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Abstract

Nitrogenase is the only enzyme capable of reducing N2 to NH3. This challenging reaction requires 

the coordinated transfer of multiple electrons from the reductase, Fe-protein, to the catalytic 

component, MoFe-protein, in an ATP-dependent fashion. In the last two decades, there have been 

significant advances in our understanding of how nitrogenase orchestrates electron transfer (ET) 

from the Fe-protein to the catalytic site of MoFe-protein and how energy from ATP hydrolysis 

transduces the ET processes. In this review, we summarize these advances, with focus on the 

structural and thermodynamic redox properties of nitrogenase component proteins and their 

complexes, as well as on new insights regarding the mechanism of ET reactions during catalysis 

and how they are coupled to ATP hydrolysis. We also discuss recently developed chemical, 

photochemical and electrochemical methods for uncoupling substrate reduction from ATP 

hydrolysis, which may provide new avenues for studying the catalytic mechanism of nitrogenase.
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1. Introduction

Nitrogenase is a microbial enzyme that executes one of the most essential and complex 

biochemical reactions in the biosphere – the fixation of atmospheric dinitrogen (N2) into 

ammonia (NH3). The chemical reaction carried out by Mo-nitrogenase, the most commonly 

studied isoform of nitrogenase, is generally described by the equation: 1

N2 + 8e− + 8H+ + nATP 2NH3 + H2 + nATP + nPi (Equation 1)

where n is commonly believed to be 16, yielding a stoichiometry of two ATPs hydrolyzed 

per one electron and one proton transferred.2–5 A consideration of this equation illustrates 

the several daunting tasks that nitrogenases have to carry out in concert: the activation of one 

of the most thermodynamically stable and kinetically inert molecular bonds (:N≡N:), which 

requires the sequential transfer of multiple electrons over long distances, which in turn is 

powered and choreographed by ATP hydrolysis. To accomplish this unique combination of 

tasks, evolution also has converged on a biochemical machine with unique components. 

There are three known classes of nitrogenases, Mo-, V- and Fe-only nitrogenases (named 

after the metal content of their catalytic clusters),6 with the Mo-containing isoform being the 

primary subject of this review. V- and Fe-only nitrogenases are less efficient than their Mo-

counterpart in that they require more ATP and evolve more H2 per N2 reduced.7–10 The 

catalytic component of Mo-nitrogenase is termed the MoFe-protein (MoFeP), which houses 

two FeS superclusters: the FeMo-cofactor (FeMoco) with a composition of [Mo-7Fe-9S-C-

homocitrate] functioning as the site of N2 reduction11–13 and the P-cluster with a 

composition of [8Fe-7S] acting as the electron-relay site to FeMoco (Figure 1).14–16 The 

reductase component of nitrogenase is called Fe-protein (FeP). FeP is an ATPase that 
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contains a [4Fe-4S] cluster17 and is the only known biological electron donor to MoFeP to 

enable catalysis (Figure 1).

Much of the nitrogenase research has revolved around three distinct, but interrelated 

questions that underlie the uniqueness of this enzyme:

1. Catalytic mechanism: What is the mechanism for the catalytic reduction of N2 

and other substrates by the catalytic cluster of nitrogenase? Why does it require 

such a complex cluster?

2. Biosynthesis: How are MoFeP and its metal clusters assembled?

3. Energy transduction and electron transfer: How are the electron transfer (ET) and 

catalytic processes coupled to ATP hydrolysis? Why is ATP hydrolysis necessary 

for N2 reduction?

As reviewed in this journal by Burgess & Lowe18 and Rees & Howard19 in 1996, the general 

outlines of nitrogenase composition, structure, catalytic activity, biosynthesis and genetics 

were established through extensive biochemical and biophysical studies spanning several 

decades leading up to the 90’s. These early efforts culminated in the determination of the 

first X-ray crystal structures of MoFeP20 and FeP17 from Azotobacter vinelandii (Av). The 

initial crystal structures not only helped rationalize earlier findings, but also provided a 

much-needed platform to start addressing the three questions above. Indeed, the last two 

decades have witnessed much progress on all fronts, fueled in particular by technical 

advances in crystallography, spectroscopy and electronic structure calculations as well as in 

the molecular biology and biochemistry of nitrogenase. For example, on the structural front, 

high-resolution crystal structures and X-ray absorption/emission spectroscopy studies of 

MoFeP have identified the previously undetected carbon atom in the center of FeMoco, thus 

elucidating its true composition.11–13 The structures of both FeMoco and FeVco have been 

captured in the presence of extrinsic ligands/inhibitors for the first time, showing the 

compositional lability of the cofactor and identifying possible substrate binding modes.21–23 

The structures of the FeP-MoFeP complexes in different nucleotide states have provided 

insights into the mechanism of ATP-dependent energy transduction and longdistance ET.
24–28 Finally, the structures of the scaffolding protein NifEN29 and apo-MoFeP30 have shed 

light on MoFeP maturation. These structures have been paralleled by an impressive array of 

biochemical and spectroscopic studies (particularly magnetic resonance) that started offering 

detailed views into the mechanism of substrate activation by FeMoco31–36 as well as into the 

elaborate biosynthetic pathway of MoFeP.37–49 In addition, it was discovered that 

nitrogenases are also capable of reducing CO and carrying out C-C coupling reactions,50–55 

and that they can be activated for catalysis through chemical,56,57 electrochemical58–60 and 

photochemical61–63 means without requiring ATP. Clearly, the studies over the last two 

decades drastically advanced our understanding of the mechanism of nitrogenase catalysis, 

energy transduction and biosynthesis. In doing so, they have also provided many surprises 

and spawned new questions, meaning that there is still much left to be discovered about this 

enzyme.

This is certainly true regarding the issue of why ATP is necessary for nitrogenase activity 

and how its binding and hydrolysis are used to control the structural dynamics of nitrogenase 

Rutledge and Tezcan Page 3

Chem Rev. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and the attendant electron and proton transfer events. Importantly, elucidating ATP-

dependent ET processes also are central to a detailed understanding of the catalytic N2 

reduction mechanism and to the exciting prospect of uncoupling catalysis from ATP 

hydrolysis, thus being able to control the choreography of eight electrons and eight protons 

through external means. With these points in mind, our aim here is to summarize our 

knowledge pertaining to ET processes in nitrogenase, the proteins and redox cofactors 

involved in these processes, and how ET is coupled to (and can be uncoupled from) ATP 

binding and hydrolysis, with emphasis on advances made in the last two decades since the 

reviews by Burgess & Lowe18 and Rees & Howard.19

2. Structural and physical determinants of electron transfer in nitrogenase

2.1 Structure and redox properties of the individual proteins and clusters

2.1.1 Fe-protein and the [4Fe-4S] cluster—FeP, encoded by the highly conserved 

nifH gene,64 is the obligate biological redox partner of MoFeP. In addition to its function as 

a MoFeP-reductase, it also has vital roles in MoFeP cluster maturation, as reviewed recently.
65 FeP is a C2 symmetric γ2 homodimer (Figure 2),17 with each γ-subunit containing an α/β 
domain consisting of an eight-stranded β-sheet surrounded by nine α-helices.17 The two 

subunits are bridged by a [4Fe-4S] cluster which lies on the C2 symmetry axis and is 

coordinated by two cysteine residues from each monomer (Figure 2).17

FeP’s distinctive architecture underlies its unique ability to transfer electrons to FeMoco for 

N2 reduction. FeP is considerably larger (MW ~60 kDa) than typical ET proteins such as 

flavodoxins, ferredoxins, and cytochromes (MW < 20 kDa) which possess single-domain 

structures. The dimeric construction is critical for FeP’s ability to specifically interact with 

MoFeP in an ATP-dependent fashion and couple its reduction to ATP hydrolysis.66–70 Each 

FeP subunit binds one molecule of ATP and contains canonical nucleotide binding motifs: 

the Walker A motif (also known as the P-loop, residues γ9 – 16) and Walker B motif 

(residues γ125 – 128).19,71,72 In addition, FeP contains two regions homologous to the 

switch regions in G-proteins [Switch I (Av γ39 – 69) and Switch II (Av γ125 - 132)], which 

interact with the γ-phosphate of ATP and undergo conformational changes upon ATP 

hydrolysis (Figure 2).73,74 Although there is no crystal structure of ATP-bound wild-type 

FeP, these nucleotide-dependent conformational changes have been characterized using 

solution-based methods. Small-angle X-ray scattering (SAXS) experiments show a 2.0 Å 

decrease in the radius of gyration upon MgATP binding, interpreted as a contraction of FeP 

in a hinged movement between the two subunits.75 Further evidence of distinct MgATP-FeP 

and MgADP-FeP conformations in solution has been demonstrated by variations in 

proteolysis and cross-linking patterns,76 changes from a rhombic electron paramagnetic 

resonance (EPR) signal for nucleotide-free FeP to an axial signal upon MgATP binding,77 

and differences in circular dichroism (CD) spectra.73,78,79

A unique structural feature of FeP is the location of its [4Fe-4S] cluster. Most [4Fe-4S] 

ferredoxins contain somewhat buried clusters, but the [4Fe-4S] cluster in FeP is highly 

solvent exposed.17 The extent of solvent accessibility appears to be further modulated by 

nucleotide-induced conformational changes in FeP. Fe-chelation experiments using 2,2’-

bipyridine and bathophenanthroline disulfonate indicate that MgATP-FeP has the most 
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solvent-exposed [4Fe-4S] cluster as evidenced by fast Fe-removal kinetics in the case of 

MgATP-FeP (>80% Fe removed within one hour), compared to slow chelation in nucleotide-

free FeP and MgADP-FeP (<1% Fe removed within one hour).80–85 Of course, the 

possibility cannot be discounted that MgATP binding may cause labilization of the [4Fe-4S] 

through a conformational strain mediated by the P-loop and Switch II (Figure 2) or through 

electrostatic induction.86

Proteins containing canonical, Cys-ligated [4Fe-4S] clusters are classified either as low-

potential ferredoxins or as high-potential iron-sulfur proteins (HiPIPs) depending on which 

redox couple is accessed by the cluster under physiological conditions, either [4Fe-4S]2+/

[4Fe-4S]1+ or [4Fe-4S]3+/[4Fe-4S]2+, respectively.87 Potentials of these clusters are 

modulated by the protein environment, with low-potential ferredoxins ranging from −150 

mV to −700 mV and HiPIPs from +100 mV to +400 mV vs. normal hydrogen electrode 

(NHE).88 Importantly, [4Fe-4S]-ferredoxins can access only one of these two redox couples 

during their physiological operation.87,88 The [4Fe-4S] cluster in FeP possesses unique 

redox properties in that 1) it can attain an all-ferrous state, [4Fe-4S]0, which is more reduced 

than canonical [4Fe-4S] clusters89–93 and has only been reported in rare cases in biological 

systems94,95 and model complexes,96,97 and 2) it is able to reversibly access two redox 

couples ([4Fe-4S]2+/[4Fe-4S]1+ and [4Fe-4S]1+/[4Fe-4S]0) within the biological redox range 

(approximately −1 V to +1 V) (Table 1). This observation naturally raises the question as to 

whether FeP can operate as a two-electron donor to MoFeP (see section 3.3 for more on this 

topic).

