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Abstract

Most biological nitrogen fixation (BNF) results from the activity of the molybdenum nitrogenase
(Mo-nitrogenase, Nif), an oxygen-sensitive metalloenzyme complex found in all known
diazotrophs. Two alternative forms of nitrogenase, the vanadium nitrogenase (V-nitrogenase,
Vnf) and the iron-only nitrogenase (Fe-only nitrogenase, Anf) have also been identified in the
genome of some organisms that encode for Nif. It has been suggested that alternative
nitrogenases were responsible for N,-fixation on early Earth because oceans were depleted of
bioavailable Mo. Results of recent phylogenetic- and structure-based studies suggest, however,
that such an evolutionary path is unlikely, and favor a new model for a stepwise evolution of
nitrogenase where the V-nitrogenase and the Fe-only nitrogenase are not the ancestor of the Mo-
nitrogenase. Rather, Mo-nitrogenase emerged within the methanogenic archaea and then gave
rise to the alternative forms suggesting they arose later in response to the availability of fixed N»
and local environmental factors that influenced metal availability. This review summarizes the
current state of knowledge on (1) the biochemistry of these complex systems highlighting the
common and specific structural features and catalytic activities of the enzymes, (2) the recent
progress in defining the discrete set of genes associated to N,-fixation and the regulatory features
that coordinate the differential expression of genes in response to metal availability, and (3) the
diverse taxonomic and phylogenic distribution of nitrogenase enzymes and the evolutionary

history of BNF from the perspective of metal content and metal availability.
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Introduction

Biological nitrogen fixation (BNF), the reduction of dinitrogen (N,) to ammonia, is an
essential reaction in the global nitrogen cycle. BNF accounts for roughly two-thirds of the fixed
nitrogen produced on Earth and is catalyzed by the nitrogenase complex.' Although N,-fixation is
not found in eukaryotes, it is widely distributed among the bacteria and archaea, revealing
considerable biodiversity among diazotrophs. The ability to fix N is found in most bacterial
phylogenetic groups and is compatible with a wide range of physiologies.” Three distinct types
of nitrogenase have been demonstrated to exist in diazotrophs: the Mo-nitrogenase, the V-
nitrogenase, and the Fe-only nitrogenase.’ Despite differences in their metal content, these
enzymes are structurally, mechanistically, and phylogenetically related. The most widespread
and intensively characterized system is the canonical Mo-nitrogenase. Mo-nitrogenase is a
complex two component metalloenzyme comprised of two proteins. The smaller dimeric
component, known as the iron protein or dinitrogenase reductase (NifH protein), functions as an
ATP-dependent electron donor to the larger heterotetrameric component, known as the
molybdenum-iron protein or dinitrogenase (comprising the NifD and NifK component proteins),
which contains the enzyme catalytic site. Both of the nitrogenase-component proteins are
extremely oxygen sensitive. The two other nitrogenases, V-nitrogenase and Fe-only nitrogenase,
known as alternative nitrogenases, are enzyme homologs, with the exception of an additional
subunit (VnfG or AnfG) in the dinitrogenase component, and the absence of the heteroatom Mo.

The structural components of the Mo-nitrogenase are encoded by nifH, nifD, and nifK
genes. The V-nitrogenase is encoded by vufH, vufD, vnfG, and vunfK, and the Fe-only nitrogenase

components are products of anfH, anfD, anfG, and anfK genes. Apart from the catalytic
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components, additional gene products are required to produce fully functional nitrogenase
enzymes. Although the number of proteins involved in the activation of nitrogenases seems to be
species-specific and varies according to the physiology of the organism and environmental
niche,"” extensive biochemical and genetic characterization has implicated at least 82 genes
products in the formation and regulation of the three forms of nitrogenases.®® Despite variations
in the precise inventory of proteins required for N»-fixation, it is well acknowledged that the
separate expression of the catalytic components is not enough to sustain Nj-fixation. A strong
selective pressure to efficiently integrate N-fixation with other cellular metabolic processes is
due to the high metabolic costs of N,-fixation, in conjunction with the demands for fixed
nitrogen in growing cells and the requirement to protect nitrogenase systems from oxidation
inactivation.” Genome-wide transcription profiling studies were valuable for defining the full
extent of the nif, vnf, and anf gene clusters and for identifying genes that are coordinately
expressed with particular nitrogenase but not directly involved in N,-fixation. Transcriptomic
data has helped to refine understanding of the complex metabolic and regulation interactions that
control N,-fixation in diazotrophs. As well as uncover several interesting surprises regarding the
evolutionary relationships between Mo-nitrogenase and the alternative nitrogenases.

This review will encompass the biochemistry, the gene expression and regulation context,
and the phylogenetic relationships of the different metal containing forms of nitrogenase

enzymes from the perspective of metal content and metal availability.

1-Discovery of nitrogenase systems

1-1 Biological nitrogen fixation is catalyzed by Mo-nitrogenase

Page 4 of 45



Page 5 of 45

oNOYTULT D WN =

Metallomics

Beijerinck first observed BNF in 1901 when a free-living soil bacterium, designated
Azotobacter chroococcum, was able to grow rapidly in a medium free of any fixed nitrogen
source.” The search for trace elements that would stimulate N,-fixation identified molybdenum
(Mo) in the form of Na,MoOQy, and vanadium (V), in the form of NaVOs, as playing key roles in

9,10

nitrogen fixation.” "~ Mo had been found to stimulate N>-dependent growth over the control by 3-

fold, V also stimulated N>-dependent growth however it was not as effective in Azotobacter.”"°
This led to the conclusion that Mo was essential for Nz-ﬁxation.g’10 Extracts from other
microorganisms such as Clostridium pasteurianum, Azotobacter vinelandii, and Rhodosporillum
rubrum further determined that BNF was a MgATP-dependent process that involved the
production of Hz,g’“ Studies focused on Mo-dependent N,-fixation enabled the purification of a

two-component enzyme system responsible for BNF known as the Mo-ni‘[rogenase.11 For many

years, the Mo-nitrogenase was initially considered the sole enzyme system responsible for BNF.

1-2 Discovery of the alternative nitrogenases: the V- and Fe-only nitrogenases

Even though Mo was considered crucial for BNF, strains of Azofobacter had been
observed to grow under N,-fixing conditions in the absence of Mo.” To eliminate issues of Mo
contamination, a study reexamined the trace metal requirement for BNF in A. vinelandii using
metal purification techniques.’ This study found that the wild type strain was able to fix N in the
absence of Mo, and adding V to the media slightly increased the amount of fixed nitrogen.’
Despite these observations, the study concluded Mo was still essential for N,-fixation.’

Growth studies using tungstate (W) instead of Mo enabled the isolation of W-tolerant
mutant, which fixed nitrogen in the presence of Na,WO,. Importantly, these mutants expressed

four proteins, which were different from the nitrogenase components usually expressed under
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Mo. These mutants had mutations in the genes that encoded the Mo-nitrogenase. These same
proteins could also be observed in the wild type when it was grown in the Mo-deficient

media.'>"

This observation gave the first clues to the existence of an alternative N,-fixation
system, which is expressed under Mo-deficient conditions.

