules per electron.83 Additionally, NifH and VnfH
were also found to be capable of the interconversion of CO, to CO, a reactivity that will be
discussed in Section 4.7. While the Fe proteins all have been shown to behave as reductases
for catalysis as in function 3, functions 1 and 2 for VnfH and AnfH have yet to be
demonstrated experimentally. However, there is a high degree of structural similarity
between the Fe proteins despite differences in sequence. Although, VnfH is more similar to
NifH than is AnfH (91% and 61% homology, respectively),3® so there is an underlying
assumption that each protein will function analogously. This allows for the cautious
application of insights gained from one system (Mo-dependent) to the others.

3.1.1 Crystal Structures of NifH and VnfH—The Mo-nitrogenase reductase
component, NifH, is encoded by the n/fH gene and forms a homodimer (y2) approximately
60 kDa in size (Figure 5A).9 The protein contains a [FesS4] cluster positioned on a 2-fold
rotation axis at the subunit interface, bound by the Cys97 and Cys132 residues from each
subunit. The reductase from V-nitrogenase, VnfH, is similarly sized (~60 kDa) and
analogously structured, with Cys98 and Cys133 from each monomer providing a binding
site for the [Fe4S4] cluster (Figure 5B).”® NifH and VnfH also bind nucleotides, one
molecule to each subunit, in a Walker’s motif A protein fold,34 found between residues 9
and 16 (or residues 11 to 17 in VnfH).6%75 In the 1992 structure of NifH, an ADP molecule
was modeled in with partial occupancy in this position, though subsequent reports yielded a
structure with MgADP bound to Av NifH,> as well as a structure with MgATP bound to a
Av NifH variant that is unable to hydrolyze ATP.86 In contrast, the crystal structure of VnfH
has only been reported with MgADP bound, and this overlays well with the analogous
MgADP-bound NifH structure.”® The structures of the nucleotide-bound or free NifH
proteins are rather similar, and only show minor conformational changes between the
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nucleotide-bound and unbound states.”” This finding initially conflicted with earlier
biochemical and spectroscopic studies that implied there should be changes to the protein
and/or [FesS,4] cluster upon addition of nucleotide. The EPR spectra of AvNifH (and Av
VnfH) become broadened in the presence of nucleotide,%6:87 indicating a connection
between the [Fe4S4] cluster and the coordination of the nucleotide ~20 A away from the
cluster. Chelation agents such has bathophenathrolinedisulfonate or 2,2’-bipyridine are
limited or unable to extract Fe from the [Fe4S4] cluster of NifH, but in the presence of
MgATP the Fe is rapidly removed.88-90 This indicated that in the presence of nucleotide, the
cluster becomes more solvent exposed. Additionally, structural perturbations were measured
for NifH using small angle X-ray scattering (SAXS) which showed an observable change to
the protein conformation in the presence of MgATP compared to the MgADP-bound or
nucleotide-free species.®! Collectively, these observations are consistent with a more
dynamic structure of NifH (and by analogy, VnfH and AnfH) that can selectively expose the
[FesS4] cluster to solvent in the presence of nucleotide.

In 199770 and later in 200572 structures of the NifH:NifDK complex were reported that
helped clarify the discrepancy between the solution state and solid state characterizations of
NifH. The two nitrogenase components form a 2:1 complex, with one NifH unit binding to
each ap heterodimer of NifDK. Additionally, this complex had been crystallized with
nucleotide-free, MgADP-bound and non-hydrolysable MgATP analog-bound (MgADP+AlF,
and MgAMPPCP) NifH proteins. If the Fe protein portions of the crystal structures are
compared and overlaid (Figure 5C), the overall structures of the polypeptide are rather
similar, but there is a ~3 A displacement of the cluster between the nucleotide-bound and
nucleotide-free states of the protein, with the MgATP analog-bound variant being the most
exposed.”X77 This observation is in agreement with the solution studies, and likely reflects
the structural changes that may be operative in the solution state. Unfortunately, structures of
the VnfH:VnfDGK complex or of any Fe-only nitrogenase proteins are not yet available, but
these species would likely be structurally similar to the partners in the Mo-dependent
system.

3.1.2 Solution and Spectroscopic Properties of Fe Proteins—The [Fe;S4]
cluster of the Fe protein can support three oxidations states, [Fe4S4]%, [FeaS4]** , and
[FesS4]?*, which is relatively uncommon for FeS proteins, as they generally support the two
redox states required for one electron transfers.””-92 During catalytic turnover, the Fe protein
is proposed to cycle between the reduced [FesS4]** and oxidized [FesS4]?* states, and the
reduction of the Fe protein is driven /in vivo by a physiological reductant such as flavodoxin
or ferredoxin.93-97 During /n vitro studies, the ubiquitous chemical reductant dithionite
(S,04%) stabilizes the [Fe,S4]1* state, whereas redox active dyes such as viologens or
indigodisulfonate (IDS) can be used to oxidize the protein to the [FesS4]* state.%6 The
[FesS4]° state is the so called all-ferrous “super-reduced” state first reported in Av NifH by
Watt and Reddy,?8 but the nature and relevance of this species is still controversial, and this
will be discussed below.

The redox properties of the Fe proteins have been studied through potentiometric titrations,
as opposed to other electrochemical methods. The midpoint potential (&) for the
[FesS4]%*/1* redox couple in Av NifH was found to be approximately —300 mV versus the
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standard hydrogen electrode (SHE) at pH 8 in an Ar atmosphere.®9:100 The potentials for
NifH and VnfH from A. vinelandii were also determined in a CO, atmosphere and found to
be —301 mV and —346 mV versus SHE, respectively.87 When nucleotides are bound to the
Fe proteins, the midpoint potentials decrease by =100 mV, consistent with the biochemical
characterization described in Section 3.1.1. In an atmosphere of argon, potential values of
En = —-430 mV and —440 mV versus SHE were found for the MgATP- and MgADP-bound
species of AvNifH, respectively.9100 The midpoint potential for the [FesS4]2*/* couple for
both NifH and VVnfH from A. chroococcum with MgADP bound had also been determined,
with values of ~450 mV and —463 mV versus the normal hydrogen electrode (NHE).101 This
showed that the potentials for both Avand Ac NifH are similar to each other. Interestingly,
the £, values shift by approximately +30 mV for MgADP-bound Av NifH and AvVnfH
(compared to Ac VnfH) in an atmosphere of CO, (-405 mV and —430 mV versus SHE,
respectively).8” This observation could be consistent with CO interacting with the [FesSa]
clusters of the Fe proteins, as these have been shown to facilitate the reversible conversion of
COy, into CO (See Section 4.7).

EPR and Mdssbauer spectroscopies have also been invaluable techniques for the study of the
Fe proteins, as each cluster oxidation state has associated signals that can be used to
understand the electronic properties of the protein. In all cases, the fully oxidized [Fe,S4]%*
state of the Fe protein is EPR silent, and so with Av NifH, Mdssbauer spectroscopy was
employed to determine that the species was diamagnetic with an S= 0 ground spin state.102
The [FesS4]1* state, the resting state of the cluster in the presence of dithionite, was also
studied using parallel EPR and Mdssbauer experiments. Av NifH was reported with a
mixture of two spin states (Figure 6) in roughly equal proportions, one S= % species and
one 5= 3/2 species (Table 2). The S= % species had a rhombic signal with g-values of 2.05,
1.94, and 1.88, referred to as the “g = 1.94 signal,” and the signal was consistent with
spectra obtained from other [Fe,S]1* species.102103 On the other hand, the S= 3/2 species
had an axial signal with g=5.8, 5.15, and this spin state is unique to the nitrogenase Fe
proteins.102.103 The ratio of the mixture could be modulated through additives such as
glycerol (Figure 6), which pushed the mixture to primarily S= %, or urea, which shifts the
spectra to the opposite composition.102 Similar EPR signals have also been reported for
VnfH from A. vinelandiiand from the methanogenic archaeon M. acetivorans, as well as Av
AnfH (Table 2).3587.104 Nycleotide binding to the Fe proteins broaden the line shapes of
both sets of signals, but this does not strongly change the spin state mixture of the protein-
bound cluster.87:103-105

The controversial “super-reduced” state, at the time of discovery, represented the first
[FesSa]-containing species with all of the Fe centers having the 2+ oxidation state;%¢ \nfH
from A. vinelandii and from M. acetivorans were subsequently shown to support the
[FesSa]° state as well.87:104 The physiological relevance of the super-reduced Fe protein is
not clear, but Watt has proposed the 2-electron [Fe,S4]2*/0 couple to be operative in
nitrogenase. This would allow for concomitant hydrolysis of only two molecules of ATP
(compared to four ATP molecules), and NifH could then function more efficiently than as a
1-electron agent.108 However, the experiments discussed below by Burgess, Farmer and co-
workers are not in agreement with this proposal.197 The generation of these species has been
reported using several reductants; methyl viologen and flavodoxin hydroquinone yield a
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brown colored protein, whereas Ti(lll)citrate, Cr(I)EDTA (EDTA =
ethylenediaminetetraacetic acid) or a Eu(ll)-reductant yield Fe protein that has a red-pink
color in contrast to the typical brown hues associated with other FeS proteins.
87,98,104,106,108,109 The [Fe,S,]1*0 redox couple has been assessed for Av NifH, though,
there are discrepancies in the reported midpoint potentials depending on the method of
measurement. In the initial 1994 report by Watt, reduced methyl viologen was used as a
titrant and an &, value of —460 mV versus NHE was determined.%8 Subsequently in 20086,
Watt reported that the all-ferrous Fe protein could also be generated using the flavodoxin
hydroquinone from A. vinelandii (E; = =515 mV versus NHE), resulting in the same
species that is generated from methyl viologen.1% In contrast, Burgess, Farmer and co-
workers in 2002 used the more reducing Cr(1)EDTA (-1 V versus NHE at pH 8) as the
redox titrant, and determined the &, for the all-ferrous redox couple to be =790 mV versus
NHE.107 Additionally, they reported that the use of reduced methyl viologen or the
hydroquinone form of flavodoxin I resulted in no observable reduction of the [Fe,S4]**
state to all-ferrous NifH.197 The super-reduced state of Av NifH has also been analyzed in
detail using a variety of spectroscopic and computational methodologies.98:106.108,110-112
The [Fe4S4]° species reported by Watt and co-workers was found to have an EPR silent $=
0 ground state, measured using the Evans method but not Méssbauer spectroscopy.?8:106 The
super-reduced Av NifH generated using Ti(lll)citrate is the best characterized, with an
observed g = 16.4 signal in the parallel mode EPR spectrum,108.112 consistent with an $= 4
ground state established from Mdssbauer spectroscopy and density functional theory (DFT)
calculations.108.110-112 The Ayand Ma VnfH proteins treated with Eu(ll) reductants also
show a similar EPR signal, but lack Méssbauer characterization.87104 However, the
Cr(I1EDTA reduced Av NifH protein has only been studied using electrochemical methods
and UV-visible absorption spectroscopy, but has similar absorption features as the
Ti(lll)citrate-reduced Fe protein.107

This set of seemingly contradictory results involving the [Fe,S4]° state of the Fe protein
does not lend itself to clear interpretation. The best characterized example is the
Ti(llcitrate-reduced Av NifH protein, but this species lacks a measured midpoint potential.
Electrochemical measurements were carried out for the Cr(11)EDTA-reduced Fe protein, and
this species has similar UV-vis absorption features as the Ti(lll)citrate-reduced protein (red-
pink color) but lacks EPR or Mdssbauer spectroscopic characterizations.197 Additionally, the
Avand MaVnfH proteins treated with Eu(ll) also share a red-pink color as well as similar
EPR signals as the Ti(lll)citrate-reduced species, but lack a measured midpoint potential or
study by Méssbauer spectroscopy.87:194 In a sense, the proteins produced under these
conditions could all reflect the same species, but without analogous characterization for
every condition, it is difficult to determine with certainty. This set of [Fe4S4]° Fe proteins
also differs from the diamagnetic methyl viologen/flavodoxin hydroquinone-reduced protein
that has a brown color and an £, value that is 330 mV more positive than the Cr(l1)-reduced
species.196.107 One interpretation is that the all-ferrous Fe protein can exist in two different
spin states, one that is capable of functioning under physiological conditions (S = 0) and one
that cannot (S = 4) because of the potentials required to generate the species. The possibility
of a spin state mixture is not unprecedented; it has been well established that the [FesS]**
state of NifH is a mixture of S=% and S= 3/2 states, the composition of which is highly
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dependent on the solvent and chemical additives.192.103 However, Watt and co-workers
claim to generate the S= 0 state while Burgess, Farmer and co-workers stated that reduction
of the Fe protein with Watt’s reported reductants was not possible. It is also unclear how
such a spin state change would drastically affect the measured redox potentials. Another
interpretation is that one of the forms of the [Fe,S4]° state is an artifact, produced from
adventitious binding of reductant molecules or other components of the solution. Further
still, it is possible that neither form of the all-ferrous state of the Fe protein is relevant for the
physiological function of nitrogenase. There is simply not enough information to clearly
validate these interpretations, so additional characterization of the [FesS4]° state of the Fe
proteins remains necessary.

As discussed previously, the crystal structures of the free NifH proteins in various states had
very similar physical metrics despite changes in the biochemical behavior that suggested
otherwise (See Section 3.1.1). The structure of Av NifH with the [FesS4]° state has also been
reported,13 but similar to the other structures, the bonding metrics of the cluster do not vary
from the more oxidized species discussed above.’” This difference could be due to
experimental limitations, such as oxidation reactions that occur during the crystallization
process or radiation damage to the protein during data collection, but could also could reflect
accurate bond metrics. One method to further assess the solution state structural properties
of the Fe protein [FesS,] clusters is the use of X-ray absorption spectroscopy.3>114 The Fe
K-edge XAS analysis was reported for all three Fe proteins from A. vinelandii in the
dithionite-reduced [Fe,S4]1* state.3° The extended X-ray absorption fine structure (EXAFS)
region of the data can be used to obtain absorber-scatterer distances from the Fe atoms in the
protein, and gain information about the structural configuration. Largely, the structural
metrics from EXAFS were fit similarly for NifH, VVnfH and AnfH, with 4 Fe-S distances at
~2.30 A, 1 short Fe---Fe distance at ~2.50 A and 2 longer Fe---Fe scatterers at ~2.70 A.35
Additionally, NifH benefitted from the inclusion of a third Fe---Fe distance at 2.62 A,
distinguishing it from the other two proteins. These structural metrics differ slightly from the
distances reported for the NifH and VnfH crystal structures (PDB codes 1G5P and 6Q93,
respectively).”>113 |n both crystal structures, the Fe-S distances range from 2.3 t0 2.4 A
which is in agreement with the EXAFS derived data, but the Fe---Fe distances for the NifH
structure range between 2.6 and 2.7 A, whereas the VnfH structure has distances that range
between 2.7 and 2.8 A. There is not an Fe---Fe length in either crystal structure consistent
with the short ~2.50-A pathway from the XAS model, but the longer 2.70-A distance agrees
with the crystallographically determined metrics. Overall, the combined X-ray absorption
and X-ray diffraction data suggests that the clusters in both the crystal and in solution have
similar structures and continues to support that the [Fe4S4] cluster remains in similar
configuration in all three of the Fe proteins. It is also important to note that the MgADP
molecule bound to VVnfH in the crystal structure could be the source of the perturbation
relative to the NifH structure, but additional data would be needed to explore this facet
further.

3.2. The Properties of Mo-Nitrogenase

The Mo-nitrogenase from A. vinelandiiis the best characterized nitrogenase system, though
the catalytic proteins have also been isolated from A. chroococcum, Klebsiella pneumoniae,
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Clostridium pasteurianum, and R. capsulatus.86115 The nifD (a subunit) and 7ifK (B
subunit) genes encode for a heterotetrameric a B, protein, NifDK, that is ~220 kDa in size.
65 NifDK contains two different complex metalloclusters in each af-dimer that are essential
for electron transfer and substrate turnover, designated as the P- and M-clusters (Figure 7).
67,116,117 The P-cluster is a [FegSy] cofactor that facilitates electron transfer from NifH to
the M-cluster during catalysis, and the cluster is positioned at the a/p interface of NifDK
~10 A below the surface of the protein.67:118 In the resting state, the P-cluster appears as two
[Fe4S3] cubane cluster units that share a common vertex, a pg-sulfide, and is additionally
ligated by two Cys residues (a-Cys88, B-Cys95), each in a bridging mode. A total of six
cysteine residues, three from each subunit, (a-Cys62, a-Cys88, a-Cys154, p-Cys70, p-
Cys95, and B-Cys153) coordinate to the P-cluster. The M-cluster (also known as FeMoco) is
a [MoFe;SgC-(R)-homacitrate] cofactor that is responsible for substrate reduction. This
cluster is buried below the surface of the protein in each of the a subunits of NifDK and is
located ~19 A from the P-cluster (Figure 7). The M-cluster appears as an asymmetric
combination of two partial cubane units, [Fe;Sz] and [MoFe3Ss], with a z-insterstitial
carbide as a shared vertex, and is additionally bridged by three “belt” »-sulfide ligands
(Figure 8C).87:116,117.119 The Mo atom is further coordinated to (/#)-homocitrate by the 2-
hydroxy and 2-carboxy groups of the organic acid. NifDK binds to the M-cluster though two
amino acid residues; a-Cys275 at the Fe-capped end and a.-His442 at the Mo-capped end.32
As mentioned in Section 3.1.1, NifDK can also form a 2:1 NifH:NifDK complex that places
the [FesSa] cluster of the Fe protein between ~18 and 24 A away from the P-cluster
depending on if a nucleotide is bound (Figure 7).71

3.2.1. P-cluster from NifDK—There are three recognized reversible states of the P-
cluster in Mo-nitrogenase; the reduced PN state, the one-electron-oxidized P1* state and the
two-electron-oxidized POX state. The cluster can be further oxidized but it is not clear if
there is physiological relevance due to observed degradation of the cluster.6® The resting
state of the P-cluster is the PN state, and this is obtained under dithionite reducing
conditions. Mdssbauer and EPR analysis indicates that all 8 of the Fe atoms in the PN state
are ferrous, and result in a diamagnetic S= 0 spin state.120121 The structure of this P-cluster
species is described in the section above as a fusion of two cubanes incorporating the -
sulfide, a feature that is unique to the PN-cluster and not observed in any other biological
system. The one-electron-oxidized P1* state has been studied by EPR and magnetic circular
dichroism (MCD) spectroscopies, and this analysis assigns the cluster as a mixture of S=%
and S=5/2 species, with g-values of 2.06, 1.95, 1.81 for the S= % system and two sets of g-
values (A,B) for the 5/2 system, ga = 6.7, 5.3 and gg = 7.3.120.122 The structure of P1* has
not been definitively observed through X-ray diffraction methods, but Lawson and co-
workers reported a structure of NifDK from K. pneumoniae with evidence that a P-cluster
species consistent with the P1* may have a conformation somewhere between the PN and
POX states.123 However, MCD analysis of the Av NifDK protein is consistent with an
electronic description of the P1* state as two connected [Fe;S4]}* clusters.122 The oxidation
of PN to POX was shown to have a midpoint potential of ~307 mV versus NHE for the two
electron event,120.124 which is a more positive potential than for nucleotide-bound NifH
(430 mV versus SHE).190 Subsequent analysis by EPR and Mdssbauer spectroscopies
assign an S= 3 or 4 spin state to POX, with a sharp signal observed at g = 11.9.120.125 |t was
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also observed that POX has a structure that undergoes drastic rearrangement compared to the
PN state (Figure 8, A and B).128 Two of the Fe atoms from one cubanoid half of the P-cluster
break the Fe—S bonds from the central gg-sulfide and each form a new bond; one Fe center
binds to the O atom of a-Ser188 and the other to the backbone N atom of a-Cys88. Despite
the rearrangement, the observed changes are reversible, though there is no clear consensus
about which P-cluster states are operative during substrate turnover.%6

While it may be unclear which redox states of the P-cluster are functional during substrate
reduction, one proposal has been put forth by Seefeldt, Hoffman and co-workers called the
‘deficit-spending electron transfer’'model.83.127 |f the normal flow of electrons during
catalysis starts with the Fe protein, then transfers to the M-cluster through the P-cluster, the
deficit-spending model begins with the PN cluster slowly transferring one electron to the MN
state of the M-cluster (the deficit), and then the P-cluster in the P1* state is quickly re-
reduced by the Fe protein, regenerating PN (repaying the deficit).83 The logic is that the PN
cluster is composed of all ferrous iron centers, 120121 and generating Fe centers in the 1+
oxidation state is not favored in biological FeS clusters, therefore, the P-cluster must first
transfer an electron before it can receive an electron.83 This was supported by experiments
showing that the P-cluster was redox active during substrate reduction,28 and that electron
transfer from the Fe protein to the MoFe protein is conformationally gated, thus, when NifH
and NifDK form a complex, gated electron transfer is somehow allowed to occur.127:129 The
deficit-spending electron transfer model is certainly intriguing, however, analogous
experiments have not been reported for either the V- or Fe-only nitrogenases, so it is unclear
if the model holds for the alternative systems. Further investigation will be necessary to
better understand this process across all nitrogenase proteins.

3.2.2. M-cluster from NifDK—The M-cluster is an interesting metallocofactor in
biology for many reasons other than the capability to facilitate N, reduction. The cluster is
asymmetric, with one Fe-capped end and one Mo-capped end, employing a chiral ~-
homocitrate ligand to bind to the heterometal, and unlike the P-cluster, the M-cluster is only
coordinated to the protein through two amino acid residues despite the high nuclearity
(Figure 8C).88117 |n the initial stages, the resolution of the protein crystal structures was not
sufficient to see all of the atoms of the M-cluster, so it was unclear if there was a central
atom or what the identity of that atom was.58:118 Subsequent improvements of the resolution
allowed for the identification of an interstitial atom,117 and a 1.0 A resolution crystal
structure in combination with X-ray emission spectroscopy (XES) identified the atom as a
carbon.116.119 Ribbe, Hu and co-workers were able to definitively confirm that the central
atom of the M-cluster was a carbon derived from SAM.*6 Another notable feature is that the
cofactor is synthesized on proteins other than NifDK, and is only transferred to the apo-
protein in the final step of the assembly (see Section 2.1).32 The M-cluster can also be
selectively extracted from NifDK in a destructive process discussed in Section 4.5, but the
isolated cofactor has never been crystallized independently from the protein.

The catalytic cofactor of NifDK has a characteristic rhombic EPR signature, with intense
signals at g = 4.3, 3.7 and 2.0 that are associated with an S= 3/2 spin system.66:103 This

state (MN) is the most commonly observed, as it is stabilized in the presence of dithionite,
though the metallocluster can be readily oxidized by one electron to an S= 0 diamagnetic
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state (M©X),120.124 The EPR spectrum of the isolated M-cluster still maintains the S= 3/2
spin state, but with broader, shifted resonances (g = 4.6, 3.3, 2.0) indicative of a different
ligand environment.130:131 The redox behavior of Mo-nitrogenase is challenging to study
because of the multiple redox states that both the P- and M-clusters can support, however,
the signature EPR signal for the M-cluster can be monitored during potentiometric titrations
with chemical redox mediators to obtain a midpoint potential. O’Donnell and Smith were
able to determine the £y, for the MN to MOX redox couple in Avand Ac NifDK, with values
of —42 mV versus NHE for both proteins.132 The equivalent midpoint potential reported for
ReNifDK was also found in the same range (&, ~ =50 mV versus SHE).132 The £, for the
one-electron reduced M-cluster, MR, has also been measured to be —465 mV versus NHE,
but this could only be obtained in the presence of NifH.134-136 |nterestingly, the isolated M-
cluster has a much more negative potential than when bound to the protein, with reported
values for the MOX/MN couple between —320 and =270 mV versus SHE. For a more specific
example, the isolated M-cluster in the solvent A-methylformamide (NMF) was found to
have potentials for the MOX/MN and MN/MR redox events at =320 mV and —1.00 V versus
NHE, respectively.137-139 The dramatic change observed in the reduction potentials for the
M-cluster bound to and free from the nitrogenase protein demonstrates that the protein
environment plays a significant role in tuning the properties of the M-cluster.