Great strides have been made in combining spectroscopic and theoretical techniques to 

provide detailed insights into the oxidation state assignments, redox thermodynamics, and 

structure of FeP’s [4Fe-4S] cluster. These characterization methods include 57Fe nuclear 

resonance vibrational spectroscopy (NRVS),98 Fe-edge extended X-ray absorption fine 

structure spectroscopy (EXAFS),78,91,98–100 density functional theory (DFT) 

calculations98,101 and spatially resolved anomalous dispersion (SpReAD) refinement, 

combining X-ray crystallography with X-ray absorption spectroscopy.102 Many of the initial 

EXAFS experiments were carried out in the presence of a glassing agent, such as glycerol, 

which has been shown to affect FeP’s properties.98,99,103,104 Recently, both EXAFS and 

NRVS data were collected on nucleotide-free FeP in the absence of glycerol with the 

[4Fe-4S] cluster in each of the three accessible oxidation states, providing insights into the 

cluster structure.98 These data, in combination with DFT calculations, have revealed that the 

oxidized [4Fe-4S]2+ cluster has Fe-Fe distances that are all nearly identical (2.720 Å ± 0.067 

Å), and one-electron reduction to [4Fe-4S]1+ reduces the cluster’s symmetry (2.721 Å ± 

0.083 Å).98 In the all-ferrous state, [4Fe-4S]0, the structure of the cluster becomes distorted 

such that the Fe-Fe distances are split into short and long distances (2.562 Å and 2.748 Å).98 

The oxidation state assignments of the iron centers in the [4Fe-4S] cluster have been 

determined using SpReAD refinement of FeP in four states: 1) [4Fe-4S]1+, ADP-bound FeP, 

2) [4Fe-4S]1+, nucleotide-free FeP, 3) [4Fe-4S]2+, ADP-bound FeP, and 4) [4Fe-4S]0, 

nucleotide-free FeP.102 In both of the [4Fe-4S]1+ structures, the two more solvent-exposed 

iron centers are delocalized Fe2.5+, and the other two iron centers are Fe2+.102 In the 

[4Fe-4S]2+ state, all four iron centers were assigned as Fe2.5+.102
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The redox potential of the 2+/1+ couple of Av FeP (universally agreed upon as being 

physiologically relevant) has been determined via controlled potential microcoulometry, 

spectroelectrochemistry, and EPR potentiometric titrations to be ca. −300 mV in the absence 

of nucleotides (Table 1).89,105,106 Watt and colleagues carried out controlled potential 

microcoulometry experiments to report a potential of −460 mV for the 1+/0 couple of Av 
FeP. 87,107 The highly analogous FeP from Clostridium pasteurianum (Cp) displays nearly 

identical potentials of ca. −270 mV and −410 mV for the 2+/1+ and 1+/0 couples, 

respectively (Table 1).80,106,108 However, the potential of the 1+/0 couple remains to be 

concretely established: Burgess et al. reported that singly reduced methyl vio-logen could 

not reduce Av FeP [4Fe-4S] beyond the 1+ oxidation state in contrast to Watt’s earlier 

findings; they conducted controlled-potential electrolysis experiments to arrive at a value of 

−790 mV for the 1+/0 couple (Table 1), calling into question whether the all-ferrous state 

can be attained in vivo.109 In general, the literature remains divided on whether the midpoint 

potential of the 1+/0 redox couple and the spin state of the all-ferrous FeP are E° = −790 mV 

and S = 4,109–112 or E° = −460 mV and (likely) S = 0.89,107 Theoretical values of E° were 

calculated for FeP in all three possible FeP geometries (with MgATP, with MgADP, and 

without nucleotides bound) and in both the S = 4 and S = 0 states.101 Interestingly, 

differences in the geometry and spin state parameters used in the calculations led to 

calculated reduction potentials ranging from −347 mV to −765 mV suggesting that FeP may 

be able to accommodate both of the previously reported potentials, just under varying 

conditions.101 Clearly, direct electrochemical or spectroe-lectrochemical measurements on 

FeP under different conditions (e.g., different pHs) would shed much-needed light on the 

redox thermodynamics of FeP and the possibility of attaining the all-ferrous state in vivo.

The redox potential of the Av [4Fe-4S] cluster is significantly influenced by nucleotide 

binding.82,105,106,113 Complexation with either MgATP or MgADP renders the cluster more 

reducing, with 2+/1+ midpoint potentials shifting to ca. −430 mV and −490 mV, respectively 

(Table 1).105,113 Given that the [4Fe-4S] cluster coordination environment stays invariant in 

the crystal structures of FeP under a variety of conditions (in the presence/absence of 

MgADP and in 2+, 1+ and neutral oxidation states) (Figure 3),93,102 changes in the 

secondary-sphere hydrogen bonding network (Figure 3) and/or solvent accessibility are 

likely to account for the changes in the potentials, a phenomenon commonly observed in 

other FeS clusters.114–116 The hydrogen bonding network between the residues in FeP and 

the sulfides in the [4Fe-4S] cluster and thiols in the Cys ligands are dependent on the 

nucleotides bound, but not on the oxidation state of the cluster (Figure 3).102 Interestingly, 

the all-ferrous form of ADP-bound FeP could not be obtained, suggesting that the ADP-FeP 

conformation preferentially stabilizes more oxidized (1+ and 2+) states of the [4Fe-4S] 

cluster.102 In addition, computational continuum electrostatic analyses suggested that the 

negative charge of the ADP and ATP could be responsible for the observed downshift.86 The 

potential of the 2+/1+ couple of the [4Fe-4S] cluster was found to be further reduced to 

−620 mV upon complexation of FeP with MoFeP,117 making it an even more potent 

reductant. This downshift has been attributed to desolvation of the cluster,86 consistent with 

the crystallographically observed expulsion of water molecules from the [4Fe-4S] secondary 

sphere upon the formation of ET-activated FeP-MoFeP complexes (see Section 2.2.1) 
24–26,28
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Finally, another feature of FeP that distinguishes it from canonical ferredoxins is the fact that 

its [4Fe-4S] cluster is symmetrically positioned within an uncommon helix-cluster-helix 

structural motif. Each γ-subunit of FeP provides one of the γ100s helices (spanning residues 

γ97-112), which radiates from the cluster with the N-terminal ends proximal to the cluster. 

Interestingly, this arrangement places the [4Fe-4S] cluster at the positive ends of the helix 

dipoles, which may yet provide another means to tune the [4Fe-4S] redox properties and 

facilitate the attainment of its reduced states. Such a motif is found in only a handful of other 

ATPases, and the geometry has been compared to an archer’s bowstring, hence the term 

“archerases” for this class of [4Fe-4S] proteins.118,119 A member of this class, the activator 

of 2-hydroxyacyl-CoA dehydratase (HAD), possesses several similar features to FeP 

including its large size (MW ~55 kDa homodimer), a highly solvent-exposed [4Fe-4S] 

cluster situated between two subunits, and its ability to access both the 2+/1+ and 1+/0 redox 

couples.94 Coincidentally, ET from the activator to its redox partner, HAD, is also dependent 

on ATP hydrolysis.120 The similarities between the structural and electrochemical properties 

of the HAD activator and FeP may provide insights into their unusual redox properties and 

ATP-dependent ET reactions.

2.1.2 MoFe-protein, the P-cluster and FeMoco—The catalytic component of 

nitrogenase, MoFeP, is a ~240-kDa, heterotetrameric protein with an α2β2 composition 

(Figure 4). Both the α- and β-subunits are similar in size and structure, each consisting of 

~500 amino acids arranged in three α/β-type domains with the two αβ dimers roughly 

related by a C2 rotation-axis.20 Each αβ-dimer contains two superclusters unique to 

nitrogenase: the intermediary electron-relay center known as the P-cluster (an [8Fe-7S] 

cluster) that bridges the α- and β-subunits, and the catalytically active site cofactor FeMoco 

(a [Mo-7Fe-9S-C-homocitrate] cluster) buried within the α-subunit.11–13,15,20 

Metalloclusters are generally thought to be static in nature, but recently there has been 

evidence that the function of many clusters,22,23,121–123 including the P-cluster and FeMoco,
15,21,124 may depend on them being structurally and compositionally dynamic.

The P-cluster orchestrates interprotein ET from the FeP [4Fe-4S] cluster to FeMoco.125 

Structurally, the P-cluster resembles two [4Fe-4S] cubanes joined by a shared, μ6 sulfide. In 

the as-isolated, dithionite (DT)-reduced state (PN), all iron centers in the P-cluster are in the 

2+ state.126–128 Unlike canonical [4Fe-4S] clusters coordinated only by terminal Cys 

residues, the P-cluster is ligated by two bridging and four terminal Cys residues,15 thus 

reducing the overall negative charge of the cluster. This structural feature likely contributes 

to the stabilization of the highly-reduced, all-ferrous state. Upon oxidation, the P-cluster 

undergoes sizeable structural changes (Figure 5).15,129 Peters et al. reported the crystal 

structure of a one-electron oxidized P-cluster (P1+) obtained by poising Av MoFeP crystals 

at a controlled potential in an electrochemical cell. This structure indicated that one-electron 

oxidation of the P-cluster results in Fe6 moving out of bonding distance from the central 

sulfide (S1), subsequently coordinating to a Ser side chain Ŝer188) (Figure 5b).129 A more 

recent DFT analysis and quantum refinement of this crystal structure suggested that the P-

cluster might actually be a mixture of the P1+ and two-electron oxidized (P2+) states.130 

Crystal structures of the P2+ state can be obtained in quantitative yield by using chemical 

oxidants like indigo disulfonate (IDS)131 or by prolonged incubation in solutions that lack 
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reductants.15 Two-electron oxidation results in additional changes in coordination whereby 

Fe5 dissociates from S1 and ligates the backbone amide nitrogen from a bridging Cys 

residue Ĉys88) (Figure 5c).15 The unusual coordination of Fe to the hard, negatively charged 

serinate and amidate ligands are believed to stabilize the oxidized P-cluster in a redox 

switchable fashion, as discussed further in Section 3.2.4. The P-cluster can be further 

oxidized to the P3+ state at redox potentials greater than 100 mV upon treatment with solid 

thionine,132,133 but there is no evidence that this redox state can be populated during 

catalysis.132,133128,129 The midpoint potentials for the PN to P1+ and P1+ to P2+ couples are 

virtually indistinguishable at −310 mV at pH 7.5 − 8.0 (Table 1).117,132,134,135 Association 

of MoFeP with FeP was reported to lower the PN/P2+ P-cluster potential to −390 mV 

(obtained by EPR potentiometric titrations),117 thus increasing the driving force for 

reduction of FeMoco. A midpoint potential of −42 mV was observed for the oxidation of 

FeMoco in as isolated, dithionite reduced MoFeP (termed MN) in the course of equilibrium 

potentiometric titrations with redox-active dyes in which the disappearance of the S=3/2 

EPR signal of MN was monitored (Table 1).132,136 Whether this redox transition is 

mechanistically relevant is open to question, as oxidation beyond the MN state has not been 

observed during catalysis. The reduction of FeMoco (termed MRED) beyond MN, which is 

more catalytically relevant, has been probed with controlled potential microcoulometry and 

EPR potentiometric titrations. Potentials ranging from −320 mV to −490 mV have been 

reported, although assignment of the redox couples could not be made (Table 1) .134,137–139 

As in the case of FeP, the unambiguous determination of the redox potentials of the MoFeP 

FeS clusters by direct electrochemical methods under physiologically relevant conditions 

remains an important challenge.

