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Abstract: Although the nitrogen-fixing enzyme nitrogenase critically requires both a reductase
component (Fe protein) and a catalytic component, considerably more work has focused on the latter
species. Properties of the catalytic component, which contains two highly complex metallocofactors
and catalyzes the reduction of N2 into ammonia, understandably making it the “star” of nitrogenase.
However, as its obligate redox partner, the Fe protein is a workhorse with multiple supporting roles
in both cofactor maturation and catalysis. In particular, the nitrogenase Fe protein utilizes nucleotide
binding and hydrolysis in concert with electron transfer to accomplish several tasks of critical
importance. Aside from the ATP-coupled transfer of electrons to the catalytic component during
substrate reduction, the Fe protein also functions in a maturase and insertase capacity to facilitate
the biosynthesis of the two-catalytic component metallocofactors: fusion of the [Fe8S7] P-cluster and
insertion of Mo and homocitrate to form the matured [(homocitrate)MoFe7S9C] M-cluster. These and
key structural-functional relationships of the indispensable Fe protein and its complex with the
catalytic component will be covered in this review.
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1. Introduction

The enzyme molybdenum (Mo)-nitrogenase is capable of facilitating the biological fixation of
atmospheric dinitrogen into bioavailable nitrogen sources at ambient temperature and pressure [1] in
the following reaction:

N2 + 8e− + 16MgATP + 8H+ → 2NH3 + H2 + 16MgADP + 16Pi (1)

where ATP is adenosine triphosphate, ADP is adenosine diphosphate, and Pi is inorganic phosphate.
The catalytic enzyme component that is responsible for the N2 reduction activity in

Azotobacter vinelandii is the gene product NifDK, which is commonly known as the MoFe protein.
NifDK is an α2β2 tetramer that houses two sets of complex metallocofactors: an [Fe8S7] cofactor known
as the P-cluster and a [MoFe7S9C-homocitrate] cofactor called the M-cluster (Figure 1). The P-cluster is
involved in electron mediation for the M-cluster, which is the site of nitrogen fixation, and both clusters
are critical for enzyme reactivity. In addition to NifDK, catalysis by the enzyme requires a reductase
component called NifH (or Fe protein), which is a homodimeric protein that contains a [Fe4S4] cluster
and nucleotide binding sites [2].
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Figure 1. Crystal structure of the complex of NifDK (bottom, green) and NifH (top, purple) with 
MgATP bound (PDB code 1G12) [3], showing the relative position of the metallocofactors and 
nucleotides. For clarity, only one half of the symmetrical complex is shown. 

During normal catalytic turnover conditions, the reduced, nucleotide-bound Fe protein binds to 
NifDK, leading to the transfer of an electron from the reductase component [Fe4S4] cluster to the 
interfacial P-cluster of the catalytic component (Figure 1). The electron transfer process is intimately 
tied to nucleotide hydrolysis (see Section 3), which in turn leads to dissociation of NifH from NifDK. 
The dynamic complex association and dissociation occurs multiple times until enough electrons have 
been delivered from NifH, via the P-cluster on NifDK, to the catalytic component active site, i.e., the 
M-cluster. The Fe protein is rather unique, because it facilitates important reactions in the nitrogenase 
maturation process in addition to the reductase function during catalytic turnover [4–7], and these 
will be discussed below. 

In addition to the Mo-containing nitrogenase, there exist variants that substitute the Mo with V 
(known as VFe protein) or Fe (known as FeFe protein) in the catalytic cluster [8]. These “alternative” 
nitrogenase species have assembly proteins that differ from the Mo-nitrogenase system, including 
variants of the Fe protein: VnfH for the VFe protein and AnfH for the FeFe protein. In many respects, 
these Fe proteins are nearly identical, but they carry out selective incorporation of the apical 
heteroatom (Mo, V) into their respective nitrogenase clusters. 

This review will focus on describing the function and structure of the Fe protein, which is an 
essential part of nitrogenase assembly and catalysis. Additionally, this review follows the mechanism 
of M-cluster biosynthesis as outlined in ref. [9]; however, an alternative cofactor biosynthesis 
mechanism can be found in ref. [7] and the citations therein.  