In a recent study by Minteer and co-workers, the electrochemical properties of the MoFe
protein were also studied by immobilizing the protein on a pyrene-modified hydrogel film
that allows the protein to be attached to an electrode directly as opposed to requiring redox
mediators in solution.14? Square wave voltammetry was employed and the MoFe protein
was found to have two redox features, one at =230 mV (£ and the other at =590 mV
(E3P) versus NHE. Protein variants with single-point mutations at the P-cluster and M-
cluster sites, as well as apo-NifDK, were used to correlate the redox features to a
metallocofactor. This resulted in £,4 and £,,2 being assigned to the PN/P1* and MN/MR
couples of the P- and M-clusters, respectively. Additionally, the V- and Fe-only nitrogenase
proteins were also studied, and assignment by analogy resulted in the P-cluster in both
alternative systems being the same as in Mo-nitrogenase, but the V- and Fe-clusters were
respectively assigned to potentials of —380 mV and =400 mV versus NHE.140 The £,/4
potential for the MoFe protein initially appears similar to the £,,=—-307 mV value reported
by Hagen and co-workers,120 but what is important to note is that £, is assigned to a one-
electron event, PN/P1*, whereas the previous midpoint potential from Hagen was assigned to
a two-electron event PN/POX |t is also interesting that the P-cluster potential would remain
invariant across all three nitrogenases, considering that the P-cluster of V-nitrogenase does
not appear to have identical properties as the P-cluster of Mo-nitrogenase (discussed in
Section 3.3.2). Additionally, £,,Z = -590 mV for the M-cluster i ~200 mV more negative
than the analogous redox couple for either the V- or Fe-clusters. These differences are not
clearly discussed in the report by Minteer,240 though, the alternative nitrogenases are not
particularly stable (see Sections 3.3 and 3.4 for details), so immobilization of the proteins in
a film for the electrochemical experiments may substantially affect the observed properties.
There was also no characterization of the nitrogenase proteins reported to assess the
properties of the cofactor before or after immobilization, so it may also be possible that the
P-, M-, V- and Fe-clusters were adversely affected by this process. Additional experiments
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will be necessary to rectify the observed differences between solution state and immobilized
nitrogenase variants.

3.3. The Characterization of V-Nitrogenase

While the Mo-dependent nitrogenase is preferentially expressed in most organisms, the
alternative nitrogenases provide important backup systems for when molybdenum is not
readily available. As will be discussed in Section 4, the effectiveness of the alternative
systems with respect to dinitrogen fixation ranks Mo > V > Fe-only, with a bias in V- and
Fe-only nitrogenases towards proton reduction to H,. To date, the V-nitrogenase protein
(VnfDGK, or VFe protein) has only been isolated from only two organisms, A.
chroococcum and A. vinelandii;**1:142 but vnfgenes have been observed in a wide range of
other species. This section will describe the characterization of these V-nitrogenases,
including the recently reported crystal structures of Av V-nitrogenase and the relevant
comparisons to Mo-nitrogenase.

The catalytic component of V-nitrogenase, VnfDGK or VVFe protein, is encoded by the
vnfDGK genes, and the VnfD (a, ~53.8 kDa) and VnfK (8, ~53 kDa) gene products have a
~30% conserved sequence identity as compared to the NifD and NifK proteins.143 -
nitrogenase additionally has a VVnfG subunit (8, ~13.3 kDa) that Mo-nitrogenase lacks. The
exact function of the additional subunit is still unknown, 44145 hut it has been proposed to
be involved in the transfer of the V-cluster to the apo-enzyme based on sequence similarity
to identified cofactor chaperones from A. vinelandiiand K. pneumoniae.X*6:147 The
VnfDGK forms a af, hetrotetrameric core analogous to NifDK, but the amount of the
VnfG subunit is variable depending on the conditions of protein purification (Figure 9).
Preparations of the Ac VFe protein were consistent with an a,p,6, formulation with an M,
= 239600 Da.141 On the other hand, in the initial report of the Av'VFe protein by Hales and
co-workers, only an apB, species was observed,142 but later preparations resolved af(8)
and aP»(8) variants with a variable amounts of VnfG, but the M; ~ 240 kDa based on a
heterohexameric a.,f,6, formulation.148 Ribbe, Hu and Lee later reported a histidine-
affinity-tagged version of the Av VFe protein that was consistent with a heterooctameric
a2B264 formulation (Figure 9) having M; ~ 270 kDa, demonstrating the variability and
sensitivity of the VnfDGK protein compared to NifDK.149 Then in 2017, the crystal
structure of VnfDGK was reported by Sippel and Einsle showing an a,p,8, formulation’4,
which supports that a.,284 and/or a>p262 could be active in solution.

3.3.1 Crystal Structures of VnfDGK—VnfDGK has a structure that is very similar to
that for NifDK but with some key differences (Figure 10).”* The VnfD and VnfK subunits
form the pair of VnfDK dimers consistent with the same overall a,p, core as NifDK, but
VnfG is a globular 113-amino acid protein with a fold composed of 4 a-helices that bind
exclusively to the VnfD subunit. This raises a possible concern that the 2 VVnfG subunits (or
4 subunits in solution) might interfere with the binding of VVnfH to the catalytic component.
149 While the VnfH:VnfDGK structure has not yet been reported, overlaying the structures
of NifH:NifDK complexes with various nucleotide-bound states on the VnfDGK crystal
structure showed that the VnfG protein is sufficiently removed such that there would not be
interference, however, it is unclear where additional VnfG units may bind.”4
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Like NifDK, VnfDGK houses two types of metalloclusters necessary for electron transfer
and substrate turnover, similarly designated as the P-cluster and V-cluster (Figure 10A).
Crystallographically, the VnfDGK structure reveals that the P-cluster appears primarily as
the PN cluster does in NifDK, with the [FegS;] cofactor positioned between the VnfD and
VnfK subunits viasix cysteine residues (a-Cys49, a-Cys75, a-Cys138, p-Cys31, B-Cys56,
and B-Cys115) with a central gg-sulfide atom.”4 However, additional electron density
consistent with one of the Fe atoms (Fe6) moving closer to B-Ser153 was observed. This is
somewhat analogous to the changes observed for the POX state of NifDK where the
equivalent Fe6 and Fe5 break from the central sulfide atom and bind to a serine (a.-Ser188)
and the backbone of a cysteine residue (a.-Cys88).126 In the VnfDGK structure only one of
these changes occurs, and based on this, the authors assign the partially occupied state of the
P-cluster to the one-electron-oxidized P1* state.”* However, EPR or other magnetic
measurements were not reported for the V-nitrogenase protein used, to corroborate this
assignment. The V-cluster reported in the structure is formulated as a [VFe7SgC(CO327)(R-
homacitrate)] cluster that is buried in the a subunit near the P-cluster, and is anchored to the
protein by two residues, a-Cys257 and a-His423, on the Fe- and V-capped ends,
respectively (Figure 10B). While the overall structure of the \V-cluster core is similar to that
of M-cluster from NifDK, there are several observations that should be noted. While the V
atom occupies the same place as the Mo center, including coordination by His and /-
homocitrate ligands, the average V—Fe distance of 2.77 A to the closest three Fe centers in
the V-cluster is slightly longer than the analogous 2.69-A Mo-Fe distance in the M-cluster.
74116 Thjs causes the V-cluster to appear slightly elongated relative to the M-cluster. The
largest difference between the M- and V-clusters is the replacement of one of the »-sulfide
ligands (S3A) by a CO32~ moiety in the V-cluster.”* Substituting other molecules such as
nitrate (NO3™) or acetate (CH3COO™) during refinement did not result in adequate
agreement with the electron density, but an independent confirmation of the carbonate ligand
has not been reported. There is currently no definitive function for, or source of the
carbonate ligand identified in the crystal structure.

In 2018, Einsle and co-workers reported a second crystal structure of VnfDGK with a
reaction intermediate purportedly bound to the V-cluster, achieved through the limited use of
dithionite as reductant.150 The structure of the protein fold as well as the P- and V-clusters
were largely unchanged from the previous structure, except for the loss of another t»-sulfide
ligand (S2B) and its replacement by a light atom (X) with Fe-X distances of 2.01 A (Figure
11). Electron density was observed ~7 A away from the S2B position on the V-cluster, near
the a-GIn176 residue, that was best fit with a hydrosulfide ion (HS™, Figure 11).150 This
location was then proposed to be the ‘holding pocket’ for the displaced S2B sulfur atom.
The same a-GIn176 residue also becomes reoriented relative to the previous structure, such
that the side chain amide O atom is 2.55 A from the X atom and 2.84 A from the nearby a-
His180 residue, implying the formation of hydrogen bonding interactions (Figure 11). The
equivalent residues in Mo-nitrogenase (a-GIn191, a-His195 in A. vinelandii) have been
shown to play important roles in substrate reduction,151-154 though the equivalent
investigations have not been carried out using V-nitrogenase. Based on this information, the
X atom was tentatively assigned to a nitrene (HN™) species, and a hydroxide (HO™) was
ruled out based on the assumption that water binding to the V-cluster after the release of S2B
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would make water a competitive inhibitor of N, reduction.130 Additionally, the authors note
that the Fe—XH bond distances of ~2.0 A were in line with Feo—(4~NH) diiron model
complexes. However, the synthetic complex cited has metrics that are incongruent with those
from the VnfDGK structure. Peters and co-workers reported an Fe(I1)—(4~NH)(w-H)-Fe(Il)
complex supported by phosphine ligands that features Fe—~NH bond distances of 1.826 and
1.790 A, an Fe---Fe separation of 2.659 A, with an Fe—-N-Fe angle of 94.7°.155 The
equivalent measurements from VnfDGK are 2.0 A for Fe-X, 2.6 A for Fe---Fe and 82° for
the Fe—X—Fe angle.130 While hydrogen bonding can cause perturbations to bond lengths, a
~0.2 A elongation is not reasonable and would be inconsistent with assignment to a nitrene
species based on the synthetic model cited. Additionally, quantum mechanics / molecular
mechanics (QM/MM) calculations carried out by Bjornsson and co-workers favor the X
ligand as a hydroxide species (HO™), citing better agreement between the bonding metrics
and hydrogen bonding interactions.15® It is clear that further investigation of the identity of
the light atom will be necessary to address the situation.

3.3.2. P-and V-clusters from VnfDGK—-Prior to the report of the V-nitrogenase
crystal structure, the identity and composition of the metallocofactors in the protein was
derived from a combination of EPR, Mdssbauer, MCD and XAS spectroscopic analyses.
The study of the clusters on the protein is made challenging due to several overlapping
paramagnetic signals in addition to the VnfDGK composition issues described earlier. Initial
reports of the EPR spectra of dithionite reduced forms of the Acand AvVFe proteins had an
intense S =% signal in the high field region with g=2.04, 1.93, and a series of resonances
in the low field region between g = 3.0-6.0 (Table 3, Figure 12 A and B).141142 |n the
spectrum of the Ac VVFe protein, the specific g-values found were 5.60, 4.35, 3.77. These
were assigned to a mixture of S= 3/2 species affiliated with the V-cluster based on analogy
to the M-cluster, but with an order of magnitude lower intensity than in the MoFe protein.141
The S=% species observed for VnfDGK was believed to be an irrelevant contamination.
This assignment was, in part, supported by the EPR spectrum of V-cluster extracted from the
Ac VFe protein, where g = 4.5, 3.6 resonances were observed, albeit in a very noisy
spectrum.157 In addition, the POX state for the Ac VVFe protein was observed with a g= 12
signal in parallel mode EPR and was assigned to an S= 4 system, while the intensity of the
S= Y% signal was not found to be correlated to the specific activity of the protein.158

The properties of AvrVnfDGK have more extensively been explored and these results are
summarized in Table 3.148:159-161 The EPR spectrum of the Av VVFe protein at low field
showed signals at g = 5.80, 5.40 that demonstrated temperature-dependent behavior, and
they were assigned to the ground state and an excited state of the same S= 3/2 system,
respectively.160 The S= 3/2 signal was spin quantified to one spin per V atom, consistent
with assignment to V-cluster, and the S= %2 signal was determined to be a minor component
with 0.2 spins per V atom per protein. There was also an additional signal around g=4.3
that was thought to be from adventitious Fe(l11) bound to the protein. MCD analysis
established that one of the cluster species in the dithionite reduced state of VnfDGK was an
5= 3/2 system that becomes diamagnetic when it undergoes one-electron oxidation.1> The
other cluster was diamagnetic in the dithionite reduced state, then becomes a paramagnetic S
= 5/2 system upon oxidation. Further, Mdssbauer spectroscopy was employed to provide
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oxidation state information about the clusters.161 In the as-isolated form, the VVFe protein
contained 5-10% of clusters in an oxidized state, so additional samples were prepared with
limiting reductase (1:10 molar ratio of VnfH:VnfDGK) which served to reduce the oxidized
species to simplify the analysis. The VnfH-reduced VFe protein (VFeR) was consistent with
52% of the Fe centers being assigned to P-clusters in the all-ferrous PN state, analogous to
MoFe protein, and 48% of the Fe was associated with the V-cluster, with a small amount of
adventitiously bound Fe covering the difference. It was then suggested that both the S= 3/2
and ¥ EPR signals should be associated with the V-cluster, as the PN clusters would be EPR
silent. Together, these results were interpreted to mean that (1) the P-clusters were in the
diamagnetic PN state when reduced by VnfH, (2) the dithionite-reduced VFe protein
contained some amount of an oxidized P-cluster, and further oxidation of the VVFe protein
clearly produced a paramagnetic S=5/2 system, (3) the V-cluster was associated with the S
= 3/2 and Y% signals in the resting dithionite reduced state (VN), but the spin quantification of
these spin systems by EPR did not agree.160

After the discovery that AvVnfDGK could be isolated in two forms, ap, (VFea) and a B,
(VFeg), the spectroscopic data was reanalyzed and further explored because previous
samples of VnfDGK were recognized as mixtures of the two forms (Table 3).148.162,163 The
VFeg variant is more active, with VFea having ~75% of the activity of the former, so VFeg
will be the primary focus. In the as-isolated dithionite reduced form (VFegN), the EPR
spectrum shows g-values of 6.67, 5.68, 5.45 as well as a broad resonance at 4.3 at low field,
and the g =2.04, 1.93 S= Y% signal at high field.162 The \-cluster was assigned to the g=
5.68, 5.45 signals as part of an S= 3/2 system, in line with previous observations, but the
identity of the remaining g-values was unclear.160 The protein could be reduced further
using substoichiometric VnfH (VFegR), and this showed loss of the g= 6.67 resonance and
the broad signal at g = 4.3, while the S= 3/2 signals shift to g=5.71, 5.42 (Table 3, Figure
13A).162 Suptraction of these spectra (VFegN-VFegR), revealed the same g = 6.67, 4.3
signals from the spectrum of VVFegN as well as a new derivative signal at g = 5.3. Tittsworth
and Hales previously reported similar signals (g = 6.67, 5.3) for the AvMoFe protein that
were assigned to the one-electron-oxidized S= 5/2 P1* state of the P-cluster, so those
observed in VVFeg were designated analogously (Table 3).162.164 Oxidation of VVFegR by 1.5
equivalents of thionine caused g = 6.67, 4.3 signals to reappear (Figure 13B), and an
additional 1.5 eq. increased the intensities of both signals similarly (Figure 13C), so the
broad g = 4.3 was also assigned to the P1* state, but it was unclear which spin system was
the origin of the signal.162 Oxidation by a total of 6 eq. (VFeg®X) produced a new broad
signal at g=11.5 in perpendicular mode EPR, and at g= 12.8 in parallel mode. This
compares reasonably well to the two-electron oxidized POX state of the P-cluster in the
MoFe protein (sharp signal at g= 11.8 in parallel mode), and so was assigned to an S= 3
POX species (Table 3).120.125 Fyrther oxidation of VFeg®X eliminates all signals other than
the sharp g = 4.34 feature (Figure 13D), which increases, and was assigned to adventitious
high-spin Fe(l11), likely from degradation of the P- and V-clusters.162

The remaining high field signals in the EPR spectra, however, were more complicated to
analyze. The authors reported that upon reduction of VVFegN to VVFegR, the S= ¥ signal
would disappear, but only on occasion.162 The signal could be recovered with 1 eq of
oxidant if it had disappeared (VFegR — VFegN), but if it remained, it would disappear with
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the addition of 1 eq of oxidant. This bizarre behavior suggested that the signal was only a
minor component of the system, but the identity was unclear. Hales and co-workers also
reported a hybrid VVFe protein generated by adding isolated M-cluster to cell extracts of an
A. vinelandii strain expressing an gpo-VFe protein that lacked the V-cluster (Figure 14).163
The resultant protein that was purified contained the M-cluster instead of the V-cluster (M-
VFe). EPR spectroscopy showed that the prominent S = 3/2 signal for the M-cluster on
NifDK (g=4.32, 3.68, 2.01, Figure 14A) was shifted and drastically broadened in the
dithionite reduced M-VFe sample (g = 4.65, 3.49, Figure 14B). Additionally, the S=%
region yielded the same g = 2.04, 1.93 signal for both the VVFe protein and M-VFe (Figure
14 B and C). This suggested that the S= % system was not a property of the V-cluster, but
was instead inherent to the Ve protein, lending assignment to a P-cluster signal. However,
this was still inconsistent with the Mdssbauer analysis that showed the P-cluster was
primarily composed of $= 0 PN clusters.161

Ribbe, Hu and Lee also reported EPR studies of AvVnfDGK, but used a protein purified
with a His-affinity tag and a heterooctameric composition of a,p,64 (VFeg) in contrast to
VFeg (Figure 9).14° This VFeg protein is highly active (see Section 4) and as such, provided
a good opportunity to study the spectroscopic properties of V-nitrogenase. The dithionite
reduced form, VFegN, shows an EPR spectrum with resonances at g = 6.68, 5.50, 4.32, 3.77,
2.03, 1.92, which are similar to those seen for the Ac VFe protein and AvVFegN (Table 3).
141,160,162 The g = 6.68 signal was assigned to an S = 5/2 species, likely associated with the
P+ state of the P-cluster, analogous to the assignment for AvVFeg.162 Ve could also be
oxidized (VFepOX), and this species showed a very minor signal at g~ 12 that was
previously assigned to the POX state of the P-cluster in VFeg©X.162 The g-values at 5.50,
4.32, 3.77 were attributed to S= 3/2 signals, and when AvVFeg was put under substrate
turnover conditions with C,H», N, or Ar atmospheres, the S= 3/2 signals diminished,
supporting that those signals were associated with the V-cluster.149 However, there was an
additional observation that the g = 5.50 resonance had a different temperature dependence
than the g = 4.32, 3.77 signals. This was interpreted to mean that each set of signals
corresponded to different S= 3/2 species, similar to VFeg where the g = 5.68 signal was
assigned to the S= 3/2 V-cluster and the broad signal at g ~ 4.3 was likely associated with a
P1*_cluster but without a clear spin assignment.162

The S= % signal was also found to behave differently for VFeg than in previous reports.149
The intensity of the S= % EPR features appeared to increase with increasing specific
activity, similar to the S = 3/2 signal, and in stark contrast to Ac VnfDGK.141.158
Additionally, when VFeq was under catalytic turnover conditions, the g = 2.03, 1.92 signal
was attenuated. These observations suggested that the S= % signal is related to the activity
of the protein and not just an adventitious species, and further, was attributed to the P-cluster
(Table 3).149 This is in agreement with S= ¥ signals observed for the M-VFe protein by
Hales and co-workers.163 Additionally, an isolated 4p0-VnfDGK protein (AnifB
background, lacking V-cluster but with P-clusters present) was also studied by Ribbe and co-
workers using EPR and X-ray absorption spectroscopies.3* The protein was purified as a
trimeric ap, species ~160 kDa in size, similar to the V-cluster replete VFea.148 The EPR
spectrum of the guo-VFe protein shows a similar S= % feature to the #0/o-VFe proteins,
with g-values at 2.08, 1.89 (Figure 12C, green trace), which supports the association of the
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signal with the P-cluster.34 Additionally, it was found that unlike the P-clusters on the MoFe
protein, the 4po-V/Fe protein was unable to be oxidized to the POX state, which suggested
that the P-cluster on VnfDGK may not look like the ‘normal’ P-clusters of NifDK. Further,
the XAS data showed a feature in the Fourier transform at R + A ~ 2.4 A composed of
primarily Fe---Fe contributions associated with a [Fe;S4]-like species, and this feature is
completely absent in the analogous gpo-MoFe protein with typical P-clusters (Figure 15, red
versus black trace).3*81 To further complicate matters, Sippel and Einsle report the EPR of
the Ar'VFe protein used to obtain a crystal structure that showed the same S =% signal, but
the P-clusters in the structure are modeled similarly to those in MoFe.1?0 It seems that it
may be possible for the P-clusters on the VVFe protein to take on conformations similar to
those found in MoFe protein under certain conditions. However, the solution state
characterization is not entirely consistent with a well-behaved P-cluster and suggests that an
alternative conformation may be operative in V-nitrogenase. Additional work will be
necessary to further elucidate the structure of the P-cluster.

The structures of the metallocofactors of the \V-nitrogenases from A.
chroococcum’3:157:165.166 and A, vinelandii’?167-170 had primarily been explored using X-
ray absorption spectroscopy before the recent appearance of crystal structures. Smith and co-
workers first reported the V K-edge XAS data of V-nitrogenase from A. chroococcum in
1987, and a parallel study with better resolution of the AvVFe protein followed in 1988 by
Cramer and co-workers (Figure 16).72:73 Both proteins were fit similarly with an octahedral
environment around the V-center from the cluster, with V-S of 2.32 and 2.34 A, V-0 of
2.14 and 2.13 A, and V---Fe distances of 2.74 and 2.76 A, for the Acand Av VFe proteins,
respectively. This compared well to the analogous Mo K-edge experiments for the Mo-
nitrogenase of C. pasteurianum and K. pneumoniae, though the Mo---Fe distance was
slightly shorter at 2.69 A.72 The V K-edge XAS of the VnfH-reduced (VFeR) and thionine-
oxidized forms of Ac VFe protein were also investigated.16° The X-ray absorption near edge
structure (XANES) for the VVFeR, dithionite reduced VVFeN, and thionine-oxidized (VFe©X)
forms were largely similar, with identical K-edge energies (5466 eV) and similar pre-edge
intensities, though the data for VFeR was of poor quality and prevented additional analysis.
The oxidation state of the \ atom was estimated to be between V(I1) and V(1V).73:165 The
EXAFS of the oxidized form was essentially identical to the dithionite reduced form, with 3
V-S distances at 2.34 A, 3 V-0 at 2.13 A and 3 V---Fe at 2.74 A, indicating that with
respect to the V center, there is no large-scale rearrangement of the cluster upon oxidation.
The Fe K-edge XAS data for AvVFeN and AvVFe®X were also reported and compared to a
series of FeS model complexes to assist with structural determination.167 These experiments
were further complicated because the Fe from both the P- and V-clusters contribute to the
average signal observed in the XAS experiment. The EXAFS fits of VFeN and VFe®X were
very similar, with distances for Fe-S at ~2.30 A, and for Fe---Fe scatterers at 2.67 and 3.76
A. The AvMoFe protein was also analyzed in parallel, and the distances fit for both MoFe
and VVFe proteins were in agreement, supporting that the M- and V-clusters have similar
structure.67 Interestingly, Fe---Mo scatterers were necessary to obtain the best fit of the Mo-
nitrogenase EXAFS data, but an analogous Fe---V was not required. This is likely because V
and Fe have similar scattering characteristics, and so any V-specific interactions are
averaged with Fe signals. Additionally, XES experiments in combination with DFT
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calculations were carried out on the VVFe protein from A. vinelandiito establish the existence
of a central carbon atom, similar to what was observed in the MoFe protein.119.169.315 These
studies identified that there was indeed a carbide present in the V-cluster similar to the M-
cluster, though analogous biochemical confirmation though the use of isotopically labeled
carbon has not yet been reported.