Early attempts to purify nitrogenase from A. vinelandii cells grown in the presence of V
yielded a less stable nitrogenase with a decreased affinity for substrates that favored H,
production.’” These attributes were not considered the product of a new enzyme system as it was
thought that V could simply substitute for Mo in the Mo-nitrogenase.’ The existence of
alternative N»-fixing enzyme systems was not confirmed until mutant strains of 4. vinelandii that
were unable to fix nitrogen due to mutational lesions in the nitrogenase structural genes reverted

1415 The existence of an alternative N,-fixation

to fixing N, in Mo-deficient, nitrogen-free media.
system was confirmed when deletion strains for the structural genes of the Mo-nitrogenase grew
on Mo-deficient N, free media, were able to incorporate >N-labeled molecular N,, and exhibited
measurable nitrogenase activity.'® The observation that BNF by microorganisms such as A4.
vinelandii and A. chroococcum can be catalyzed in the presence or absence of Mo or V in the
media led to the purification of two alternative nitrogenases: the V-nitrogenase and the Fe-only

. 12,17,18
nitrogenase. A7

2-Biochemistry of nitrogenases

2-1 Structural features of nitrogenase systems: common and specific structural

features
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The Mo-, V- and Fe-only nitrogenases are all two-component enzyme systems where the
catalytic component (dinitrogenase) is known as either the MoFe, VFe, and FeFe protein and the
component involved in electron delivery (dinitrogenase reductase) is the Fe protein.'* ' The Mo-
, V- and Fe-only nitrogenases are mechanistically similar but genetically distinct as they are

1922.23 There is little

encoded by separate gene clusters designated, nif, vaf, and anf, respectively.
sequence similarity between the MoFe, VFe and FeFe proteins, however residues that coordinate
the FeMo-, FeV-, and FeFe-cofactors are conserved across all three enzyme systems (Figure 1a-
o).

The Mo-nitrogenase is the most widely studied of the nitrogenase enzymes and has been
isolated from A. vinelandii, Klebsiella pneumoniae, and C. pasteurianum.** The crystal structure
of the MoFe protein is a a,[3; heterotetramer where the a-subunit is encoded by nifD and the -
subunit is encoded by nifK (Figure 1a).”> The MoFe protein consists of a [7Fe-8S] P-cluster
involved in mediating electrons to the [7Fe-9S-Mo-C-homocitrate] FeMo-cofactor, the site for

substrate reduction (Figure 1d).26%

The Fe protein is a homodimer where a single [4Fe-4S]
cluster bridges the two subunits and contains a nucleotide-binding site in each subunit.”’ During
catalysis, the MoFe and Fe protein transiently associate, where the Fe protein delivers an electron
to the MoFe protein, coupled to the hydrolysis of MgATP.*** Complex formation between the
MoFe protein and the Fe protein is followed by a conformationally-gated one electron transfer
from the P-cluster to the FeMo-cofactor (Figure 1d).* The Fe protein then transfers one electron
from its [4Fe-4S] cluster to the oxidized P-cluster (P™') in what has been described as a “deficit-
spending” electron transfer process (Figure 1d).**

The V-nitrogenase has been purified from 4. vinelandii and A. chroococcum.*** The a-

35,36

and B-subunits of the VFe protein is encoded by vnfD and vnfK respectively. The VFe protein
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has a FeV-cofactor at the active site and a P-cluster, which is involved in electron transfer to the

24,35,36

active site. The Fe protein component is encoded by vafH and is distinct, although it is

2224 The recent

thought to be structurally similar to the Fe protein from the Mo-nitrogenase.
crystal structure of the VFe protein shows that the VFe protein is a o,y heterohexamer (Figure
1b).% It retains the structural core of the MoFe protein except for the gamma subunit, encoded by
vnfG, which is attached to the a-subunit (Figure 1b).** The exact role of the gamma subunit is
unknown, however it may play an indirect catalytic role or be involved in transferring the FeV-
cofactor to the 21poenzyrne.22’35’37 The P-cluster in the VFe protein resembles the P-cluster in the
MoFe protein. There are differences between the FeMo-cofactor and the FeV-cofactor at the
respective active sites (Figure la and 1b).* The FeV-cofactor resembles the FeMo-cofactor
except the homocitrate moiety serves as a ligand to V instead of Mo (Figure 1a and 1b). The
FeV-cofactor is slightly elongated due to the V-Fe distances, however the octahedral ligand
environment gives distances that are almost indistinguishable from the FeMo-cofactor. The
largest difference between the two active sites is the replacement of one of the belt sulfides with
a ligand that is proposed to be carbonate (Figure 1b). The harder carbonate oxygen replacing the
weaker bridging sulfide ligand enables extension of the cluster and disturbs the electronic
structure, which could have an effect on the catalytic activity of the cluster.*

The Fe-only nitrogenase has been isolated from 4. vinelandii, R. rubrum, and
Rhodobacter capsulatus.”>** The o- and B-subunits of the FeFe protein is encoded by anfD and

22,23

anfK respectively. The FeFe protein has a proposed FeFe-cofactor at the active site and a P-

23,24

cluster, which is involved in electron transfer to the active site. The Fe protein component is

encoded by anfH and is also distinct, and thought to be structurally similar to the Fe protein from

22-24

the Mo-nitrogenase from spectroscopic studies. The FeFe protein also includes the additional
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gamma subunit, encoded by anfG, and is proposed to form a o,3,y, heterohexamer as seen in the
VFe protein (Figure 1¢).”* There is no structural information for the FeFe protein, although
spectroscopic studies propose the structures for the P-cluster and FeFe-cofactor to be analogous

to the MoFe and VFe proteins respectively (Figure 1¢).*>**

2-2 Catalytic activities of nitrogenase systems

Despite the similar features between all three nitrogenases, they differ greatly in their
catalytic activities.””’ The Mo-nitrogenase reduces N, to ammonia following a limited
stoichiometry of: N, + SH' + 16MgATP + 8¢ - 2NH; + H, + 16MgADP + 16P; as determined
by Lowe and Thorneley.*® Even at high N, pressures of 50 atm, the ratio of molecules of N,
fixed to molecules of H, evolved remains 1:1 and approximately 27% of the total electron flux is
directed towards H, evolution. ! The alternative nitrogenases are less efficient at reducing N,
than the Mo-nitrogenase.'"'**%* More electron flux is diverted to H, production for the V-
nitrogenase from A. chroococcum, and even under high N, pressures, the minimum
stoichiometry for N, reduction is: N, + 14H + 40MgATP +12¢ > 2NH," +3H, + 40MgADP
+ 40P;. '"* The Fe-only nitrogenase also exhibits a higher H, production activity in enzymes
1solated from A. vinelandii and R. capsulatus.B"‘3 The ratio of N, fixed to H, evolved is 9:1 for
the enzyme from R. capsulatus, which is close to the reported ratio of 7:1 from A. vinelandii. >
This difference in the ratio of N fixed to H, evolved is accounted by the five-fold higher K,, for
the Fe-only nitrogenase compared to the Mo-nitrogenase from A. vinelandii and therefore, higher
N, pressures are required to outcompete H, production.*

N activation at the FeMo-cofactor has been reported to follow a reversible reductive

elimination/oxidative addition mechanism for both the Mo- and Fe-only nitrogenases with the

formation of two Fe-H-Fe bridging hydrides as being key for producing H, and allowing N to
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bind.? While the V-nitrogenase does reduce Ny, the catalytic mechanism for N, reduction is
unknown."”**% A key feature of the mechanism for N; reduction is the ability of Mo-nitrogenase
to capture a substrate for multiple rounds of reduction with no observed intermediates.”” This is
important for understanding how the Mo-nitrogenase can reduce N, and other carbon-containing
compounds. Early studies found that the Mo-nitrogenase could also reduce acetylene, C,H,, by
two protons and two electrons to produce ethylene, C,;Hy4, which contributed to the discovery that
nitrogenase could reduce other alternative substrates besides N, and protons.24’39 The V- and Fe-
only nitrogenase can also reduce acetylene to ethylene. However, the alternative nitrogenases
have been shown to release four electron-reduced products such as ethane during acetylene
reduction and hydrazine during N, reduction for the V-ni‘[rogen21se.24’39 Substitution of amino
acids, GIn191 and His195 around the FeMo-cofactor have produced MoFe protein variants that