Recent advances in electronic structure calculations have provided new insights into the 

redox and structural properties of MoFeP superclusters. The density matrix renormalization 

group (DMRG) method has permitted ab initio calculations of the ground-and excited-state 

energy levels of clusters as large as [4Fe-4S], which have revealed that the number of 

electronic states is much larger than initially hypothesized.140 These methods have been 

further developed141 and subsequently used to examine the electronic landscape of the P-

cluster. 142Not surprisingly, the P-cluster exhibits many accessible, low-energy electronic 

states which may contribute to the finely-tuned structural control of redox dynamics of the 

cluster. Furthermore, the geometry of the P-cluster and protonation states of the βSer188 and 

amide of oCys88 ligands have been explored using DFT calculations. The results show that 

deprotonation of the Ser must occur in both the P1+ and P2+ states, whereas the backbone 

amide of the Cys residue is only deprotonated upon oxidation from P1+ to P2+.130

The unique structural, electronic and catalytic properties of FeMoco have prompted 

extensive spectroscopic investigations by NRVS,143 Mo- and Fe-edge EXAFS,144,145 and 

Kβ X-ray emission spectroscopy (XES),13 as recently reviewed.146 Initially, the structure of 

FeMoco was predicted using Mo- and Fe-edge EXAFS analyses. Although the preliminary 

structure predictions were incorrect, they did provide accurate Fe-S and Fe-Fe distances.
144,145 A 1.16-A resolution crystal structure of MoFeP revealed that FeMoco contained a 

light atom in the center, but the identity of the atom could not be determined at that time by 

single-crystal X-ray diffraction11 or by EXAFS.147 It was not until a higher resolution 

structure (1.0 Å) was solved and complemented by 13C electron spin echo envelope 
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modulation (ESEEM) that the central atom could be unambiguously identified as carbon.12 

This finding was corroborated by XES measurements.13 Initial oxidization state assignment 

of the Mo center in FeMoco was made using bond distances determined by Mo-EXAFS data 

that could be fitted to either Mo3+ or Mo4+.144,145 Recently, high-energy resolution 

fluorescence detected X-ray absorption spectroscopy (HERFD-XAS) was used to 

unambiguously settle on Mo3+.148 The large number of iron atoms in MoFeP (15–16 irons 

per αβ-dimer149) complicates oxidation state assignments of the iron centers. Fe-edge 

EXAFS reveals a shift in the rising edge position from ~7119 eV to ~7126 eV for the iron 

centers in FeMoco relative to the P-cluster, suggesting that FeMoco is more oxidized, 

although oxidation state assignments could not be made from these data alone.41 More 

recently, the SpReAD method was used to site-specifically assign the relative oxidation 

states in resting state FeMoco, revealing three ferrous irons, and the remaining four iron 

centers were in a more oxidized state.150

Additionally, recent DFT studies have probed structural changes of FeMoco at different 

intermediate steps corroborating that FeMoco may undergo turnover-dependent structural 

changes in which an Fe-S bond is broken upon accumulation of four reducing equivalents.
33,151

2.1.3 Flavodoxin and ferredoxin—Reduction of FeP requires low-potential electrons 

provided by small biological electron donors, specifically flavodoxins and ferredoxins.
152–160 The nature of the reductase of FeP varies greatly between aerobic, anaerobic, and 

phototrophic diazotrophs.161 Additionally, Av has demonstrated redundancy in its electron 

donors by its ability to grow under diazotrophic growth conditions even when one or more 

of the reductases are deleted from its genome.156,157 Analysis of the genomes of diazotrophs 

has identified five different flavodoxins.161 Of these, the only flavodoxin that is capable of 

ET to nitrogenase in vitro is NifF (commonly referred to as flavodoxin II).162–167 NifF, 

found in many group I diazotrophs,161,168 is a long-chain flavodoxin with a core composed 

of a five-stranded parallel β-sheet flanked by five α-helices (Figure 6a).169–171 It contains a 

non-covalently bound flavin mononucleotide (FMN) cofactor capable of accessing both the 

E1 (semiquinone/hydroquinone) and E2 (oxidized/semiquinone) redox couples (Figure 6a).
153,155,162,171–174 Specificity of the NifF-FeP interaction has been proposed to be mediated 

by an eight amino acid loop in NifF (residues 64-71),170,175 and the midpoint potentials of 

the FMN are modulated by residues 56-60 in NifF.176 The midpoint potentials for NifF are 

E1 ≈ −480 mV and E2 ≈ −200 mV vs NHE, with E1 being one of the lowest reported 

potentials in the flavodoxin family (Table 1).153,155,162,171–174

Similar to the flavodoxins identified in the genomes of diazotrophs, the identity of 

ferredoxins differs based on the nitrogenase group in which they are found,161,168 with 

redundancy of the ferredoxins in some cases.177,178 47 ferredoxins were identified in 

genomes of diazotrophs,161 many of which have demonstrated a role in ET to nitrogenase.
154,156,159,162,167,177–179 The structural properties of the ferredoxins are very diverse in both 

type and number of their FeS clusters. Ferredoxin I (FdI), a 106-residue protein with a pair 

of two-stranded anti-parallel β-sheets, is a well-characterized reductase produced by many 

diazotrophs that contains a [4Fe-4S] and a [3Fe-4S] cluster (Figure 6B).180–187 FdI has been 

shown to act as an electron donor to nitrogenase both in vivo156 and in vitro.156,162,179,188 
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The midpoint potentials of the [4Fe-4S] and [3Fe-4S] are ca. −630 mV and −420 mV, 

respectively (Table 1).183,189–191 A double Av FdI and NifF knockout strain maintained its 

ability for diazotrophic growth indicating there are additional reductants capable of ET to 

nitrogenase in Av, although they have yet to be identified and characterized.156

2.2 Structures and models of nitrogenase complexes

2.2.1 Nucleotide-dependent Fe-protein-MoFe-protein complexes—Based on the 

observations that a) FeP is the exclusive biological electron donor to MoFeP and requires 

ATP hydrolysis to mediate ET to the latter, and b) ATP hydrolysis by FeP only occurs in the 

presence of MoFeP, it was long known that FeP must form specific interactions with MoFeP.
18,19 The first picture of such interactions was provided by Rees and colleagues, who 

reported the crystal structure of the isolable FeP-MoFeP complex from Av stabilized by 

ADP.A1F4
−,24 an analog thought to represent an intermediate state for ATP hydrolysis 

(Figure 1).192,193 In this complex (hereafter referred to as alf), FeP is located centrally on 

the MoFeP surface shared by α- and β-subunits, whereby the two-fold symmetry axis of the 

former is aligned with the pseudo-two-fold symmetry axis of the latter. This docking 

geometry places the [4Fe-4S] cluster of FeP as close to the MoFeP surface and the P-cluster 

as physically possible, wherein the [4Fe-4S] cluster makes several direct hydrogen-bonding 

contacts with the MoFeP backbone. Simultaneously, FeP assumes a considerably more 

compact structure relative to uncomplexed FeP whereby the γ-γ subunit interface tightens 

and brings the side chains of γLys10 and γAsp129 into contact with the nucleotides bound 

in the opposing subunit to enable hydrolysis. These findings established for the first time the 

structural basis of how ATP binding/hydrolysis was coupled to the complex formation and 

ET between FeP and MoFeP.

In order to gain further structural insights into ATP-mediated energy transduction and ET, 

Rees et al. developed cocrystallization protocols using near-physiological MoFeP and FeP 

concentrations and ionic strength (150-200 mM) to capture complexes that may represent 

those populated during turnover.26 They were able to crystallographically characterize FeP-

MoFeP complexes in three different states: in the absence of nucleotides, in the presence of 

AMPPCP (a non-hydrolyzable ATP analog), and in the presence of ADP (Figure 7).26 These 

structures revealed that FeP can occupy three distinct docking geometries (DGs) on the 

MoFeP surface in a nucleotide-dependent fashion. These are referred to as DG1 (in the 

nucleotide-free or nf state), DG2 (in the AMPPCP-bound or pcp state), and DG3 (in the 

ADP-bound or adp state).

In DG1, FeP is situated primarily over the β-subunit (Figure 7a).26 Extensive hydrogen-

bonding and electrostatic interactions are observed between a negative patch on FeP 

(γGlu68, γAsp69, γGlu111, γGlu112) and a positively charged patch on the MoFeP 

surface (βAsn399, βLys400, βArg401). The interaction between γGlu112 and βLys400 is 

particularly noteworthy, as these two residues were observed to form a specific isopeptide 

crosslink upon treatment of a mixture of FeP and MoFeP with N-[3-

(dimethylamino)propyl]-N’-ethylcarbodiimide (EDC), both in the absence or presence of 

nucleotides.25,194,195 In DG2, FeP resides in the same central location as that observed in the 

alf complex and possesses a γ2 arrangement that is considerably more compact relative to 
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uncomplexed FeP, but not to the same extent as in the alf form (Figure 7b).26 In the final 

docking geometry, DG3, FeP is found in four different conformational states, all located 

atop the α-subunit surface of MoFeP (Figure 7c).26 In all three docking geometries, the FeP-

MoFeP interactions bury extensive surfaces (1600-3700 Å2), indicating that they are likely 

not crystal packing artifacts and represent structures that may be populated in solution 

(Table 2).

A comparison of the three complexes reveals that FeP exhibits large, nucleotide-dependent 

conformational changes, which can be described as a rotational motion of the γ-subunits 

about a hinge point located near the [4Fe-4S] cluster.26 This motion is best visualized by the 

relative orientations of the γ100s helices that radiate from the [4Fe-4S] cluster and provide 

the primary contacts with MoFeP in different complexes (Figure 8a, top).26 The rotational 

motion of the γ-subunits is further accompanied by a substantial sliding motion along the γ-

γ subunit interface (Figure 8a, bottom). The angle, ϕ, between γ100s helices defines the 

flatness of the FeP interaction surface with MoFeP and ranges from 12° in the alf complex 

to >30° in the nf and adp complexes (0° defined as the helices being coplanar) (Table 2).26 

An important consequence of variable FeP conformations is that they are able to sterically 

accommodate different features on the MoFeP surface to specifically adopt different 

nucleotide-dependent docking geometries.26 A second important consequence is that the 

same structural changes in FeP (i.e., the ϕ angle) simultaneously result in the formation and 

relaxation of the active site for ATP hydrolysis across the γ-γ subunit interface (Figure 8b), 

thus enabling a direct structural connection between the nucleotide-hydrolysis state and 

MoFeP docking geometry.24,26 Interestingly, in contrast to the large structural changes 

observed in FeP, MoFeP remains structurally invariant in all of the complex structures 

(Figure 9). Thus, if there are any conformational changes in MoFeP during catalytic turnover 

as proposed by a conformational gating model (see Section 3.2.3), they must be associated 

with a transient docking geometry or a short-lived redox state (e.g., oxidized P-cluster and 

reduced [4Fe-4S] cluster) that is challenging to capture crystallographically.

Perhaps the most significant consequence of the different docking geometries is that the ET 

distance between the FeP [4Fe-4S] cluster and the MoFeP P-cluster is modulated in a 

nucleotide-dependent manner (Figure 10): 23 Å for DG1 and DG3 and ~18 Å for DG2. 

Based on the exponential decay of electron tunneling rates with a constant of β~1.1 Å−1 196 

interprotein ET in DG2 can be estimated to be ca. three orders of magnitude faster than 

those in DG1 and DG3, rendering the former to be “ET-active” and the latter to be “ET-

inactive” If these three docking geometries are populated in a temporal sequence during 

turnover, as implied by the ATP-hydrolysis reaction coordinate (nucleotide-free ➔ ATP-

bound ➔ ADP-bound), the possibility arises that FeP may move unidirectionally on MoFeP, 

from the β-subunit surface toward the α-subunit surface, in close analogy to the nucleotide-

fueled movement of motor proteins on their tracks.197–199 Given that FeP itself is perfectly 

symmetric, such a unidirectional motion would be guided by the asymmetric nature of the 

MoFeP surface.