2. The Roles of the Fe Protein 

The Fe protein is a multi-purpose actor in the process of nitrogen fixation and metallocofactor 
assembly. To date, there are three primary recognized functions: (1) Mo and homocitrate insertase 
for the maturation of an 8Fe precursor to the M-cluster; (2) reductase to facilitate P-cluster formation 
on NifDK; and (3) essential electron transfer partner to NifDK for nitrogen fixation catalysis. The 
attribution of these functions to the Fe protein is best illustrated by strains of A. vinelandii that have 
had the gene encoding for nifH deleted [5]. These ΔnifH mutant strains express a NifDK that (1) 
completely lacks the M-cluster and (2) possesses an unmatured precursor of the P-cluster (designated 
the P*-cluster). Furthermore, ΔnifH strains (3) cannot fix nitrogen, although the catalytic activity can 
be rescued by addition of purified NifH to crude cell extracts. The main functions of NifH within Mo-
nitrogenase are elaborated upon below. 

Figure 1. Crystal structure of the complex of NifDK (bottom, green) and NifH (top, purple) with
MgATP bound (PDB code 1G12) [3], showing the relative position of the metallocofactors and
nucleotides. For clarity, only one half of the symmetrical complex is shown.

During normal catalytic turnover conditions, the reduced, nucleotide-bound Fe protein binds
to NifDK, leading to the transfer of an electron from the reductase component [Fe4S4] cluster to the
interfacial P-cluster of the catalytic component (Figure 1). The electron transfer process is intimately
tied to nucleotide hydrolysis (see Section 3), which in turn leads to dissociation of NifH from NifDK.
The dynamic complex association and dissociation occurs multiple times until enough electrons
have been delivered from NifH, via the P-cluster on NifDK, to the catalytic component active site,
i.e., the M-cluster. The Fe protein is rather unique, because it facilitates important reactions in the
nitrogenase maturation process in addition to the reductase function during catalytic turnover [4–7],
and these will be discussed below.

In addition to the Mo-containing nitrogenase, there exist variants that substitute the Mo with V
(known as VFe protein) or Fe (known as FeFe protein) in the catalytic cluster [8]. These “alternative”
nitrogenase species have assembly proteins that differ from the Mo-nitrogenase system, including
variants of the Fe protein: VnfH for the VFe protein and AnfH for the FeFe protein. In many respects,
these Fe proteins are nearly identical, but they carry out selective incorporation of the apical heteroatom
(Mo, V) into their respective nitrogenase clusters.

This review will focus on describing the function and structure of the Fe protein, which is an
essential part of nitrogenase assembly and catalysis. Additionally, this review follows the mechanism of
M-cluster biosynthesis as outlined in ref. [9]; however, an alternative cofactor biosynthesis mechanism
can be found in ref. [7] and the citations therein.

2. The Roles of the Fe Protein

The Fe protein is a multi-purpose actor in the process of nitrogen fixation and metallocofactor
assembly. To date, there are three primary recognized functions: (1) Mo and homocitrate insertase
for the maturation of an 8Fe precursor to the M-cluster; (2) reductase to facilitate P-cluster formation
on NifDK; and (3) essential electron transfer partner to NifDK for nitrogen fixation catalysis.
The attribution of these functions to the Fe protein is best illustrated by strains of A. vinelandii that
have had the gene encoding for nifH deleted [5]. These ∆nifH mutant strains express a NifDK
that (1) completely lacks the M-cluster and (2) possesses an unmatured precursor of the P-cluster
(designated the P*-cluster). Furthermore, ∆nifH strains (3) cannot fix nitrogen, although the catalytic
activity can be rescued by addition of purified NifH to crude cell extracts. The main functions of NifH
within Mo-nitrogenase are elaborated upon below.
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2.1. Mo and Homocitrate Insertase

The Fe protein of Mo-nitrogenase participates in what is considered both the “in situ” and “ex
situ” maturation of the NifDK cofactors, meaning that cofactor maturation occurs either on NifDK
(in the case of P-cluster) or outside the protein (in the case of M-cluster), respectively. As stated above,
deletion of nifH from wild-type Mo-nitrogenase produces a variant of NifDK that is devoid of the
M-cluster [5]. This finding implicates NifH in the “ex situ” construction of the M-cluster, which involves
several FeS-containing assembly proteins that eventually lead to the insertion of M-cluster into the
cofactor-deficient (apo)-NifDK. The particular role of NifH within the “ex situ” biosynthesis of the
M-cluster is now firmly established, with the protein intercepting the assembly pathway at the scaffold
protein NifEN and delivering Mo and homocitrate to a cofactor precursor [9]. However, many details
are unclear about the transformation.