39,44

can produce measurable ethane from acetylene reduction. These results indicate that the

amino acid environment around the cofactors, as well as the identity of the heterometal, can

control product distribution during substrate reduction.”**

Table 1 compares the specific
activities for Ny, H,, C;H,, between all three enzyme systems isolated from A. vinelandii.
Known alternative substrates for nitrogenase have common themes in that they are
generally small C-containing molecules with multiple bonds.* A known substrate for all three
nitrogenases which has gained considerable interest for nitrogenase reduction is CO,>'>**
Recently in vitro and in vivo studies demonstrated that the Fe-only nitrogenase from
Rhodopseudomonas palustris has the highest CO, to CH,4 reduction of the three enzyme

4648 The ability to carry out multiple electron reduction reactions of relatively inert

systems.
molecules such as the reduction of N, to NH;3 or CO; to CHy is unique to nitrogenase.39 The

thermodynamics for the expected reaction pathways for N, and CO; reduction are strikingly
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similar, where the standard Gibb’s free energy change for first step is the largest and is followed
by subsequent exergonic steps.” The ability to reduce other substrates is a product of a redox
enzyme that is able to overcome the largest activation barrier in biology (+251 kJ/mol for N,

compared to +43 kJ/mol for CO, reduction).”’49

3- Genetics of nitrogen fixation

3-1-Characterization of nitrogen fixation genes

The inventory of genes required for N,-fixation catalyzed by Mo-nitrogenase varies
amongst species, and is dependent upon the environmental niche and physiology of the host. In
the genomes of N,-fixing bacteria, including free-living (K. pneumoniae, A. vinelandii,
Methanococcus maripaludis, Paenibacillus sp.), facultative- (Frankia) or obligated- symbionts
(Rhizobium meliloti, Bradyrhizobium japonicum, and Azorhizobium caulinodans) symbionts, nif
genes are found as several clusters. For example, in K. pneumoniae twenty nif genes are co-
located within a 24 kb cluster,”® whereas in A. vinelandii the nif genes are more dispersed and
distributed as two clusters in the genome (Figure 2).°! The major nif cluster contains
the nifHDKTYENX, iscA"”, nifUSV, cysE, nifWZM, clpX, and nifF genes and other interspersed
open reading frames (Figure 2). The minor nif cluster contains the nifLAB, fdxN, nifOQ, rhdN,
and grx5 genes in one transcriptional direction (Figure 2). Other N,-fixing organisms possess a
more restricted nif gene set, for example, Frankia sp. contains 12 nif genes
(nifHnifDnifKnifEnifNnifXnif WnifZnifBnifUnifSnifNY’%; R. meliloti, B. japonicum, and A.
caulinodans contain at least 9 nif genes (nifHnifDnifKnifnifEnifNnifBnifSnifWnifXnif4)**; and M.

maripaludis and Paenibacillus sp., contain 9 nif genes
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(nifBnifHnifDnifKnifEnifNnifXhesAnifV).>* Analysis of the distribution of nif genes sequences
within microbial genomes indicates that nearly all diazotrophs have a minimal set consisting of
six conserved genes nifH, nifD, nifK, nifE, nifN, and nifB (Figure 2). This concurs with the
minimal catalytic core required to assemble the FeMo-cofactor in vitro."> Apart from the
structural subunits encoded by nifHDK, several genes are required for the biosynthesis of the
metalloclusters, in addition to other gene products necessary to produce a fully functional
enzyme. the nifE, nifN, and nifB genes are required for synthesis of FeMo-cofactor, an essential
component of the enzyme for substrate binding and reduction. It is also well established from
genetic and biochemical analysis that nifX, nifQ, nifV, and nifY contribute to the synthesis and
insertion of the FeMo-cofactor into the MoFe protein. The genes nifU nifS and nifZ play an
important role in synthesis of metalloclusters, and that nifM and nifW are required for proper
folding of the nitrogenase Fe protein (Figure 2).">" The majority of the remaining genes of the
nif clusters encode proteins important for FeMo-cofactor and P cluster biosynthesis and
maturation of the nitrogenase or gene products necessary for optimal diazotrophic growth in 4.
vinelandii such as iscA", orf8, nifZ, clpX, nifF (Figure 2).** The products of the nifLA operon are
involved in the regulation of expression of all the other nif genes™, in K. pneumoniae as well as
in A. vinelandii.

The structural genes encoding dinitrogenase and dinitrogenase reductase of the V-

nitrogenase have been described for A. chroococcum, A. vinelandii, and R. palustris."™* ' 1

n
contrast to the single operon nifHDK encoding the subunits for Mo-nitrogenase, the genes
encoding V-nitrogenase proteins are split between two operons (Figure 2). The vafH gene

encodes the dinitrogenase reductase subunits and is part of a two-gene operon. The vanfDGK

operon, located downstream of the vafH containing-operon, encodes the subunits for
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dinitrogenase. The vnfD gene encodes the a-subunit, vafK encodes the B-subunit and the vafG
encodes the y-subunit. This gene does not have a counterpart in the Mo-containing nitrogenase
system; however it does share some sequence similarity to the predicted translation product of
the anfG gene. The structural genes encoding Fe-only nitrogenase in 4. vinelandii and R.

61-63 The subunits of

palustris, are organized as a single operon anfHDGK (Figure 2).
dinitrogenase reductase are encoded by anfH, whereas the a- and B-subunits of dinitrogenase are
encoded by anfD and anfK, respectively. The anfG gene encodes a third subunit (y) for
dinitrogenase, and is required for growth under Mo- and V- deficient conditions.’” Other gene
products that are required for active V-nitrogenase and Fe-only nitrogenase are encoded by the
operon vufENX, which is located downstream of vafH. These genes product are homologous to
the nifENX gene products that are required for FeMo-cofactor synthesis.’* The regulatory vaf4
and anfA genes encode transcriptional activators which are required for the transcription of the
vnf and anf operons, respectively. The vnf4 gene is located immediately upstream from vafENX
operon, and the anfA4 gene is located immediately upstream anfHDGK. In addition, vnfY gene
located downstream from vufK in A. vinelandii genome, is required for effective V-dependent
diazotrophic growth and appears to play a role in the maturation of the FeV-cofactor and/or its
insertion into apodinitrogenase of V-nitrogenase.®” The anf operon from A. vinelandii also
contains two other genes anfO and anfR. The predicted protein products of the anfO and anfR
genes do not show overall similarity to any nif gene product; however, both genes are required
for Fe-only nitrogenase dependent diazotrophic growth.”> Some of the cofactor synthesis and
assembly proteins encoded by the nif gene cluster (nifB, nifU, nifS, nifV, and nifM) participate in
alternative nitrogenase cofactor synthesis and assembly.”**®” Their common requirement

suggests that the three enzyme systems share several common features.
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3-2- Regulation of nitrogenase systems: metal availability, regulation by NH,",
transcriptional activators

Synthesis and activity of all types of nitrogenases are regulated in response to (1)
ammonium ions, (2) the C/N ratio, (3) oxygen conditions, (4) the presence or the absence of Mo
and V, and (5) the darkness and light in the case of phototrophic bacteria.