Additional evidence for such asymmetric induction is provided by the crystal structure of a 

recently reported FeP-MoFeP complex obtained in the presence of equimolar AMPPCP and 

ADP (Figure 11).28 In this complex (pcp/adp), which also adopts a DG2 conformation, the 
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two nucleotide binding sites of FeP are asymmetrically occupied by AMPPCP and ADP, 

with the g-subunit positioned on the γ-subunit of MoFePcontaining a full-occupancy ADP 

molecule and the γ-subunit positioned atop the β-subunit containing a full-occupancy 

AMPPCP molecule. Free FeP has been estimated to have a considerably higher affinity 

(>100-fold) for ADP than AMPPCP.200 Thus, there appears to be a thermodynamic 

preference for the asymmetric, site-selective binding of AMPPCP and ADP to FeP, which in 

turn suggests that the asymmetry of the MoFeP surface induce the stepwise-rather than 

synchronous-hydrolysis of two ATP molecules by FeP (see Section 3.2.5 for further 

discussion), reminiscent of ATP-driven motor proteins such as the Fl-ATPase or AAA+ 

ATPases.201–203

2.2.2 Flavodoxin-Fe-protein and ferredoxin-Fe-protein interactions—Alongside 

the nucleotide-dependent interactions between FeP and MoFeP, the interactions of FeP with 

biological electron donors such as flavodoxins and ferredoxins are also salient to the 

mechanism of nitrogen fixation (particularly in vivo) and have garnered considerable 

interest.76,107,155,165–167,171,204 It has been shown that flavodoxin II (NifF) and FeP 

[isolated from both Klebsiella pneumoniae (Kp) and Rhodobacter capsulatus (Rc)] can form 

a complex in solution with reduction rates exceeding 106 M−1s−1.165,167 Indeed, several 

studies have indicated that the ATP/e− efficiency of nitrogenase and the specific catalytic 

activity of MoFeP increase when NifF is used as the reductant of FeP rather than dithionite 

(See section 3.3).92,163,166,205,206 Based on kinetics studies, the location of FeP’s [4Fe-4S] 

cluster, and the FeP-MoFeP docking interactions (Figure 7), it has been proposed that FeP 

cannot simultaneously interact with both MoFeP and its biological reductant NifF.163,204. 

On the other hand, Haaker et al. reported that experimental kinetics data for the reduction of 

FeP by NifF can be fit by a model in which reduction takes place prior to FeP-MoFeP 

complex dissociation.207 Seefeldt et al. demonstrated reduction of an FeP mutant 

(∆γLeu127 FeP) while in complex with MoFeP by NifF, although reduction of FeP by DT 

while in complex was not possible.117 In the absence of direct structural information on the 

functionally relevant complex between NifF and FeP, investigations have largely centered on 

docking simulations.76,171,204 According to a recent study by Peters and coworkers, docking 

interactions between NifF and MgATP-FeP place the FMN and [4Fe-4S] cofactors >9 Å 

apart, while docking of NifF with MgADP-FeP provides a shorter, more favorable distance 

of only ~6 Å (Figure 12a).76 In a slight deviation, Rees and coworkers obtained a distance of 

~5 Å between the cofactors using the same docking algorithm (ClusPro 2.0) (Figure 12b).171 

Both studies indicate that NifF shares the same interaction region on the FeP as MoFeP and 

that FeP-NifF interactions are guided by electrostatic interactions between the positively 

charged patch surrounding the [4Fe-4S] cluster and the negatively charged amino acid 

residues surrounding FMN.76,171 Chemical crosslinking studies of FeP and NifF in the 

presence of nucleotides suggest that the MgADP-bound FeP complexes with NifF more 

effectively than MgATP-bound FeP, in support of the former in silico results.76 The 

proposed NifF-FeP interface was further confirmed with time-resolved limited proteolysis 

experiments.204 Mechanistically, this finding has been proposed as being favorable for the 

efficiency of the nitrogenase ET cycle in that MgADP-bound FeP would be more rapidly 

reduced by NifF whereas MgATP-bound FeP would be free to associate with MoFeP.76 

Additional docking simulations with FeP have indicated that ferredoxin I most likely shares 
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the same binding surface as MoFeP (Figure 12c).171 Thus, there is consensus that ET 

reactions between FeP and its biological redox partners are mutually exclusive and that FeP 

must fully dissociate from MoFeP after each cycle of ET to accept an electron from flavo- 

and ferredoxins. Given that FeP and NifF can form at least a metastable complex in solution, 

it seems feasible that this complex can eventually be crystallographically characterized in 

order to validate the docking studies.

2.2.3. Interactions of Shethna protein II with nitrogenase components—FeP 

and MoFeP are both highly oxygen-sensitive, yet many diazotrophs are obligate aerobes and 

have developed mechanisms to fix nitrogen in oxygenic environments. The [4Fe-4S] cluster 

of FeP is especially vulnerable to oxidative damage, which is mitigated through the 

formation of a complex with MoFeP.82,208 Further protection of nitrogenase from oxygen 

can occur through multiple mechanisms. For example, Av produces many highly active 

oxidases which maintain a very low concentration of oxygen in the cytoplasm, in a process 

known as respiratory protection of nitrogenase.209 In addition to respiratory protection, Av 
employs conformational protection in which nitrogenase is temporarily protected from 

oxygen in an inactive state by formation of a complex with Shethna Protein II (also referred 

to as FeSII), a homodimeric ferredoxin containing two [2Fe-2S] clusters with Em = −262 

mV (Table 1) that undergoes large, redox-dependent conformational changes (Figure 13).
210–216 In the reduced state, Shethna Protein II is in a compact conformation in which the 

hinge-region of the protein folds the N-loop onto the core of the protein (Figure 13a).213 

Upon oxidation, the N-loop is open at a right angle from the protein core and is more 

ordered than in the reduced state, exposing the interface hypothesized to bind to nitrogenase 

(Figure 13b).213 The Shethna-nitrogenase complex has a stoichiometry of 

1FeP:1MoFeP:1Shethna as demonstrated by size exclusion chromatography,211,213 and the 

structure of the complex has been predicted using the HADDOCK docking server (Figure 

13c).213 In this model, one FeP dimer is bound to MoFeP in DG1 and the oxidized, open-

state Shethna Protein II clamps the FeP-MoFeP cleft,213 thereby sterically occluding the 

[4Fe-4S] of FeP and protecting it from damage under oxidizing conditions (Figure 13c).

3. Mechanism of electron transfer in nitrogenase

3.1 The Fe-protein cycle of the Thorneley-Lowe model

Detailed investigations into the catalytic mechanism of nitrogenase by Thorneley and Lowe 

began in the 1970s, well before the structures of the proteins had been solved. Their analyses 

resulted in the development of the Thorneley-Lowe (TL) kinetic model of the nitrogenase 

catalytic cycle.67,68,165,217–226 The TL model has impressively withstood the test of time; 

while specific details have been added to the model, no major revisions have been necessary.
227 The flow of electrons during biological nitrogen fixation proceeds from the electron 

donors (ferredoxins and flavodoxins) to FeP, then from FeP to MoFeP, and subsequently to 

the substrate. The catalytic cycle can be broken down into the FeP cycle (Figure 14a) and the 

MoFeP cycle.

In the TL FeP cycle, FeP binds two molecules of MgATP prior to complex formation with 

MoFeP.83,219,224 Upon binding MoFeP, multiple events occur, including ATP hydrolysis, ET 
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from FeP to MoFeP, and release of phosphates, although the order of these events was 

unclear at the time of the proposed TL catalytic scheme.67,224,225,228,229 Dissociation of 

MgADP-bound FeP from MoFeP is followed by the reduction of FeP and exchange of the 

two MgADPs for MgATPs, returning FeP to the beginning of the cycle (Figure 14a).
165,217,224,226 In the MoFeP cycle, the reduction of one molecule of N2 and concomitant 

reduction of protons require a minimum of eight electrons to accumulate at the catalytic site, 

necessitating many FeP cycles to occur before ammonia (or other reduced products) can 

form.66,222–224,230 Thus, MoFeP traverses an ensemble of states in which FeMoco is 

reduced by FeP up to eight times to effect product formation.

In their 1996 review, Rees and Howard proposed a more structurally-detailed scheme of the 

nitrogenase turnover and FeP cycle.19 According to this scheme, MgATP-FeP forms an 

encounter complex with MoFeP that must then undergo conformational changes in order to 

reach the transduction complex state (Figure 14b).19 In this model, the transient transduction 

state is competent for ET from the P-cluster to FeMoco, which is then followed by ATP 

hydrolysis to provide the driving force for the reduction of MoFeP by FeP (Figure 14b).19 It 

was hypothesized that the conformational changes induced by FeP must open a ‘gate’ within 

MoFeP, allowing ET to occur. As discussed in Section 2.2.1, many aspects of this scheme 

were validated by the crystal structures of the FeP-MoFeP complexes.

Yet, questions regarding the essential mechanistic details concerning energy transduction 

and ET in nitrogenase remain unanswered, including:

1. What drives the formation of the initial complex and what is the mechanistic role 

of this complex?

2. How is ATP hydrolysis coupled to ET in nitrogenase? What is the nature of the 

transduction complex? What conformational changes occur in this complex to 

make inter- and intraprotein ET reactions proceed?

3. What is the order of ATP hydrolysis, ET, and P* release?

4. How many electrons are transferred per FeP cycle under physiological 

conditions?

In the following sections, we will summarize recent insights that have been obtained toward 

answering these questions.

3.2. Fe-protein-MoFe-protein interactions

3.2.1 Functional relevance of multiple Fe-protein-MoFe-protein docking 
modes and a revised Fe-protein cycle—Of the three FeP-MoFeP docking geometries 

(Figure 7), only DG2 has clear mechanistic relevance based on crystallographic information. 

It is best suited for ET from FeP to MoFeP, as evidenced by the closest distance physically 

possible between the [4Fe-4S] and P-clusters, and it enables the population of compact FeP 

conformational sub-states (bound to AMPPCP, ADP.AlF4
− and AMPPCP/ADP) that likely 

represent those that lie on the reaction coordinate for ATP hydrolysis.24,26,28 Indeed, a 

structural overlay of the three complexes obtained in the DG2 state reveals that FeP 

undergoes considerable conformational changes in regions away from the MoFeP docking 
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surface, particularly around the nucleotide binding sites, whereas the position of the 

[4Fe-4S] cluster remains in the “ET-active“ state during the ATP hydrolysis/phosphate 

release process, enabled by the extensive, highly complementary interaction surface (>3500 

Å2) between the two proteins (Figure 7). Such an interface is more characteristic of high-

affinity protein-protein interactions than short-lived protein complexes with smaller (<1000 

Å2), poorly packed interfaces typically involved in interprotein ET.231 A long-lived ET-

active conformation may be requirement for allowing conformational gating events to occur 

within MoFeP during ATP hydrolysis (see Section 3.2.3).