The protein NifEN is homologous to NifDK and binds a precursor to the catalytic cofactor,
an [Fe8S9C]-core cluster that is designated the L-cluster [10]. Although the crystallography of NifEN
is limited to a single structure [11], the protein exists as a heterotetramer containing a [Fe4S4] cluster
located at a position analogous to the P-cluster of NifDK, with the L-cluster sequestered in the α subunit.
Biochemical maturation studies with NifEN have shown that in order to mature the bound L-cluster to
the M-cluster, the following components, at minimum, must be incubated with this protein: dithionite,
NifH, MgATP, molybdate (MoO4

2−), and R-homocitrate [12]. This incubation mixture unambiguously
leads to accumulation of the M-cluster on NifEN, as established by electron paramagnetic resonance
(EPR) and X-ray absorption spectroscopic (XAS) studies [13]. The gene product NifQ has also been
proposed to play a role in Mo trafficking and incorporation into the M-cluster [14]; however, NifQ is
non-essential for in vitro M-cluster biosynthesis [4].

Importantly, the necessity of nucleotide in the process suggests that ATP hydrolysis is required
for cluster maturation. Consistent with this assessment, the omission of MgATP from the incubation
mixture or the use of NifH mutants that are incapable of ATP hydrolysis do not produce matured
M-cluster on NifEN [12]. Based on the homology between NifEN and the catalytic component NifDK,
NifH is proposed to bind to the former protein and form a transient complex analogous to the complex
formed with the latter protein (See Section 3.2). Once complexed to NifEN, the transfer of Mo and
homocitrate from NifH to the bound L-cluster is proposed to occur, leading to a displacement of one Fe
atom from the [Fe8S9C] precursor and formation of the M-cluster. The delivery of Mo and homocitrate
to NifEN is believed to be concerted, although the protein-protein interactions of the components that
govern the transfer have not been studied in detail.

The maturation process also necessarily involves redox events, since the conversion of hexavalent
molybdate to the more reduced form observed in the M-cluster (either tri- or tetravalent) must take
place [15]. Mo K-edge XAS experiments of dithionite-reduced NifH in the presence of molybdate
demonstrate that the Mo center becomes reduced and loses its oxo ligands upon binding within
the protein, and addition of homocitrate to the solution leads to an even more activated metal
center [4]. The nucleotide-dependent reduction of a vanadium(V) center has also been observed
when orthovanadate was incubated with NifH [16], which suggests that the nucleotide may play a role
in facilitating transition metal activation and reduction. Whether additional electrons are transferred to
the Mo center during its transfer into NifEN, possibly through participation of the P-cluster-analogous
[Fe4S4] cluster on the scaffold protein, is not well understood. Extending the analogy between the
NifH:NifDK and NifH:NifEN complexes, nucleotide hydrolysis may be coupled with electron transfer
as well, but the extent to which the Mo center is processed prior to complex formation has not yet
been established.

2.2. P-Cluster Formation

The earliest assembly processes for NifDK, i.e., formation of the heterotetramer and insertion of
simple [Fe4S4] clusters, are not well understood. In this regard, ∆nifH NifDK serves as a biosynthetic
snapshot of a precursor form of the catalytic component. The isolated ∆nifH NifDK demonstrates
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that the complete “in situ” maturation of the P-cluster must precede the insertion of the M-cluster
when generating the active form of the protein. No crystal structure of ∆nifH NifDK has been solved,
but spectroscopic characterization of the variant reveals a protein with a conformation and cluster
contents that differ from the wild type. More specifically, magnetic circular dichroism (MCD) [17],
XAS [18], and EPR spectroscopy of ∆nifH NifDK indicate that the so-called P*-cluster consists of
a pair of “[Fe4S4]-like” clusters at the αβ interface. One subcluster appears to exhibit signals of a
“ferrodoxin-like” cluster, while the other cluster has been formulated as an [Fe4S4] species in which
one of the cluster sulfide (S2−) corners of the cubane may be occupied by a cysteine thiolate ligand.