Regulation of the nitrogenase systems by metal ion availability is a particularly
interesting phenomenon. Although the Mo-nitrogenase component proteins are not regulated by
Mo in K. pneumoniae and, hence, are formed constitutively under N,-fixation conditions,68 in 4.
vinelandii, Mo is absolutely required for the expression of the structural genes of the Mo-
nitrogenase system.”" Simultaneously, Mo represses the synthesis of both alternative
nitrogenases found in A. vinelandii, the V-nitrogenase and the Fe-only nitrogenase (Figure 3).”
The Fe-only nitrogenase system is additionally repressed by V when Mo is absent (Figure 3). In

R. capsulatus, the alternative Fe-only nitrogenase is solely repressed by Mo.”" "

The expression
of alternative nitrogenases in R. palustris is not repressed by transition metals. Strains that were
unable to express a functional Mo-nitrogenase due to mutations in Mo-nitrogenase structural
genes synthesized functional V- and Fe-only nitrogenases, and expressed vnf and anf genes in
N»-fixing growth media that contained Mo and V at concentrations far in excess of those that
repress alternative nitrogenase genes expression in other bacteria.’' Synthesis of the Fe-only
nitrogenase of R. rubrum required completely different growth conditions and does not appear to
be metal regulated. This enzyme system is not repressed by Mo but is expressed whenever a

strain lacks an active Mo-nitrogenase as a consequence of either physiological or genetic

inactivation.”*

Page 14 of 45
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The synthesis of all three nitrogenases is repressed by NHy " in the free-living diazotroph
A. vinelandii. Ammonium regulates V-nitrogenase at the post-transcriptional level, whereas both
Mo- and Fe-only nitrogenases are repressed at the transcriptional level.”” The regulatory genes
nifA, vnfA, anfA, encode transcriptional activators, which are required for the transcription of the
nif, vaf, and anf operons, respectively.®>’® 4. vinelandii requires NifA activator and the presence
of Mo for the synthesis of Mo-nitrogenase (Figure 3). The vnf and anf operons are regulated by
V and Mo and appears to be mediated through the effect of metal concentration on the
transcriptional expression of the vaf4 and anfA4. Transcription of vif4 is not repressed by NH,"
but is repressed by Mo, whereas NH, ", V, and Mo repress expression of anf4. Mo acts by
regulating transcriptional regulators of the alternative nitrogenases and does so by repressing the
transcription of vnf4, as well as anf4. Additionally, it has been shown that a VnfA™ strain can
synthesize the Mo-nitrogenase in Mo-deficient conditions. Repression of Mo-nitrogenase
structural genes in the absence of Mo is therefore mediated by VnfA, which under the same
condition activates V-nitrogenase gene transcription. VnfA seems also to be involved, albeit

indirectly, in mediating repression of Fe-only nitrogenase by V%77’

and surprisingly, NifA is
required for full transcriptional expression of the anfHDGKOR operon.”” Regulation of the
alternative nitrogenases by V is not, however, a matter of switching between synthesis of V-
nitrogenase and Fe-only nitrogenase. The genes encoding V-nitrogenase system are split into two
operons, vafHFd and vnfDGK, dinitrogenase reductase and dinitrogenase can be then expressed
independently. Unlike dinitrogenase of V-nitrogenase, dinitrogenase reductase of V-nitrogenase
is not only expressed under diazotrophic conditions in the presence of V but also in the absence

76,78
d.

of Mo and V, conditions under which Fe-only nitrogenase is expresse V regulates Fe-only

nitrogenase synthesis by repressing transcription of its structural genes. However, this repression
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is impaired in cells lacking the structural genes for the VFe protein of the V-nitrogenase.”®” This
suggests that A. vinelandii represses Fe-only nitrogenase synthesis by sensing the presence of an
active V-nitrogenase reductase, using this unique vanado-enzyme end-product, rather than V
itself, as a regulatory signal. Also, mutations in the genes that encode the high affinity Mo-
transport system (modABCD and modE) permit expression of the Mo-independent nitrogenases

in the presence of low, but not high, concentrations of Mo.”**

ModE, repressor of the
modABCD operon, appears to play a role in the repression of anf4 transcription by Mo.*' Thus,
the genes involved in transport may also play a role in the ability to sense intracellular
concentrations of Mo.

By contrast, expression of N-fixation genes in symbiotic diazotrophs is regulated
predominantly in response to the cellular oxygen conditions. The lack of a strict nitrogen control
mechanism probably relates to the physiological conditions under which symbiotic N,-fixation
takes place. R. meliloti, B. japonicum, and A. caulinodans, use largely identical regulatory
elements (FixL, FixJ, FixK, NifA, RpoN); however these are integrated into different, species-
specific networks. Two regulatory cascades which are present in all three species control
different groups of target genes. The cascade including NifA controls expression of the
nitrogenase structural genes and genes encoding accessory functions by means of their RpoN-
dependent -24/-12 promoters, analogous to the situation in K. pneumoniae. On the other hand,
the FixLJ and FixK proteins constitute a distinct regulatory cascade which may be specific for
symbiotic diazotrophs since no functionally homologous proteins have been found in free-living
diazotrophs.” The facultative symbiotic diazotroph, Frankia, fixes N, under both free-living and

symbiotic conditions. The expression of nif genes in Frankia species is believed to be induced in

response to low concentrations of fixed nitrogen and low oxygen pressure within the nodule
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environment as well as those in soil under non-symbiotic conditions. Interestingly, Frankia
genomes®” do not contain many of the key regulators of the nif genes found in Proteobacteria
(nifA, nifL, and rpoN)?, indicating that the mechanisms responsible for NH;-responsive

transcriptional regulation differ from these well-studied bacteria.

3-3-Transcriptome profiles of nitrogen fixation

Global transcriptional profiling studies of N»-fixation have been reported in different
diazotrophic bacteria.** *® Several gene clusters were found to exhibit a significant change in
expression under N,-fixation conditions and revealed the discrete set of genes associated with
each of the nitrogenase systems. These genes can be divided into two broad categories; genes

directly related to N»-fixation, and genes indirectly related to N,-fixation.

Specific N,-fixation genes: Up-regulation of most nif genes, which are directly involved in the
synthesis, maturation, and function of nitrogenase, were found to be up-regulated in Azoarcus sp.
strain BH72 and P. stutzeri during Mo-dependent diazotrophy.”** In Paenibacillus sp. WLY78,
the expression of the nine genes of the nif cluster (nifBnifHnifDnifKnifEnifNnifXhesAnifV)
exhibited a significant transcript increase ranging from 150- to 1039-fold under the N,-fixation
condition. Furthermore, the transcript abundances varied greatly among these nine nif genes
although all of them were co-transcribed from a common promoter. The different abundances of
these co-transcribed genes suggest that these transcripts have different processing and segmental
stabilities or that their synthesis may be regulated by transcriptional attenuation or processing,
similar to the results found in A. vinelandii. However, the transcriptional profile of Paenibacillus
sp. WLY78 is a little different from that of 4. vinelandii where the transcript level of nifH (143-

fold) were much higher than those of nifD, nifK (54-fold), and the other remaining genes of the
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major nif cluster (2 to 24-fold) (Figure 2).* The genes of the minor nif cluster are co-transcribed
(Figure 2); a large increase in the number of transcripts mapping nifB, fdx, nifO and nifQ was
detected (12- to 18-fold), and a smaller increase in those for rAd and grx5 was noted (4- to 6-
fold). Low nifL and nifA4 transcript levels were detected under N,-fixation and non-N,-fixation
conditions.*

Under V-dependent diazotrophy, large increases in the vafHF, vnfDGK, vnfEN, vnfX and
vnfY transcript levels were observed in 4. vinelandii.*® Transcripts of the nif-encoded cluster
biosynthesis machinery, such as nifUSV, nifM, and nifB, also increased during V-dependent
diazotrophy. Transcripts mapping to the anfHDGK structural genes increased in cultures
dependent on the Fe-only nitrogenase for diazotrophic growth.® Large increases in vaf-encoded
H, E, N, X, and Y transcripts were observed during heterometal-independent diazotrophy. In
addition, an increase in vafH transcripts and nifH transcripts was also noted. Interestingly, the
transcript levels of nif4, vnfA and anf4 increased under both V-dependent and heterometal-

independent diazotrophic growth, and decreased in the presence of Mo.*

Non-specific N,-fixation genes: In addition to the specific N,-fixation genes, several of the gene
clusters that were differentially regulated under N,-fixation conditions encoded proteins that

were not obviously related to Ny-metabolism but with completely different functions (Figure 4).