Given that ATP-energy transduction and interprotein ET likely take place within DG2, the 

question arises as to whether the other two conformations, DG1 and DG3, are 

mechanistically important or even populated in solution. In particular, the DG1 complex is 

obtained in a nucleotide-free state, which is unlikely to be physiologically relevant in light of 

the nucleotide binding affinities of FeP232 and high cellular ATP/ADP concentrations.233 On 

the other hand, as mentioned in Section 2.2.1, the DG1 complex features a very large 

interface (>2800 Å2) between FeP and MoFeP, which includes highly specific interactions 

between gGlu112 and bLys400 that were observed to form an EDC-mediated crosslink in 

the absence and the presence of ATP (Figure 15a).25,194,195

To investigate the functional relevance of DG1, three MoFeP mutants (βAsn399Glu, 

βLys400Glu and βArg401Glu) were prepared, aimed at destabilizing the electrostatic and 

hydrogen-bonding interactions between the oppositely charged patches on FeP and MoFeP.
234 None of these mutants were found to be capable of forming the EDC-mediated crosslink 

to FeP in the presence or absence of ADP and ATP. The fact that crosslinking is eliminated 

not only in the case of bLys400Glu but also the other two variants strongly suggests that the 

crystallographically observed interactions between FeP and MoFeP in the DG1 state are also 

populated in solution. Notably, all mutants also had diminished C2H2 and H+ reduction 

activities compared to wild-type MoFeP, with the βLys400Glu variant displaying the 

greatest decrease in activity (by ~30%) (Figure 15b).234 The catalytic activity of this variant 

was also found to be significantly more sensitive to inhibition by increased salt 

concentrations than the wild-type enzyme,234 consistent with the importance of electrostatic 

interactions between FeP and MoFeP during turnover (Figure 15c). Accordingly, the 

βLys400Glu mutant was also less efficient in sterically protecting the [4Fe-4S] cluster of 

FeP from chelating agents(Figure 15d).234 To quantitatively assess FeP-MoFeP association 

kinetics, the researchers then carried out “dilution experiments” (originally reported by 

Thorneley and coworkers)223,235 in which nitrogenase catalytic activity was measured at 

progressively lower FeP and MoFeP concentrations at which protein-protein association 

becomes the rate-limiting step of catalysis. An analysis of the results within the TL kinetics 

framework revealed that the βLys400Glu mutation caused a 5-fold decrease in the FeP-

MoFeP association rate (0.5 χ 107 M−1s−1 vs 2.5 × 107 M−1s−1 for wild-type-MoFeP). 

Interestingly, the βLys400Glu variant displayed a wild-type-like ratio of 2.1±0.4 ATP 

molecules hydrolyzed for every electron transferred to substrates.234 Therefore, it was 

concluded that the FeP-MoFeP interactions in DG1 conformation must be involved in a step 

that precedes ATP/e- coupling, such as the formation of an FeP-MoFeP encounter 

complex234 as originally proposed by Rees and Howard.19 Collectively, these findings 

suggest that interactions in the crystallographically observed DG1 complex are functionally 
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important for nitrogenase catalysis and populated along a productive reaction pathway 

toward the formation of the activated DG2 complex (i.e., the transduction state).

A similar mutational analysis of the ADP-bound DG3 state has not yet been conducted and 

consequently there is no evidence that the crystallographically observed DG3 

conformation(s) are populated in solution during turnover. This is partly because ADP-

bound FeP is observed in four conformations in the crystal lattice, engaging different, but 

partially overlapping patches on the MoFeP surface. Nevertheless, it is probably safe to 

suggest that these conformations are physiologically relevant, given their large FeP-MoFeP 

buried surface areas (1600–2000 Å2) and the distinct preference of ADP-bound FeP to 

engage the a-subunit surface of MoFeP. The conformational fluxionality of the DG3 state (as 

implied by four conformations) is also consistent with the dissociative nature of the ADP-

bound complex.

Based on the available crystallographic and biochemical data, an updated scheme for 

nucleotide-dependent FeP-MoFeP interactions was proposed (Figure 16).236 In this model, 

FeP and MoFeP initially form a fluxional ensemble of electrostatically driven encounter 

complexes centered around the β399–401 patch on the MoFeP β-subunit. This ensemble is 

then steered to form a metastable, but specific DG1 complex (in which the crosslinking of 

γGlu112 and βLys400 is possible), followed by a rapid transition to the activated DG2 

conformation via a 2D conformational sampling of the MoFeP surface. In this conformation, 

the complex is committed to interprotein ET and ATP hydrolysis, which likely proceeds in a 

stepwise fashion involving different conformations of FeP.24,26,28 The lifetimes of these 

intermediates could serve as a timing mechanism for orchestrating underlying reactions 

within the complex, e.g., conformational changes of the P-cluster (see Section 3.2.4), ET 

between P-cluster and FeMoco (see Section 3.2.3), the rearrangement and reactions at 

FeMoco (or the alternative FeVco active site).21–23,124 Following ET and phosphate release, 

FeP then dissociates from the DG2 state to initiate the next ATP hydrolysis/ET cycle, likely 

through the intermediacy of the DG3 state.

3.2.2. Solute effects on the dynamics of interprotein electron transfer—To 

further investigate the dynamics of interactions between FeP and MoFeP, Hoffman, Seefeldt, 

Dean and colleagues examined how solution viscosity (η) and osmotic pressure affected ET 

between the two proteins.237 If interprotein ET were governed or limited by a dynamical 

conformational transformation, its rate would be expected to decrease with increasing 

viscosity, with k(η) ∝ 1/η.238 Changes in osmotic pressure, on the other hand, would affect 

the energetics of ET if this process involved a release or uptake of water molecules 

according to the equation, k(m) α exp[-(∆n/55.6)m], where m is the molality of the added 

solute and ∆n is the number of absorbed water molecules.239 Interprotein ET kinetics were 

measured by monitoring the oxidation of reduced FeP by the resting-state MoFeP upon 

addition of MgATP; these experiments were conducted in the presence of various solutes at 

different concentrations (Figure 17).237 The results showed that ET kinetics were 

independent of viscosity but decreased exponentially with solute molality (i.e., osmotic 

pressure); in the case of sucrose as a solute, kET was reduced by as much as 10-fold upon an 

increase in molality from 0 to 2.237 These findings indicated that ET from FeP to MoFeP 

was not limited by a dynamical process such as protein diffusion, but by an energy-requiring 
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conformational gating event. This event was interpreted in terms of a model in which the 

rate-limiting step for ET is preceded by a rapid pre-equilibrium between the ATP-bound 

form of the FeP-MoFeP complex and a higher-energy transduction complex that is activated 

for ET:237

FePred:MoFeP FePred:MoFeP ∗ FePox:MoFePred

An analysis of the osmotic-pressure dependence experiments suggested that the 

conformational transition controlling the interprotein ET involved the uptake of more than 

80 water molecules, corresponding to an increase of ≥800 Å2 of exposed protein surface 

area.237 Originally, this transition was attributed to the shift of the activated FeP-MoFeP 

complex from the DG2 state (>3600 Å2 buried surface, Table 2) to the ADP-bound DG3 

state (1600–2000 Å2 buried surface), exposing nearly 2000 Å2 of protein surface area in the 

process.237 In hindsight, the estimated value of 800 Å2 accords much better with a transition 

from the pre-activated DG1 complex (2800 Å2 buried surface) to the DG3 state through the 

intermediacy of the DG2 state. The model shown above would also be congruent with the 

revised FeP cycle (Figure 16), in which the pre-activated DG1 complex is steered towards 

the activated DG2 conformation in rapid pre-equilibrium. Within DG2, the nitrogenase then 

undergoes a “compound” conformational gating and ET process powered by ATP 

hydrolysis,237 leading eventually to the DG3 state and complex dissociation.

FePred:MoFeP DGI FePred:MoFeP FePox:MoFePred
DG2

FePox:MoFePred
DG3

3.2.3 Conformational gating of electron transfer in the Fe-protein-MoFe-
protein complex and the deficit spending model—From all structural and 

biochemical data discussed thus far, it is clear that a dominant role of ATP hydrolysis is to 

control the association/dissociation dynamics of the FeP-MoFeP complex and position the 

two proteins within an activated DG2 complex to enable coupling between ATP hydrolysis 

and ET from the FeP [4Fe-4S] cluster to the P-cluster. The role of the P-cluster as the 

obligatory electron relay center between the [4Fe-4S] cluster and FeMoco is evident not 

only from the structures of nitrogenase complexes in the DG2 state, but has also been 

corroborated by the observation that P-cluster undergoes oxidation-state changes during 

enzymatic turnover.16 Yet, in the DT-reduced resting-state of MoFeP, the P-cluster is in an 

all-ferrous form (PN). Because there is no precedent (yet) for an Fe center in a biological 

FeS cluster to be reduced beyond the ferrous oxidation state, it was concluded that 

interprotein ET in nitrogenase must be conformationally gated or energized in an ATP-

dependent fashion.19 Indirect evidence for gating was provided by a study on the 

temperature-dependence of ET from MgATP-bound FeP to MoFeP, which found that the 

derived Marcus parameters were well outside the theoretical range that would be expected 

for a process limited by electron tunneling kinetics.240 So, how does the ET gate in the 

nitrogenase complex operate? In the first scenario, a conformational change (of unknown 

nature) within the activated FeP-MoFeP complex would enable an initial ET event between 
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the P-cluster and FeMoco and subsequently, the oxidized P-cluster would be reduced by the 

FeP [4Fe-4S] cluster. This scenario, depicted in Figure 14, was originally articulated by 

Rees and Howard,19,241 and later termed the “deficit spending model” by Hoffman, Seefeldt 

and Dean.70 The second scenario would entail a hopping mechanism in which the P-cluster 

is transiently enabled (also in an unknown fashion) to accept an electron from FeP, followed 

by ET from the P-cluster to FeMoco. Unfortunately, none of the nitrogenase complex 

structures obtained in nucleotide-bound states (Figure 7) offer any obvious insights into the 

structural basis of conformational gating. In all complexes, the structure of MoFeP is 

essentially invariant including the positions of internal water molecules. For reference, a 

structural alignment of MoFePs from the nitrogenase complexes shows RMS deviations of 

less than 0.5 Å (Figure 9), which is in stark contrast to the FeP component that displays 

deviations up to 4.1 Å (Figure 8).

Notwithstanding the lack of a clear structural explanation for gating, recent experimental 

findings using a P-cluster variant of MoFeP support the deficit spending model.16,70 The 

βSer188Cys mutation, which replaces the βSer188 ligand to the oxidized P-cluster (P2+ and 

P1+) with a Cys residue, was found to shift the P-cluster redox equilibrium such that 65% of 

the clusters are in the P1+ state (which displays an S = ½ EPR signal) in the presence of DT 

and the remaining 35% in the PN state.16 The availability of P1+ state under equilibrium 

conditions allowed the monitoring of both inter- and intraprotein ET reactions involving the 

P-cluster. ET from FeP to MoFeP in the wild-type system occurs with a rate constant kobs ≈ 
170 s−1 (Figure 18a).70 Stopped-flow measurements of pre-steady state interprotein ET with 

βSer188Cys MoFeP instead revealed bi-phasic kinetics: a previously unobserved burst phase 

with an estimated rate of ≥1700 s−1 and a slow phase with a rate constant essentially the 

same as that observed in the wild-type system (Figure 18a).70 Given that the burst phase 

accounted for 65% of the total signal amplitude and the slow phase for 35%, it was 

concluded that the former must correspond to the reduction of P1+ by the FeP [4Fe-4S] 

cluster and the latter to the gated ET process observed in the wild-type FeP-MoFeP 

complex. Additionally, reduction of P1+ was not dependent on ATP hydrolysis, as evidenced 

by the ability of AMPPCP-bound FeP to reduce βSer188Cys MoFeP, but not wild-type 

MoFeP (Figure 18b).70 To confirm that the fast ET phase does not require FeMoco, the 

stopped-flow measurements were repeated with ∆nifB βSer188Cys MoFeP and ∆nifB wild-

type MoFeP mutants which do not contain FeMoco. The fast ET phase was still observed 

with ∆nifB βSer188Cys MoFeP, but not with ∆nifB wild-type MoFeP (Figure 18c), again in 

line with the attribution of this phase to the reduction of P1+.70 These results thus indicate 

that, at least in the case of βSer188Cys MoFeP variant, the gated, intramolecular ET from 

the P-cluster to FeMoco is slower than the reduction of the oxidized P-cluster by FeP.

3.2.4 P-cluster as a dynamic electron relay site—Regardless of the exact nature of 

conformational ET gating in nitrogenase, the P-cluster is undoubtedly an integral part of it. 