Incubation of NifH and ∆nifH NifDK under reducing conditions leads to the maturation of the
two P*-clusters on the heterotetramer to P-clusters [19]. Monitoring of the Fe K-edge XAS during the
maturation process revealed that P-cluster formation on each half of NifDK appears to proceed in a
stepwise manner, with a lag in between. This observation is consistent with the properties observed
in another Mo-nitrogenase mutant that has deletions in the genes nifB and nifZ. Deletion of nifB,
a gene encoding for a protein that is essential for cofactor biosynthesis, leads to a catalytic component
that lacks M-cluster, similar to ∆nifH NifDK. The removal of the gene nifZ, which encodes the small,
chaperone-like protein NifZ, leads to expression of a catalytic component that contains P-cluster in one
αβ half and a P*-cluster in the other half [20,21]. Interestingly, the single P*-cluster on the so-called
∆nifB∆nifZ NifDK variant cannot be matured to a P-cluster with addition of NifZ alone. Even though
this variant is expressed in the presence of NifH, the reductase component must still be added, along
with NifZ, MgATP, and dithionite, to form the second P-cluster [21]. This result demonstrates that the
actions of NifH for “in situ” P-cluster maturation on NifDK take place in an asymmetric, two-step
process. For ∆nifB∆nifZ NifDK, the first P-cluster is formed in vivo and likely involves nucleotide
hydrolysis and electron transfer to effect reductive coupling of the P*-cluster. Fusion of the second
P*-cluster to matured P-cluster requires both NifZ and NifH, which suggests that the environment
at the second αβ interface inherently differs from the first. How exactly NifH and NifZ cooperate
in P-cluster maturation, and what role NifZ plays in the process, remain unanswered questions.
The small, transition metal-free NifZ may assist in holding together the α and β subunit halves of
∆nifB∆nifZ NifDK to allow NifH to bind and fuse the P*-cluster, but more work is needed to evaluate
this hypothesis and the surrounding details.

2.3. Electron Transfer for Nitrogenase Catalysis

After facilitating the “ex situ” and “in situ” maturation of the metallocofactors on NifDK, NifH
plays its critical role as the obligate reductase component for the reduction of dinitrogen. Although
other electron sources have been used to effect substrate reduction at NifDK [22–25], NifH is the only
discrete electron source that can support homogeneous nitrogen fixation, indicating that formation
of an interprotein complex is required to drive electrons to the active site and generate sufficiently
reducing states. Electron transfer from NifH to NifDK first requires formation of a protein complex
(see Section 3.2) and is nucleotide dependent (see Section 3.1), with two equivalents of MgATP cleaved
per electron transferred [1].

The [Fe4S4] cluster of the Fe protein can exist with an overall +2, +1, or 0 charge. During catalytic
turnover, the [Fe4S4] cluster cycles between the oxidized 2+ and reduced +1 states. The +1 state is
accessed in vitro with the reductant dithionite, whereas the in vivo reduction of NifH can be driven by
physiological reductants such as flavodoxin and ferredoxin [26–30]. Mechanistic studies of electron
transfer from NifH to NifDK suggest that upon complexation, the first electron transfer event occurs
from the P-cluster to the active site M-cluster, after which the [Fe4S4] cluster of NifH reduces the
now-oxidized P-cluster [31]. This proposed “deficit spending’ model of electron transfer may represent
a mechanism to prevent the backflow of electrons as increasing numbers of reducing equivalents are
delivered to the catalytic component. The third [Fe4S4]0 oxidation state of the Fe protein is the so-called
all-ferrous or “super-reduced” state [32]. Its relevance to the nitrogenase catalytic cycle has not been
determined, and the properties of this species will be discussed in Section 3.
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2.4. Adventitious Reactivity of Fe Proteins

An additional function that has recently been identified for nitrogenase Fe proteins is not related
to nitrogen fixation or cofactor biosynthesis [33]. Rebelein and co-workers discovered that both NifH
and its counterpart from V-nitrogenase, VnfH, could support the interconversion between carbon
monoxide (CO) and carbon dioxide (CO2) [34]. In the presence of an oxidizing dye with CO in the
reaction headspace, isolated NifH or VnfH can catalyze the formation of CO2; conversely, in the
presence of a reductant with CO2 in the headspace, the reverse reaction can be catalyzed. These results
establish that nitrogenase Fe proteins by themselves can moonlight as carbon monoxide dehydrogenase
(CODH)-like systems, although the amounts of product produced are lower by comparison.

Notably, the reduction of CO2 to CO has been observed both in vitro with the Fe proteins and
in vivo with whole-cell A. vinelandii. The in vivo production of CO under a CO2 atmosphere has been
definitively attributed to NifH (or VnfH) by expression of the protein in a background containing
deletions in the genes that encode for the catalytic component NifDK (or VnfDGK). In the presence of
NH3, nitrogenase gene product expression is repressed [35], leading to no production of CO, whereas
omission of NH3 from the media leads to expression of the Fe protein and reduction of CO2 [34].
Thus, this adventitious substrate reduction function may occur under nitrogen-fixing conditions
in vivo, but the prevalence of the reaction and its physiological implications are not known at this time.