The extracted V-cluster has also been studied from V-nitrogenase from both A. chroococcum
and A. vinelandii1°7:166.168 gmith and co-workers first demonstrated the extraction of V-
cluster from the Ac VVFe protein in 1988, and were able to use the cluster to reconstitute goo-
MoFe protein.15” However, the reconstitution of the protein with the V-cluster only
conferred a partial restoration of activity to the protein, leaving the resulting V-MoFe protein
unable to reduce No. As mentioned previously, the V-cluster extracted from the Ac VFe
protein also showed weak EPR signals at g = 4.5, 3.6, 2.0, and while these resonances are
similar to those found for the isolated M-cluster (g = 4.6, 3.3, 2.0), the spectrum of the
isolated V-cluster was rather noisy.13% Then in 2010, Ribbe and coworkers also reported the
extracted V-cluster, but the cluster came from A. vinelandii1®® The isolated Av V-cluster
was capable of restoring activity to gpo-MoFe protein, including the ability to fix nitrogen.
Characterization by EPR spectroscopy showed g-values for the extracted V-cluster at 5.55,
3.25, 2.00, though the g = 3.25 resonance is very broad, which differs from the extracted Ac
V-cluster signals (Table 3, Figure 17A).157:168 The g=5.55 signal from the isolated Av V-
cluster compares well to the S=3/2 g=5.5-5.7 resonance from the spectrum of the Ve
protein, assigned to the V-cluster (Figure 17A, black versus blue trace). In addition, the
isolated Av V-cluster showed a much less intense signal at g = 2.00, which is not likely to
substantially contribute to the S= % signal in the protein. The EPR spectrum of the V-MoFe
protein showed resonances at g = 5.50, 4.32, 3.72 that are broader than the analogous region
for the wild-type VFe protein, and also displayed much weaker g-values at 2.01, 1.93
(Figure 17B, black versus red trace). This supports the notion that the protein environment
plays a large role in tuning the properties of the nitrogenase cofactors. Both the isolated V-
clusters from A. chroococcum and A. vinelandiihave also been characterized by Fe K-edge
XAS.166.168 The EXAFS analysis for each cluster is similar, showing a best fit consisting of
~3 Fe-S scatterers at 2.23 A, ~2.5 Fe---Fe distances at 2.63 A, 1 Fe---Fe/V scatterer at 2.90
A and a longer Fe---Fe scatterer at 3.69 A. Additionally, the isolated Av V-cluster was fit
with Fe—O and Fe---C scatterers from bound solvent molecules.168 These fits are quite
comparable to the Fe K-edge data obtained for the Av V-nitrogenase /o/o-protein, consistent
with a similar structure,167 though the data does not give an indication of the presence or
absence of the carbonate (CO327) ligand that is observed in the crystal structure.”

More recently, DeBeer, Kovacs and co-workers170 used a combination of DFT calculations,
high-energy resolution fluorescence detected (HERFD) XAS, as well as non-resonant XES
techniques to further probe the electronic properties of the isolated AvV-cluster. The
calculations suggested that the oxidation state of the V atom in the V-cluster was V(I11),
which is similar to the assignment made of Mo(l11) in the M-cluster using a similar
methodology.170-172 |nterestingly, the subsequent X-ray analysis also suggested that the Fe
atoms of the V-cluster were in a more reduced state compared to the M-cluster counterparts.
170 This observation seems to correlate with the measured midpoint potentials of ~414 mV
and —270 mV versus SHE for the isolated V- and M-clusters, respectively,139 with the more
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negative potential relating to a seemingly more reduced V-cluster. Further, the iron-
heterometal bonding interactions were found to be weaker for the V-cluster compared to the
M-cluster, which would align with the elongated V---Fe distances observed by XAS of the
protein, cofactor and crystallographically characterized V-cluster relative to the Mo-
dependent counterpart.170

3.4. The Characterization of Fe-only Nitrogenase

The Fe-only nitrogenase catalytic protein (AnfDGK or FeFe protein) is encoded by the
anfDGK genes, and has been expressed in bacterial strains that delete or inactivate the genes
for Mo- and V-nitrogenases, or the cells are grown in the presence of tungstate (WO427) to
repress the expression of Mo-nitrogenase (when the organism lacks genes for VnfDGK).
173-177 The AnfDGK protein has been isolated from A. vinelandii, R. capsulatus,
Rhodospirillum rubrum, and R. palustris, but the determination of the subunit composition
was fraught with issues similar to those observed for V-nitrogenase.1’8179 There were
initially two compositions reported for Av AnfDGK, an a,f, variant analogous to the Mo-
nitrogenase, and an a.B, species similar to that observed for the AvVFea protein 66148
Subsequent studies resulted in a composition for FeFe protein from A. vinelandiiand R.
capsulatus consistent with a heterohexameric a.,f26, formulation and a size of M, = ~250
kDa (AnfD ~ 59 kDa, AnfK ~ 51 kDa, AnfG ~ 14 kDa).115:180 To date, there is no reported
crystal structure of AnfDGK, though, one might anticipate that the protein would retain a
structure analogous to those of the Mo- and V-dependent systems based on the similarity
between the three systems. AnfDGK has similar subunit size and composition to V- and Mo-
nitrogenases (noting that Mo-nitrogenase lacks a NifG subunit), and when the V- and Mo-
nitrogenase crystal structures are overlaid, there is modest overlap, with a root-mean-squared
deviation of 1.97 A for all atoms.”* However, these factors alone are not sufficient to predict
structure, so additional comparison will need to wait for the crystallography of AnfDGK.

Fe-nitrogenase has limited characterization compared to the other nitrogenase species
discussed, however, spectroscopic analysis of the catalytic protein from R. capsulatus by
EPR, XAS and Mdssbauer spectroscopies provided insight into the structure and properties
of the cofactors.”6:115.133 |n the presence of dithionite, the EPR spectrum of the Rc FeFe
protein (FeFeN) is featureless, indicating that both the Fe- and P-clusters have a diamagnetic
5= 0 spin state.115 This deviates from the observations in the MoFe protein where the
dithionite-reduced state (MN) of the protein has a characteristic S= 3/2 signal (g = 4.29,
3.67, 2.01 for Rc MoFe protein) assigned to the M-cluster (Table 3). The Mdssbauer
spectrum of the °’Fe-enriched FeFe protein demonstrated that the Fe-cluster in the resting
state (FeN) was consistent with 8 total Fe centers, 4 Fe(l1) and 4 Fe(I11), while the P-cluster
was composed of 8 ferrous centers, consistent with the PN assignment from Mo-nitrogenase.
76 However, there are some caveats associated with the Mossbauer analysis. The P- and Fe-
clusters were not separately labeled with ®“Fe like has been done for the MoFe protein,
181,182 g the contributions from both clusters appeared in the spectra of AnfDGK. The
Méssbauer analysis of the VVFe protein also suffers from this uniform >’Fe labeling, and
similar methodology is employed for its analysis.161 As such, for the V- and Fe-only
nitrogenases an assumption was made that the P-clusters of the alternative systems were
spectroscopically analogous to those in NifDK. This was based on the similarity of the fit
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parameters for the Mdssbauer features associated with the P-cluster in NifDK, but also as a
means to reduce the number of free variables required for least-squares fitting of the data.
76,161 The remaining V/Fe-cluster contributions were fit, and isomer shifts as well as
quadrupole splittings were extracted that compare well to those of the M-cluster.161.181 For
ANnfDGK, the oxidation state assignment for the Fe sites of the Fe-cluster was then based on
the observed diamagnetism in the FeN state, which could be achieved with equal amounts of
ferrous and ferric Fe sites.”® More recently, X-ray spectroscopy, DFT calculations, and
crystallographic methods have been used to reassess the oxidation states of the Fe sites in
the M-cluster due to the controversial assignment of the Mo center to be in the 3+ rather
than the previously assumed 4+ state,171.183-187 \while these efforts have raised questions
about the previous Mdéssbauer analysis, there have been no studies published in parallel for
the alternative systems, so it is unclear how the oxidation state assignments would differ, if
atall.

The FeFe protein can also be subjected to turnover conditions, and with a component ratio of
1:10 AnfH:AnfDGK a new rhombic S =% signal appeared in the EPR spectrum with
resonances at g=1.96, 1.92, 1.77, which were assigned to the one-electron-reduced form of
the Fe-cluster (FeR).133 Under the same conditions, the MoFe protein yielded a featureless
EPR spectrum, further differentiating the Fe-only nitrogenase. Attempts to oxidize the Fe-
and P-clusters were also carried out using potentiometric titrations to correlate the EPR
signals to the redox behavior. Two S =% species were observed (Figure 18, spectrum 3 and
4), one species had a narrow signal with g=2.00, 1.98, 1.96 and an &, = —80 mV versus
SHE, and the other signal was broad with g=2.27, 2.06 and an £, ~ +80 mV versus SHE
(Table 3).133 The narrow signal compared well to the three-electron-oxidized P3* species
observed for the Av MoFe protein, so was assigned analogously for the Rc FeFe protein.120
The broad signal was tentatively assigned to the one-electron-oxidized state of the Fe-cluster
(FeFe©X).133 surprisingly, there was no evidence of the P1* or POX states of the P-cluster, as
both produce EPR active signals in Mo-nitrogenase (see Section 3.2.1).

The structural information available about AnfDGK and its metallocofactors is limited to the
Fe K-edge XAS analysis that provided characterization of the metal clusters housed in the
protein.”® The Rc FeFe protein was analyzed, but XAS provides average information, so the
absorber-scatterer pairs that were fit reflect contributions from both the P- and Fe-clusters in
the protein. Other methods of analysis have been used for the MoFe protein that involve
obtaining XAS data on the so/o-protein (P- and M-clusters) and the gpo-protein (P-cluster
only) then performing a weighted subtraction to characterize the M-cluster contributions
alone,* but this type of study has not yet been extended to the FeFe protein. Despite the
logistically challenging circumstances, the EXAFS analysis of Rc AnfDGK provided data
that appeared similar to analogously collected Rc NifDK, both in the position and general
intensity of the Fourier transform features and A3-weighted data.’® Importantly, an Fe---Fe
separation of 3.68 A was a necessary component for the best fit of the data, and this feature
is diagnostic in the M-cluster of trigonal prismatic Fe sites, assigned to Fe---Fe distances
between the 6 core Fe centers of the cluster (Figure 19). The 3.68-A distance paired with the
other fitting parameters allowed for the proposal that the Fe-cluster is structurally analogous
to the M-cluster. This also agrees with the XAS characterization of the precursor L-cluster,
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as this species should be effectively the same as the Fe-cluster, absent the /-homocitrate
ligand.45:56.59

4. Reactivity of the Alternative Nitrogenases

The reactivity of nitrogenase is intriguing, as it is the only biological system capable of
completely cleaving the strong triple bond of N, to generate ammonia under ambient
temperature and pressure. It is a multi-electron, multi-proton transfer process that requires
nucleotide-dependent electron transduction from the reductase component (Fe protein) to the
catalytic component (MFe protein; M = Mo, V or Fe), where the P- and M/V/Fe-clusters
facilitate transfer to the substrate.56.83.101.188,189 proton translocation and substrate
hydrogenation are also key aspects of nitrogenase that have been explored through
biochemical,199-192 crystallographic,193 and theoretical studies.194-19 However, the data is
primarily from Mo-nitrogenase and has yet to be replicated to the same degree, if at all, in
the V- or Fe-only nitrogenases. Thus, relevant detail will be described as it relates to the
alternative systems but will not constitute an exhaustive review of the MoFe protein.

N, is reduced using 8 H* and 8 e~ equivalents in Mo-nitrogenase, even though N=N bond
scission requires 6 H*/e~ equivalents (reaction 1). This is because one equivalent of Hy is
generated as part of the mechanism for No, a phenomenon that is described in more detail in
Section 5. In the absence of N5 or any other substrate, nitrogenase continues to generate H,
from protons (reaction 2) concurrent with ATP hydrolysis, demonstrating hydrogenase
activity.66.197

2H " +2¢~ — Hy @)

Over time, other gaseous substrates with triple bonds, such as acetylene (C,H») and carbon
monoxide (CO) have been investigated as N, analogs with differing behavior. Subsequent
study expanded the substrate scope to include nitrile compounds such as hydrogen cyanide
(HCN), nitrogen-containing species such as azide (N3~), nitrite (NO,™) and nitric oxide
(NO), unsaturated cyclic compounds (cyclopropene, diazirine) and alkyne species with
terminal triple bonds such as propyne (HC=C-CH3;) and propargyl alcohol (HC=C-CHo—
OH).66.197-200 These substrates are reactive to varying degrees, some of which mildly or
strongly inhibit the enzyme. Most of these compounds have no real physiological relevance
but are useful for understanding the reductive capability of nitrogenase. An overall summary
of the substrate reactivity with respect to the alternative nitrogenases is shown in Figure 20.

The following section will cover the reactivity of the alternative nitrogenases, including the
individual catalytic and reductase components, and how they compare to the well-
characterized Mo-dependent system. The reactions of V- and Fe-only nitrogenases have been
explored with the ‘standard” scope of nitrogenase substrates, No, H* and CoH,, the
‘alternative’ substrates azide and cyanide, as well as the ‘newly-discovered’ substrates
carbon monoxide and carbon dioxide. The reductase proteins NifH and VnfH are also
independently reactive, and have been recently shown to facilitate the reversible conversion
of CO to CO, in addition to their electron transfer capabilities.
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4.1. Technical Considerations for the Study of Nitrogenase Reactivity

An important concept for the study of nitrogenase and the associated reactivity is called the
electron flux or electron flow, which is the availability of electrons during a reaction. The
reduction of protons to H, in the absence of any other substrate provides a direct measure of
the electron flux in nitrogenase, and as there is no other substrate known to increase H,
production, the proton reduction activity reflects a maximum turnover rate for the system.198
Along with this, Watt and Burns showed that the total electron flux through nitrogenase is
not sensitive to the substrate,201 so the total electron equivalents found in substrate reduction
products should be equivalent to H, production in the absence of substrate, in general, for a
well behaved system. For example, V-nitrogenase can reduce acetylene to ethylene (2-
electron product) and ethane (4-electron product) but will also generate H, (2-electron
product) in the acetylene atmosphere. The rate of electron consumption with respect to
C,H4, CoHg and H, formed from this reaction should roughly equal H, production in an Ar
atmosphere, and for this reason, the concept has also been referred to as the electron
balance. There are examples of inhibitors, like cyanide (CN™), that reduce the total electron
flow through the system (/.e. CN~ binding decreases all substrate reduction including of H*
under Ar, but CO binding arrests substrate reduction, but H* under Ar is unchanged) though
this is not as common. The electron flux can also be controlled through the amount of
reductase component that is used during catalytic turnover. The nucleotide-loaded Fe protein
needs to dock with the MFe component to form a complex before an electron can be
transferred and ATP can be hydrolyzed, so increasing the molar ratio of Fe protein to MFe
protein can allow for an increased rate of electron consumption, and thus a higher electron
flux. The component ratio can affect the activity of the enzyme, but each species of
nitrogenase and each substrate may require different ratios to fine tune the system. Typical
‘high-flux’ ratios are 20:1 or 30:1, but Fe protein can be at saturating concentrations at ~8:1
under certain conditions,2%2 and ‘low-flux’ would constitute ratios at ~1:1 or smaller.

Another important aspect to the reactivity is the quality of the proteins that are used in
assays. Acquisition of the individual nitrogenase component proteins is nontrivial, and the
method of purification can potentially affect the activity. Both the MFe and Fe proteins
contain FeS clusters, each of which is sensitive to O,, so all of the purification is necessarily
done under anaerobic conditions.202 Nitrogenase proteins do not overexpress particularly
well in the organism, and so hundreds of grams of cells are required to yield protein on a
scale of a few hundred milligrams, and up to a gram. Initial reactivity studies often began
with cell extracts, the soluble fraction of the cell lysate, which contain the target nitrogenase
proteins with many other proteins from the cell for this reason. Whole cell assays, with
acetylene as a substrate, have also been used as a diagnostic tool for identifying nitrogen
fixation capability in bacteria, as obtaining isolated protein is time intensive and the direct
measure of NH,4" is challenging.293:204 pyrification can take several days in some cases, but
longer when affinity tags are not used. The alternative nitrogenase proteins are also rather
sensitive, and can produce material with variable subunit composition, complicating
characterization,148.175.178
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4.2 Standard Nitrogenase Substrate Reduction Activity Towards Dinitrogen, Protons and

Acetylene.

Nitrogenase reactivity has been extensively studied, but the proteins utilized do not always
originate from the same organisms. The Mo-nitrogenase from A. vinelandii (Av) is one of
the best characterized, but the MoFe protein from K. pneumoniae (Kp), C. pasteurianum
(Cp), A. chroococcum (Ac), and R. capsulatus (Rc) have also been reported. However,
alternative nitrogenase proteins have been isolated and studied from a smaller selection of
organisms. V-nitrogenase has only been isolated from A. vinelandi*? and A. chroococcum,
141 while the Fe-only variant has been isolated from A. vinelandii™® R. capsulatus,11®
R. rubrum (Rn,X73 and R. palustris (Rp).17" Generally, each subset of nitrogenase proteins
reacts in similar ways to proteins from other organisms, though the same experiments or
same analysis is not always available. Table 4 reflects a selection of reported specific
activities for the reaction of various nitrogenase proteins with the physiological substrates
N5 and H*, as well as CoHs.

For Mo-nitrogenase, the proteins from A. vinelandiiand A. chroococcum are similarly
active, however, making a comparison of activity can be difficult because the molar ratio of
Fe:MoFe proteins is not consistent for each set of experiments, even for the same protein.
For instance, specific activities (units of nmol product x min~! x (mg MFe protein)~1) for
NHj3 formation in Acand Av MoFe proteins are 436 and 520, respectively, but the Ac
experiments report a component ratio of 4:1, whereas the Av experiments state that Fe
protein is present in saturating concentrations, with a likely ratio of ~10:1.142:205 At first
glance, it appears that the AvMoFe protein is ~20% more active than the Ac MoFe protein,
though with a higher electron flux they might be comparable. Proton and acetylene
reduction for both species was reported with saturating amounts of Fe protein, and the Ac
MoFe protein appears ~30% less active during proton turnover (1541 compared to 2200),
but is comparable to the Av MoFe for the reaction with acetylene (~2000).175:206.207 Taking
electron balance into account, in the Ac MoFe protein series, the N, reduction products
roughly equal Hy production under Ar (~3000 nmol electrons per minute) whereas CoHy
formation accounts for 4200 nmol of electrons per minute, and does not include H, formed
(was not reported, Table 4). This difference could reflect variable reaction conditions
between the No, H* and C,H, experiments, or could be the result of either changing protein
ratios or batch-to-batch variation of the proteins used. To further illustrate this point, Einsle
and co-workers reported ammonia and ethylene formation from reaction with the Av MoFe
protein, and the specific activities were 78 and 1003, respectively.150.208 These values reflect
a smaller percentage (15% and 50%) of the previously reported activities for the Av MoFe
protein, but the Hy production is not reported under any conditions, so it is not possible to
accurately assess the electron balance. The smaller values are not likely the result of low
electron flux, as the component ratio is 60:1. The Rc MoFe protein appears to be genuinely
less active than either Ac or A MoFe proteins, even with a 40:1 molar ratio of reductase.11

The activities for various reports of V- and Fe-only nitrogenase are also summarized in Table
4. In general, there is a decrease in activity by the alternative systems across the standard
scope of substrates compared to Mo-nitrogenase from the same organism. The AcVFe
protein is ~60% as active for N, reduction as the Ac MoFe protein, and AvVnfDGK is
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~75% as active as the respective Mo-system.142:149.205 The FeFe protein from A. vinelandii
shows an even lower N5 reduction activity, 35% compared to MoFe protein, but the Rc FeFe
protein maintains 80% of the specific activity of Rc NifDK (190 versus 235). However, the
activities for Avand Rc AnfDGK are similar (180 and 190, respectively).115.176.180
Compared to MoFe protein, the alternative nitrogenases direct a larger fraction of electron
equivalents towards H, formation during N, turnover (Table 4) with FeFe protein> VVFe
protein> MoFe protein, and this has been interpreted to mean there is a general inefficiency
of VnfDGK and AnfDGK to facilitate the reduction of N». The differential production of H,
during turnover is still an active area of investigation and has important mechanistic
considerations that will be discussed further in Section 5. Proton reduction is also decreased
in the alternative systems compared to the Mo-dependent nitrogenase, except in the case the
Rc FeFe protein, which has an H, formation rate two times that of the /¢ MoFe protein
(Table 4).115

Similar to NifDK, the VFe proteins from A. chroococcumand A. vinelandii are comparably
active towards the standard substrates, but the electron flux conditions should be taken into
account for the best comparisons. The Ac VFe protein fortunately has been reported with
varying degrees of completeness using different ratios of Fe protein to VVFe protein, and the
general trend observed is an increase in activity with an increase of the ratio from ~4:1 to
20:1 (Table 4). AvVVnfDGK has been shown to generate products with component ratios of
4:1 to 60:1, but the closest comparison is at 20:1 for Acand 30:1 for Av.141.149 vnfDGK
from A. chroococcumis ~25% less active for N, turnover than A. vinelandii (specific
activity of 350 compared to 458), but Ac VFe protein produces 15% more hydrogen during
N> turnover than Av VFe protein (928 versus 792). This suggests that the Av VFe protein is
slightly more efficient at nitrogen fixation than the Ac VFe protein. The reduction of protons
is also found with a 20% higher rate for the A. vinelandii protein (1730) compared to A.
chroococcum (1348), supporting that the Av'VFe protein is more active in general.
Interestingly, Dilworth and Eady found that Ac VnfDGK was able to additionally turnover
N, and release hydrazine (N,H,) as a product with a specific activity of 1.25 nmol product x
min~1 x (mg VFe protein)~! at 40 °C using 3:1 ratio of reductase.297 Hydrazine was also
found not to serve as a substrate for the VVFe protein, which is in contrast to the Mo-systems
that will turnover hydrazine but do not produce it, except when the protein is acid or base
quenched.209-211 This activity has not been reported for the V-nitrogenase from A.
vinelandir.

The comparison of Fe-only nitrogenase proteins also echoes similar reactivity trends towards
the physiological substrates as the V-nitrogenase. The activity of the Av FeFe protein has
been reported several times,175:176.180 hyt the highest activity comes from Seefeldt and co-
workers using a protein component ratio of 30:1.180 The FeFe protein produces even more
Hy during Ny turnover than the VFe protein, diverting50% of the electron flux towards Hy
and decreasing efficiency of the reaction, whereas the Av'VFe and MoFe proteins employ
37% and ~20% of electrons towards proton reduction, respectively. AnfDGK from R.
capsulatus favors Ho formation to an even higher degree, using 70% of the total electron
flow under an N, atmosphere, and consequently has a much higher specific activity for
proton reduction in an Ar atmosphere than Av AnfDGK (2600 versus 1085). The Fe-only
nitrogenases from R. palustris and R. rubrum are capable of 40% and 2% of the activity
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observed for N, reduction by Avand Rc FeFe proteins, respectively, and are not particularly
active towards proton reduction (Table 4), implying further optimization of conditions may
be necessary.173177 Though, the RrFeFe protein was reported with a Fe protein to FeFe
protein ratio of 1:1, reflecting low flux conditions, and a component ratio was not provided
for the Rp FeFe protein at all.