Transport and secretion: Non-nif genes specifically required during Mo-dependent diazotrophy,
such as mod, feoAB and cys encoding transporters of Mo, Fe, and S atoms were coordinately
transcribed with nif genes in N,-fixing conditions in Paenibacillus sp. WLY78.% Similarly,
transcript levels of Mo transport system increased during Mo-dependent diazotrophy in 4.

vinelandii.*® Similar increases in the level of transcripts mapping to Mod transport systems were
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also noted in cultures expressing the alternative nitrogenases.* In Azoarcus sp. strain BH72,
genes encoding for proteins related to the molybdopterin biosynthesis exhibited enhanced
expression under N,-fixation,** and gene clusters encoding for components of a type II and type

VI secretion systems were strongly upregulated as well.

Iron-sulfur cluster assembly system: In A. vinelandii, the stimulation of nifU and nifS gene
expression has been reported to be accompanied by a decrease in the expression of the iron sulfur
cluster (ISC) system during Mo-dependent diazotrophy.®® Interestingly, a decrease in the ISC
machinery was also noted during both V-dependent and heterometal-independent diazotrophic
growth. The genome of Paenibacillus sp. WLY 78 does not have nifUS, but contains a complete
suf (sufCBSUD) operon, a partial suf (sufABC) operon, a partial isc system (iscR and fdx), and
two nifS-like genes. The transcript abundances of sufCBSUD were high under N,-fixing
condition, and the expression of the partial suf (sufABC) operon, partial isc system (iscSR and

fdx), and two nifS-like genes were also induced by N,-fixing condition.®

Respiratory and energy metabolism: In A. vinelandii, transcripts mapping to the genes coding for
cytochrome bd oxidase I and the type Il NADH-dependent oxidoreductase Ndh increased during
Mo-dependent, V-dependent, and heterometal-independent diazotrophic growth. Small increases
in transcript abundance for two other terminal oxidases, cytochrome cbb; oxidase and
cytochrome ¢ oxidase, were also observed during Mo-dependent diazotrophy.*® In Paenibacillus
sp. WLY78, 20 cytochrome oxidase genes (qoxABCD, ctaCDEF, cydAB and others) have been
found to be induced under N-limitation conditions. The three ndh genes encoding NADH

dehydrogenase, and the ~caD gene encoding NAD(FAD)-dependent dehydrogenase were also
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up-regulated.®® The gene encoding cytochrome cc42 was found up-regulated in Azoarcus sp.
strain BH72 as well.* Transcripts levels of ATP synthetases exhibited enhanced expression
under N»-fixation conditions in A. vinelandii, Paenibacillus sp. WLY 78 and Azoarcus sp. strain
BH72. In addition, genes encoding assimilatory nitrite reductases (nar genes) and NAD(P)H-

nitrite-reductases (nas genes) were also found up-regulated in Paenibacillus sp. WLY78.

Electron transport: In A. vinelandii, the nif system encodes a specific flavodoxin encoded by the
nifF gene. Although nifF is not required for Mo-dependent diazotrophy, the transcript level of
nifF increased significantly during Mo-dependent diazotrophy. Three clusters of genes, rnf1,
rnf2, and fix, also encode electron transport systems that are thought to provide reducing
equivalents to nitrogenase in A. vinelandii. Both rnfl and fix transcript levels increased markedly
during diazotrophic growth. The increases in transcripts from rnf7 and fix operons were similar
in magnitude during Mo-dependent diazotrophy (40-fold), and levels of transcripts from rnf2
operon were relatively unchanged. In contrast, during V-dependent or heterometal-independent
diazotrophy, fix operon transcript levels were higher than rnf1 operon transcript levels (231-fold
versus 18-fold).* In Paenibacillus sp. WLY78, the fer encoding ferredoxin, the fldA4 encoding
flavodoxin and the nfr4 encoding NAD(P)H-flavin oxidoreductase, were highly transcribed

under N-fixing conditions.*

Nitrogen and carbon metabolism: In response to Nj-fixation, the transcription of g/n4
(glutamine synthetase), g/nP and glnH (glutamine transporters) were enhanced in Azoarcus sp.
strain. In contrast, the transcription of denitrification genes (napD1 and napE), as well as a gene

for NO,™ assimilation (nirB) were strongly repressed.* Similar results also were found in
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Paenibacillus sp. WLY78.* The transcript level of the glnRA operon was up-regulated in N»-
fixing conditions and the other two g/nA genes (glnAl, ginA2), amtB, gltABD involved in N,
metabolism was significantly up-regulated.® Interestingly, expression of 1oxB gene encoding for
the small subunit of hydrogenase was enhanced in Azoarcus sp. strain BH72 under N,-fixation
condition.® Transcript levels also increased for the well characterized membrane-bound [NiFe]
hydrogenase (hoxVTROOLMZGK) in A. vinelandii during Mo-dependent diazotrophy.*® Notable
was an increase in the levels of transcripts for the genes encoding an uncharacterized soluble
[NiFe] hydrogenase and the genes of the hut operon under diazotrophic conditions in the absence
of Mo. Finally, N,-fixation in Azoarcus sp. strain BH72 was accompanied by down-regulation of
the expression of several of the Embden-Meyerhof pathway and tricarboxylic acid cycle
enzymes. The transcription of the components of PDH complex as well as components of
ethanol oxidation pathway producing acetyl-coA was reduced. Expression of some enzymes of
the B-oxidation of the fatty acid pathway generating acetyl-CoA as end product, were also found

to be transcriptionally repressed under N,-fixation conditions.

Secondary metabolism: In A. vinelandii, one of the largest increases in transcript abundance
observed under Mo-dependent diazotrophic growth occurred for genes that encode type IV pili.
Interestingly, the large increase in transcripts for pili formation was not observed during Mo-
independent diazotrophic growth.® In Azoarcus sp. strain BH72, enhancement of expression of

flagella and pili genes under diazotrophic growth was reported.*

Translation and transcription: Genes coding for the small subunit of ribosomal protein as well as

transcription factors, translation initiation factors, and elongation factors, and DNA directed
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RNA polymerase subunits were found modulated in their expression in response to N»-fixation
conditions in Azoarcus sp. strain BH72, P. stutzeri, A. vinelandii, and Paenibacillus sp.

WLY78.58486

4-Taxonomic distribution of nitrogenase genes in sequenced genomes and
environmental diversity of nitrogenase systems

Nitrogenase is the only source of biotic ammonia in the environment but is only present
in a subset of prokaryotes. This might be due to the complex and intricate process of BNF which
leads to low gene accruement success rate in prokaryotes. By studying these required genes and
their alternative metal counterparts, the taxonomic distribution of nif, vnf, and anf can be
distinguished.