3. Features of the Fe Protein

The crystal structure of NifH from A. vinelandii was first reported by Rees and co-workers in 1992
and was confirmed to be a homodimer with a total molecular weight of ~60 kDa [2]. A [Fe4S4] cluster
is located on a 2-fold rotation axis at the interface of the two subunits (Figure 2A) and is bound by two
cysteine residues from each subunit (Cys97 and Cys132). The [Fe4S4] cluster is also positioned close to
the surface of the protein (Figure 2B), a feature that is proposed to be relevant for nitrogenase reactivity
and will be discussed below in more detail.
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Figure 2. Crystal structure of NifH (PDB code 1G5P) [36] with subunit α shown in green and subunit β
shown in blue. A: representation of NifH as seen down the axis of symmetry. B: representation of NifH
showing surface residues that have been identified as important for interactions with the MoFe protein.
The Fe and S atoms of the [Fe4S4] cluster are shown as orange and yellow spheres, respectively.

As stated in Section 2.3, three different charge states for the [Fe4S4] cluster in the Fe protein
have been identified. The +2 (oxidized) and +1 (reduced) states of the cluster are recognized as the
operative states during catalysis. The oxidized [Fe4S4]2+ cluster is diamagnetic with an overall S = 0
spin state and has parameters from Mössbauer spectroscopic analysis that are typical for a [Fe4S4]2+

cluster species [37]. The reduced [Fe4S4]+ form of NifH is best described as a mixture of S = 1/2 and
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S = 3/2 species that can be easily interconverted through the use of different chemical additives [37].
This property is unique for an iron–sulfur containing protein, but the biological relevance of the
spin state composition for reduced NifH has not been clearly established. The third charge state of
NifH that was observed is a “super-reduced” [Fe4S4]0 cluster that has attracted considerable attention.
Mössbauer spectroscopy indicates that reduction of the +1 state with a strong reductant (traditionally
Ti(III) citrate or a Eu(II) chelate) generates an all-ferrous species, which is not known for any other
[Fe4S4]-containing system [38]. The species exhibits an unusual pink color [32], and parallel-mode
EPR spectroscopy displays a signal consistent with either an S = 3 or 4 spin state [38]. Detailed
analysis of a synthetic all-ferrous [Fe4S4] cluster by Mössbauer, EPR and density functional theory
(DFT) calculations, in comparison to the data obtained for the [Fe4S4]0 NifH species, helped to establish
that the ground state configuration for NifH is S = 4 [39–41]. Moreover, the diagnostic color and signal
has been observed in both super-reduced bacterial and archaeal Fe protein variants [42], indicating
that access of this state is conserved among Fe proteins. Identification of a doubly reduced Fe protein
suggests that perhaps the system could transfer two electrons per two ATP as a means to render a
more efficient electron transfer during catalysis. As part of an investigation of physiological electron
transfer to NifH, Watt and co-workers proposed another NifH [Fe4S4]0 species, in complex with a
physiologically relevant flavodoxin reductant, that had an S = 0 spin state [43]. This assignment was
based on ATP consumption stoichiometry, EPR and NMR analysis [43]; however, an S = 0 state is
spectroscopically “invisible” in EPR, and more sensitive magnetic measurements that could confirm
the spin state, such as those from Mössbauer spectroscopy, were not reported. A crystal structure
of NifH that is purportedly in the all-ferrous state has also been reported, but upon first glance it
appears largely similar to other NifH structures [36]. The all-ferrous protein (PDB code 1G5P) has
average Fe–S and Fe–Fe distances of 2.3 Å and 2.7 Å, respectively, as well as an average Fe–S–Fe angle
of 70.3◦. Similarly, the oxidized protein ([Fe4S4]+ or [Fe4S4]2+, PDB code 1G1M) has average values for
Fe–S, Fe–Fe, and Fe–S–Fe of 2.3 Å, 2.6 Å and 69.4◦, respectively. It is unclear if the [Fe4S4] structures
reflect the differences observed in the solution state because the protein species may have either been
oxidized during the crystallization process or photoreduced by the X-ray beam during data collection,
so the oxidation state of the metal atoms in the crystals is ambiguous [36]. Münck and co-workers were
able to shed light on the structure of the S = 4 all-ferrous iron-sulfur cluster of NifH by comparison to a
synthetic analog, as mentioned above [40,41]. One of the four Fe centers in the cluster was determined
to be in a unique environment, consistent with a C3v cluster symmetry, and this unique configuration is
not observed in more oxidized [Fe4S4] clusters [40], adding to the intrigue of this species. While much
effort has gone into the study of the all-ferrous Fe protein, further characterization will be required to
understand the physiological and catalytic relevance of this state.