Generally, the alternative nitrogenases are not particularly efficient at converting N, to NH3
and are biased toward H, formation as compared to the Mo-dependent system, but the non-
physiological substrate acetylene reacts differently with the alternative systems. Acetylene is
a good substrate for Mo-nitrogenase with apparent K}y, values reported between 0.3-2 kPa,
and Mo-nitrogenase exclusively produces ethylene (C,H,4) with a specific activity upwards

of 2000 nmol product x min~1 x (mg MoFe protein)~ following the general reaction
3.142,206,212,213

CoHy +2HT +2¢~ — CyHy ®)

A small amount of H, is produced during acetylene turnover, but the substrate strongly
inhibits proton reduction such that >90% of electron flux is funneled towards ethylene
formation.66:214 Further, as the concentration of acetylene is increased, H, production can be
completely stopped, whereas H; is always produced during N turnover.215:216

Compared to the MoFe protein, acetylene is generally considered a poor substrate for the
alternative nitrogenases. The VVFe and FeFe proteins have a slightly lower affinity for the
substrate, with apparent K, values of 6 kPa for Avand Ac VFe proteins1’9-217 and 14
kPal80 and 12.5 kPall® for Avand Rc FeFe proteins, respectively. In contrast, the VVFe and
FeFe proteins achieve ~30% and ~20% of the specific activity for the formation of CoH,4
relative to the Mo-dependent system (Table 4). Despite the lower activity, formation of CoHy
by VnfDGK (and extension AnfDGK) is proposed to follow a similar pathway as NifDK.217
Eady and co-workers found the transformation catalyzed by the Ac VFe protein to be highly
stereospecific, producing [cis-2H,]CoHa when 2H,0 is used in the buffer, in line with
observations of the Mo-dependent system.217 Unlike for MoFe protein, the alternative
nitrogenases are less affected by the CoHo-induced inhibition of proton reduction, as only
~35% and ~15% of the electron flow is diverted to CoH,4 formation by VFe and FeFe
proteins, respectively, while the majority is converted into H,.115:217 Ethane can also be
generated from acetylene, likely following reaction 4, but it is only observed in the
alternative nitrogenases and equates to < 5% of electron flux for ethylene formation.178.179

CoHy +4H™" +4e~ — CyHg @)

The exclusivity of ethane as a product has led to its use in the identification of nitrogen
fixation activity by alternative nitrogenases in whole cell assays.13:14:218.219 |t s not exactly
clear how the reduction occurs, but free CoH, is not a reaction intermediate. This implies
there might be different mechanisms for the formation of Co,H, and CoHg, because pure
CyHy is not reduced to CoHg.217 The reaction also has different pH profiles for the VVFe and
FeFe proteins. Ac VnfDGK is able to maintain consistent ethane production across a pH
range of 6.5 to 7.5, then the specific activity decreases above pH 7.5;217 this is in contrast to
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the Rc FeFe protein where product formation maximizes at ~pH 6.6 and steadily decreases
at increased pH values.115

It is not understood why there is a difference in reactivity between the Mo-dependent and
Mo-independent nitrogenases. One possible contributing factor for the V-nitrogenase protein
is that it may be more sensitive than the Mo-dependent counterpart. Blanchard and Hales
reported that during purification of the A. vinelandii \VFe protein, two forms of the enzyme
were isolated, one with an a,f,(8) structure, and another slightly less active form with an
af2(8) composition where the amount of the & subunit was variable.1#8 There were no
isolated alternative forms of the A. chroococcum \/Fe protein reported, however, there were
mentions of multiple unresolvable forms of V-nitrogenase with lower activities during the 6-
day purification, but these less active fractions were discarded.14! The use of a histidine-
affinity-tag on the A. vinelandii VVFe protein substantially reduced the time and column runs
required to obtain purified protein, and while there may be several factors involved, the His-
tagged VFe protein currently produces the highest specific activities for substrate reduction
for the system (Table 4).149

Within the literature, there are several indications that expression and purification of the VFe
protein could play roles in the observed reactivity. The A. vinelandii\/Fe protein expressed
and purified by Einsle and co-workers is interesting, as it came from a wild-type organism,
unlike the gene deletion variants expressed by others.298 The resulting protein was
selectively expressed through repeated growths under strictly Mo-free conditions in the
presence of NazVO, as a vanadium source. VnfDGK was purified without reported alternate
conformations, in contrast to the previous studies of non-tagged VnfDGK from A.
chroococcum and A. vinelandii 141148 Specific activities of 454 and 4.93 nmol product x
min~1 x (mg VFe)™1 for the generation of C,H,4 and C,Hg, respectively, were indicative of
alternative nitrogenase activity (Table 4). However, neither N, or H* reduction activities, nor
metal analyses are reported.298 Subsequently, this protein variant was used to generate the
first crystal structure of V-nitrogenase,’# as well as to trap a putative N, reduction
intermediate /n crystallo, X0 though, the specific activity for N, reduction was reported with
a value of 19, reflecting ~5% of the activity of untagged or tagged A. vinelandii\/Fe protein.
142,149 geefeldt and co-workers showed N, reduction activity of ~400 with the VFe protein
obtained using the same strain and purification protocols reported by Einsle, but acetylene
and proton reduction activities are not presented in the study.220 Additionally, Minteer and
co-workers?2! also use the same methodology to obtain and study the \VVFe protein, and
report specific activities of 11 and 0.26 for the formation of C,H4 and C,Hg from acetylene,
reflecting ~3% of the activity seen by Einsle.298 So far, the field has not yet reached a
general consensus with the standardized activity of AvVFe protein for C,H, reduction.

For AnfDGK, it was initially unclear if the first reported protein from A. vinelandiihad
inherently low activity,1”® or if minor Mo incorporation into the FeFe protein was
responsible for the reactivity,1’6 implying that the Fe-only cofactor was not active. Like for
the VFe protein, the FeFe proteins have also been reported to be generally unstable during
purification, which may also have contributed to the attenuated activity.115175 However,
Muiller and co-workers were able to purify AnfDGK from R. capsulatus using a faster
protocol, demonstrating specific activities that were much higher than the contemporary A.
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vinelandiiand R. rubrum variants, and additionally showed that Mo was not being
incorporated into the FeFe protein.115173.178 More recently, Seefeldt and co-workers!&0
reported the purification of A. vinelandii FeFe protein from a AnifDK, AvnfK deletion strain
analogous to previous reports, 175176 put the activities were higher, similar to what was
observed for Rc FeFe.115.178 The most active Avand Rc proteins show similar specific
activities for N, and CoH, reduction (181 vs 190 and 306 vs 260, respectively) though the 7.
capsulatus FeFe protein produces between 2 to 4 times more H, than the A. vinelandii FeFe
protein (Table 4). Metal analysis of the A. vinelandii protein variant showed that Mo and V
levels were at or below the detection limit, supporting that the Fe-only cofactor is indeed
active.180 A FeFe protein from R. palustris has also been reported by Harwood and co-
workers, and is the first Fe-only nitrogenase to implement a histidine-affinity-tag on the
protein to assist with purification.1”” The R. palustris FeFe protein appears to be mildly
active in general; NH3 production is found with a specific activity of ~80 nmol product x
min~1 x (mg FeFe)™1, reflecting 40% of the activity as compared to the Avor Rc proteins. A
complete substrate study has not yet been shown, so it is unclear the reasons for the
difference in activity.

4.3 Reactions of Nitrogenase with Azide and Cyanide

The so-called ‘standard’ nitrogenase substrates beyond dinitrogen are C,H, and H*, and
these have been successfully employed in biochemical assays due to their predictable
gaseous reaction products that allow for facile detection.66:198 The acetylene to ethylene and
proton to hydrogen reductions are 2e~ and 2H* processes that have a clear product; ethylene
can also be further reduced by 2e™/2H* to ethane by the alternative nitrogenases, as
described earlier. Other non-gaseous substrates have also been explored for their reactivity
with nitrogenase.56:198 The triatomic azide (N3”) is a logical extension of N5 as a substrate,
being a multiply bonded nitrogen-containing species, and the same can be said for cyanide
(CN"), as an isoelectronic alternative to dinitrogen. However, these substrates have more
complex reduction pathways than the standard counterparts, and they can generate products
that stay in solution which can be challenging to detect.

Azide was first shown to be a substrate for Mo-nitrogenase in 1967 by Schéllhorn and
Burris, reporting the two-electron reduction using cell extracts from nitrogenase-expressing
A. vinelandii and C. pasteurianum strains, that produced equal amounts of N, and NHs as
shown in reaction 5.225

N3 +3HY +2¢=— Ny+ NH; ©)

Subsequently, Dilworth and Thorneley, then later Burgess and co-workers, reinvestigated
this reaction using purified protein components from A. vinelandiiand K. pneumoniae,
finding that ammonia was not generated with equal stoichiometry to dinitrogen, but in
excess.226:227 This was interpreted to mean that there was more than one reaction pathway
for azide reduction. To further rationalize the observation, extensive product analysis
revealed that hydrazine, previously established as a substrate of Mo-nitrogenase,2%9 was also
a product of the reaction. This led to the proposal that nitrogenase could facilitate two
additional azide reduction reactions (reaction 6, 7).
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HN3+6H"Y + 6~ — NyH,+ NH; )

N3 +9H"' + 8¢~ — 3NH; ©)

While reactions 5-7 were consistent with the experimental observations, it was also possible
that excess ammonia could be produced either by the additional reduction of hydrazine into
ammonia, or through the reduction of the N, produced from the 2-electron reaction of azide
shown in reaction 5. To test for hydrazine, Dilworth and Thorneley used isotopically labeled
15N,H, in azide reduction assays, and found that none of the resulting ammonia detected
contained the labeled nitrogen, demonstrating that under those conditions hydrazine was not
being further reduced.?28 Burgess and co-workers were able to assess if the generated N
could be reduced through native nitrogenase reaction by conducting the experiment using an
atmosphere of 2H, (D,).22” When D, was added to the azide reduction assay, the amount of
N> produced increased, and a corresponding amount of NH3 decreased, while NoH4 was
unaffected. The inhibition of NH3 production by D, was consistent with the well-known
inhibition of N reduction by Hy(D5),228 and supported that N, was the source of the excess
ammonia. This H» inhibition behavior will be discussed with more detail in Section 5.

A further complication arose with the analysis due to the speciation of the azide in solution.
N3~ is a weak base (pK,= 4.6)%2° and nitrogenase is active between pH 7 and 8, so both
azide and the conjugate hydrazoic acid (HN3) can exist in the reaction; however, the major
component would be N3™. As a result, the pH-dependence of the reactions 5 and 6 were also
explored, and it was found that N3~ was the substrate for reaction 5 while HN3 was the
substrate for reaction 6.226:227 Additionally, Mo-nitrogenase was found to have a much
higher affinity for HN3 (K, = 12 uM) than N3~ (K, = ~1-3 mM), so even with the low
concentration of HN3 in solution, it could still serve as a substrate. It was also unclear if and
how reaction 7 was participating during the assay.

V-nitrogenase from A. vinelandiiwas also investigated for a reaction with azide, and
compared to Mo-nitrogenase from the same organism by Newton and co-workers.230 In
general, the VV-dependent enzyme generated the same set of products, including excess NH3
but was less active than the Mo-dependent counterpart, producing N, and NoH, at 8% and
33% of the rates for the MoFe protein, respectively (Table 5). It was also found that the VFe
protein has a slightly higher affinity for HN3 (K, = ~4 uM) than what was reported for the
MoFe protein.22” Interestingly, when the electron pairs required to generate the product are
taken into account (e.g., NoHg is produced from a 6-electron reduction, or 3 electron pairs),
the rates of formation by the VVFe protein for N, and NoH, are roughly equivalent, whereas
N, is formed at a rate 4 times higher than NoH, for the MoFe protein.230 This was
interpreted to mean that the VVFe protein has no preference for the 2-electron (reaction 5) or
the 6-electron (reaction 6) processes, while the MoFe protein preferentially carries out the 2-
electron reduction. The source of the excess ammonia formation was also probed by
carrying out the reaction in the absence or presence of an H, atmosphere. The specific
activities for NH3 and NoH, formation of ~110 and 26 nmol product x min~1 x (mg protein)
1, respectively, were determined under both sets of conditions, implying that N, generated

Chem Rev. Author manuscript; available in PMC 2021 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jasniewski et al.

Page 34

from azide was not the source of excess ammonia in the V-dependent system, and it was
proposed that reaction 7 was instead responsible.230 However, several things should be noted
from the study. One point is that an analogous experiment to assess VnfDGK-catalyzed
hydrazine reduction was not reported, nor if hydrazine could be generated from N, formed
through reaction 5. This is a salient point, as it has been shown that N,H, is produced from
N, but not reduced by the VVFe protein from A. chroococcum.?9” Another point is that the
V-dependent reductase, VnfH, was not used for the reported assays and instead NifH was
employed, which could potentially contribute to the differences in observed results for the
VFe protein. Further, Newton reports that they observe no change in azide reduction
products in the presence or absence of Hy in the wild-type and variant Av Mo-nitrogenase
systems, in contrast to the study by Burgess using the same enzyme.151:227.230 |t js clear that
additional investigation is required to clarify and better understand azide reduction by
nitrogenase.

Cyanide reduction by nitrogenase is equally complex, as the substrate is capable of forming
several carbon-containing products in addition to ammonia. Hardy and Knight first showed
that HCN could be reduced using Mo-nitrogenase containing cell extracts from A. vinelandii
and C. pasteurianum.231 They observed methane (CH,), ammonia, and a small amount of
another base that they proposed was methylamine (CH3NH>) by the following reactions:

HCN +6H" + 6e~ — CHy+ NHj ®)

HCN +4H" + 4¢- — CH3NH), ©)

Further, Hardy and Knight put forward the idea that cyanide was reduced in 2-electron steps
in analogy to N fixation, starting from HCN to methyleneimine (CH,=NH) in the first step
shown by reaction 10,

HCN +2HY +2¢~ — CH,NH (10)

then subsequently to methylamine in the next 2-electron reduction, finally ending with the
cleavage of the C—N bond to form methane and ammonia after a total addition of 6 electrons.
However, methyleneimine was not detected in their experiments, and the methylamine
product was proposed but the extra base could not be clearly identified.231 Kelly and co-
workers were also able to show that cyanide reduction occurred using cell-free extracts from
A. chroococcum, and formed a very small amount (< 0.1% of methane formed) of the C,
products ethylene and ethane.232

The use of cell extracts complicates analysis because of the plethora of additional proteins
present in solution, so Burgess and co-workers used purified Mo-nitrogenase components
from A. vinelandiito probe cyanide reduction.233 Similar to azide, cyanide is present as
either the free base CN™ or the conjugate acid HCN in solution; a pK, of 9.11 indicates that
the major species under the reaction conditions is HCN.234 The pH-dependent reduction
studies revealed that in the base form, CN™ is a strong reversible inhibitor of electron flow
through nitrogenase, but was not the substrate for the reaction.233 HCN was the substrate
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(Km = 4.5 mM), and could be reduced by 6 electrons as in reaction 8, or by 4 electrons as in
reaction 9, and unsurprisingly produces H, in parallel. The specific activities for the
formation of CH,4, NH3, CH3NH, and H, were found to be 190, 250, 70 and 500 nmol
product x min~1 x (mg protein)~1, respectively (Table 5). However, NH3 was generated in
excess relative to the amount of CH,4 produced, which raised the possibility that either an
unobserved 2-electron reduced CH,=NH or the 4-electron reduced CH3NH> could be
responsible. Methylamine was tested as a substrate for Mo-nitrogenase, and CH4 was not
detected, indicating that the product could not be further reduced by the enzyme and was
likely not a source of the NH3.233 This left a putative 2-electron reduced product as the
source of excess ammonia, as methyleneimine would be susceptible to hydrolysis, forming
formaldehyde (CH,0) and NHs (reaction 11), though CH,O was not detected. It was also
possible that C—C bond formation from coupling HCN molecules could generate ammonia,
but ethylene and ethane were only observed after doubling the protein concentration and still
only yielded 0.036% and 0.02% of the CH,4 formed, invalidating them as a potential source
of ammonia.

CH,NH + H,O — CH,0 + N Hj 1)

Newton and co-workers also investigated cyanide reduction by V-nitrogenase from A.
vinelandii, with a specific goal to determine if formaldehyde could be produced and
detected.230 There were no pH-dependence experiments done analogously to the Burgess
studies with the MoFe protein,233 so the assumption was made that HCN was the substrate
for the reaction. Subsequently, CN™~ was assigned as the inhibitor species in solution.
Overall, the VFe protein was less active than the MoFe protein, but was determined to have a
similar affinity for the substrate as the MoFe protein (K, = 1.9 mM), and experience less
inhibition from CN~ than for Mo-nitrogenase (Table 5).230 The product distribution was
similar for the VVFe and MoFe proteins, though the VVFe protein produces a higher amount of
CH3NH;, relative to CH,4 than the MoFe protein, with CH3NH,:CHjy ratios of 0.66:1 and
0.39:1, respectively. The VV-dependent system also generated excess NH3, so to assess if
reactions 10 and 11 were operative, extensive effort went into the detection and
identification of CH,O or a further reduced CH3OH as products. There were many problems
that arose while conducting the analysis, but Newton and co-workers reported the detection
and quantification of formaldehyde as a product of HCN reduction, but no methanol was
observed, suggesting that the 2-electron reduced product, CH,=NH, is generated. However,
the small amount of CH,O detected does not correspond to the excess ammonia observed, so
further investigation is necessary to clarify the source of the additional NH3.230

4.4 Expanded Substrate Reactions for Alternative Nitrogenases

Carbon monoxide is a small gaseous molecule that is isoelectronic to dinitrogen, and
therefore was of interest in the study of nitrogenase as a substrate analog.56 The strong triple
bond of CO can be completely cleaved and converted into methane and water in a 6-electron
reduction that is analogous to the basic reduction of N, (reaction 1).

CO+6HY +6e~ — CH,+ H,O 12)
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Carbon monoxide can also be used in coupling reactions to produce longer chain, complex
hydrocarbons in a process known as Fischer-Tropsch synthesis, often employing H, as a
source of both protons and electrons.2% In a fundamental sense, coupling of two CO
molecules requires 8 protons and electrons to form C,Hy4 as a product, shown in the
following reaction:

2CO0 +8H' + 8¢~ — CyH, + 2H,0 (13)

With respect to nitrogenase, CO has been established as an inhibitor of substrate reactions
with the exception of H* reduction, and the Mo-dependent system has been extensively
explored.5% However, recent discoveries over the past decade have revealed that CO can also
behave as a substrate for the V-dependent nitrogenase, showing Fischer-Tropsch-like
chemistry. These studies, as well as reactions with carbon dioxide, will be described in the
following section.

Like in Mo-nitrogenase, the V-nitrogenases from Avand Acas well as the Rc Fe-only
nitrogenase, in the presence of CO, show complete inhibition of N, reduction with
increasing partial pressures of CO, but CoH, reduction is affected for the alternative systems
less than the Mo-dependent system.217.236 This apparent insensitivity to CO for the reaction
has been interpreted to suggest that in some nitrogenases there are multiple acetylene and
CO binding sites, each with different affinities for CO, but this is not supported for all of the
alternative systems.149.179 Aside from the difference in acetylene reduction, it has been
broadly considered that MoFe protein and the alternative nitrogenases react with CO in a
similar manner, though careful analysis reveals differences between the systems that are
quite intriguing.143 It was observed that for acetylene reduction by AvVnfDGK in the
presence of CO, low electron flux (1:5, VnfH:VnfDGK) led to an increase in ethylene
formation relative to higher flux (8:1) conditions, and further, ethane formation was
enhanced at low pressures of CO.236 This seems to be a unique feature of the A. vinelandii
system, as the VVFe protein from A. chroococcum demonstrates more typical inhibition of
acetylene reduction in the presence of CO.217 Rc AnfDGK has also been shown to feature
analogous inhibition of substrate reduction as the MoFe and VVFe proteins, particularly at
lower partial pressures of CO.11> However, acetylene reduction by AnfDGK in the presence
of high concentrations of CO produces an amount of ethane that exceeds ethylene
production by ~80%, whereas in V-nitrogenase the two products formed are inhibited with
similar behavior.174 As mentioned, hydrogen production by the MoFe and Ac VFe proteins
is unsurprisingly stable in a CO environment,21” however, for Av V-nitrogenase it was
reported that increasing the atmosphere from 0 to 100% CO (while balancing the pressure
with Ar), resulted in a decrease in the specific activity for proton reduction of ~75%.149 |t is
uncertain why the Av protein has this inhibition pattern, but it has been proposed that there
may be two separate mechanisms for H, evolution, one of which is more sensitive to CO
binding.149

It was also discovered that Av V-nitrogenase is capable of reducing CO to longer chain
hydrocarbon products, forming C-C bonds (Table 6).237:238 For comparison, Av Mo-
nitrogenase is minimally able to convert CO to hydrocarbons with specific activities for
C,H,4 and CyHg of 0.025 and 0.013, compared to 32 and 1 for the VVFe protein. These CO-
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based activities are much lower than the standard N5, CoHy4, and H* substrates, as a high
degree of electron equivalents are diverted to H, formation (specific activities of 1700 and
540 nmol H, x (mg protein)~1 x min~1 for the MoFe and VFe proteins, respectively).238 The
product distribution changes when 2H,0 and deuterated Tris buffer are used to carry out
these reactions.237:238 Greater yields of product are observed in the presence of deuterated
solvent and C4 products are generated by NifDK, whereas similar products are observed for
VnfDGK in proteo- and deutero-solvents (Table 6).237 These differences also show inverse
kinetic isotope effects (KIE) for product formation from CO by the MoFe and VFe proteins,
with average KIEs of ~0.1 and ~0.5, respectively. The KIE can be affected by many
contributing factors, particularly from modified dynamics of the protein, so more work
would be necessary to ascertain the meaning of these effects. Another observation was that
the presence of H, inhibits the formation of C,H,4 from CO by ~10% at lower concentrations
of Hy (~10% H,, 90% CO) and upwards of 25% at higher concentrations (67% Ho, 33%
C0).238 H; is only known to inhibit N, reduction for nitrogenases,®8217 so inhibition of CO
reduction by H, may indicate that there are similar mechanistic features between the CO and
N> reduction reactions.

CO has not only been shown to be a substrate during /n vitro assays with purified enzyme,
but A. vinelandii cells expressing VnfDGK (strain YMG68A) are also competent for CO
reduction.23? When the cell cultures have depleted the ammonium from the initial growth
media, a CO atmosphere is added and the headspace of the reaction vessel is monitored over
8 hours. Ethylene, ethane and propane are observed with maximum hydrocarbon formation
occurring in a 15% CO, 85% Ar atmosphere (specific activity ~6 nmol product x (mg
protein)~1 x min~1; mg protein is based on average yield from cells), which reflect ~20% of
the activity of isolated VnfDGK in a 100% CO atmosphere for the same products.237:238
Above 15% CO, the hydrocarbon yield drops; in a 37.5% CO atmosphere the specific
activity for hydrocarbon formation is ~2.5.23% This /n vivo activity is suggestive of vestigial
metabolic ability of nitrogenase and may not simply be an adventitious feature.