The intramolecular ET from the P-cluster to FeMoco occurs only in the presence of MgATP-

bound FeP, indicating that somehow a gate must be “opened” by FeP-MoFeP interactions to 

activate P-cluster for reducing FeMoco.70,82 As the distance between P-cluster and FeMoco 

likely stays invariant during turnover, the gate could take the form of local conformational 

changes in the intervening region between the two clusters to increase electronic coupling or 
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alterations in the cluster coordination environment to alter reduction potentials, making the 

P-cluster a better electron donor and FeMoco a better electron acceptor.

Considering that no obvious structural changes have been observed between the P-cluster 

and FeMoco in tens of different MoFeP crystal structures, it appears unlikely that an “on/

off” gate can be achieved through variations in electron tunneling distances between the two 

clusters alone. Furthermore, the P-cluster is the only part of MoFeP (aside from 

FeMoco21,124) that has been observed to undergo redox-dependent changes in coordination,
15 lending more weight to the second possibility, i.e., thermodynamically driven gating 

induced by changes in reduction potentials. To recap some structural details, upon two-

electron oxidation to the P2+ state, one of the two cubane units of the P-cluster opens up, 

whereby Fe5 forms a bond to the backbone amide N of αCys88, Fe6 coordinates to 

βSer188, and both Fe5 and Fe6 dissociate from S1 (Figure 5). In the P1+ state, only the Fe6-

βSer188 coordination is observed. Since both the αCys88 backbone amide and βSer188 

hydroxyl group likely have to be in their deprotonated, anionic forms to stably coordinate 

Fe,130 they would stabilize the P-cluster in an oxidized state, thereby lowering its reduction 

potential and rendering it capable of delivering electrons to FeMoco. Thus, any 

conformational change induced by FeP-MoFeP interactions that would shift the structural 

equilibrium of MoFeP toward βSer188 and αCys88 backbone amide coordination could act 

as an ET gate.

Intriguingly, βSer188, is not strictly conserved among nitrogenases, and in many cases, is 

replaced by an alanine, which cannot ligate an Fe center.131,168 The lack of conservation 

calls into question whether the P2+ or even the P1+ state is mechanistically important. In 

order to examine the functional role of βSer188 coordination, MoFeP from 

Gluconocetabacter diazotrophicus (Gd)-containing an Ala residue in the β188 position 

according to Av numbering-was isolated and structurally characterized in both DT-reduced 

and IDS-oxidized states.131 The reduced Gd MoFeP was found to be essentially identical to 

the Av counterpart (Figure 19a). In contrast, the P-cluster in the two-electron oxidized 

structure revealed an unforeseen coordination of βTyr98 (β99 in Av numbering) to Fe8, in 

place of the βSer188-Fe6 ligation in Av (Figure 19b).131 As in the case of Av MoFeP, the 

backbone amide N of αCys104 (α88 in Av numbering) also coordinated to Fe5, yielding a 

similarly opened cubane architecture.131 Interestingly, an inspection of 95 aligned 

nitrogenase sequences revealed that the amino acid positions corresponding to β187 and β98 

in Gd MoFeP (or β188 and β99 in Av MoFeP) were fully covariant in 92 species (Figure 

19c).131,242 That is, if MoFeP has a Ser in the first position, it features a non-coordinating 

Phe in the second. If the species has a non-coordinating Ala in the first position, it has a Tyr 

in the second. These findings strongly suggest that the motif of two ligands (one N- and one 

O-based) to stabilize the oxidized P-cluster are conserved among nitrogenases and likely to 

be functionally important. Coordination of Ser and Tyr to an FeS cluster is very rare among 

biological systems,243 which can be readily rationalized within the context of the P-cluster 

acting as a switchable electron relay center. The negatively charged Tyr or Ser functionalities 

can both serve to stabilize the decrease in the reduction potential of the P-cluster like a Cys 

ligand, thus rendering the P-cluster a better electron donor to FeMoco. Unlike the soft Cys 

thiolate, however, the hard tyrosinate and serinate ligands cannot stably coordinate ferrous 
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Fe centers in the reduced P-cluster, meaning that they would act as reversible redox 

switches.

To further investigate the role of oxygenic ligands (Ser or Tyr), Av MoFeP mutants were 

generated in which the oxygenic ligand was removed βSer188Ala) or the ligand was 

swapped from the native Ser to Tyr βSer188Ala/βPhe99Tyr) to mimic the Gd MoFeP 

coordination environment.242 Surprisingly, it was observed that the two-electron oxidation 

of the P-cluster in the βSer188Ala mutant led to the complete loss of two Fe centers, Fe1 

and Fe5, to yield a [6Fe-7S] P-cluster, yet the intact [8Fe-7S] P-cluster reformed upon re-

reduction (Figure 20a). The loss of both Fe centers occurred from the central, “over-

coordinated” sulfide S1, rather than the peripheral position (Fe6) that coordinates βSer188 

upon oxidation to Fe3+. Similarly, the IDS-oxidized cluster in the βSer188Ala/βPhe99Tyr 

double mutant revealed an unusual mixture of multiple conformational states (Figure 20b). 

βPhe99Tyr was indeed observed to ligate Fe8 as in Gd MoFeP, however, Fe1, Fe5, and Fe8 

(all coordinated to the S1 in the PN state) were partially occupied with a summed average of 

2.0 Fe atoms, indicating that the oxidized P-cluster possessed on average one labile Fe, with 

an overall [7Fe-7S] stoichiometry. This is somewhat unexpected given that the P-cluster 

environments in the Av and Gd MoFeP are essentially identical (RMSD = 0.165 Å), 

including all side chain orientations within 7–8 Å of the cluster. Taken together, these results 

indicate that a negatively charged, oxygenic ligand is not only necessary to stabilize the 

oxidized states (P2+ or the P1+) of the P-cluster, but also to maintain the cluster composition. 

They also suggest that the Av and Gd MoFePs must have evolved with specific preferences 

for Ser and Tyr ligands.

Overall, the picture that emerges is that the P-cluster possesses many energetically close-

lying, oxidation-state-dependent structural and electronic states,130,142 which are controlled 

not only by the immediate coordination environment of the cluster but also by structural and 

dynamic elements in MoFeP that extend beyond the primary and secondary coordination 

spheres of the P-cluster. Such a dynamic FeS cluster would indeed be well suited, or in fact, 

required to support a catalytic center (FeMoco) that likely must accommodate many 

catalytic intermediates at different redox potentials in a way that a canonical FeS cluster 

cannot. What remains a mystery is what those structural and dynamic elements controlling 

the P-cluster dynamics are, and how they are coupled to the ATP-dependent interactions 

between FeP and MoFeP.

3.2.5 Sequence of events for ATP hydrolysis and electron transfer—Based on 

our current understanding of nitrogenase, the following is well-established regarding ATP 

hydrolysis: two MgATPs bind per FeP, hydrolysis of ATP by FeP only occurs in the 

presence of MoFeP, and ATP hydrolysis is coupled to ET in nitrogenase.66–70,244 It is likely 

that ATP hydrolysis and both ET events occur while the nitrogenase complex is in DG2 as 

discussed in section 2.2.1. Understanding how nitrogenase precisely controls ET and couples 

it to ATP hydrolysis requires unambiguously determining the order of events including ATP 

hydrolysis, Pz release, both ET events, and dissociation of the FeP-MoFeP complex. Yet 

despite many investigations into the sequence of events over the last 40 years, many 

ambiguities still remain.
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On the one hand, there is evidence indicating that ATP hydrolysis is required for ET from 

the P-cluster to FeMoco, suggesting that the energy released by hydrolysis promotes 

conformational changes that make ET to FeMoco thermodynamically favorable.
66,67,70,82,225 The energy provided by ATP hydrolysis would need to be transduced through 

the protein matrix (likely via conformational changes to open the “gate”) to MoFeP, as the 

nucleotide binding sites are far from either of MoFeP’s metalloclusters.19,241 On the other 

hand, there is also evidence supporting the conflicting hypothesis that ATP hydrolysis occurs 

after ET from the [4Fe-4S] cluster to the P-cluster,245–249 which contradicts the deficit 

spending model.70 If ATP hydrolysis occurs after oxidation of the [4Fe-4S], ATP binding 

itself, rather than hydrolysis, would promote ET from the P-cluster to FeMoco, possibly 

making the role of hydrolysis to drive FeP-MoFeP dissociation.86,245–249 In support of this 

view, Beratan and coworkers have calculated that the free energy requirements for 

interprotein ET would result in the formation of a tight FeP-MoFeP complex and that ATP 

hydrolysis would serve to pay the energetic penalty to allow complex dissociation.86 While 

thermodynamically sensible, this cannot be entirely correct because FeP bound to non-

hydrolyzable ATP analogs is known to form stable complexes with MoFeP although they are 

not capable of interprotein ET.26,70

Establishing the order of ATP hydrolysis and ET in nitrogenase requires the measurment of 

the rate of ATP hydrolysis, which has been investigated by a variety of methods including: 

1) pre-steady state rapid-quench experiments that measure Pz release using a colorimetric 

assay67,69 or ATP hydrolysis using [α-32P]ATP,204,246 2) using a pH indicator (o-

cresosulfonaphthalein) to monitor proton release during ATP hydrolysis,248 3) stopped-flow 

calorimetry to measure heat released as a result of ATP hydrolysis,225 and 4) using a 

fluorescent probe to measure Pz release.250 The source of discrepancies reported in the 

sequence of ATP hydrolysis and ET may arise from the intrinsic shortcomings of the 

methods used. The rate of Pi release is not necessarily equal to the rate of ATP hydrolysis, 

and associating changes in pH or heat to a single reaction (ATP hydrolysis in this case) can 

be difficult.18,250 Additionally, determining if ATP hydrolysis precedes ET is further 

complicated by the ability of the FeP-MoFeP complex to hydrolyze ATP without ET under 

certain conditions such as the absence of chemical reductants244,251 or sub-optimal 

temperature or pH.5,252,253

In support of the former hypothesis that ATP hydrolysis precedes ET, Eady et al. determined 

that the initial burst in ATP hydrolysis during catalysis occurs at a rate indistinguishable 

from that of ET from FeP to the P-cluster in Kp by monitoring pre-steady state ET from FeP 

to MoFeP and ATP hydrolysis using stopped-flow spectrophotometry at 430 nm and quench-

flow experiments measuring Pi release, respectively.67 Both the stopped-flow and quench-

flow experiments were carried out under the same reaction conditions (10 μM Kp MoFeP, 50 

μM Kp FeP, 5 mM ATP, 10 mM DT, pH 7.4).67 More recently, using the Av βSer188Cys 

MoFeP variant, ATP hydrolysis was shown to be required for the first ET event from the P-

cluster to FeMoco, but not ET from the [4Fe-4S] cluster to the P-cluster.70 In the 

βSer188Cys MoFeP variant, ET from the [4Fe-4S] cluster to the P-cluster can occur in the 

presence of MgAMPPCP (but not in the absence of nucleotides) (Figure 18b), indicating that 

reduction of the P-cluster by the [4Fe-4S] cluster requires binding (but not hydrolysis) of 

MgATP,70 which suggests that the nitrogenase complex must be in DG2 for the second ET 
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event to occur. On the other hand, the first ET event (P-cluster to FeMoco) in wild-type 

nitrogenase does not occur with the non-hydrolyzable ATP-analog, MgAMPPCP, but rather 

it requires MgATP, suggesting that ATP hydrolysis is coupled to the first ET event, and that 

the backfilling of electrons occurs quickly after hydrolysis.70 The requirement of MgATP for 

ET from the P-cluster to FeMoco suggests that the role of ATP hydrolysis may be to open 

the conformational gate.