NifH is currently the only Fe protein of a nitrogenase that has a structure derived from X-ray
crystallography (see Table 1). Despite this, there are several factors that suggest that the Fe proteins of
the alternative nitrogenases, VnfH and AnfH, have similar structures to that of NifH. In A. vinelandii,
the Fe proteins have relatively high sequence identity, with VnfH at ~90% and AnfH at ~60% compared
to NifH [8], and VnfH and AnfH have conserved cysteine residues indicative of [FeS] cluster binding.
The dithionite-reduced Fe proteins all display a characteristic EPR spectrum composed of a mixture of
S = 1/2 and S = 3/2 resonances [44,45], indicating that a similar type of [Fe4S4] cluster is present in each
system. In support of this notion, analysis of the NifH, VnfH, and AnfH by XAS has demonstrated that
the [FeS] clusters in each protein have a very similar structure. The characterization of VnfH and AnfH
is rather limited compared to NifH, but one of the main differences between these systems is related
to the reactivity. As mentioned above, both NifH and VnfH specifically incorporate their respective
metal (Mo for NifH, V for VnfH) into the nitrogenase cluster, but the structural origin of this difference
in specificity is still unknown and warrants further investigation. It is also unclear if AnfH plays an
analogous maturase role in the Fe-only nitrogenase system, since no anfEN gene has been identified,
and the precise composition of the catalytic cofactor in the FeFe protein has not been determined.
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Table 1. Select crystal structures of the Fe protein component of nitrogenase.

Protein PDB Code Resolution (Å) Reference

NifH 1G5P 2.2 [36]
NifH as [Fe4S4]0 “all ferrous” 1G1M 2.25 [36]

NifH + MgADP 1FP6 2.15 [46]
∆L127-NifH + MgATP 2C8V 2.5 [47]

NifH + NifDK 2AFH 2.1 [48]
∆L127-NifH + NifDK + MgATP 1G21 3.0 [3]
NifH + NifDK + MgAMPPCP 4WZB 2.3 [48]

NifH + NifDK + MgAMP·AlF4
− 1N2C 3.0 [49]

NifH + NifDK + MgADP 2AFI 3.1 [48]
NifH + NifDK + MgADP/MgAMPPCP 4WZA 1.9 [48]

3.1. Nucleotide Binding to NifH

As seen in Equation (1), MgATP and its hydrolysis is required for nitrogenase catalysis and
is an important driving force for P-cluster and M-cluster assembly as well (see Section 2) [4,10,12].
For many years, NifH was suggested to be an ATP-binding protein based on sequence similarity to
other nucleotide-binding proteins [50] and site-directed mutagenesis [1]. When the crystal structure of
the Fe protein from A. vinelandii was solved in 1992 [2], a Walker’s motif A [51] was identified between
residues 9 and 16 that was indicative of a nucleotide binding site [52]. The partial occupancy of an
ADP molecule in the 1992 crystal structure gave preliminary indications of how the nucleotide could
bind to NifH, but a series of subsequent structures were solved with better-resolved MgADP [46] and
MgATP [47] molecules.