Carbon dioxide is another carbon-containing small molecule in a more oxidized state than
CO and can serve as a potential substrate for nitrogenase. CO, has been shown by Seefeldt
and co-workers to be reduced to CO and H,O (reaction 14) by the wild-type AvMoFe
protein, and to CH, and H,O (reaction 15) by a modified AvMoFe protein variant.240.241

CO,+2H™ +2¢~ — CO + H,0 (14)

CO,+8H™" + 8¢~ — CH4+2H,0 (15)

These reactions proceed with specific activities of 0.8 and ~5 nmol product x (mg protein)~?
x min~1, respectively, though no CO, reduction to CH4 was observed for the wild-type
enzyme. This is markedly slower than reaction with the standard nitrogenase substrates, or
with CO (Table 6). CO, reduction was then revisited by Ribbe and co-workers using Av V-
nitrogenase in addition to the Mo-dependent enzyme.242 Reaction of CO, with the MoFe
protein was able to produce CO, CH,4 and C,H,4 with specific activities of 3.3, 0.27 and 0.14
(units of x1073), where the \VFe protein generated CO comparable with MoFe protein, but
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no other observed products. However, both enzymes saw an order of magnitude increase of
CO formation in D0, and the VFe protein also produced CD4, CoD4 and CoDg with higher
rates than observed for Mo-nitrogenase in H,O (Table 6). This means that CO production
from CO> has an inverse KIE for both nitrogenases, with similar activities, indicating that
this reaction is carried out with a similar mechanism. However, the fact that use of H,O/D,0O
results in different profiles for C—C bond formation indicates that the MoFe and VVFe
proteins may undergo chain extension through different routes.242 The isolated Fe-only
nitrogenase from R. palustris was also shown to react with CO, to produce CHy4 with a
specific activity of ~10 x 1073 nmol product x (mg protein)~1 x min~1, which is a higher
activity than measured for the MoFe or VFe proteins, though longer chain hydrocarbon
products or CO were not reported.17”

CO», reduction by alternative nitrogenases has been observed to have metabolic relevance in
the native organism.2’” Harwood and co-workers reported that a strain of the phototrophic
R. palustris expressing V-nitrogenase produced a small, but detectible amount of methane
from CO,, whereas a strain expressing the Fe-only nitrogenase produced roughly an order of
magnitude more methane than V-nitrogenase, and methane formation was found to increase
commensurate with light intensity. Isotopically labeled NaH3CO3 was incubated with the
Fe-only nitrogenase strain as a source of CO, and 13CH, formation was measured,
confirming a CO»-based chemical transformation. Additionally, the Fe-only nitrogenase
expressing organisms R. rubrum, R. capsulatus and A. vinelandiiwere also tested for in vivo
CO,, reduction activity.1’” When the cells were grown under nitrogen-fixing conditions (no
supplemented source of reduced nitrogen species), R. palustris, R. rubrum, and R. capsulatus
produced 400-500 nmol CH,4 x (mg total protein)~1 in the absence of supplemented Mo, but
with a Mo source present, the Fe-nitrogenase proteins were repressed and the activity was
absent. This indicated that the Fe-only nitrogenase was the reactive species. Similar behavior
was observed with wild-type A. vinelandii, but CH,4 production reflected only ~1% of the
activity for the other organisms.1”” This difference could indicate that the Av FeFe protein is
not efficient at CO, reduction, or it could be that the VVFe protein is being preferentially
expressed in the absence of Mo, despite the fact that VO43~ is not added to the growth
media.

The reduction of CO» is a challenging 8 electron process (reaction 15), not dissimilar from
N, reduction, and in nitrogenase, electron delivery is intimately linked to the reductase Fe
protein. Efforts from several groups have been made to understand how the Fe protein and
associated electron delivery can change CO» reduction. Ribbe and co-workers studied CO»
reduction using a Eu-based chemical reductant Eu''DTPA (DTPA = diethylenetriamine
pentaacetic acid) in an ATP-independent reaction without Fe protein.243 VnfDGK from A.
vinelandiiwas studied under these conditions, and C; to C4 products were observed, with
the primary products being CO and CH, (4.3 and 0.92 x 1073 nmol product x (mg protein)~1
x min~1, respectively). This reflects an improvement in the activity for the VVFe protein, as
products from CO, were not observed in proteo-buffers in the presence of the reductase
protein,242 but the VVFe protein is still more active towards CO reduction.237:238 The CO,
reduction has also been carried out analogously in isotope labeled buffers, and KIEs have
been reported for product formation. In comparison, for CO reduction under ATP-dependent
conditions, all products had inverse KIE values,23” but in the ATP-independent system for
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the reduction of CO,, VnfDGK has an inverse KIE for all but methane, which has a more
classical KIE value of ~4.8.243 This may indicate there could be a change in mechanism for
methane formation from CO, compared to CO reduction, as the latter has an inverse KIE of
~0.9. The Fe protein may also play a role in the generation of methane (or lack thereof, see
Section 4.7). However, the introduction of the chemical reductant could have additional
effects on the protein or the reaction, so detailed mechanistic experiments would be
necessary to further interpret this phenomenon.

The electrocatalytic reduction of CO, has been explored by Minteer and co-workers using
the V-dependent nitrogenase from A. vinelandii in combination with derivatives of
cobaltocene as electron meditators.221 The VFe protein was added to an electrolyte solution
containing NaHCO3 as the CO, source, and when potential was applied, CHg4, CoH4 and
C3Hg products were measured in roughly equal amounts (Table 6). Interestingly, CO is not
observed in the analysis, in contrast to the ATP-dependent and ATP-independent systems
reported by Ribbe where CO formation constitutes =75% of observed products.242:243
However, the rate of typical acetylene reduction reported by Minteer is rather low (Table 4),
and may indicate that the VVFe protein used was less active and therefore not reflective of the
full product distribution.221 Seefeldt and co-workers also report the electrocatalytic, as well
as ATP-driven, reduction of CO, by the MoFe and FeFe proteins from A. vinelandii?** It
was shown that both proteins were able to generate formate (HCO,™), a 2-electron reduced
product, using Fe protein or an electrode, though in the FeFe protein, a higher percentage of
electron equivalents (31% vs 9% for the MoFe protein) go towards CO» reduction instead of
H, production. If CO, is primarily converted to formate, this set of results may be consistent
with the /in vivo observation of low CH,4 production by Harwood for A. vinelandiil"" but
further studies would be necessary to confirm this finding.

4.5 Activities of the Isolated Nitrogenase Cofactors

The alterative nitrogenase proteins have been studied and their enzymatic properties have
been compared to the well-characterized Mo-dependent system. However, while each
nitrogenase has conserved structural features and reactivity, it can often be challenging to
untangle the effects of the protein from the cofactor when analyzing the Mo-, V- and Fe-only
nitrogenases. To this end, the catalytic nitrogenase clusters can be extracted from the protein
in order to explore their properties, as first demonstrated for Mo-nitrogenase by Shah and
Brill in 1977.245 Over the years, several methodologies have been utilized to acquire
cofactor,131:246 put the general outline involves the purification of large quantities (gram
scale) of nitrogenase enzyme and carefully denaturing the protein using acids and organic
solvent under strictly anaerobic conditions. The denatured protein can then be neutralized,
pelleted by centrifugation and subsequently washed with organic solvent to prepare for
cluster extraction. NMF (A~methylformamide), DMF (dimethylformamide) and MeCN
(acetonitrile) in the presence of base have all been used to extract the target cofactor, though
basified NMF has the highest success. Initial study of the isolated cofactor was done to
obtain spectroscopic parameters associated with the M- and then later V-cluster directly, but
also as a method to obtain active nitrogenase from the apo-enzyme.66:131
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The M- and V-clusters from A. vinelandii, but not the Fe-cluster, have been isolated and had
their catalytic abilities studied, but the precursor L-cluster lacking the /R-homocitrate ligand
has been investigated as a Fe-cluster analog.24/~251 The substrate reduction activity of the
M- and V-clusters with small molecules was first reported in 2012 by Ribbe and co-workers,
using Tris-HCI buffer at pH 8 with Eu''DTPA as the reductant, in the presence of both CO
and NaCN.247 The cofactors were shown to be stable in the aqueous media, as both the M-
and V-clusters are able to reactivate the apo-(AnifB)-MoFe protein with similar proton
reduction activities over the course of an hour, indicating that the cofactors are not
decomposing. CO reduction generated a distribution of C1—C,4 products with comparable
activity for both the M- and V-clusters, verified through using isotopically labeled 13CO
(Table 7).247:249 However, the total turnover number (TON: nmol product x (nmol cofactor)
=1 x n, where nis the number of C for each product (C,H,;) for product formation is ~0.3
indicating a substoichiometric reaction. The reduction of CN~ was slightly more successful,
producing up to Cg hydrocarbons that were identified from 133CN~ with the primary carbon
product being CoH,4 (~60% of hydrocarbon products formed). The total TON for carbon
products from cyanide was reported as 17 for M-cluster and 16 for V-cluster, however,
ammonia production had a slightly higher TON than total hydrocarbon formation, for both
clusters.249 Later, the L-cluster was reported along with the M- and V-clusters using the
same buffer system as well as reductant, and the L-cluster was found to be as stable, and
react with CO and CN~ similarly to the M- and V-clusters (Table 7).24° Reduction of CO
yielded a total TON of 0.3, whereas the reaction with CN™ reflected carbon-based TON of
20. There is a tendency for the L-cluster to form more methane from both CO and CN™ than
the other two clusters, and one suggested rationale for this difference was that the M- and V-
clusters both had the organic acid ligand bound to the heterometal site, whereas L-cluster
lacks the native ligand and therefore has an additional open reaction site.249 This was
additionally supported through the use of Anderson-Schulz-Flory plots that are often used to
describe product distributions in Fischer-Tropsch synthesis. For the M- and V-clusters these
plots demonstrated that for the reduction of CO and CN~, the generation of methane deviates
from the predicted behavior, whereas for the L-cluster the behavior does not. This indicated
that the M- and V-clusters are somehow capable of facilitating the coupling of CH, groups
to produce longer chain hydrocarbons which disfavors the release of methane.249

The isolated cofactor chemistry was further explored by changing the solvent to dry DMF,
introducing 2,6-lutidinium triflate and triethyl amine as a buffering system, and using the
stronger samarium (11) iodide (Sml,) reductant to replace Eu''DTPA (F2’gy, = -1.55 V
versus SCE in tetrahydrofuran compared to £2’g, = —1.14 V at pH 8).248 The carbon-based
TON for CO reduction by all three cofactors is increased by an order of magnitude with
Smly, having values of 3, 2.7, 4.5 from CO for the M-, V- and L-clusters, respectively.
Cyanide reduction was mildly increased by use of the more reducing Sml, (Table 7).
Compared to the Eu-reductant experiments, all of the clusters tended to strongly favor
formation of C1 (CH4) and C, (CoHy4, CoHg) products instead of chain elongation, though C4
products (C4Hg, C4H10) are observed from gas chromatography — mass spectrometry (GC-
MS) analysis and confirmed by 13C labeling.248 This tendency to form methane from CO
differs from the protein-based activity of the MoFe protein, where C, and C3 (C3Hg, C3Hg)
products are observed, but not methane.237:238 Additionally, the stronger reductant system
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was able to facilitate reduction of CO,, which produces C4, C, and C3 products with total
TONSs ~50% less than those for CO reduction, and favors formation of CO and CH, (Table
7).248 By far the most abundant product formed in these isolated cofactor reactions is Hy,
with TON from reaction with CO and CO, of ~5 for all three cofactors, but in the presence
of CN™ proton reduction is slightly higher at ~14 for M- and Fe-clusters and ~11 for the V-
cluster. Although, there is nonzero H, formation from the Sml, directly, this reduction also
happens to be the ‘standby’ reaction facilitated by the respective enzymes when other
substrates are absent.®8 Subsequent refinement of conditions, in addition to using
triethylammonium tetrafluoroborate (Et3NH(BF,)) instead of 2,6-luitdinium triflate as the
proton source for the organic buffer system, and Sml, reductant allowed for further
increased TON of substrate reduction for the M- and L-clusters.259:251 For the M-cluster, the
carbon-based TON for CO, CN™ and CO», reduction increased to 230, 910 and 68,
respectively, with longer chain hydrocarbons being observed up to Cs (CsH1g, C5Hy2).2%1
CO», reduction with the optimized conditions yielded up to C4 hydrocarbons (up from Cs),
with a compensating decrease in the percentage of C1 (CO, CH,) formation (97% vs 63%
C1). The same reactions facilitated by the L-cluster reflect 70%, 80% and 40% of the total
TON compared to M-cluster for CO, CN~, and CO,, respectively, though a similar shift
from C; to longer chain hydrocarbon products is observed (Table 7).250 The chemistry of the
V-cluster with these improved conditions was also explored for CO and CO», with TON of
300 and 55, respectively. The TON for CO is higher than for the M or L-clusters, though the
values for CO5 reduction fall in between the other clusters (Table 7). Collectively, these
experiments with isolated cofactor demonstrate that all three of the clusters studied react in
broadly similar ways, but there are indeed some differences that seem to derive from the
choice of heterometal as well as the organic ligand that binds to the cluster.

The isolated M-cluster has also been shown to reduce and couple formaldehyde and
acetaldehyde to longer chain hydrocarbons using a Eu(ll) reductant in buffered aqueous
solution.252 These reactions cannot be analogously studied with the protein systems as
aldehydes tend to denature or otherwise disrupt the protein structure. Compared to CO
reduction, formaldehyde has a much higher total TON of 67 as compared to 1.5 for CO with
the same product scope. Primarily, formaldehyde produces methane with C, carbon products
being the next most abundant, but minor amounts of C3 and C4 products are observed.
Acetaldehyde on the other hand features a total turnover of 112 for substrate reduction, and
is primarily reduced to ethane, followed by butylene, ethylene and butane. Additionally, it
was observed that both aldehyde substrates can be coupled with C; compounds CO and CN™
to produce up to C,4 carbon products, confirmed by isotope labeling studies.252 For the
reaction of formaldehyde with CO, the total TON was 42, with methane as the primary
product, though coupling to CN™ is slightly more successful with TON of 64, and methane,
ethylene and ethane are produced in roughly equal amounts. Acetaldehyde appears to be less
reactive towards coupling with CO or CN™ (TON of 84 for either), a ~70% of the total
product is ethane, similar to the aldehyde alone, though C3 products are observed,
demonstrating that coupling does occur.
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4.6 Hybrid Nitrogenase Enzymes and their Reactivity

The activity of the alternative nitrogenases compared to Mo-nitrogenase raises questions
about the origins of the differentiation in reactivity — is it derived from the heterometal of the
cofactor or more to deal with the specific protein environment? As described above, the
individual proteins and the isolated cofactors have been studied in an effort to understand
their inherent properties.56:131 Primarily, isolated cofactors were used for the reactivation of
apo-nitrogenase that lacks the catalytic cofactor, a protein expressed in a cell line with a
deletion of the 77ifB gene.32 Reactivation was often accomplished first through lysis of the
cells expressing AnifB nitrogenase, followed by an initial centrifugation of the lysate to
remove cell debris. The resulting ‘cell extract’ then contained the target protein along with
many others, and the mixture could be incubated with isolated cofactor to form folo-
nitrogenase. Subsequent purification and substrate reduction assays would then be done to
demonstrate activity.131 This reactivation could also be achieved through the initial isolation
of the gpo-enzyme, followed by a ‘clean’ incubation of only the protein and the isolated
cofactor. In principle, there isn’t a restriction on which isolated cofactor can be incorporated
into a given gpo-nitrogenase. M-cluster could be incubated with the gpo-VFe protein to
produce a hybrid enzyme (M-VFe), or vice versa (V-MoFe). In this way, the native protein,
isolated cofactor, and hybrid protein can all be analyzed to better understand the reactivity of
nitrogenase. This strategy has been employed by several groups to further explore the
properties that are inherent to both the protein framework (MoFe or VVFe proteins) and the
cofactor (M- or V-cluster).157.163.168.222 Additionally, a cell strain expressing a particular
nitrogenase could be grown in the presence of an alternative heterometal in order to generate
a hybrid /n vivo that can be purified from the cell directly. The /n vivo method has been used
in the VFe system to incorporate M-cluster, and with the MoFe protein to incorporate
tungsten into the catalytic cofactor.23:223.224 A collection of various hybrid nitrogenase
enzymes has been summarized in Table 8.

After the isolation of V-nitrogenase from A. chroococcum and A. vinelandii, there was a
great deal of interest in studying the V-containing analog of the M-cluster.141.142 One
strategy carried out by Smith and co-workers involved the extraction of the V-cluster from
the Ac VVFe protein, followed by incubation of the cofactor with extracts of cells expressing
the AnifB MoFe protein from K. pneumoniae and A. vinelandii>" When the incubated
extracts for both systems were assayed for CoH, reduction, both demonstrated the formation
of C,H,4 and C,Hg, showing that V-cluster had been incorporated. The AnifB Kp MoFe
protein was also isolated, then incubated with V-cluster and the resultant protein showed
minor but detectible activity with specific activity values of 2 (nmol product x min= x (mg
protein)~1) for H* reduction in an Ar atmosphere, as well as 1.1 and 0.09 for the formation
of C,H, and C,Hg, respectively.157 Additionally, H, production was only mildly hindered in
a 10% acetylene atmosphere. This pattern of reactivity for V-MoFe is indicative of the wild-
type VFe protein, but not wild-type MoFe protein, suggesting that the V-cluster is able to
confer the activity. However, the Ko VV-MoFe protein was reported to not be competent for
N, reduction to NH3, and the other substrate activities reflect only a small percentage of the
wild-type VFe protein, indicating that there might be problems with either the protein or the
cofactor.
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Hales and co-workers were also able to generate a hybrid nitrogenase, but reversed the
components from the Smith study, using an A. vinelandii AnifB \/Fe strain and isolated M-
cluster to produce M-VFe.163 Cell extracts containing the cofactor-deficient \VFe protein
were incubated with isolated M-cluster from the Av MoFe protein, and the resultant M-VFe
protein was isolated and characterized. In general, the hybrid reacts towards N with similar
electron allocation as NifDK, with 70% of electrons going towards NH3 production and the
remaining 30% going to H, evolution. In comparison, wild-type VnfDGK has a 50:50 split
between N5 and H* reduction in a nitrogen atmosphere, and the Kp V-MoFe hybrid was not
reported to react with Ny at all.157:163 The ability of the M-V/Fe protein to produce Hy in an
argon atmosphere is hindered, demonstrating40% of the activity of the wild-type AvVFe
protein (Table 4), suggesting that there may be issues with proton delivery to the M-cluster
site in V-nitrogenase. Additionally, CoH, reduction by Av M-VFe has a product distribution
more closely resembling the wild-type VFe protein with 35%, 10% and 55% of electrons
going towards CoH,4, CoHg and H, formation, respectively, whereas 95% of electrons goes
toward C,H,4 for the MoFe protein without observation of ethane.163 This seems to imply
that the Ve protein is also able to confer the ability to produce ethane from acetylene, even
with the M-cluster present.

The formation of hybrid enzymes was also explored by Ribbe, Hu and co-workers using
histidine-tagged AnifB apo-MoFe/VFe proteins from A. vinelandii, reconstituted with
isolated cofactor as well as protein expressed in the presence of an alternative metal.
23,34,168,222 The jsolated AnifB apo-MoFe protein was incubated with both the M- and V-
clusters to compare the reactivity towards the standard nitrogenase assays (N, CoHp and H*
reduction).168 The protein reconstituted with M-cluster (M-MoFe) was able to recover most,
but not all, of the enzymatic activity as compared to the wild-type MoFe protein (Table 4).
This observation demonstrates that reconstituted nitrogenase is slightly less active than the
wild-type enzyme, in accordance with previous reports.157:163 However, the affinity-tagged
AvrV-MoFe protein displays a greatly increased activity compared to Kp V-MoFe, including
the reduction of N, to NH3, and the formation of ethane from acetylene.168 The activity of
AvV-MokFe reflects ~25% of the formation observed for Av M-MoFe for comparably
reported products. This shows that purification using affinity tags helps to increase the
reactivity of the protein, and further finds that the V-cluster can impart the acetylene
reduction phenotype to the hybrid protein but is less active than the M-cluster containing
variant. An affinity-tagged AnifB apo-V/Fe protein was analogously isolated and
reconstituted with M-cluster (M-VFe).34 The hybrid was shown to have substrate reducing
capability that reflected < 20% of the activity of the M-MoFe control, though, it was unclear
if the V-nitrogenase acetylene reduction phenotype was observed as ethane formation was
not reported. The decreased activity in this instance was attributed to the unstable An/ifB apo-
VFe protein with an a8, composition, notably without the & subunit.3* It was later reported
that M-VFe could also be generated /n vivo by expressing the protein in the presence of
excess Na;M00,4.23 The resultant /77 vivo hybrid had an a ;6,(8) composition, had the V-
nitrogenase phenotype, producing ethylene and ethane from acetylene, and H, formation
was only mildly attenuated by acetylene. However, metal analysis indicates that only one M-
cluster is incorporated per protein, likely leaving the second cofactor site empty, in
agreement with the generally decreased activity relative to the native VFe protein.
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The CO reduction capabilities for the heterologous V-MoFe and M-VFe hybrids were also
investigated and compared to the wild-type enzymes.23222 Both hybrid nitrogenases were
capable of facilitating C—C bond formation from the reduction of CO; V-MoFe formed C,
and C3 products in proteo-solvent whereas M-VFe generated C,—C,4 products under similar
conditions (Table 6). The V-MoFe hybrid was found to yield an increased amount of
hydrocarbon products in deutero-solvent, including C,4 products, with inverse KIEs similar
to the native MoFe system.222 Of particular note is that CDy is observed with V-MoFe (and
wild-type VFe protein) but not with the wild-type MoFe protein. This strongly suggested
that while the presence of the V-cluster can subtly tune the reactivity of the enzyme, the
polypeptide plays a larger role in determining product formation. In support of this notion,
the in vivo M-VFe hybrid converted CO to CoH,4 and CoHg with higher specific activities
(650 and 21 x 1073 nmol product x min~1 x (nmol cofactor)~! for C,H, and C,He,
respectively) relative to V-MoFe (33 and 8.8 x 103 nmol product x min~1 x (mg protein)~1)
and wild-type MoFe protein (25 and 13 x 1073 nmol product x min~1 x (mg protein)™1), in
line with C, hydrocarbons being primary products of the native VVFe protein.23

Attempts have also been made to generate hybrid enzymes through the incorporation of the
non-native tungsten as a heterometal for the catalytic nitrogenase cofactor.223:224 Hales and
Case grew a MoFe protein-expressing W-resistant A. vinelandii strain in the presence of
WO,27, transferring the culture multiple times in an attempt to deplete the Mo stores of the
organism as much as possible.224 The resulting MoFe protein was purified, and
incorporation of one equivalent of both Mo and W into each heterotetramer was observed,
consistent with one M-cluster and one W-cluster per protein. The hybrid W/Mo-MoFe
protein was active towards substrate reduction but reached only ~30% of the activity of the
native MoFe protein, so it was unclear if the W-cluster was active and if the reduction of
activity simply reflected the lower M-cluster incorporation. Subsequently, Muller and co-
workers developed a strain of R. capsulatus that inactivated the regulatory gene anfA
responsible for the expression of the FeFe protein under Mo-depleted conditions.223 This
strain was grown in Mo-free conditions, in the presence of WO,2~, the MoFe protein that
was expressed was consistent with the incorporation of one W-cluster per a8,
heterotetramer, without the detection of substantial Mo. The RcW-MoFe protein was then
assayed with the standard substrate scope and was not particularly active towards C,H, or H
*, with specific activities of 1 and 102 nmol product x min~! x (mg protein)~1, respectively
(Table 4). Additionally, the hybrid was not active towards N5 reduction indicating that the
W-cluster is generally inert for nitrogenase activity.

4.7 Substrate Reduction by the Reductase Components NifH and VnfH

As described in Section 3.1, nitrogenase is a two-component system comprised of the
catalytic protein that contains the M-, V- or Fe-cluster, as well as the [Fe4S4]-containing
reductase protein. In the Mo-dependent system, the reductase, NifH, has been shown to have
three primary physiological functions; the protein is involved with insertion of Mo and
homacitrate to convert the L-cluster to the M-cluster on NifEN, the biosynthesis P-cluster on
NifDK, and the ATP-dependent electron transfer during nitrogenase catalysis.”” These
functions have largely been unexplored for the reductase proteins from the alternative
nitrogenase systems, VVnfH and AnfH for the V- and Fe-only nitrogenases, respectively.
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Though it has been shown that Av NifH is capable of reducing VO43~ to VOZ* 253 the lack
of a reported VnfEN, and various AnifZ and AvnfH VnfDGK/AnfDGK variants prevents the
extensive characterization of biosynthetic reactivity. However, a seemingly adventitious
reactivity of NifH and VnfH was discovered recently. It was found by Hu and co-workers
that the Fe proteins could facilitate the conversion of CO, to CO.87:254 This section will
detail the observed activity of these reactions.