In contrast, similar experiments determining the pre-steady-state rates of ET and ATP 

hydrolysis in Av nitrogenase have recently demonstrated the reverse sequence of events; ET 

occurs in a distinct kinetic step prior to ATP hydrolysis.246 These experiments monitored the 

oxidation of FeP using stopped-flow spectrophotometry at 430 nm and the hydrolysis of 

ATP using quench-flow with [α-32P]ATP.246 The results indicate that ATP hydrolysis is 

completely uncoupled from ET, suggesting that its role may be to relax the nitrogenase 

complex and allow dissociation of FeP from MoFeP (Figure 19).246 How can the difference 

in results of the time-course experiments of ATP hydrolysis and ET be explained? Eady and 

coworkers used nitrogenase proteins from a different organism than Seefeldt and colleagues 

(Kp vs Av), but it is unlikely that the role and timing of ATP hydrolysis differs between 

organisms. A more likely explanation can be found in differences in the experimental 

design; Eady et al. acid-quenched their reactions to precipitate out the protein, presumably 

releasing Pi for the ATP-hydrolysis assay, while Seefeldt et al. used EDTA to quench the 

reaction,67 possibly permitting [α-32P]ADP to remain associated with the still properly-

folded FeP, thus preventing ADP from being accurately quantified.246

Understanding the requirement of ATP hydrolysis for ET in nitrogenase will require 

resolving the correct sequence of events. More experiments are needed with comparable 

reaction conditions in order to independently verify the previously determined rate constants 

and sequence of events, considering the large discrepancy in published results.

3.2.6 Dissociation of the Fe-protein-MoFe-protein complex and reduction of 
Fe-protein—After the [4Fe-4S] cluster has been oxidized by the P-cluster, FeP releases Pi,
246,250 dissociates from MoFeP,66,250,254 is reduced (commonly by DT in vitro or by 

flavodoxins and/or ferredoxins in vivo),165,221,254 and exchanges both MgADPs for 

MgATPs226 in order to return to the beginning of the FeP cycle (Figure 14a). Dissociation of 

FePOX(MgADP)2 from MoFeP, which occurs after Pi release,246,250 is typically monitored 

indirectly by measuring the rate of reduction of FeP using stopped-flow spectrometry where 

one syringe contains oxidized FeP, MoFeP, and nucleotides, and the other syringe contains 

FePRED and DT.163,204,221,246 Based on the assumption that FePox can only be reduced 

when not in complex with MoFeP, reduction of FeP (by dithionite or NifF) is used as an 

indirect measure of complex dissociation.163,204,221,226,246

Reduction of free FePox by DT is a second-order reaction with respect to FeP and the 

reductant with rate constants of >108 M−1s−1 (nucleotide-free FeP) and 3 x 106 M−1s−1 

(ADP-bound FeP).221,226 Reduction of FePox with the flavodoxin NifF has a comparable 

rate constant of >106 M−1s−1 (ADP-bound FeP) (Table 3).165 Recently, these rate constants 

were determined under pseudo-first order conditions, and similar to the previously 

determined rate constants, it was shown that DT reduces nucleotide-free FeP faster than 
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ADP-bound FeP (Table 3).204 However, even when taking into account the concentration of 

DT used (10 mM), the pseudo-first order rate constants are slower than the second order 

constants by more than four orders of magnitude. Interestingly, the pseudo first order rate 

constant for reduction of FeP by NifF was much larger than the one using DT as the 

reductant regardless of the state of the nucleotides bound to the free FePox(Table 3).204 The 

drastic difference in the rate of reduction of FePox by dithionite and by NifF prompted a 

reinvestigation into the rate of complex dissociation, which until recently was widely 

accepted to be the rate-determining step of the TL cycle.204

Using DT as the reductant, the dissociation of the FeP-MoFeP complex occurs with a rate 

constant of ~6 s−1 (Table 4).163,204,221,246 However, when dissociation of the FeP-MoFeP 

complex was determined using NifF instead of DT, the rateconstant increased to 759 s−1, 

indicating that P, release (16 – 22 s−1) was actually the rate-limiting step (Table 5).204 If the 

rate-limiting step is in fact P, release, then the specific activity will be expected to increase 

when the flavodoxin NifF is used instead of dithionite, suggesting that nitrogenase activity 

in vivo may be higher than what has been measured using DT in vitro. As predicted, 

nitrogenase assays under low flux conditions with NifF demonstrate higher specific activity 

than those with DT. (Table 5).166,204 Additionally, the maximum specific activity of MoFeP 

is reached at a much lower FeP:MoFeP ratio in vivo (with the physiological concentrations 

of biological reductants) than with DT in vitro,206 in agreement with the in vitro assays that 

utilized NifF.

3.3 Fe-protein as a one- vs two-electron donor

Thus far, we have discussed the mechanism of ET without regard for the number of 

electrons transferred per FeP cycle. In recent literature, ET is often assumed to occur in one-

electron increments, although data have also been presented in support of two electrons 

transferred per FeP-MoFeP association.107,205,255,256 The activity of nitrogenase was 

measured in solutions of varying potential (using redox mediators), and fitting a theoretical 

curve using the Nernst equation to the experimental data was best achieved when n=2.255 

Additionally, both the [4Fe-4S] cluster of FeP and the P-cluster are able to access two redox 

couples (rare amongst biological FeS clusters), suggesting that physiological ET may occur 

in two-electron increments.255,257,258 Furthermore, FeP undergoes the same nucleotide-

dependent conformational changes with the [4Fe-4S]0 cluster as it does in the DT-reduced 

1+ state, indicating that it can also form a pro ductive complex with MoFeP.90 ET during 

nitrogenase catalysis is commonly monitored by spectrophotometry at 430 nm, ere the 

oxidation of FeP’s cluster from [4Fe-4S]1+ to [4Fe-4S]2+ results in an increase in 

absorbance.69,70,83,117,125,193,204,221,225,228,237,247,259–263 Such in vitro experiments 

typically use DT as the sacrificial reductant of FeP, which can only reduce the [4Fe-4S] 

cluster to the 1+ state,89 dictating that each FeP cycle operates exclusively within the 2+/1+ 

redox couple of FeP, thus transferring only one electron per FeP cycle. Measurement of ATP 

hydrolysis using DT as the sole reductant of FeP confirms that under these experimental 

conditions, only one-electron can be transferred per FeP cycle, such that a lower limit of two 

molecules of ATP hydrolyzed per electron transferred to substrate is approached.5,205

Rutledge and Tezcan Page 23

Chem Rev. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In contrast, the ATP/e− ratio has been reported to approach unity during H2 production in an 

Av cell lysate solution when DT is added to the lysate, suggesting that a different ET 

mechanism may be possible in the presence of other physiological components.256 However, 

there is no DT involved in in vivo N2 reduction. If the flavodoxin NifF, a biological 

reductant of FeP, is used in place of DT, then the 1+/0 redox couple potentially becomes 

accessible.107 The all-ferrous FeP can be prepared at potentials that are biologically relevant, 

which means that the physiological relevance of the [4Fe-4S]0 state should be considered.89 

In order to measure the ATP/e− ratio, ATP hydrolysis is monitored in parallel with substrate 

reduction, allowing the ratio to be determined.204,205,256 However, establishing the 

minimum ATP requirement is complicated by the ability of FeP to hydrolyze ATP in the 

presence of MoFeP under conditions that do not support interprotein ET (e.g., lack of 

reductants such as DT, extreme temperatures or pH values).225,244,253 According to Watt and 

coworkers, optimized in vitro nitrogenase assays utilizing either NifF or TiIII, both of which 

are capable of reducing FeP to the all-ferrous state,89 enhance the ATP/e− ratio such that it 

approaches one (Table 5).107,205 Furthermore, the specific activity of nitrogenase increases 

by up to ~170% when using NifF as the reductant (Table 5).166,204 However, Seefeldt and 

coworkers measured an ATP/e− ratio that approached two plain the difference in data 

regarding the ATP/e− efficiency when using NifF as the reductant. It is possible that energy 

utilization my differ based on assay conditions: in the experiments where the ATP/e− ratio 

approached unity, reactions contained 1.0 mM NifF as the sole reductant,205 whereas the 

experiments yielding an ATP/e− ratio of approximately two used a 712 μM NifF/10 mM DT 

mixture,204 which may shift the population of reduced FeP to mostly the [4Fe-4S]1+ state. In 

the future, similar assays should be repeated using the biological reductant NifF (without 

DT) to determine the physiological ATP/e− value.

Although the collective evidence supporting a two-electron transfer mechanism is not 

definitive, it certainly calls for further investigations, as the benefits of transferring two 

electrons per FeP cycle are considerable: 1) reduction of the ATP-energy requirement by 

half (Equation 1), and 2) efficient access to higher reduced states of FeMoco, which are 

required for N2 binding and reduction.

4. Uncoupling electron transfer from ATP hydrolysis

In previous sections, we largely focused on how ATP hydrolysis controls ET processes in 

nitrogenase and why ATP and FeP are specifically required for catalysis by MoFeP. 

Alongside these fundamental questions, the necessity for ATP hydrolysis and FeP also has 

practical implications in terms of studying the catalytic mechanism of N2 reduction. Namely, 

all catalytic reactions performed by nitrogenase absolutely require continuous ATP 

hydrolysis by FeP to maintain the electron flow to MoFeP. In solution, such turnover 

conditions produce a large ensemble of redox states populated by MoFeP at any given time. 

What’s more, any electrons accumulated in FeMoco are rapidly funneled to H+ reduction 

even in the presence of inhibitors such as CO.264–266 Consequently, it is challenging to 

populate discrete redox intermediates or substrate-/inhibitor-bound states of FeMoco in 

sufficient quantities for structural and spectroscopic interrogation, necessitating freeze-

quench or fast crystallization techniques.21,33–35,124,267,268 This situation stands in contrast 

to, for example, the oxygen-evolving complex (OEC) of photosystem II (PSII), many of 
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whose catalytic intermediates can be quantitively generated by successive flashes of light.269 

As summarized in this section, these practical challenges have motivated efforts to bypass 

the requirements for FeP and ATP hydrolysis in nitrogenase catalysis by artificial means 

such as photo-induced ET,61–63 chemical56,57 and electrochemical reduction.59,60,270,271 Of 

course, these practically-minded efforts also aim to address a fundamental question: is ATP 

hydrolysis (as well as the specific reductase FeP) an absolute evolutionary requirement for 

biological nitrogen fixation or is it simply an early solution to a challenging chemical 

reaction that evolution has not yet found a better alternative to (akin to the industrial Haber-

Bosch process)?

4.1 Light-activated nitrogenase systems

4.1.1. Ru-photosensitizer-functionalized MoFe-protein—Light energy not only 

provides a biochemically cheaper alternative to ATP hydrolysis, but it also allows rapid and 

high-yield initiation of ET processes with tunable driving forces thanks to the availability of 

many photosensitizers that can be interfaced with proteins.61–63,272–287 Photo-triggering 

approaches have been prominently used in the study of natural light-active systems (e.g., 

Photosystem II,288–290 the bacterial photosynthetic reaction center291,292 and DNA 

photolyase293) or many ET proteins and redox enzymes modified with artificial 

photosensitizers such as Ru-, Re-, and Os-polypyridyl co mplexes.277–284 As a prominent 

example, the use of proteins covalently modified with photo-activatable Ru-polypyridyl 

complexes was instrumental in the elucidation of electron tunneling dynamics in proteins.294

As discussed previously, a prominent role of ATP in nitrogenase function is to enable the 

docking of FeP and MoFeP in the DG2 geometry, wherein the [4Fe-4S] cluster is positioned 

in an efficient ET-distance from the P-cluster (Figure 10) and its potential is decreased from 

ca. −420 mV to −620 mV making it a more potent electron donor (Table 1).117 While it is 

almost certain that an ATP-induced conformational gating process must exist within MoFeP, 

it appears possible-on the basis of lack of structural changes within MoFeP-that a properly 

positioned photosensitizer on the MoFeP surface could be used to inject electrons into 

MoFeP clusters and induce catalysis.