For non-complexed, wild-type NifH, the structures with and without MgADP are very similar
to each other (Figure 3), indicating that there are only minor conformational changes to the protein
fold upon nucleotide binding. Additionally, a single residue deletion variant (∆L127-NifH) that is
incapable of nucleotide hydrolysis was also crystallized with MgATP bound, and this structure is
similarly unchanged compared to the MgADP-bound and nucleotide free structures [47]. However,
as solid-state snapshots, these structures are not necessarily representative of the conformational
dynamics operative in solution.
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Figure 3. Overlaid crystal structures of NifH (green cartoon, PDB code 1G5P) and NifH bound with
MgADP (purple cartoon, PDB code 1FP6). The [Fe4S4] clusters of both proteins are in a similar position,
shown in a ball and stick model. The ADP molecules are shown in a stick model. The Mg, Fe and S
atoms are represented by green, orange, and yellow spheres, respectively.
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Before crystal structures were available, attempts to gain structural insight into binding of MgATP
in the Fe protein focused on spectroscopic and biochemical characterization. Binding of nucleotide to
NifH changes the EPR spectroscopic signal lineshapes [1], suggesting a connection between the electron
transfer from the [Fe4S4] cluster and nucleotide coordination despite the ~20 Å distance between the
metallocluster and nucleotide binding sites. Corroborating this assessment is the measurement of the
midpoint reduction potentials in NifH with and without nucleotide. When MgADP or MgATP bind
within NifH, the reduction potential decreases by ~100 mV compared to that of the nucleotide-free
species, demonstrating an intimate relationship between these features [53]. Colorimetric chelation
assays also reveal a modulation of the protein properties in the presence of nucleotide. In the absence
of MgATP, chelating agents such as 2,2′-bipyridine and bathophenanthrolinedisulfonate are unable
to [54] or have limited capability to [55] remove the Fe from the [Fe4S4] cluster of NifH. In contrast,
when ATP is bound to NifH, Fe is rapidly removed from the metallocluster in the presence of these
same chelating agents [54–56]. These results indicate that limited chelator access to the [Fe4S4] cluster
takes place in the absence of MgATP, but with nucleotide-bound NifH, the cluster is rendered more
solvent exposed. In addition, the oxidation state of the cluster also affects the extent of Fe chelation
relative to that of the dithionite-reduced form of NifH [57]. As stated above, a change in the protein is
also supported by the different EPR spectra of NifH observed in the presence and absence of MgATP,
consistent with an apparent connection between the cluster properties and nucleotide binding [58–60].
The nucleotide binding behavior becomes more complicated when the MgATP hydrolysis product and
nitrogenase inhibitor MgADP is taken into account. A litany of experimental evidence suggests that
MgADP binds more tightly to NifH than does MgATP [61] and has a more mild effect on the NifH
structure [1]. Analogous Fe chelation studies demonstrate that the [Fe4S4] cluster of MgADP-bound
NifH remains stable in the presence of the chelating agents [57,62], in contrast to the experiments
with MgATP. This effect was also studied by small angle X-ray scattering (SAXS), which provides a
structural indicator of the protein conformation in a frozen solution and does not require crystalline
material. The results of these studies demonstrated that MgATP binding to NifH caused a measurable
change in the protein conformation as compared to that of either MgADP-bound or nucleotide-free
NifH, which were indistinguishable from each other [63]. All of these experiments collectively support
the idea that there are different conformations of the Fe protein depending on nucleotide binding
that specifically change the spectroscopic parameters and the accessibility of the [Fe4S4] cluster to
the solvent. Unfortunately, the available crystal structures of NifH do not reflect the dynamic nature
of the protein in solution, and therefore, caution should be taken when interpreting the structure
with respect to protein function. However, nucleotide-induced conformational changes are observed
by X-ray methods when NifH is complexed with NifDK, consistent with the chelation experiments
(see Section 3.2).

3.2. The NifH and NifDK Protein Complex

Prior to the solving of the first NifH:NifDK complex crystal structure, docking models based on
the individual protein structures had predicted the amino acid patches that likely participated in the
interprotein interactions. One strategy utilized was the chemical cross-linking of NifH and NifDK to
form a functional nitrogenase species [64,65]. Analysis of the resulting protein species identified that
the surface residue Glu112 on NifH was involved in the crosslink, indicating a potential site of docking.
Subsequent site-directed mutagenesis studies were focused on individually selecting surface resides
and measuring the effect on nitrogenase catalysis. Several residues, Arg100, Arg140, and Lys143
(Figure 2B), were all found to affect catalysis when the residues were mutated and generally resulted in
inefficient or completely uncoupled electron transfer to NifDK [66–69]. Indeed, these predictions and
docking studies were validated and refined in 1997 when a crystal structure of the complex formed
between the two components of Mo-nitrogenase was first reported by Rees and co-workers [49].
Since the interaction of the two components under reducing conditions in the presence of MgATP
leads to spontaneous nucleotide hydrolysis and substrate reduction (i.e., H2 formation), the complex
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was locked in its conformation by instead using MgADP·AlF4, a non-hydrolyzable MgATP analog
(Figure 4A). The MgADP·AlF4-loaded NifH in this complex is proposed to represent a transition
state analog of the MgATP-bound species, with the AlF4

− unit located at the γ-phosphate position.
Notably, the conformation of complexed NifH varies greatly from structures of NifH alone, indicating
that complexation with NifDK provides a reliable strategy to visualize the reductase component in a
catalytically relevant state.
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Figure 4. Overlaid crystal structure of NifH:NifDK complex with various nucleotides bound.
A: The NifDK protein (gray cartoon, PDB code 2AFH) in complex with NifH (green cartoon, PDB code
2AFH), MgADP-bound NifH (purple cartoon, PDB code 2AFI) and MgATP-bound ∆L127-NifH (cyan
cartoon, PDB code 1G21). B: The aligned crystal structures of the NifH proteins from the NifH:NifDK
complexes represented in panel A. The [Fe4S4] clusters of NifH are shown as spheres of the same
color as the cartoon. The nucleotides are represented in a stick model; Mg atoms are shown as light
green spheres.