COy, reduction by NifH and VnfH was studied in parallel by modifying the redox agent and
the presence of a nucleotide.8” Using nucleotide-free conditions and sodium dithionite as the
reductant, the two reductases generated CO with specific activities of 0.10 and 0.13 (1073
nmol product x min~1 x (nmol protein)~1) for NifH and \VnfH, respectively, and these values
moderately increased in the presence of ATP (Table 9). For comparison, MoFe and VVFe
proteins can facilitate CO, reduction to CO an order of magnitude faster than the reductase
components alone (Table 6).242 The difference in reactivity for the Fe proteins in the
presence or absence of nucleotide was attributed to the ~100 mV decrease in redox potential
that is observed for the Fe proteins in the presence of nucleotide.8” To further investigate this
phenomenon, dithionite was exchanged for the more reducing Eu''DTPA, and this resulted
in specific activities for CO formation of ~3 x 1073 nmol product x min~1 x (nmol protein)
=1 which is similar to the rate for the catalytic nitrogenase proteins. Repeated additions of
Eu'! reductant to the system continued to drive CO formation with near-linear increases of
product. Unsurprisingly, in the presence of the oxidant indigo disulfonate (IDS), neither Fe
protein could facilitate appreciable CO production, however, it was found that CO could be
oxidized back to CO, with much faster rates compared to CO, reduction (Table 9).87 This
established the nitrogenase Fe protein as a mimic of the enzyme CO dehydrogenase, which
is the only other known system that can facilitate the reversible interconversion of CO, and
CO, albeit with much higher rates.

Additionally, the /n vivo reduction of CO, was reported in A. vinelandii strains that express
either the NifH or VVnfH components without the paired catalytic component (NifDK and
VnfDGK, respectively).87 In the presence of supplemented ammonia, which represses
expression of Fe protein, effectively no CO was observed. However, when the ammonia was
depleted, CO could be measured and was maximally produced in a 40% CO5, 60% Ar
atmosphere with higher specific activities (~170 x 103 nmol product x min~ x (nmol
protein)~1) than observed in the in vitro assays (Table 9). These results indicate that there
may be a native electron donor in A. vinelandii that permits the high degree of CO,
reduction carried out by the Fe proteins. It is unclear what physiological relevance this
activity has, but the CO» activity paired with the recent discovery that a homolog of NifH
can generate longer chain hydrocarbons, further highlights the versatility of the Fe protein
and warrants additional investigation.”8:254

5. Mechanism of Nitrogenase

The multi-electron reduction of dinitrogen has been the focus of long-term multi-pronged
research that utilizes biochemical, kinetic, spectroscopic, and structural biology approaches.
66,143,197 Thjs process is challenging because the individual components of nitrogenase have
been studied, providing spectroscopic detail and physical properties. However, the study of
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substrate reduction requires both the catalytic and reductase components to function
together, complicating the analysis. As described in Section 3, there are several
metallocofactors housed between the two components of nitrogenase, a [Fe4S,4] cluster on
NifH and both the P- and M-clusters on the catalytic NifDK protein.32 Each of these clusters
can contribute in spectroscopic studies, so it can be difficult to isolate the components from
a single source. The crystallography of nitrogenase proteins has shed light on structural
aspects of nitrogenase catalysis and has assisted the spectroscopic assignments, but the X-
ray diffraction structures represent a snapshot of the solid-state protein and do not
necessarily reflect the solution-state dynamics in the reaction mixture. To study the reactions
of nitrogenase under physiological conditions requires a combination of rapid freeze-quench
and stopped-flow methods to identify reaction intermediates and analyze the multi-step
pathway.197 The bulk of the published kinetic and mechanistic work on substrate reduction
has focused on N, reduction through the characterization of the Mo-dependent nitrogenases
from A. vinelandif®197 and K. pneumoniae?>5-258 among others. Although, the kinetic and
detailed spectroscopic studies have not all been conducted with one specific nitrogenase
system. The mechanisms for the alternative V-dependent and Fe-only nitrogenases from A.
vinelandii, A. chroococcum, and R. capsulatus have been studied alongside the Mo-
dependent system,143.178 however, it wasn’t until recently that reports indicated that the
alternative nitrogenases from A. vinelandii operate with similar mechanisms to the Mo-
dependent system.220:259 The N, reduction mechanism for Mo-dependent nitrogenase has
been extensively detailed by Hoffman and co-workers in 2014,197 but this does not address
the recent developments for the alternative nitrogenase systems. Below we provide a general
summary of the mechanism proposed for N, reduction, as well as other substrates with
comparisons for the Mo-, V-, and Fe-only nitrogenases.

5.1. Nj Reduction Mechanism for Mo-nitrogenase

The most well described kinetic framework for N, reduction by Mo-nitrogenase, including a
mechanistic outline, involved the work of many research groups and resulted in the Lowe-
Thorneley (LT) model (Figure 21).188.255-258 This model was later updated by Hoffman and
co-workers, 197 and subsequent additions have been made in recent years.220.259.260 Thjs
model described the kinetics of the chemical transformations that occur on NifH and NifDK
from K. pneumoniae during nitrogenase catalysis, and the delivery of proton and electron
equivalents to the catalytic component is tracked with an E, notation, where 7 is the number
of electrons and protons accumulated on one aB-dimer of NifDK.188.197 This formalism
does not distinguish the location of the electrons or protons, whether it be associated with
the P-cluster or the M-cluster, simply that an electron and proton pair has been provided to
the system. The electrons are transferred by NifH through the Fe protein cycle,7:261.262 5o
by analogy the LT model is also referred to as the MoFe protein cycle.188 In the literature,
N> reduction is sometimes referred to as the first reduction of N, to a NoH,-level
intermediate (can also be called N activation), whereas elsewhere it can be used as an
umbrella term covering the complete triple bond scission into two equivalents of NH3. In
this review, we ascribe N5 reduction to mean the entire process of N, bond cleavage to
produce ammonia.
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The first state, Eq, represents the resting state of NifDK and is consistent with an M-cluster
in an S= 3/2 state under dithionite reducing conditions.1%3 Much of the work on Mo-
nitrogenase reported in the 1970’s and 80’s has involved the characterization of this state of
the enzyme. The Eg state has an odd number of unpaired electrons, so the even numbered
states of the LT model (n = 2, 4, 6, 8) will also have an odd number of unpaired electrons
loaded on NifDK. This property allows for a convenient spectroscopic handle to study these
species using EPR techniques, including pulsed methods like electron nuclear double
resonance (ENDOR) and electron spin echo envelope modulation (ESEEM), if the
intermediate species can be appreciably accumulated.1%7 The odd numbered E,, states (n = 1,
3, 5, 7) will have an even number of unpaired electrons, which should either lead to a
diamagnetic species that is EPR silent or to an integer spin (S=1, 2, 3, etc) that would show
EPR transitions.1%7 The E; through Ej states occur before N, reduction, while E4 is the
active state where N is proposed to bind and where reduction begins. Further addition of
protons and electrons to nitrogenase through the Es — Eg states promotes the cleavage of the
N, bond, producing H, and two equivalents of NH3, returning the cycle to the Eg state. An
additional feature of the cycle is that the E,, E3, and E4 states can ‘relax’ by generation of
H,, converting back to the Ep and E; and E states, respectively (Figure 21), which
represents non-productive hydrogen release that competes with N, reduction.188.197

The initial LT model posited that N, could bind to either the E3 or E,4 states, but the E4 state
was the point at which Ny reduction could occur.88 This proposal was based on kinetic
measurements, as well as observations that with the A. vinelandii nitrogenase system (later
for K. pneumoniae and C. pasteurianum as well263) HD gas could be produced from an
atmosphere of D, (2H,) and Ny, and that TOH (T = 3H) is not appreciably formed in an
atmosphere of T, (3H,) and N,.188.210,263,264 These results suggested that H, (or D5) can
inhibit N5 reduction by reversing N, binding (Figure 21), and this process is not a simple
exchange with solvent but allows for the scrambling of the isotope label. The experiments
also reinforced that one equivalent of H, is produced by NifDK during N reduction.188.198
Subsequently, active site point mutants of residues that are nearby the M-cluster were
generated for NifDK of A. vinelandiiat a-His195 and a-GIn191 by Newton and co-
workers,152 and these variant proteins were used to address the E3 versus Ey state for N
binding. The relevant nitrogenase variants were inactive for N, reduction, but in the presence
of Ny, the acetylene (C,H>) reduction activity was decreased. Activity could be restored
through the addition of H,, implying that N, binds to the M-cluster and can be knocked off
by H, (consistent with inhibition), but as the nitrogenase proteins in a N,/D, atmosphere are
not active for N reduction nor is HD produced, the E, state was not likely being accessed.
152 Based on these findings, Hoffman and co-workers argue that N, must productively bind
in the E4 state, and propose a reductive elimination mechanism for H, production during N»
reduction to rationalize the generation of HD in a No/D, atmosphere.197 This mechanism
was tested by carrying out CoHo reduction assays in the presence of N, and Do, and it was
observed that deuterium was incorporated into the ethene (CoHy,) product as either CoH,D»
or the more abundant C,H3D, supporting the proposed reductive elimination process.26

Consequently, the Eg4 state is inherently of interest within the LT scheme because it is a
central point in the cycle that either produces Hy, reverting to the E, state, or can bind N, on
the M-cluster pushing the reaction cycle forward.188:197 As mentioned previously, when Ny
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binds to the E4 state (or E4(4H)), there is a concomitant loss of one equivalent of H, from
NifDK, leaving an E4(2N2H) species (Figure 21). However, it is not clear the reason why
nitrogenase produces H, as part of ammonia production, as 25% of the ATP (and therefore
electrons) required for the reaction is funneled into this apparent byproduct. Recent DFT
studies have suggested that the thermodynamically favorable formation of H, is coupled to
the less favorable binding and reduction of N, such that the overall process is slightly
favored or thermoneutral 266267 though additional work is necessary to further explore this
idea. To better understand the nature of the E, state, Hoffman and co-workers have used
freeze-quench spectroscopic experiments to trap E, as well as other intermediate states.197 A
single-point mutant (a-Val70—a-11e70) of NifDK was identified that accumulated an
intermediate, that was later assigned to be in the E4(4H) state.268.269 1.2 95\o, and 57Fe
ENDOR experiments demonstrated that the intermediate was consistent with the presence of
bound hydride (H™) ligands that were interacting with the core Fe atoms of the M-cluster,
but were not involved with the Mo center.279-273 Thijs species, termed the “Janus
intermediate,” was then proposed to have an M-cluster model with two z5-hydride ligands
bridged between two different sets of Fe atoms and two protons bound elsewhere on the
cluster.197:273 1t was later reported that spectroscopic features associated with the so-called
Janus intermediate were observed in wild-type NifDK, suggesting that hydrides are not an
artifact of the point-mutation, but are involved in the on-pathway mechanism of Ny
reduction.260

The proposal of hydride intermediates as part of nitrogen fixation provides a framework for
storing the proton and electron equivalents without accumulating charge on the
metallocofactor directly. There is also established chemistry that involves hydride species
both in biology, such as in the hydrogenase systems,274:275 as well as extensive examples in
synthetic transition metal systems.276:277 However, it is still unclear how protons/electrons
or hydride species are involved in the N, bond scission, specifically. There are two general
pathways that have been proposed for the hydrogenation of N, — the distal and alternating
pathways (Figure 22).66:197.278 |n hoth cases, N, is proposed to bind in an end-on mode to a
metal center (M—-N5) of the M-cluster and eventually merge at the formation of a terminal
amido species (M—NHb>). The final step of the mechanism is the delivery of one proton/
electron equivalent to a terminal amido intermediate, releasing NH3 and regenerating the Eg
state of NifDK. The two mechanisms differ in the specific sites of protonation of N, the
intermediates formed during the reaction, and which of the E,, states allow for NH3 to be
released.

The distal pathway proposal is based on the chemistry of inorganic Mo complexes by
Chatt?79-282 and Schrock.283:284 |n the first step, N, binds to a metal center of the M-cluster
in the E4(4H) state, and this promotes two of the proton/electron equivalents loaded on
NifDK to add to the distal site of No, forming a hydrazido (M=N-NH,) species, as well as
H». The next proton/electron addition (Es) also occurs at the distal nitrogen atom, releasing
one equivalent of NH3 and generating a terminal metal nitrido (M=N) species. The
following two protonation and reduction steps (Eg, E7) promote the formation of metal
imido (M=NH) and amido (M—NHy>) species, respectively, with the final addition (Eg)
generating and releasing the second equivalent of NHs. In contrast to the distal pathway, the
alternating pathway of N, cleavage is derived from studies with Fe complexes.285:286 The
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mechanism begins with N binding to the E4(4H) state, but one proton/electron equivalent is
added to each nitrogen atom, forming a diazene-bound species (M—(H)N=NH) with the
requisite loss of H,. The following two reduction/protonation steps (Es and Eg) form a
hydrazine-type species (M—(H2)N-NH,), alternating the site of addition to the nitrogen
atom. Protonation and reduction in the following step (E7) releases NH3, generating an
amido-bound species that is subsequently liberated as the second equivalent of NH3 in the
final step (Eg).

There is currently no definitive consensus of the N, reduction mechanism that is operative in
nitrogenase, or if this reduction takes place at the Mo or Fe centers.1%7 Ammonia generation
from N, has been reported using synthetic Mo-based complexes, and this extensive and
thorough body of work supported a Mo-centered distal pathway for the mechanism in
nitrogenase.197:287 There is also a growing support for Fe-centered N, reduction based on
synthetic work with iron complexes,288-290 a5 well as from calculations and active site point
mutants that modify the area adjacent to the Fe face of the M-cluster.200.278.291 However,
there are several experimental observations that have been used to favor the alternating over
the distal pathway. The first evidence of a reduced N, intermediate was shown by Thorneley,
Eady and Lowe by use of acid/base quenching techniques during turnover of the K.
pneumoniae enzyme.?11 Hydrazine (N,H,4) was observed after quenching the reaction with
acid or base, but the identity of the enzyme-bound intermediate was unclear. Subsequent
studies with A. vinelandii and other variants demonstrated that nitrogenase could use
hydrazine as a substrate to produce ammonia, showed that H, did not inhibit hydrazine
consumption, and that HD formation was not enhanced in the presence of hydrazine.
198,210,292 Methyldiazene (CH3~N=NH) and diazene (HN=NH) were both found to be
substrates for the Mo-nitrogenase from A. vinelandii, and additionally, diazene reduction
was inhibited in the presence of H,.199.293.294 These results, together with spectroscopic
measurements, are suggestive of the alternating mechanism, as both diazene and hydrazine
are substrates for nitrogenase that are competent to produce ammonia, and the mechanistic

observations of inhibition and HD formation are in line with other N, reduction studies.
197,198

5.2. N, Reduction Mechanism by the Alternative Nitrogenases.

Compared to the Mo-dependent enzyme, the alternative nitrogenase systems have had far
less characterization over the same time period, particularly with respect to the mechanism
of N, reduction.®6:143 The two best characterized V-nitrogenase proteins come from A.
chroococcun! and A. vinelandii*? As mentioned, the stoichiometry for the Mo-
dependent N, reduction has been established as:

Ny +8H" + 16 MgATP + 8¢~ — 2NH3 + Hy + 16 MgADP + 16 P, (16)

where for each molecule of N, that is reduced, only one equivalent of Hy is produced, and it
is unclear why this 1:1 N,:H, ratio occurs.86 However, analogous studies with the V-
nitrogenase system from A. chroococcun?9%:29 establish a 1:3 stoichiometry for N
reduction:
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N+ 12HY + 24MgATP + 12¢~ — 2NH3+3H)+24MgADP + 24P; (17)

The source of this difference was also not clear but was largely understood to be an inherent
inefficiency of the V-nitrogenase to reduce N, compared to the Mo-dependent system, as the
affinities of the Mo- and V-nitrogenases from A. chroococcum for the substrate N,2% and
the electron transfer behavior from the respective reductase are similar.101.141 Additionally,
the difference in reactivity was not believed to be the result of reaction conditions, as the
differences were also observed during /n vivo experiments with modified chemostat cultures
of A. chroococcun?® and A. vinelandii 143298 |t was also observed that the V-nitrogenase
from A. chroococcum produces a small amount hydrazine (~0.5% of the electron flux
resulting in ammonia formation)297 as a product that increases with increasing temperature,
and for Mo-nitrogenase, hydrazine is only observed when acid or base is used to quench the
N, reduction reaction.143:179.295 |ntriguingly, hydrazine does not serve as a substrate for V-
nitrogenase at low concentrations, but does so for Mo-nitrogenase.207:209.292 |t was also
reported that for the His-tagged A. vinelandii proteins, the well-known inhibitor of Ny
reduction, CO, behaves differently for the Mo- and V-nitrogenases.24? In the presence of CO
(atmosphere, 90% CO, 10% N») NH3 formation was abolished in both systems, however,
electron flux was diverted to H, formation in the Mo-dependent system whereas H,
production and total electron flux was decreased by >50% in the V-dependent protein. This
apparent loss of flux indicated that there may have been unidentified formation of products.
Indeed, follow up studies (see Section 4.4) demonstrated that CO behaved as a substrate for
V-nitrogenase, which facilitates C—C bond formation, further distinguishing the reactivity
behaviors of the two nitrogenases.237:238

The Fe-only nitrogenase has been shown to follow similar reactivity trends as the V-
nitrogenase system, demonstrating diminished reactivity compared to the Mo-dependent
system, and also has little by way of mechanistic characterization.143.178 There are several
Fe-only nitrogenase proteins that have been studied, from R. capsulatus1’® R. palustrist’’,
R. rubrumX"3 and A. vinelandii}">176 with more variants continuing to be identified in
biological nitrogen fixing systems. The N»:H, ratio for Fe-only nitrogenase was established
in the R. capsulatus system by Muller and co-workers as 1:9 (reaction 18), demonstrating
that even more of the electron flux is dedicated to generate H, during turnover than in V-
nitrogenase.15 Thus, with respect to N, reduction, the efficiency of the reaction was
established as Mo > V > Fe-only.

Ny +24H" + 48 MgATP + 24e~ — 2N H3 + 9H, + 48MgADP + 48P; (18)

However, the differences in the stoichiometry of the reaction between the nitrogenase
variants raised several concerns about a unified mechanism for nitrogen fixation. Each
variant had key mechanistic experiments carried out using nitrogenases from different
species, and the analysis often was carried over between proteins without confirming that
each behaved similarly. Why do the alternative nitrogenases produce more H, during N»
reduction? If H, production and alternative substrate interactions varied by nitrogenase, how
could this be reconciled in a unified mechanism?
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Advancements by Seefeldt and Hoffman in recent years suggest that the mechanisms of N»
reduction for Mo-, V- and Fe-only nitrogenases are similar.180.220.259 protocols were used to
acquire V- and Fe-only nitrogenase from A. vinelandii without the use of an affinity tag,
180,208 gjmilar to what had been described during the initial discoveries.142 However, the V-
nitrogenase protein expressed by Hales was in a n/fHDK deletion strain that later was found
to produce two different conformers during purification — the standard a,p2(8) V-
nitrogenase as well as a less active ap,(8) form,142:148 whereas the protein used by Seefeldt
came from a wild-type bacterial strain that did not have any genetic modifications and
without reported irregularities in the protein.298.220 On the other hand, the Fe-only
nitrogenase Seefeldt reported was derived from a strain with deletions of the n/fHDK and
vnfHDGK genes encoding the Mo- and V-nitrogenases, consistent with previous expression
strategies.

These recent mechanistic studies focused primarily on the E4(4H) state and the ability of the
enzymes to bind N,. Both A. vinelandii V- and Fe-only nitrogenases showed inhibition of
N> reduction in the presence of Hy, a phenomenon that was observed for the V-nitrogenase
of A. chroococcum and is well established for Mo-nitrogenase.66:180.217.220 Aqdditionally,
HD formation was measured in the presence of an N,/D, atmosphere, in line with Mo-
dependent experiments described in Section 5.1. These results were together interpreted to
mean that N, binds similarly to the respective nitrogenase cofactor, suggesting that the same
E4(4H) “Janus intermediate’ was operative in all three systems.220 However, spectroscopic
evidence of the E4(4H) species analogous to the Mo-dependent system has not yet been
reported for either the V- or Fe-nitrogenases. Kinetic analysis was also carried out with V-
and Fe-only nitrogenases to determine the ratio of No:H, to compare to the Mo system, such
that all three enzymes come from the same organism.189.220 Extrapolation of kinetic fits
relating to the N»:H, ratio with respect to the pressure of N, indicated that at high pressures
all three systems would have a ratio of ~1, and would therefore reduce N, following the
stoichiometry of reaction 16. This was compared to an experiment with Mo-nitrogenase by
Simpson and Burris that measured N, reduction and H, production at high (50 atm)
pressures of N5, and this study showed that H, production could not be abolished, and
approached a N,:Hj ratio of 1.216 Analogous high pressure experiments were not conducted
for the alternative nitrogenases due to the requirement of much higher pressures (>>50 atm)
to carry out the same analysis, though there are no reported experimental values above 1 atm
N,.180.220 The difference in apparent N,:H, ratios was then contextualized with respect to
the relative rates of N, binding to E4(4H), relaxation of E4(4H) to yield H,, and formation of
E4(2N2H) with concomitant decrease of the N, bond order. The reported interpretation was
that Mo-nitrogenase is able to produce E4(2N2H) faster than either of the alternative
enzymes, so E4(4H) is less likely to unproductively relax to a lower E,, state to generate Ho,
thus, less H is observed.220 Extensive substrate analog studies have not been reported for all
of these systems, so it is unclear based on this work how the alternative nitrogenases move
through the higher E,, states as compared to Mo-nitrogenase.

Around the same time, Einsle and co-workers reported a crystal structure of V-nitrogenase
from A. vinelandii with a putative reaction intermediate bound.®0 In the structure there was
electron density for a light atom (X) smaller than sulfur that apparently displaced the S2B
bridging sulfide ligand from the V-cluster. There was also density for an HS™ ion present ~7
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A away from the S2B site in a ‘holding pocket’ as well as a bridging carbonate (CO327)
ligand in the S3A position (see Figure 23 for labeling). Interactions from nearby residue a-
GIn176 to the light X atom seemed to be indicative of a protonated species, however,
protons cannot be directly observed from the diffraction experiments. These results together
were used to assign the X atom as a nitrogen, and more specifically a 4/~HN™ nitrene group,
150 although, this assignment is not strongly supported. As described in Section 3.3.1, the
putative intermediate did not have metrics that compared well to the available model
complex, 1% there was no reported independent verification of the light atom identity, and
subsequent calculations were highly suggestive of a ~OH group.1°® Regardless, based on
the assignment of the X atom as N, a mechanistic proposal was described for N5 binding and
reduction. The observation of the S2~ loss was reported to be mechanistically important, as
incipient hydride accumulation would force the sulfur ligand into the ‘holding pocket’ until
returning later to kick out the final amido species in the Eg state, regenerating the Eg resting
state. There is precedent in Mo-nitrogenase for the lability of the S2B ligand, as
demonstrated in its replacement by both CO and Se?™ in crystal structures from Rees,299:300
however, theoretical calculations of Mo-nitrogenase disfavor complete sulfide loss during
catalysis.266.273.301-303 | addition, the release of S2B occurs after S3A has already been
replaced by a carbonate, and the loss of two g-sulfido ligands from the cluster had not been
otherwise explored as a mechanistic possibility. Einsle further suggested that the two (-
hydride ligands bridge between Fe2 and Fe6 (equivalent to E4(4H) state) and the hydrides
undergo reductive elimination to produce Hy, leaving the V-cluster primed with 2 electrons
and open coordination sites (termed E4*), allowing for N5 to bind to the cofactor and
generate the E4(2N2H) state (Scheme 1B). This would allow for N to bind symmetrically
between Fe2 and Fe6 in a x4 1-N-NH, bridging mode (Figure 23). The conversion between
the E4(4H), E4* and E4(2N2H) states would also all be reversible.1%0 In this proposal, the
crystallographically assigned HN™ species would then be consistent with the Eg state
following a distal-type reduction pathway (Figure 22). The authors also noted that N, could
alternatively bind to the E4* state between Fe2 and Fe6 in a z-77: 77 mode more similar to
the 177 7+ mode shown in Figure 23C to form diazene and subsequently hydrazine, as
N,Hy is a minor product of V-nitrogenase as described earlier (Scheme 1B). Interestingly,
there was no discussion of the purpose the carbonate ligand serves in catalysis or why it
appears in V-nitrogenase when carbonate is nonessential for turnover by Mo-nitrogenase.