In all the prokaryote species with full genome sequences, 92 species contain coding
sequences similar to NifD and NifH, 67 of which met the criteria for the minimum gene set
(nifHDKENB).*" The lack of abundance and distribution in the ecosystem could be due to the
underrepresentation of full sequences in the database. The distribution of the alternative
nitrogenase genes is infrequent throughout genome databases. Most N»-fixing prokaryotes
encode only a Mo-nitrogenase and prokaryotes that contain alternative nitrogenase(s), V-

87-89
8 In

nitrogenase and/or Fe-only nitrogenase, always contain Mo-nitrogenase (nif operon).
addition, some bacteria, including the purple non-sulfur phototrophs R. capsulatus and R. rubrum
as well as various cyanobacteria and C. pasteurianum encode either Fe-only nitrogenase or V-

nitrogenase. A. vinelandii, Methanosarcina acetovorans, and R. palustris has been shown to have

genes and activity for all three different nitrogenases.’' The alternative nitrogenases have been

harder to distinguish in environmental studies due to the target of these surveys being NifH by
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PCR amplicon sequencing. NifH does not contain metal cofactor differentiation and shows high
similarity to vnf/anfH, rather than nif/vnfianf D or K, which would show more diversity in genes.
Even with this bias in environmental nitrogenase surveys, multiple other techniques show that
alternative nitrogenase plays a role in the environment. Alternative nitrogenases have been found
in a wide variety of diazotrophs within the phylums of Bacteriodetes, Chlorobi, Cyanobacteria,
Firmicutes, Proteobacteria, and Verrucomicrobia. In addition, organisms with alternative
nitrogenases have been isolated from lichen symbionts,” termite gut microbiota,”’ and
woodchip, soil and mangrove marsh samples.”

With the onset of next-generation amplicon sequencing and metagenomic sequencing of
environmental samples a better picture of the distribution of nitrogenase in the bacterial
kingdom. There has been evidence of distinct distribution of diazotrophs across differing habitats
allowing multiple bacterial groups to fill the ammonia-producing niche in the environment.”>**
The trace metal content of Mo, V, and Fe influences the usage and presence of alternative
nitrogenases. Environments with higher Mo concentration have lower vafD and anfD amplicon
counts and alternatively where Mo concentrations are low vafD and anfD amplicons counts are
higher.93 With the onset of better sequencing technology, more diversity and complexity will

begin to appear in the diazotrophic communities.”>*®

5- Origin and evolution of biological nitrogen fixation

Evidence in geological and biological records establishes BNF starting as early as 3.2-3.5
Gya and is seen as a requirement to support the growing biomass in the Archean sea.””*® The
evolutionary pressure for the development of nitrogenase comes from the ever expanding
biosphere and the steady state production of reduced nitrogen from abiotic sources. The majority

of the reduced abiotic nitrogen in the Archean oceans was produced from lighting and volcanic
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sources on the order of 10'°-10"" mol of N/yr.”” This lead to the onset of the nitrogen crisis in
which abiotic nitrogen fluxes cannot account for the large and diverse biomass by 3.5 Gya.'**'"!
In the reducing environment of Archean oceans, Mo-availability was decreased compared to

102-104

modern levels, as it was captured in sedimentary sulfides. This anoxic reducing ocean

. . . . 2+
environment was also very rich in more soluble ferrous iron (Fe”") compared to the less

. o .
bioavailable ferric iron (Fe®").**!**

The reducing conditions of the Archean sea leads to low Mo
bioavailability and high Fe bioavailability for Archean life. From these conditions, a logical
theory has been presented that the alternative nitrogenases preceded the Mo-nitrogenase in the

89.103.196 11y recent years, this theory has shown little traction, and new

evolutionary lineage.
phylogenetic and isotopic data further indicates that Mo-nitrogenase is ancestral to the
alternatives.

Phylogenetic evidence shows the origin for nitrogenases in anaerobic and
hydrogenotrophic methanogens and shows the vertical and lateral distribution in archaea and
bacterial species.’’ The transfer of nitrogenase genes from archaea to the bacteria most likely
occurred between a methanogen and an anaerobic firmicute which would be in proximity in the
environment.””'"” Earlier phylogenetic studies supported the theory that anf and vnf resulted in
the dispersal and evolution of the more efficient nif, through gene duplication and gene
transfer.*” Though these early phylogenetic studies have proved the diversity of nitrogenase is a
product of lateral gene transfer (LGT) and gene loss, they have failed to provide convincing

evidence of the specific metal content of the “protonitrognease.” ¥%%1%®

The dissimilarity
between studies is most likely due to the significant homology difference between alternative

nitrogenases and Mo-nitrogenase (~30% amino acid sequence identity).89 By concatenating the

core of nitrogenase (nifHDK) and performing a phylogentic reconstruction, a more clear and
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108 Within the concatenated

well supported lineage agrees with observed metal content.
phylogeny, two distinct lineages appear, one derived solely from hydrogenotrophic methanogens
that branched at the base of the tree and the second comprised of more recently evolved NifHDK

homologs from both bacterial and methanogen genome:s.97’108

Nested within the two lineages is a
single lineage comprised of vafand anf nitrogenase. Conjointly within the alternative nitrogenase
lineage, anf is nested inside vnf suggesting that anfis derived from vaf (Figure 5).'® A separate
lineage comprised of biochemically uncharacterized nitrogenases appears in between the nif and
anflineages. Theses uncharacterized nitrogenase homologs are present in the genomes of
anaerobic methanogens, anaerobic methanotrophic archaea, and anaerobic firmicutes.'” By
comparing conserved residues within the cofactor binding sites, the data suggest that the
uncharacterized nif bind the FeMo-cofactor. These uncharacterized nitrogenase homologs have
not been identified in aerobes or facultative anaerobes and therefore supports the concept that the
alternative nitrogenase most likely diversified in an anoxic environment.””'”’

All the organisms that contain the alternative nitrogenases also contain the Mo-
nitrogenase genes. In addition, the gene clusters of the alternative nitrogenases lack the genes
necessary for the biosynthesis of a complete co-factor (Figure 5). The transcriptional data show
that vaf'and anf require expression of multiple biosynthetic genes encoded in the nif operon.*®
The vital biosynthetic genes involved in cofactor maturation, nifB and nifEN, are missing in
generally all alternative nitrogenase operons.*’ With the exception in A. vinelandii and R.
palustris in which the copies of viafEN are a product of a recent duplication event.”” The reliance

of the alternative nitrogenase on the biosynthetic genes of nif'is shown in the duplication of the

vaflanfHDK from an original Mo-nitrogenase. The apparent lack of the biosynthetic genes is due
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to the complexity of the metal-cofactors and the improbability for the alternative nitrogenase to
develop a similar suite of genes independently.

The evolution of nitrogenase is a combined shaping of the gene’s operon, protein
structure, and maturation of the metal cofactors. A couple of theories have been presented to
elucidate how evolution has overcome the highest activation barrier in biology. A theory
suggests that proto-nitrogenase could have served a role as a detoxyase due to the lack of
evolutionary pressure for fixed biotic N, before the nitrogen crisis.'® This would mean that the
development of the proto-metal active sites in the enzyme was mainly as a general reductase.'”
This theory has a grounding in that modern nitrogenases can reduce substrates such as cyanide,

. 157,100
acetylene, and carbon monoxide.””

But it seems that other detoxyase enzymes are more
ancient than nitrogenase as well as nitrogenase’s association with a more ancient methanogen
porphyrin Fa30 biosynthesis enzyme (NfID). Nitrogenase and NfID share similar structural active
sites, and presumably, the common ancestors were capable of binding similar porphyrins or

metal clusters. %1%

These metal clusters could have started as simple Fe-S clusters that acted as
the electron donor during an oxidoreductase reaction. The specificity of the enzyme was then
considerably pushed toward reduction of nitrogenase as the world biomass increased around 3.0-
2.5 Gya.* The multiple substrates seen in modern nitrogenase is a not an artifact of ancient
promiscuity but more likely just a side effect of evolving a redox enzyme that can overcome the
triple bond of N,.

The natural selection for the most efficient and specific nitrogenase involves the fine-
tuning of its metal cofactors. The evolutionary path for a more specific cofactor can be seen in

the FeMo-cofactor biosynthesis pathway in the nif operon (Figure 6C). NifB creates the early

precursor of the FeMo-cofactor called NifB-co which has been proposed as the Fe6-S9-X core of
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the FeMo-cofactor.''%!!!