Since that initial publication, several other methods have been used to generate and study
NifH:NifDK complexes. Rees and co-workers have been successful in these efforts and have been
able to acquire a crystal structure of the NifH:NifDK complex without nucleotide bound as well
as the MgADP- and MgAMPPCP-bound (a non-hydrolyzable ATP analog) NifH:NifDK structures
(Figure 4) [48]. In addition, the hydrolysis-defective ∆L127-NifH variant with MgATP bound has
also been crystallized in complex with NifDK [3]. Interestingly, for all of the crystal structures
mentioned above, the NifH protein fragment has a different orientation while binding to NifDK. In the
nucleotide-free, MgADP, and MgATP-bound states of NifH, the [Fe4S4] cluster is ~22 Å, 21 Å, and 17 Å
away from the P-cluster of NifDK, respectively. Viewing the overlaid complex structures (Figure 4A)
illustrates a putative “rolling” movement of NifH across the surface of NifDK during electron transfer
and nucleotide hydrolysis.

A comparison of just the Fe protein portions of the NifH:NifDK structures provides additional
insight into the structural dynamics at play in the solution state. When the NifH fragments are
aligned, the overall protein structures are similar, but notably, there is a 3 Å displacement of the
[Fe4S4] cluster between the nucleotide-free and MgATP-bound states of NifH (Figure 4B). The [Fe4S4]
cluster of the MgATP-bound NifH state is thus more extended from the protein to place it in closer
proximity to the NifDK P-cluster. This displacement is consistent with the solution-state Fe chelation
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studies (see Section 3.1) in which the [Fe4S4] cluster of nucleotide-bound NifH was more susceptible
to chelation (i.e., less buried and more accessible to the solvent) than in the nucleotide-free state.
Since NifH loaded with MgATP allows the [Fe4S4] cluster to more closely approach the P-cluster than
in the nucleotide-free or MgADP-bound states, this state likely represents the point of optimal electron
transfer to the P-cluster. Electron transfer at this stage is proposed to trigger ATP hydrolysis that should
lead to a conformation similar to the complexed, MgADP-bound NifH structure. The conformational
rearrangements moving the [Fe4S4] cluster also likely prevent “backflow” of the transferred electron
from the P-cluster to NifH. Kinetics studies of NifH in complex with NifDK support the idea that
after electron transfer to NifDK, nucleotide hydrolysis occurs; however, how exactly oxidation of the
[Fe4S4] cluster is tied to conformational changes and nucleotide hydrolysis has not been determined.
Regardless, the rate-limiting step of the NifH:NifDK interaction has been shown to be the release of Pi

from the protein after ATP hydrolysis, rather than protein association or dissociation [70].
To date, only one crystal structure has been reported of a NifH:NifDK complex in which the

nucleotides within NifH are asymmetrically bound; in this case, the protein was bound with one
MgAMPPCP and one MgADP molecule [71]. This structure hints at the possibility of sequential
cleavage of MgATP molecules as opposed to a concerted mechanism wherein both nucleotides are
hydrolyzed together, and this has implications for the regulation of nitrogenase reactivity. Seefeldt
and co-workers have observed cooperative binding of nucleotide in NifH, where the binding affinity
for the second nucleotide molecule is higher than for the first [72]. Along these lines, Rees and
co-workers proposed that the sequential MgATP cleavage and release of Pi from NifH provides a
type of timing mechanism for controlling electron transfer in the catalytic complex [71]. From the
MgATP-bound complex, an electron can be transferred coupled with MgADP formation, and this could
induce a structural change that facilitates the release of NifH from NifDK and prevents uncoupled
electron backflow.

4. Conclusions

The nitrogenase Fe protein is often outshined by the impressive substrate-reducing feats of the
catalytic component, but this protein plays crucial roles behind the scenes. Beyond its role as the
canonical redox partner of NifDK, NifH catalyzes the “in situ” maturation of P-cluster on NifDK
and the “ex situ” maturation of M-cluster on NifEN. Nucleotide hydrolysis and electron transfer are
believed to be intimately tied to these three important processes, although the exact nature of the
structure-function relationships in relation to conformational changes and interprotein interactions
remains a mystery. Furthermore, nitrogenase Fe proteins alone can facilitate reduction of the substrate
CO2 to CO. The respective Fe proteins of V- and Fe-nitrogenases, VnfH and AnfH, are similar to their
Mo-nitrogenase counterpart, but much more work is needed to evaluate if these proteins fully perform
the analogous tasks or may even harbor additional, as-yet-undiscovered reactivity.
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