If one assumes that the assignment of the X atom as N is confirmed, the result would seem
to indicate that V-nitrogenase follows a different mechanism for N, reduction than Mo-
nitrogenase, or at minimum, there is more than one active N reduction pathway. One
pathway would be analogous to the Mo-dependent system that produces ammonia, and V-
nitrogenase would follow a distal-type reduction mechanism opposed to an alternating
mechanism (Figure 22). The second pathway in the V-dependent system would bind N5 in a
L1 72 mode to terminally produce hydrazine in agreement with experimental observations.
207 The requirement of sulfur loss during catalysis is also an interesting idea, though
validating biochemical investigations will be required to further understand this behavior.
However, there are several issues with Einsle’s proposal for N, binding and reduction by V-
nitrogenase. The dubious identity of the X atom is problematic, but if to assess the proposal
we assume this assignment is correct, the next issue stems from the existence of the E4*
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state. As discussed in the previous sections, Hy is an inhibitor of N, reduction, and the
conversion of the E4(4H) state to the E4(2N2H) state as shown in Scheme 1A requires No
binding concomitant with H loss. Conversely, the presence of Hy reverses N, binding and
regenerates E4(4H) consistent with experimental observations of inhibition. Further, if
nitrogenase is turned over in the presence of N, and Do, 2 equivalents of HD are observed
per N, but no isotopically scrambled dihydrogen is observed in the absence of
N,.188.210,263,264 | Ejnsle’s proposal, the E4* state is added, and that splits H, release from
the N binding step (Scheme 1, compare A to B). In the mechanism as described, it is less
clear how Hy could serve as an inhibitor to N, reduction, and more importantly, it would
allow for the generation of HD if the E4(4H) species was exposed to D, in the absence of
N». This is in opposition to the experimental observations that HD is only formed in the
presence of D, and N,. There is also no experimental evidence provided to support an
alternate binding of N to the V-cluster that could result in a reaction pathway that generates
N,Hy, though its inclusion was described as ‘hypothetical.” This proposal also differs from
the studies described by Seefeldt and Hoffman that indicate all nitrogenases follow a similar
mechanism, and favor retention of the S2B sulfide ligand.220.259.266.273 | addition,
intermediate trapping studies with Mo-nitrogenase are supportive of an alternating type
mechanism, 197 though it is also important to note that the proposal by Seefeldt and Hoffman
does not currently explain the observation that V-nitrogenase can produce hydrazine without
turning it over as a substrate. It is clear that more work is needed to assess these differing
proposals.

5.3 Mechanism of Nitrogenases for the Reduction of Carbon Monoxide

In addition to N5, nitrogenase has been known to reduce a variety of small molecules, as
described in Section 4. Historically, Mo-nitrogenase was known to reduce substrates such as
alkynes, nitriles, hydrogen cyanide, azide, cyclopropene and isonitriles, and these reactions
have been summarized and discussed in detail in previous reviews.86:197.198.200 | the past
two decades, exciting findings have established that V-nitrogenase can additionally
moonlight as a CO reductase, with the ability to reduce and couple CO into hydrocarbons
ranging from Cq to C4.237:238 |n this context, there has been a renewed interest to study the
reactions of CO, not only in the V-dependent system, but in Mo-nitrogenase as well. The
objective of the following section is to present this development in light of the mechanistic
insights that have been gained regarding these interesting reactions since their discovery.

5.3.1 The Binding and Reactivity of CO in Mo-Nitrogenase—It has long been
established that CO behaves as an inhibitor of the Mo-nitrogenase, attenuating the reduction
of all substrates except protons under conventional turnover conditions.66:215 The binding of
CO had been observed by EPR in early studies, in which Mo-nitrogenase was subjected to
turnover conditions with low electron flux.%6 Two distinct signals were observed in the
spectra; one at a low concentration of CO (at 8% CO, 92% Ar atmosphere, designated as the
‘lo-CO’ state), with g-values of 2.10, 1.98, 1.92, and the other at a high concentration of CO
(at 50% CO, 50% Ar) atmosphere, designated as the ‘hi-CO’ state), with g-values of 2.17,
2.10, 2.05.21313C and 57Fe ENDOR analysis of these signals confirmed that CO was bound
to the Fe atom(s) of the M-cluster, and it was proposed that the lo-CO signal corresponded to
a single molecule of CO bridging between two Fe atoms (Figure 24A), while the hi-CO
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signal corresponded to two CO molecules, each binding end-on to different Fe atoms (Figure
24B).304-306 These assignments were further supported and explored using Fourier
Transform-IR (FT-IR) spectroscopy.397-309 |n the Mo-nitrogenase from K. pneumoniae, the
FT-IR spectrum of the lo-CO form had a single band at 1904 cm™=1, while three additional
bands corresponding to the hi-CO species were observed at 1906 cm~2, 1935.6 cm™1, and
1958 cm~1.397 The multiple signals observed in the hi-CO form of the enzyme indicated that
CO was binding to more than one Fe atom, and the time-dependent analysis of these IR
bands also suggested that the lo-CO form was primarily responsible for the inhibitory effect
of CO on nitrogenase activity.307:308 The cryo-annealing (warming a sample to a higher
temperature while remaining frozen) of EPR samples demonstrated that the lo-CO and hi-
CO forms are inter-convertible, and real-time monitoring of this process using FT-IR
revealed new spectroscopic features consistent with alternative CO binding modes that do
not have an EPR signal.398:310.311 Aqditionally, both EPR and FT-IR studies indicated that
the bound CO ligands could be photolyzed from the protein.308-311

Perhaps the most exciting advance comes from the seminal work of the Rees group, in
which the crystal structure of the CO bound MoFe protein from A. vinelandiiwas solved
(Figure 25).2% To capture intermediates in the MoFe protein during turnover, Rees and co-
workers developed an innovative procedure where substrate turnover was initiated under an
atmosphere of CO, potentially producing CO-inhibited species. The MoFe protein was then
re-isolated from the reaction mixture and crystallized within several hours. In the crystal
structure, CO was found to bind in a »-bridging mode between Fe2 and Fe6 at both of the
M-cluster sites in the heterotetramer, within close proximity to the catalytically important
residues a.-Val70 and a-His195.154.312.313 The former residue was previously indicated to
be involved in CO binding, and single-point mutation of a-Val70 led to minor reducing
activities towards C0.399:314 syrprisingly, the binding of CO in the structure was achieved
by displacing the bridging sulfur atom (S2B) that was originally at that position; an
unprecedented finding at the time. The replacement of S2B with a CO molecule causes the
core geometry of the M-cluster to slightly distort from the known resting state structure,
such that the molybdenum, the interstitial carbide, and Fel atoms no longer align along the
3-fold symmetry axis.299 Importantly, S2B was shown to reappear in the original position
after the CO inhibited MoFe protein was once again subjected to turnover conditions, but in
the absence of CO. This experiment demonstrated the interconversion of the resting and CO-
inhibited states of the MoFe protein and thereby, the physiological relevance of the captured
structural snapshot. A putative sulfur binding site was found ~22 A away from the S2B
position at the interface between the NifD and NifK subunits of NifDK, but it is unclear how
the S2B sulfur would be able to reversibly migrate across such a long distance during
activation and/or substrate turnover. This is in contrast to the ‘holding pocket’ observed in
the crystal structure of VnfDGK, only ~7 A away from the S2B position.150

While the CO-bound M-cluster observed in the crystal structure bore the same ligand-
binding geometry as the lo-CO species proposed from EPR and ENDOR studies, it was
unclear if the crystallographic and spectroscopic species were equivalent, due to notable
differences in sample preparation. For example, the CO-bound MoFe protein from the
crystal structure was generated under a saturating amount of CO (1 atm CO) with a high
electron flux (excess Fe protein, high molar ratio), and the sample was allowed to sit idle for
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several hours under non-turnover conditions. In contrast, the 10-CO MoFe protein as
described by EPR/ENDOR analysis was prepared using low concentrations of CO (0.08atm
CO) with a low electron flux (excess MoFe protein, low molar ratio) and the samples were
rapidly frozen. To resolve this ambiguity, an experiment was conducted to reproduce the
sample using conditions reported by Rees and then analyzing it using EPR spectroscopy.31®
A ‘lo-CO’ signal appeared in the spectra generated from this sample, and this demonstrated
that the bound-CO species observed in the structure was indeed the same as the species
proposed from EPR and ENDOR experiments. This finding suggested that the displacement
of the belt sulfur atom was now a mechanistic possibility, a notion that had not previously
been considered. One potential complication with this finding is in understanding how the
loss of a i»-sulfide ligand would affect the spectroscopic properties of the metallocofactor, if
at all. In a recent study, the biochemical characterization of the L-cluster, the [FegSgC]
biosynthetic precursor of the M-cluster, showed that the presence or absence of a bridging
sulfur atom only minimally affects the EPR spectrum.®! Thus, it is conceivable that the
spectroscopically derived lo-CO state might also lack a ‘belt’ sulfur ligand, a feature that is
difficult to detect using EPR spectroscopy alone, and warrants further evaluation.

Based on the unprecedented CO-bound structure, Rees and co-workers argued for the
catalytic relevance of the displacement of S2~ from the S2B position during N, and CO
reduction.2%? They further suggested that S2B might be protonated by the nearby a-His195,
generating HS™ as the leaving group compared to a dianionic sulfide. The release of the
sulfur species would then open up a reactive diiron face of the cluster that can more easily
bind substrate. This idea was later supported in the context of N, reduction by calculations
performed by Narskov and co-workers, as well as experimental observations made by Einsle
and co-workers, where a light atom assigned as HN™/HO™ was observed in place of the
bridging S2B sulfur atom in the crystal structure of the Av VFe protein.1%0:316 |t is unclear
whether the release of the bridging sulfur and subsequent binding of CO involves the
“Janus” intermediate (See Section 5.1), though previous work seems to indicate that
inhibition of CO might occur at less reduced states than E4.317 It is also uncertain if the
binding of CO requires the reductive elimination of Hy, analogous to N5 reduction. One
interesting fact to consider is that CO does not inhibit proton reduction in Mo-nitrogenase.%6
Since the binding of CO to the S2B position seems stable, the structural picture points to the
possibility that hydrogen evolution, and perhaps hydride formation, might occur at a site
different than the proposed Fe2 and Fe6 for the Janus intermediate, which would be
consistent with the lack of inhibition of H, formation by CO. Further investigation is
required to elucidate these structure-function relationships.

5.3.2 The Binding and Reactivity of CO in V-Nitrogenase—Initially, little was
known about CO-binding to V-nitrogenase, but early observations were made that CO
inhibits CoH, reduction less strongly when compared to Mo-nitrogenase.217:236 [_ater, it was
discovered that unlike for Mo-nitrogenase, proton reduction by the V-nitrogenase from A.
vinelandii could be inhibited by CO.149 In addition, the lo-CO and hi-CO signals from EPR
studies were not initially reported for the V-dependent protein when it was subjected to
turnover conditions in a CO atmosphere, analogous to those for Mo-nitrogenase.162 These
findings could all be rationalized by the fact that CO is actually a substrate for V-
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nitrogenase, as demonstrated by Ribbe and co-workers in 2010.237:238 Since this discovery,
efforts have been made to use DFT calculations to gain insight into the mechanism of CO
reduction.318:319 While this early work did not have much by way of experimental
calibration, it was recognized that reduction of CO likely occurs through sequential
reduction and protonation of a bound CO moiety. In both the studies of Dance, and Ngrskov
and co-workers, the most energetically demanding step is the first reduction, where a
cofactor bound CO (M—-CO) species was converted to a metal-formyl (M—CHO) species.
These theoretical calculations also suggested that a methylene moiety (H,C2") was likely to
be involved in the C-C coupling reaction for the formation of C, and C3 products. Lastly, it
was also noted that the mechanism of CO reduction to longer chain hydrocarbons may
involve more steps than are proposed for N5 reduction. The challenges in the experimental
characterization of CO reactions with the VVFe protein are equally daunting, and in many
ways mirror those that have been encountered in the mechanistic investigation of Mo-
nitrogenase. The chief hurdle is the complex and uninterrupted electron transfer process
during substrate turnover, such that the isolation and characterization of bound substrate or
reaction intermediates were unattainable by conventional means. In the case of Mo-
nitrogenase, this problem was overcome through site-directed mutagenesis near the active
site, in combination with rapid freeze-quench spectroscopic techniques, as well as structural
analysis of inhibitor- and analog-bound MoFe protein samples (See Section 5.3.1). Similar
approaches have more recently been undertaken by the Ribbe and Hu groups to understand
the mechanism of CO reduction by V-nitrogenase.

It was recognized by Ribbe and co-workers that when the V-nitrogenase of A. vinelandii was
subjected to turnover conditions in a CO atmosphere, the protein displayed an EPR signal
that is almost identical to the lo-CO signal that was observed in Mo-nitrogenase, albeit at
much lower intensity.31® This finding was reasonable, considering that the reaction of V-
nitrogenase with CO was slow (Table 6), so a small but still detectable spectroscopic feature
can be observed. The result also agrees with predictions from DFT calculations that the
initial reduction of a bound CO species would be rate determining, and therefore, has the
highest likelihood to be trapped and studied.318:319 Importantly, this result sheds light on the
reduction of CO by V-nitrogenase by comparison to the well-established framework of CO
binding in Mo-nitrogenase, as described in the previous section. Consequently, it was
proposed that CO may also bind to the V-cluster in a t»-bridging conformation, analogous to
that observed for the Mo-dependent system, as evidenced by an identical ‘lo-CO’ signal.2%°
To better characterize this species, strategies were devised to accumulate a CO-bound
species by uncoupling the binding of CO to the VVFe protein from further reaction. One
strategy implemented was to subject the VVFe protein to low redox potentials using the strong
reductant Eu''-DTPA (-1.14 V versus SHE) under a CO atmosphere, with non-turnover
conditions.315 At 1 atm CO, a dramatic increase of the lo-CO signal with g-values at 2.09,
1.99 and 1.91, was observed (Figure 26A). CO release experiments revealed that one CO per
VFe protein was trapped under these conditions. This result was consistent with one
bridging CO molecule binding the V-cluster in only one of the V-cluster sites. Starting from
similar conditions but increasing the pressure of CO to 2.6 atm, a new composite signal
emerged in the EPR spectrum, that was assigned to the hi-CO form of V-nitrogenase (Figure
26B).320 The hi-CO state from the VVFe protein is comprised of a lo-CO component similar
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to that observed for the MoFe protein, but when this species is subtracted from the spectrum,
a residual component remains, which appears to have a more axial signal with g-values at
2.13 and 2.01 (Figure 26C). This residual signal was called the ‘extra-CO’ species, and CO
release experiments identified that ~3—-4 CO molecules per VFe protein were observed, a
marked increase from the study of the lo-CO species from VnfDGK.315 A model for the hi-
CO species was then proposed to have 2 CO molecules bound on each of the V-clusters in
the protein.320 One of the CO ligands was consistent with the previously described -
bridging mode, while the ‘extra CO’ signal was tentatively assigned as a terminally bound
CO molecule, adjacent to the bridging CO (Figure 24C). This assignment was speculative
and required verification through in-depth spectroscopic analysis.321

With the emergence of two distinct CO-bound species in the Av'VFe protein, a question was
raised regarding which of the species was competent for the reduction and coupling of CO
into longer chain hydrocarbons. This notion had been previously considered for Mo-
nitrogenase, as some kinetic and spectroscopic evidence suggested that the lo-CO species
was responsible for the inhibitory effect on nitrogenase activity. On the other hand, the
possibility of the hi-CO species with two CO molecules bound at the cofactor site seemed
like a convenient starting point for C—C coupling. To address this question, Ribbe, Hu and
co-workers tested the reactivity of the chemically generated l0-CO and hi-CO species of V-
nitrogenase.320 When the purified 10-CO species was subjected to turnover conditions in an
argon atmosphere, CH,4 was detected. The origin of the generated CH,4 was traced to the CO
bound to the V-cluster using isotopically labeled 13CO. When the isolated 13C-labeled lo-CO
VFe protein was reacted with additional equivalents of 12CO, ethylene and ethane with
mixed carbon labels (2CH,=13CH, and 12CH3-13CHg, respectively) were produced.
315,320,321 Thjs strongly implied that the putatively bridging lo-CO species had catalytic
relevance in V-nitrogenase. In contrast, when the hi-CO VFe protein was subjected to
turnover conditions in an Ar atmosphere, C, products were not detected above the
background. Treating the 13C labeled hi-CO species with additional 12CO only yielded
mixed labeled ethylene and ethane (22CH,=13CH, and 12CH3-13CHj3), but not fully labeled
products (12CH,=13CH, and 13CH3;-13CH3). These results suggest that the lo-CO, but not
the hi-CO species, was the catalytically relevant form for hydrocarbon formation and C-C
coupling.

Another line of evidence that further supports this conclusion came from an alternative
approach in trapping the bound CO species using a “mismatched” V-nitrogenase system.321
In these studies, the A. vinelandiiVVFe protein (Ar VnfDGK) was subjected to substrate
turnover conditions in a CO atmosphere, but used a reductase protein from a different
organism, M. acetivorans (Ma\/nfH). This mismatched nitrogenase pair was previously
shown to have much lower specific activity due to inefficient electron transfer.194 The
reduced electron flux served to stall CO reduction and allow for the accumulation of CO-
bound species. The hi-CO signal on the VVFe protein was reproduced at 1 atm of CO
pressure, whereas previously it required 2.6 atm of CO. This enabled the study of the
competition of N, and CO binding through the correlation between the N, reduction
activities and the intensities of lo-CO and hi-CO EPR signals.320:321 At 0.1 atm of N, and
increasing concentrations of CO (0.1, 0.5, 0.9 atm), ammonium production dropped
drastically — losing most of the activity at 0.1 atm of CO. Coincidentally, the intensity of the
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10-CO EPR signal increased concomitantly with the decrease in activity, gaining more than
half of its maximum intensity at 0.1 atm CO. In contrast, the hi-CO EPR signal on the
VnfDGK increases more slowly, remaining at < 20% of the maximum signal intensity even
at 0.5 atm CO. This implied that N, could be competing with the lo-CO species for reactive
Fe sites on the V-cluster (but not the hi-CO species), likely at the S2B belt sulfide position.

Additional insights into the CO reduction pathway were gained from the novel aldehyde
condensation reaction catalyzed by isolated M-cluster.252 Driven by Eu'l-DTPA,
formaldehyde and acetaldehyde were found to be reduced to methane and ethene/ethane
respectively (See Section 4.5).252 Interestingly, these aldehydes can be coupled to form Cs
products from formaldehyde and C4 products from acetaldehyde. This suggests that an
aldehyde-like species could be a potential intermediate for CO reduction. The connection
between the CO- and aldehyde-reduction pathways were shown through cross coupling
experiments, where 13C labeled formaldehyde and acetaldehyde were provided 12CO and/or
12CN~. The presence of mixed labeled products definitively showed that aldehydes can be
coupled with CO and CN™ and this is strongly indicative of reaction pathways that share a
common coupling intermediate. This finding suggests that a direct coupling of two bound
CO molecules, similar to the proposed hi-CO structure, is not likely to occur. The natural
question that follows is, at which point of the reduction pathway does C-C coupling occur?
To that end, isotope analysis using 2H labeling reveals that activation of formaldehyde leads
to a metal bound hydroxymethyl moiety, which is supported by the finding that both
substrate-derived hydrogen atoms (i.e. C;H,0) were retained in the product.252 This
observation agreed with the proposed reactivity of the 1o-CO species, as described above,
and further indicates that the plausible candidates of coupling intermediates may either be
metal-bound alcohol (M-ROH), allyl (M—RCH,) and (M-RCHy3) alkyl species.

6. Summary and Perspectives

Nitrogenase is a complex two-component metalloprotein capable of facilitating the difficult
chemical transformation of N, into NH3 under standard temperature and pressure. This
multi-electron and multi-proton reaction involves the concerted effort of three different FeS
clusters, with the activity taking place at the Mo-, V-, or Fe-clusters for the Mo-, V-, and Fe-
only nitrogenases, respectively. On the surface, it may seem that all the nitrogenase variants
should behave in the same way, as they carry out identical reactions, but closer investigation
reveals that this may not be the case.

In general, the alternative nitrogenases are less effective at nitrogen fixation as well as the
catalytic turnover of other small molecule substrates (CoH,, HN3, HCN) in comparison to
Mo-nitrogenase. There is a tendency to divert more reducing equivalents to the production of
H, during substrate reductions, as observed in the increased specific activities (Table 4)
during turnover of N, or CoHs. For Ny, studies have demonstrated different stoichiometries
for the concomitant generation of H, during N, fixation by each version of nitrogenase,
pointing to different mechanisms for each nitrogenase variant. Additionally, V-nitrogenase
was shown to produce hydrazine as a product, in contrast to the Mo system that can
consume NyHj, as a substrate. The source of these differences has not been clearly identified,
but kinetic analysis hints at a unified mechanism for all three systems that show different
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relative rates for the reactions. However, new structural evidence suggests there could be
different mechanisms for N, reduction by Mo and V-nitrogenases, so further work will help
clarify these observations. On the other hand, V- and Fe-only nitrogenase have a weaker
affinity for acetylene than does Mo-nitrogenase, and so are less capable of turnover.
Uniquely, acetylene can be reduced to ethane by the alternative systems while this cannot be
achieved with the Mo-dependent enzyme. This (along with other experiments) indicates that
different binding sites for C,H, may exist in the alternative proteins, and further supports an
alternate mechanism for the turnover of C,H, by these enzymes.

The alternative nitrogenases were also found capable of converting CO and CO» into
hydrocarbons, an activity that was not observed in the Mo-dependent enzyme. CO normally
inhibits the reduction of N, but not H, in Mo-nitrogenase, but both N, and H, activities
were attenuated for V-nitrogenase. This coincided with an increase in the formation of C; to
C4 hydrocarbon products, with C, products (CoH,4, CoHg) being favored. The reduction of
CO was found to be a property of the VVFe protein, as swapping the V-cluster for the M-
cluster to make a hybrid enzyme (M-VFe protein) still allowed for hydrocarbon formation,
albeit with lower rates than wild-type V-nitrogenase. Reconstituting the gpo-MoFe protein
with V-cluster (V-MoFe protein) did not confer increased CO-reducing capabilities, but it
did allow for the reduction of acetylene to ethane, indicating that V-cluster itself carries
some of the activity properties when in a protein scaffold. This contrasts with the activities
of the isolated M- and V-clusters, which both react similarly towards small molecule
substrates CO, CO5 and CN™. The Fe-only nitrogenase was also discovered to convert CO,
into methane, which was only observed for the V-nitrogenase in the presence of D,0. The
unique properties of the alternative nitrogenases indicate that there may still be much to
learn about the reactivity of nitrogenase.

While great effort has gone into the study of nitrogenase over the last two decades, the
number of questions that still require answers seem to grow — partly due to the technical
challenges of working with delicate nitrogenase proteins and partly due to the ever-
increasing avenues of research. For instance, the proposed biosynthetic pathway for the
metal cofactors of the VVFe and FeFe proteins require experimental validation. In particular,
the elucidation of the exact role of VnfEN will be crucial, as this protein is supposedly the
central hub for the assembly for both the V- and Fe-clusters. Effort in this line is chiefly
hindered by the isolation of intact VnfEN and other relevant protein components, but even
with isolated protein, the analysis would be plagued by the lack of structural knowledge of
the alternative nitrogenases. Most important would be the structure of the P- and Fe-clusters
of the FeFe protein, as there is relatively little spectroscopic and structural characterization.
Even for the more established V-nitrogenase, several of the structural features remain
controversial, including the exact configuration of the P-cluster of the VVFe protein, as well
as the relevance of the carbonate ligand that sits in place of a sulfur in the V-cluster.