Without the scaffolding genes of nifEN the FeMo-cofactor is not able to
associate with nifDK, and there is a build-up of the NifB-co.''*!*The NifB-co has been shown to
be active in the apo-nifDK enzyme and able to reduce acetylene and hydrogen but not nitrogen.88
NifEN with the FeMo-cofactor has also been shown to be catalytically active but at a much
lower rate.''* This suggests that that metal cofactor maturation over time lead to a more specific
and efficient nitrogenase. The complexity of the metal cofactor can only happen with the
addition of biosynthetic genes. The operon duplication of nifDK to nifEN was required for the
maturation of the FeMo-cofactor due to the high selection pressure of a more efficient nitrogen
fixer. The operon duplication events for the alternative nitrogenase lead to the evolution of
differentiated metal loading in the cofactor due to the environmental pressure of metal
availability. The co-evolution of the nifENB with the nitrogenase enzyme reinstates the
requirement the nif operon being the source of the alternative nitrogenase.

Recently isotopic differences in discrimination of alternative nitrogenase were used to
provide geological data to support the theory that anf and vnf derived from nif.*® Nitrogenases
discriminate against heavy nitrogen isotopes leaving biomass isotopically lighter than the
environment. Nitrogen isotopes ratios compare the "N ratio in the atmosphere and the '°N ratio
of the biological or geological sample [8'"N%o = (("°N/ 14N)sample/ (N/ 14N)atmosphericm —1)]. The
rate of discrimination of Mo-nitrogenase is down to -4%o in laboratory experiments but on
average is environmentally observed around -1%o."°!"* The alternative nitrogenases discriminate
even more against heavier N'> with isotope ratio differences from -6%o to -8%o.'°® The
discrimination of proto-nitrogenase cannot be known, but it is safe to assume their low affinity
and promiscuity would favor small discrimination. The data showed a mean ratio of 0.0 +/- 1.2

"N%o from marine and fluvial sediment between 3.2 and 2.75 billion years ago. These ratios
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cannot be due to abiotic sources and cannot support the discrimination differences of the

alternative nitrogenases.”™”

Though the data is clear that the discrimination in the reducing
ocean ~3.5 billion years ago is due to Mo-nitrogenase, the N,-fixation rate is still dependent on
the Mo availability. The rate of N,-fixation drastically decreases with the decrease of Mo in
media, though when the concentration of Mo is below 5 nM nitrogenase activity is still

115

measurable.” ~ Even though Mo availability is limited during nitrogenase evolution in the

archean sea local oxidative weathering or other unknown organically complexed Mo in the form

9798 The limited amount of Mo still

of siderophores could have allowed for the uptake of Mo.
provides for the formation and evolution of the Mo-nitrogenase during the nitrogen crisis. The

sedimentary data show that alternative nitrogenases most likely evolved after the nitrogen crisis

and stayed prevalent due to the lack of Mo in microenvironments.

Conclusion

Our understanding of the BNF and nitrogen cycle has been expanded by extensive
biochemical, genetic, environmental, phylogenetic, and structure-based characterizations of the
three known nitrogenase systems. Mo-nitrogenase appears to give rise to the alternative
nitrogenases, V- and Fe-only nitrogenases. The nature of the common ancestor of the nitrogenase
enzymes and its associated bound metal cluster were likely controlled by the selective pressure
imposed by fixed nitrogen limitation in combination with local environmental metal availability.
Today, the majority of global N»-fixation is attributed to the more efficient canonical Mo-
nitrogenase, whereas V- and Fe-only nitrogenases are often considered “backup” enzymes, used
when Mo is limiting. However, the environmental distribution and diversity of alternative

nitrogenases suggest that these enzymes can make an important contribution to N»-fixation in



Page 29 of 45

oNOYTULT D WN =

Metallomics

response to constrains across global ecosystems, and that the trace metal controls on N,-fixation
may be more complex than previously thought.

Our understanding of this complex reaction mechanism for N, reduction, from the view-
point of evolutionary and system complexity, can be exploited to develop new strategies for
agricultural soil fertilization. The heavy use of chemical N fertilizers in agriculture, and the
rising concerns over the possible harmful environmental effect of the fertilizers, as well as their
cost for small-scale farmers in developing countries, have highlighted the importance of
expanding the use of agricultural production methods that are both agronomically and
economically sustainable. In this context, there is a significant interest in research on BNF and
prospects for increasing its importance in an agricultural setting. Symbiotic N»-fixing systems
offer an economically attractive and ecologically sound means of reducing external inputs and
improving internal resources. Symbiotic N,-fixation is, however, restricted mainly to legumes in
agricultural systems, and there is considerable interest in exploring whether similar symbioses

can be developed in nonlegumes, which produce the bulk of human food.
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Figures

Figure 1: A. The structure of one catalytic half of the MoFe protein is a a,f3, heterotetramer
where the a-subunit (green) houses the FeMo-cofactor and P-cluster, which is at the interface of
the a-subunit and B-subunit (blue). Residues His195, GIn191, Val70 and Arg96 coordinate the
FeMo-cofactor, which is a [7Fe-9S-Mo] cluster with a central carbide and homocitrate moiety.
B. The structure of one catalytic half of the VFe protein is a a,[,y> heterohexamer where the a-
subunit (green) houses the FeV-cofactor and P-cluster, which is at the interface of the a-subunit
and B-subunit (blue). The gamma subunit (magenta) contacts the a-subunit as seen in the VFe
protein. Residues His180, GIn176, Val57 and Lys83 coordinate the FeV-cofactor, which is a
[7Fe-9S-V] cluster with a central carbide and homocitrate moiety. The FeV-cofactor is slightly
elongated and has a carbonate ligand, which differs from the bridging sulfide atom observed in
the FeMo-cofactor. C. Homology model of the proposed structure of one catalytic half of the
FeFe protein is a a,B,y, heterohexamer where the a-subunit (green) houses the FeV-cofactor and
P-cluster, which is at the interface of the a-subunit and B-subunit (blue). The gamma subunit
(magenta) presumably contacts the a-subunit as seen in the VFe protein. Residues His180,
GIn176, Val57 and Lys83 reside at the proposed site of the FeFe-cofactor, which is analogous to
the FeV- and FeMo-cofactors however, the current structure is unknown. D. The Fe protein
(orange) is involved in electron transfer to the MoFe protein (blue and green). Upon association,
(1) one electron is transferred from the P-cluster to the FeMo-cofactor where (2) the Fe protein
can then transfer an electron from its [4Fe-4S] cluster to the P-cluster in what is called the
“deficit spending model.”

Table 1: Comparison of the specific activities for N,, H, and C,H, for the Mo-, V- and Fe-only
nitrogenases isolated from A. vinelandii.

Figure 2: Organization of Mo, V, and Fe nitrogenase gene clusters in A. vinelandii.

Figure 3: Putative pathways for metal regulation of 4. vinelandii nitrogenases. Gene encoding
transcriptional activator proteins are designated by nif4, vufA, anfA. Genes of Mo-, V-, and Fe-
nitrogenase systems are indicated by nif, vaf'and anf respectively. Transcriptional activation is
shown by solid arrows pointed to promoters which are represented by purple chevron symbols.
Transcriptional repression is shown by dashed arrows. Activator NifA and the presence of
molybdenum (Mo) are required for the synthesis of Mo-nitrogenase. Repression of Mo-
nitrogenase structural genes in the absence of Mo is mediated by VnfA, which under the same
condition activates V-nitrogenase gene transcription. Mo acts by repressing transcription of the
transcriptional regulators of the alternative nitrogenases, vnf4 and anf4. Vanadium (V) regulates
Fe-only nitrogenase by repressing the transcription of its structural genes. Fe protein of V-
nitrogenase (VnfH) is always synthesized under Mo-deficient conditions. In absence of V, the
activation of AnfA4 is mediated by VnfH.

Figure 4: Schematic illustration of cellular functions directly and indirectly involved in N,-
fixation. In addition of the specific N,-fixation gene clusters, nif, vaf and anf, encoding for
nitrogenase enzymes, there are other core genes that encode for major functional groups of
proteins: transport (Mo, Fe, S, NH," transporters), respiratory and energy metabolism
(cytochromes, NADH dehydrogenases, ATP synthetases), electron transport (RNF1, FIX, Fdx,
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Flv), nitrogen and carbon metabolism (g/n, glt, hydrogenase genes), secondary metabolism (pili,
flagella). OM: outer membrane; P: periplasm; IM: inner membrane; H,ase: hydrogenase;
FdXoxreq: ferredoxin oxidized/reduced; Flv: flavodoxin.

Figure 5: Rendition of phylogenetic results from Boyd et al. 2011, concatenation of nif/vnfianf
and characterized HDK protein sequences placed in a maximume-likelihood reconstruction tree.
The metal content of nitrogenase are colored, blue (nif), pink (uncharacterized), green (anf), red
(vnf). Methanogen Mo-nitrogenase is labeled on the alternative nitrogenase branch.
Uncharacterized nitrogenase show closer homology to nif than the alternative nitrogenases show
in McGlynn et al. 2013. Distinct nesting shown in the tree leads to the theory of the alternative
nitrogenases operon duplication in the before LUCA and vfn preceding anf.

Figure 6: The evolution of nitrogenase. A Protonitrogenase most likely existed before LCUA
which could have possibly associated with metal cofactors due to the similarity of the active site
cavity of modern. After a gene duplication event subunit differentiation occurred and created a
heterotetramer with more specific activity. This gene duplication was then followed by operon
duplication and created the scaffolding proteins of nifEN. These evolved to help with co-factor
maturation and development of a more specific and efficient cofactor. This enzyme was very
similar to the modern nitrogenase. This operon was then duplicated again and environmental
pressures differentiated the cofactor biosynthesis to develop alternative metal nitrogenases.
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Enzyme Specific Activity for N, Specific Activity for H, _ Specific Activity for GH, Reference
" in/ in/me)
(nmol/min/meg) ( /mg) (nmol/min/

10 (Wild type)

'I 'I Mo-nitrogenase 605 2226 1819 Harris et al. 2017
-I 2 V-nitrogenase 660 1400 220 Sickerman et al. 2017

.I 3 Fe-only nitrogenase 181 1085 306 Harris et al. 2017

Table I: Comparison of the specific activities for N2, H2 and C2H2 for the Mo-, V- and Fe-only nitrogenases
isolated from A. vinelandii.
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Figure 1: A. The structure of one catalytic half of the MoFe protein is a a2B2 heterotetramer where the a-
subunit (green) houses the FeMo-cofactor and P-cluster, which is at the interface of the a-subunit and B-
subunit (blue). Residues His195, GIn191, Val70 and Arg96 coordinate the FeMo-cofactor, which is a [7Fe-
9S-Mo] cluster with a central carbide and homocitrate moiety. B. The structure of one catalytic half of the
VFe protein is a a2B2y2 heterohexamer where the a-subunit (green) houses the FeV-cofactor and P-cluster,
which is at the interface of the a-subunit and B-subunit (blue). The gamma subunit (magenta) contacts the
a-subunit as seen in the VFe protein. Residues His180, GIn176, Val57 and Lys83 coordinate the FeV-
cofactor, which is a [7Fe-9S-V] cluster with a central carbide and homocitrate moiety. The FeV-cofactor is
slightly elongated and has a carbonate ligand, which differs from the bridging sulfide atom observed in the
FeMo-cofactor. C. Homology model of the proposed structure of one catalytic half of the FeFe protein is a
a2p2y2 heterohexamer where the a-subunit (green) houses the FeV-cofactor and P-cluster, which is at the
interface of the a-subunit and B-subunit (blue). The gamma subunit (magenta) presumably contacts the a-
subunit as seen in the VFe protein. Residues His180, GIn176, Val57 and Lys83 reside at the proposed site of
the FeFe-cofactor, which is analogous to the FeV- and FeMo-cofactors however, the current structure is
unknown. D. The Fe protein (orange) is involved in electron transfer to the MoFe protein (blue and green).
Upon association, (1) one electron is transferred from the P-cluster to the FeMo-cofactor where (2) the Fe
protein can then transfer an electron from its [4Fe-4S] cluster to the P-cluster in what is called the "deficit
spending model."
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Figure 2: Organization of Mo, V, and Fe nitrogenase gene clusters in A. vinelandii.
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Figure 3: Putative pathways for metal regulation of A. vinelandii nitrogenases. Gene encoding transcriptional
activator proteins are designated by nifA, vnfA, anfA. Genes of Mo-, V-, and Fe- nitrogenase systems are
indicated by nif, vnf and anf respectively. Transcriptional activation is shown by solid arrows pointed to
promoters which are represented by purple chevron symbols. Transcriptional repression is shown by dashed
arrows. Activator NifA and the presence of molybdenum (Mo) are required for the synthesis of Mo-
nitrogenase. Repression of Mo-nitrogenase structural genes in the absence of Mo is mediated by VnfA, which
under the same condition activates V-nitrogenase gene transcription. Mo acts by repressing transcription of
the transcriptional regulators of the alternative nitrogenases, vnfA and anfA. Vanadium (V) regulates Fe-only
nitrogenase by repressing the transcription of its structural genes. Fe protein of V-nitrogenase (VnfH) is
always synthesized under Mo-deficient conditions. In absence of V, the activation of AnfA is mediated by
VnfH.
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Figure 4: Schematic illustration of cellular functions directly and indirectly involved in N2-fixation. In addition
of the specific N2-fixation gene clusters, nif, vnf and anf, encoding for nitrogenase enzymes, there are other
core genes that encode for major functional groups of proteins: transport (Mo, Fe, S, NH4+ transporters),
respiratory and energy metabolism (cytochromes, NADH dehydrogenases, ATP synthetases), electron
transport (RNF1, FIX, Fdx, Flv), nitrogen and carbon metabolism (gln, glt, hydrogenase genes), secondary
metabolism (pili, flagella). OM: outer membrane; P: periplasm; IM: inner membrane; H2ase: hydrogenase;

Fdxox/red: ferredoxin oxidized/reduced; Flv: flavodoxin.
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Figure 5: Rendition of phylogenetic results from Boyd et al. 2011, concatenation of nif/vnf/anf and
characterized HDK protein sequences placed in a maximum-likelihood reconstruction tree. The metal content
of nitrogenase are colored, blue (nif), pink (uncharacterized), green (anf), red (vnf). Methanogen Mo-
nitrogenase is labeled on the alternative nitrogenase branch. Uncharacterized nitrogenase show closer
homology to nif than the alternative nitrogenases show in McGlynn et al. 2013. Distinct nesting shown in the
tree leads to the theory of the alternative nitrogenases operon duplication in the before LUCA and vfn
preceding anf.
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45 Figure 6: The evolution of nitrogenase. A Protonitrogenase most likely existed before LCUA which could have
46 possibly associated with metal cofactors due to the similarity of the active site cavity of modern. After a
47 gene duplication event subunit differentiation occurred and created a heterotetramer with more specific
48 activity. This gene duplication was then followed by operon duplication and created the scaffolding proteins
49 of nifEN. These evolved to help with co-factor maturation and development of a more specific and efficient
cofactor. This enzyme was very similar to the modern nitrogenase. This operon was then duplicated again
and environmental pressures differentiated the cofactor biosynthesis to develop alternative metal
nitrogenases.
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