Furthermore, the intriguing discoveries of the CO and CO, reducing abilities of V- and Fe-
only nitrogenases seem to suggest that the alternative nitrogenases are more versatile small
molecule reductases. This raises questions regarding the physiological relevance of these
activities in the native environment, as well as in the evolution history of the enzyme. From a
biochemical standpoint, there are ongoing efforts to try to address how much overlap, if any
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at all, there is between the mechanisms of CO/CO5, reduction and that of N, reduction. One
caveat here, as discussed earlier, is that there is no strong consensus whether the No
reduction mechanisms are identical for the three nitrogenase systems. Additional verification
of the experimental parameters must be carefully carried out in each individual system for
the best basis of comparison. However, one thing that is certain is that the trapping of any
bona fide substrate- or intermediate-bound nitrogenase species will be crucial in gaining
further insights. To this end, the investigation of V-nitrogenase has already proven to be
greatly useful. Hopefully, future research will yield even more exciting details as the
century-old enigma known as the N, reduction mechanism continues to be unraveled.
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Figure 1.
Flow diagram for the assembly of nitrogenase cofactors. The orange “in situ” pathway

represents the assembly of the P-cluster on NifDK, whereas the blue “ex situ™ block shows
the assembly of the M-cluster. Assembly proteins are labeled in black; cluster species are
labeled in red. Atoms are represented as ball-and-stick models and colored as follows: Fe,
orange; S, yellow; C, grey; O, red; Mo, teal. Adapted with permission from ref 32.
Copyright 2014 American Chemical Society.
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Figure 2.
Proposed model for L-cluster assembly on NifB. Cluster species are represented as ball-and-

stick models with N atoms as colored in blue and the other atoms colored as described in
Figure 1. Adapted with permission from ref 51. Copyright 2018 Springer Nature.
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Figure 3.

Proposed pathways for M-, V- and Fe-cluster biosynthesis. Area shaded in gray represents
the common portion of the pathway, including the proteins NifU, NifS, NifV and NifB. Area
shaded in blue represents the M-cluster specific maturation pathway, and the red shaded area
depicts the V- and Fe-cluster specific maturation pathways. Experimentally verified steps are
indicated by solid arrows whereas putative assignments are indicated by dotted arrows. See
the main text for detailed descriptions.
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Figure 4.
An overview of the functions of the Fe protein, as exemplified by NifH. Atoms are

represented by ball-and-stick models with coloration as described in Figure 2. Reproduced
with permission from ref 78. Copyright 2019 American Chemical Society.
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Figure 5.

Crystal structure of NifH and the effect of nucleotide binding on [Fe4S4] position. A: Crystal
structure of the MgADP-bound Av NifH (PDB ID 1FP6) with each subunit of the
homodimer (y,) colored differently (orange and grey). B: [Fe4S4] cluster of NifH. C:
Overlay of [FesS4] clusters of the nucleotide bound (ATP analog in blue, ADP in yellow)
and nucleotide free forms of NifH.
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EPR spectra of Fe proteins in the dithionite-reduced form (NifH = black, VnfH = blue,
AnfH = red) in the absence (A) or presence (B) of 50% glycerol. Reproduced with

permission from ref 35. Copyright 2011 American Chemical Society.
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Figure 7.
The crystal structure of the NifH:NifDK complex with [Fe4S4], P- and M-clusters shown

(PDB ID 1N2C). The arrow shows the proposed flow of electrons through the enzyme. The
coloring of the protein: NifD (green), NifK (blue), NifH (orange and grey). The clusters are
represented as ball-and-stick models with the same coloration as described in Figure 2.
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R-homocitrate

Figure 8.
The P- and M-clusters of NifDK. The P-clusters can undergo a conversion from the all-

ferrous PN state (A) via 2-electron oxidation to the POX state (B). This opens the cluster and
causes the cleavage of two Fe—S bonds from the central y5-sulfide and Fe centers bind to the
backbone of a-Cys88 and p-Ser188. The M-cluster is bound in NifD to a-Cys275 and a-
His442. The atoms represented as ball-and-stick models, and are colored as follows: Fe,
orange; S, yellow; C, grey; O, red; N, blue (PDB IDs: 1MIN and 3MIN).
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Figure 9.
Summary of different conformations of the VVFe protein that have been reported. VFea =

aPa(8), VFeg = asPo(8), the hexameric VFe protein (VFey) = ayf26,, the octameric VFe
protein (VFep) = ayP284. Information known of the metal cofactors were incorporated into
VFey and VFeq. See the main text for details.
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Figure 10.
The crystal structure of AvrVnfDGK (A) and the carbonate-containing V-cluster (B). The

protein is colored as follows: VVnfD (green), VnfG (tan), VnfK (blue). The atoms of the V-
cluster are shown as a ball-and-stick model, with the carbonate, /-homocitrate and protein
residues shown as sticks. Atomic coloring: Fe, orange; S, yellow; V, dark grey; C, light grey;
N, blue; O, red (PDB ID 5N6Y).
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Figure 11.
Crystal structure of a putative reaction intermediate bound to AvVnfDGK (PDB ID 6FEA).

The cluster atoms are shown as ball-and-stick models, the exogenous HS™ molecule is
shown as a sphere, and the remaining atoms are shown as stick models. HX™ ligand (purple)
is shown with hydrogen bonding interaction (black dashed line) to a-GIn176, which is itself
interacting with a-His180. The coloring is as described in Figure 10.

Chem Rev. Author manuscript; available in PMC 2021 June 24.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jasniewski et al.

Page 89

A B C
AValn
AAAR A e Raaa e I B e A e M
1000 2000 3000 4000 5000 500 1000 1500 2000 2500 3000 3200 3400 3600 3800
Magnetic Field (G) Magnetic Field (G) Magnetic Field (G)

Figure 12.
Representative EPR spectra of AvNifDK (black) and AvVnfDGK (blue). A: Spectrum of

the full range of data. B: Spectrum of the low field region, AvVnfDGK data has been scaled
for visibility. C: Spectrum of the high field region, additionally the gpo-VVFe protein (Av
AnifBVnfDGK, green) is included. Data for the MoFe and VVFe proteins was reported in ref
149 and data for gpo-VFe protein was reported in ref 34. Note that the spectra shown in the
figure were not recorded under identical conditions.
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Figure 13.
EPR spectra of the low field region of the thionine-titrated Av VFeg protein. A: VnfH-

reduced VFegR; B: VFegR oxidized by 1.5 equivalents of thionine; C: VFegR oxidized by 3
equivalents; D: VFegR oxidized by 6 equivalents (VFeg®X). Reproduced with permission
from ref 162. Copyright 1996 American Chemical Society.
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EPR spectra of the AvMoFe protein (A), AvM-VFe protein (B), and AvVFe protein (C) in
the dithionite reduced state. Reproduced with permission from ref 163. Copyright 1994
American Chemical Society.
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Figure 15.
Fe K-edge A3-weighted EXAFS (A) and Fourier transforms of the data (B) for a series of

apo-nitrogenase proteins lacking the catalytic cofactor (M- or V-cluster) but containing a P-
cluster variant. AnifB NifDK with normal P-cluster (black), AnifH NifDK in the presence
(blue) or absence (green) of NifH with P-cluster variants, and An/fB VVnfDGK (red) with P-
cluster. Adapted with permission from ref 34. Copyright 2005 National Academy of
Sciences.
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Figure 16.
The V K-edge EXAFS data from AvVnfDGK. a: the best fit (dotted) of the A3-weighted

EXAFS data (solid) for AvrVVnfDGK. b: Fourier transforms of the EXAFS data for Av
VnfDGK compared to Kp NifDK (top, black vs dashed, respectively) and to the model
complex [MesN][VFe3S4Cl3(DMF)3]*2DMF (bottom, solid). Reproduced with permission
from ref 72. Copyright 1988 American Chemical Society.
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EPR spectra of the isolated Av V-cluster (A) and goo-MoFe protein from A. vinelandii,
reconstituted with V- or M-cluster (B). A: EPR spectra of V-cluster in NMF (black), in NMF
plus 10 mM thiophenol (red), in NMF plus 1,4-benzenedithiol (green) or in the wild-type
VFe protein (blue). B: EPR spectra of V-cluster reconstituted goo-MoFe protein (V-MoFe,
black), wild-type VFe protein (red), M-cluster reconstituted apo-MoFe protein (green) and
wild-type MoFe protein (blue). Adapted with permission from ref 168. Copyright 2010

American Chemical Society.
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Figure 18.
The EPR spectra of the Rc MoFe protein (1, 2) and the Rc FeFe protein (3, 4). The Rc MoFe

protein oxidized with 2 mM (spectrum 1) and 4 mM (spectrum 2) K3[Fe(CN)g]. The Rc
FeFe protein oxidized with 2.5 mM K3[Fe(CN)g] and measured at 16 K (spectrum 3) or 10
K (spectrum 4). Reproduced with permission from ref 133. Copyright 2002 John Wiley and
Sons.
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Figure 19.
Structural elements of the Fe-cluster from the Rc FeFe protein based on spectroscopic

analysis, the terminal Fe-capped ends of the cluster (a) and the trigonal prismatic Fe-atom
arrangement of the cofactor from EXAFS analysis (b). Reproduced with permission from ref
76. Copyright 2001 Springer Nature.
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Figure 20.

Overall summary of the reactions catalyzed by the alternative nitrogenases. Black lines and
products represent the capabilities of all nitrogenases, blue and red lines and products
represent the capabilities of V//Fe-nitrogenases, respectively. The dotted red lines reflect that
Fe-nitrogenase may be able to carry out the reaction, but it has not been shown
experimentally.
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Figure 21.
A modified Lowe-Thorneley scheme for N5 reduction in Mo-nitrogenase based on work

from refs 188 and 197. The E, notation refers to the 7 number of proton and electron
equivalents loaded on to one ap-dimer of NifDK. The resting state of the cycle is Eq and the
release of H, and NH3 during the cycle is indicated.
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Figure 22.

A mechanistic outline demonstrating a distal (top) and an alternating (bottom) pathway for
the reduction of N, by nitrogenase. The corresponding E, state from the LT-model is
indicated under each intermediate, along with the proposed release of NHs.
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Figure 23.
Proposed intermediates for the E4(2N2H) state of Mo/V-nitrogenase during N, reduction. A:

Depiction of the catalytic cofactor (M = Mo for M-cluster, V for V-cluster), where S3A is
replaced by carbonate (CO3%7) in the crystal structure of VVFe. The catalytic surface of the
M-cluster as identified by Hoffman and co-workers is colored black. B: Proposed E, state by
Einsle in ref 150 with a 14 1-N-NH species. C: Lowest energy configuration of E, state
proposed by Raugei, Seefeldt and Hoffman in ref 266 with a 477 il-diazene-type species.
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Figure 24.
Possible CO binding configurations on the M- or V-clusters. A reflects a 15-CO species

bridged between two Fe centers of the catalytic cofactor, designated ‘lo-CO.” This state was
observed in both Mo- and V nitrogenase. B and C reflect potential *hi-CO’ species that were
observed in Mo- and V-nitrogenase, respectively. B reflects two end-on-bound CO
molecules (with uncertainty in the status of the bridging sulfide, as depicted with dashed
lines), while C was proposed to be a combination of the 1»-CO moiety (i.e. ‘lo-CO’) in
addition to an end-on bound CO (designated ‘extra CO”).
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R-homocitrate

Figure 25.
The crystal structure of AvNifDK with CO-bound to the M-cluster (PDB ID 4TKV).

Coloration is the same as described in Figure 2.
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Figure 26.

The EPR spectra (1) and respective simulation (2) for the AvVFe protein in the l0-CO (a)
and hi-CO (b) states. The difference spectrum (c) of (hi-CO)-(lo-CO) uncovers a signal
associated with the ‘extra-CO’ species. Adapted with permission from ref 320. Copyright

2018 John Wiley and Sons.
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A E4(4H)

E4(2N2H) —» 2NH;

N> H;

—_—

H>
H>

HD

HD
C  Ei(2N2H) \ E4(2H2D) —L> E,(HD) —L>

D> N>

Scheme 1.
Simplified scheme of N, binding for the proposed E, state of the nitrogen reduction

mechanism. A: The concerted N binding and H, release from the LT model for Mo-
nitrogenase, with multiple arrows representing the remaining steps required to produce NHs.
B: The mechanism for N, binding proposed for V-nitrogenase by Einsle and co-workers in
ref 150. The multiple solid arrows represent the ‘on pathway’ reduction of N, to NH3, and
the dashed arrow reflects a proposed ‘off pathway’ method to produce NoH,4. C: Depiction
of D, reacting with the E4(2N2H) state to produce a deuterium charged E4(4H) state (termed
E4(2H2D)) and the subsequent relaxation as one means to produce HD.
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Table 1.

Description of Relevant Gene Products from the n/f; vnfand anfOperonsa

gene

gene product label

known function

niftf?

NifH, dinitrogenase reductase,
component 2, reductase
component, vy subunit, Fe protein

Mediation of ATP-dependent electron transfer during catalytic turnover, facilitates
formation of P-cluster on NifDK, facilitates conversion of L- to M-cluster on NifEN via
insertion of Mo and ~R-homocitrate

nifp,K°

NifDK, dinitrogenase, component
1, catalytic component, MoFe

Facilitates chemical transformation of N, to NH3 at the active
cofactor site

protein
nifL - serves as a negative transcription regulator of n/ifgenes
nifA - serves as a positive transcription regulator of n7/fgenes
nifF NifF, flavodoxin involved in the transfer of electrons to nitrogenase during catalysis and/or assembly
nifs NifS, cysteine desulfurase transfers sulfur to NifU for the assembly of small FeS clusters
it NifU serves as a scaffold for the assembly of small FeS clusters, which can then be used for M-
and P-cluster assembly
. . mediates the radical SAM-dependent insertion of carbon concomitant with the formation of
"’fBb NifB a Mo/homocitrate-free precursor of the M-cluster
nifE,/\/b NifEN serves as a scaffold for the maturation of the M-cluster; a structural/functional homolog of

NifDK

niftv NifV, homaocitrate synthase synthesizes R-homocitrate for M-cluster assembly
itz NifZ serves as a key factor in the stepwise maturation of P-clusters in NifDK, possibly through a
chaperone-like function
i NifM, peptidyl-proyl cis-trans . . . .
nirm isomerase involved in the maturation of Fe protein
nirx NifX proposed intermediate carrier in M-cluster assembly
nifry NifY proposed intermediate carrier in M-cluster assembly
naty NafY proposed intermediate carrier in M-cluster assembly
nifw Nifw putative role in protecting nitrogenase from oxygen damage
nifo NifO function unknown, although it resembles thioredoxin
nifT NifT Unknown function
unfH ané—lo,rggyrt]:e%%eznars:d[]ec(i:g;ase, Mediation of ATP-dependent electron transfer during catalytic turnover, likely participates
component, -y subunit, Fe protein in biosynthesis of VnfDGK cofactors by analogy to n/fsystem but this has not been shown
VnfDGK, dinitrogenase, e : - .
VfD.G.K component 1, catalytic Facilitates chemical transformation (;f N, t(; NtH3 a_r;d COICO; into hydrocarbons at the
component, VVFe protein active coractor site
vnfE,N VnfEN Putative involvement in V-cluster biosynthesis by analogy to NifEN
— ) serves as a positive transcription regulator of vnfgenes, also correlated to expression of anf
genes
vniX VnfXxX Unknown function
vnfYy VnfY Unknown function
vnfo VnfO Unknown function
vnfUu VnfU Unknown function
AnfH, dinitrogenase reductase, - . . . . .
anfH component 2, reductase Mediation of ATP-dependent electron transfer during catalytic turnover, may participate in

component, -y subunit, Fe protein

biosynthesis of AnfDGK cofactors but has not been shown
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gene gene product label

known function

AnfDGK, dinitrogenase,
anfD,G,K | component 1, catalytic component
FeFe protein

Facilitates chemical transformation of N, to NH; at the active cofactor site

anfA - serves as a positive transcription regulator of anfgenes
anfo AnfO Unknown function
anfR AnfR Unknown function
anfu AnfU Unknown function

aAdapted from ref 32 with additions from ref 17.

The essential gene set for Mo-nitrogenase maturation and activity is n/fHDKENB.
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EPR features of the Fe protein components from A. vinelandii®

Table 2.

Protein | Oxidation state | Nucleotide | Spin State (S) g-values refs
[FesSa** - 0 - 102
Y 2.05,1.94,1.88
[FesSal™* - 102
3/2 5.8,5.15
Y 2.02,1.92
[FesSq]t ADP 105
NifH 3/2 4.8
Y 2.02,1.92
[F94S4]l+ ATP 103,105
3/2 48
[Fe,S1° R 0 R 98,106
[FesSq]° - 4 16.4 108,112
[FesS41%* - 0 87
Y 2.05,1.94,1.89
[FesSaI* - B87
312 5.9,4.4
B [ " Ya 2.02,1.92 .
F94S4 ADP
VifH 32 Unresolved
Ya 2.02,1.92
[F94S4]1+ ATP 104
312 unresolved
[Fe4s4]° - 4 16.4 87
Ya 2.05,1.94,1.89
AnfH [FesSa* 35
3/2 59,44

a
X-band EPR spectra collected at temperatures between 2 and 12 K.

bThe MaVnfH data from ref104 is similar to the AvVnfH data shown.

cThis spin state assignment has not been made from Mdsshauer or other analysis, but by analogy to the NifH system.
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Table 3.

Selected EPR signals and g-values associated with the metallocofactors of the alternative nitrogenases

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Species Redox State® | Spin State (S) g-values ref
MR 0 R 103
MN 312 43,3.7,20
MOX 0 R 120,124
AvMoFe pN 0 - 120,121
Y 2.06,1.95,1.81
pl+ 120, 122
5/2 A=6.7,53,B=73
pOX 3or4 11.9 120, 125
32 5.50, 4.32,3.72,2.01 168
AvV-MoFe V-cluster
Y 1.93
AvM-cluster MN 3/2 46,3320 130
wN 312 5.60, 4.35, 3.77 141
pN 0 R 158
AcVFe
poXx 3or4 12 158
? Y 2.04,1.93 141
WN 312 5.80, 5.40
AvVFe 160
? Y 2.04,1.93
WN 32 5.71,5.42
pN 0 -
AvVFegR
? Ys 2.04,1.93
Fe(111) 5/2 4.34 (sharp)
wN 3/2 5.68, 5.45 162
pl* 512 6.67, 5.3, 4.3 (broad)
AvVFegN
? Ys 2.04,1.93
Fe(111) 5/2 4.34 (sharp)
AvVFeg®™ pox 3 115 ()2 128 )¢
wN 3/2 5.50, 4.32, 3.77
AvVFeoN p1+ 512 6.68
149
P-cluster Y2 2.03,1.92
AvVFe0OX pox 3or4 ~12 (weak)
MN 32 4.65, 3.49
AvM-VFe 163
P-cluster? s 2.04,1.93
Ac V-cluster VN 3/2 45,3.6,2.0 157
Av V-cluster VN 32 5.55, 3.25, 2.00 168
Rc FeFe FeR Ys 1.96,1.92,1.77
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Species Redox State? | Spin State (S) g-values ref
FeN 0 -
FeOX Y2 2.27,2.06 133
pN 0 -
p3+ Ya 2.00,1.98, 1.96
AvL-cluster? LN Ve 197,183 *

Page 109

a . A . .
Relates to the assigned redox state of the cluster, N = dithionite reduced form of the cluster, OX = an oxidized cluster, ? = not been assigned,

Fe(111) = adventitious high-spin iron, P-cluster = has not been assigned to a specific state of the cluster.

bobserved in perpendicular mode

cobserved in parallel mode EPR.

a .
The [FegS9C] cluster that serves as the precursor to the M-cluster, and likely the V- and Fe-clusters as well.

EPR.
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Specific Activities for the Reduction of Cyanide and Azide by Nitrogenasea

Table 5.

Product

Protein Substrate H, N, | CH3NH, | NoHy | CHy | NH3 | ref

h | @ 2 3 3 3

ool @ |e|le|e
AvMoFe KN3 1300 | 630 53 2007 |
AvVFe KN; 470 | 51 - 18 . b | 20
AvMoFe | penef | 270 | - 29 - 50 | s0 | 15
AvMoFe | pen®T | 5006 | - 70° - [ 100° | 250% [
AvVFe Hene! | se0 | - 20 - 20 | 20 | &
AvVFe HeNGd | 280 | - 27 - 17 | 22 | 20

Page 114

a . . . . . .
The reactions are all reported at 30 °C in an Ar atmosphere with a 20:1 molar ratio of the reductase component to the catalytic component. Units

are reported as nmol product x min~1 x (mg protein)'l, converted from nmol of electron pairs x min~1 x (mg protein)‘1 from ref 230.

b . - I .
there are several potential routes that can generate NH3 from N3, the activities were converted based on a 6-electron reduction.

csubstrate added as NaCN dissolved in HEPES buffer pH 7.4 with added HCI.

dsubstrate added as NaCN dissolved in Tes-KOH buffer, adjusted to pH 7.3 with HCI.

e . . . .
reactions reported at pH 7.3 using 8:1 molar ratio of reductase component to catalytic component.

f
5 mM NaCN used.

gSO mM NaCN used.

h . . . .
the number in parenthesis refers to the number of electron pairs required to generate the product.
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Table 8.
Hybrid Enzymes and the Reported Reactivitya
Products Observed
(et ackground) | Hybric® Method® NHy | CaHy | CoHg | Ha | et
K(,IZ E/I;BI?)K V-MoFe Apo-NifDK cell extract or icslﬁlsfigd protein incubated with V- ND + 4 + 157
AvNIfDK V-MoFe Apo-NifDK cell extract incubated with V-cluster NR + + NR 157
(AnifB)
é';);?_;g /%g M-VFe Apo-VnfDGK cell extract incubated with M-cluster + + + + 163
’TZ';#;%K V-MoFe Isolated gpo-NifDK incubated with V-cluster + + + + | 168222
é:)?lrllfg/?;) M-VFe Isolated gpo-VnfDGK incubated with M-cluster + + NR + 34
’?AVX?L%%( M-VFe Cells grown with excess Na,MoO, (~NazVOy) + + + + 23
(\ﬁ-vrgiigtjaﬁt) W/Mo-MoFe Cells grown with Na,WO, (-Na,Mo00,) + + NR + 224
(FeFlgfs'L\lei):)?(::se d) W-MoFe Cells grown with Na,WO, (~-Na;MoO,) ND + NR + 223

a S A
ND = not detected. NR = not reported. Plus (+) sign indicates that the activity is observed/reported.

the nomenclature of the hybrid protein is listed as ‘cluster-protein” where cluster can be the M, V or W-clusters and the protein is NifDK (also
called MoFe protein) or VnfDGK (also called VVFe protein). Thus, V-MoFe refers to the hybrid protein that has the Mo nitrogenase polypeptide
(NifDK) with the V nitrogenase cofactor (V-cluster).

cthe description for the method used to obtain the hybrid protein
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Table 9.

Substrate Reduction Activity Facilitated by NifH and VnfH?

Product
Protein | Redox Agent | Nucleotide Cob (:ozC
DT - 0.10 -
DT + 0.15 -
AvNifH IDS - 0.0056 200
Eu''DTPA - 3.2/7.7d :
Eu'DTPA + 769 -
DT - 0.13 -
DT + 0.17 -
AvVnfH IDS - 0.0083 190
Eu''DTPA - 3.2/7.8d -
Eu''DTPA + 767 -

aThe data is reported from ref 87, all proteins are from A. vinelandii. Units reported as 103 nmol product x min~1 x (nmol protein)_l. All

reactions reported at 30 °C. DT = sodium dithionite. IDS = indigo disulfonate.

bassay reported in 100% CO2 atmosphere.

cassay reported in 99.9% CO atmosphere.

a . . - . . -
CO production after multiple additions of Eul! reductant; values reported with units of nmol CO x (nmol protein) 1
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