Toward this end, a MoFeP variant (αLeu158Cys) was employed. In this variant, the 

αCys158 side chain is located in a surface cleft between the α and β subunits, ca. 15 Å away 

from the P-cluster, precisely where the FeP [4Fe-4S] cluster is positioned in the DG2 

complex (Figures 9 and 22).61 αCys158 MoFeP was covalently labeled with a Cys-specific 

derivative of the photosensitizer [Ru(bpy)2(phen)]2+, which possesses a long-lived photoex-

cited state (*RuII) that can be quenched by sacrificial donors to generate the highly reducing 

RuI species (E0≈−1.28 V) (Figure 22a).61,62,295 For light-driven reduction of MoFeP (Figure 

22c), the two-electron substrates of nitrogenase, H+ and C2H2, were initially examined using 

DT as a reductive quencher.61 Continuous irradiation of the solutions of Ru-labeled MoFeP 

with visible light produced substantial amounts of H2 and C2H4 with a turnover number of 

110 per active site and velocities of 16 nmol C2H4/min and 14 nmol H2/min per mg MoFeP 

(Figure 22d). Control experiments conclusively showed that substrate reduction stems 

exclusively from the delivery of electrons from the Ru-photosensitizer to FeMoco.61 

Importantly, CO fully inhibited the reduction of C2H2 but not H+ (Figure 22e), paralleling 
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the reactivity profile of the native enzyme and confirming FeMoco as the site of light-driven 

catalysis.61 When the Ru-label was attached to a surface position near FeMoco (using the 

αHis196Cys mutant) or away from both the P-cluster and FeMoco (using the native 

αCys45), no substrate reduction activity was observed, indicating that the productive ET 

pathway must go through the P-cluster. Subsequent experiments with a related Ru-labeled 

variant showed that the photoredox system was also capable of catalyzing the 6e−/6H+ 

reduction of HCN into CH4, albeit with a low efficiency of 0.4 nmol CH4/min per mg 

MoFeP.62 Interestingly, the quantum yield (productive electrons per photon absorbed) of 7 × 
10−4 for the six-electron substrate HCN was more than 1100-fold higher than the theoretical 

yield of (0.0086)3 = 6.3 × 10−7 based on the two-electron reduction of H+.62 These findings 

indicated that the individual ET steps from the Ru-photosensitizer to FeMoco during HCN 

reduction were not equivalent, which may also be reflective of electron flux during the ATP-

driven catalytic reaction.

Collectively, these findings on photo-induced, ATP-uncoupled catalysis contrasted the long-

standing dogma that ATP-bound FeP is the only reductant that can induce substrate 

reduction by MoFeP. Yet, the Ru-photosensitizer-driven system displayed only ca. 1% of the 

efficiency of the ATP-driven wild-type enzyme, and it could not reduce N2 into NH3 in 

detectable quantities.61,62 On the one hand, these results further support the role of ATP-

bound FeP in activating a conformational ET gate within MoFeP that is necessary for 

efficient substrate reduction. On the other hand, they also show that it is possible to inject 

catalytically productive electrons into FeMoco, either through the generation of super-

reduced states of the P-cluster or through thermally accessible but low-population structural 

states of MoFeP that mimic the open state of the conformational gate. If the photocatalytic 

quantum yield of the Ru-labeled MoFeP hybrid can be improved through alterations in 

MoFeP to stabilize such an open-gate state, it may be possible to populate discrete catalytic 

intermediates in high quantities for structural or spectroscopic characterization.

4.1.2 MoFe-protein interfaced with CdS nanocrystals—Recently another light-

driven, ATP-and FeP-independent system was developed in which CdS nanocrystals were 

used for electron injection into MoFeP (Figure 23a).63 Semiconductor nanocrystals are 

quantum-confined materials with tunable electronic structures, optical properties and surface 

chemistries, and they provide high area/volume ratios that can provide efficient electronic 

coupling to surface-associated charge acceptors.296,297 Indeed, nanocrystals complexed with 

redox enzymes were shown to perform selective, multielectron redox reactions such as H+ 

and CO2 reduction.285–287 To generate a light-driven MoFeP hybrid catalyst system, CdS 

nanorods were chosen due to their favorable surface electrostatics to associate with MoFeP, 

their dimensions (~40 Å diameter, ~170 Å length) that complemented those of the protein (~ 

70 Å diameter, ~110 Å length), and their low excited-state reduction potential (0.8 V) which 

can be accessed with visible light irradiation.63

When CdS nanocrystals were illuminated with 405-nm light in the presence of MoFeP in a 

100% N2 atmosphere, evolution of large quantities of NH3 were observed (Figure 23b).63 

This FeP/ATP-independent system was capable of producing 315 ± 55 nmol NH3/min per 

mg MoFeP at a turnover frequency of 75/min, corresponding to >50% of the efficiency of 

the ATP-driven system.63 The quantum yield of the system (electrons used in N2 reduction 
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per absorbed photon) was estimated to be 3.3%.63 The absence of any of the system 

components resulted in no catalytic activity and the inclusion of competitive substrates like 

C2H2 or inhibitors like CO suppressed N2 reduction, leading to the conclusion that the 

catalytic reaction was indeed driven by CdS-based photoreduction and occurred on FeMoco.
63 Given the heterogeneous nature of CdS-MoFeP interactions, it was not possible to 

ascertain whether the electrons were directly injected into FeMoco or the P-cluster served as 

an ET intermediate.

A comparison of the two light-activated nitrogenase systems, CdS-MoFeP and Ru-labeled 

MoFeP, leads to the following question: How is the CdS-hybrid capable of N2 reduction 

whereas the Ru-hybrid is not, despite the latter boasting a higher reducing power (by nearly 

0.5 V) and providing a homogeneous system with covalently linked photosensitizers to well-

defined sites near MoFeP clusters? One possibility is that CdS nanorods may enable a more 

rapid delivery of successive electrons to populate the higher- reduction states of FeMoco that 

are necessary for N2 binding and reduction.63 Another possibility is that association with 

CdS nanorods may more effectively induce conformational changes within MoFeP to allow 

efficient ET into FeMoco. Nevertheless, some caveats with the system exist. There is no 

direct evidence that CdS nanorods form a stable complex with MoFeP in contrast to other 

hybrid systems like CdS-hydrogenase complexes, which have been directly imaged by 

electron microscopy.298 In addition, protocols for NH3 detection, such as the colorimetric 

and fluorogenic methods used in the study,299 can be prone to background interference and 

contamination.300 Regardless, the nanocrystal-MoFeP hybrid system represents a promising 

avenue for studying the nitrogenase mechanism and expanding is functional scope, 

especially when coupled with more rigorous structural/biochemical analyses and analytical 

characterization of photocatalytic NH3 production.

4.2. Chemically driven catalysis by MoFe-protein

4.2.1. MoFe-protein mutants capable of ATP/Fe-protein-independent 
substrate reduction—Catalytic activities of many redox enzymes can be bimolecularly 

induced by small-molecule reductants or oxidants, provided they possess proper reduction 

potentials with respect to the catalytic centers.301–305 In contrast, it has not been possible to 

activate catalysis by MoFeP in an ATP/FeP-independent fashion with potent reductants such 

as TiIII-citrate (E° ≤ −800 mV) and CrIII-EDTA (E°~−1 V; EDTA = ethylenediamine 

tetraacetic acid)109,306 whose potentials are considerably lower than that of FeP. Obviously, 

any attempt at the biomolecular reduction of MoFeP is limited not only by diffusion and the 

relative inaccessibility of the P-cluster, but also by the inability of small molecules to induce 

the conformationally-gated ET process within MoFeP. Yet, as discussed in the previous 

section, the ability of light-driven systems to enable catalysis raises the prospect that the 

open states of the conformational gate can be thermally accessed (albeit in low yields) or 

induced by nanocrystal association. Likewise, they also imply that it may be possible to 

generate MoFeP mutants that mimic the conformational changes associated with “opening” 

of the gate.56,57,306

Toward this end, three Av MoFeP mutants were investigated,56,57 in which single-residue 

substitutions (αTyr64His, βTyr98His, and βPhe99His) were made between the P-cluster and 
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FeMoco – the most plausible location for a conformational gate. When coupled with strong 

EuII-based reductants (E°’s ranging from –0.9 V to –1.1 V),307,308 all three variants were 

able to reduce N2H4 and N3
− to NH3, with activities of up to 660 nmol NH3/mg MoFeP 

(with N2H4) and 170 nmol NH3/mg MoFeP (with N3
−) over a period of 20 min (Figure 24a).

56,57 Additionally, the βTyr98His mutant displayed a substantial H+ reduction activity of 260 

nmol H2/mg MoFeP under similar conditions.56,57 None of the variants were capable of N2 

reduction.

In order to determine if the mutated residues were mechanically coupled with the FeP 

binding surface of MoFeP (and thus linked to conformational gating), normal-mode analyses 

were carried out.57 These analyses revealed an out-of-phase correlation between the three 

mutated residues and FeP motions, suggestive of dynamic coupling between FeP and the 

intervening region between the P-cluster and FeMoco.57 Additionally, the crystal structure 

of the βTyr98His variant showed a slight movement of the His side chain compared to the 

wild type tyrosine residue, resulting in a 1.5 A difference in the location of a water molecule 

hydrogen-bonded to homocitrate (Figure 24b).57 These results suggest that subtle changes 

near the clusters of MoFeP can have substantial effects on MoFeP reactivity. They also 

provide further support for the conformational gating hypothesis as well as the deficit 

spending model, which implicate a mechanical coupling between FeP and buried regions 

within MoFeP.

4.2.2. Substrate reduction activities of the P-cluster and P-cluster precursors
—It is almost universally agreed upon that all catalytic activity in nitrogenase is performed 

by FeMoco. Yet, there are recent studies that have reported substrate reduction by the P-

cluster and its precursors,307 which may be capable of diverting electrons to substrates rather 

than to FeMoco. Biosynthetic maturation of the P-cluster has been proposed to involve the 

reductive coupling of a pair of [4Fe-4S] clusters, referred to as P-cluster precursors.95,309 

Only once the P-cluster is formed can FeMoco, whose assembly and placement into MoFeP 

requires the assistance of the proteins NifB and NifEN,25,46 be inserted into the same αβ-

dimer.41 Maturation of the P-clusters is an energy intensive process that involves a host of 

additional Nif proteins, including NifH (FeP), NifW, and NifZ, along with MgATP.
37,40,48,49,307,309,310

In order to probe the reactivity of the P-clusters and their precursors, Ribbe and coworkers 

characterized two Av MoFeP mutants: ∆nifB MoFeP, which lacks FeMoco, and ∆nifH 

MoFeP, which is thought to lack both FeMoco as well as mature P-clusters.48,307 To assess 

the activity of the ∆nifH MoFeP variant, substrate reduction assays were conducted using 

EuII-DTPA (E° =−1.1 V; DTPA = diethylenetriaminepentaacetate) as the reductant in place 

of MgATP-FeP and a variety of substrates including C2H2, C2H4, CO, NaCN, NaN3, and H
+.306,307 Their results indicated that both the mature P-cluster and the P-cluster precursors 

can serve as active sites for catalysis.307 In particular, the ∆nifH MoFeP variant with P-

cluster precursors was capable of reducing substrates at a faster rate and producing a greater 

variety of products than the ∆nifH MoFeP mutant.307

Dean and coworkers have recently reported that although the ∆nifH MoFeP retains ~1-2% of 

wild-type activity for H+ and C2H2 reduction, this activity may be due to a small population 
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of mature MoFeP present in the sample.48 The mature MoFeP was proposed to arise from 

the expression of VnfH – an alternative FeP complementary to vanadium nitrogenase– 

which can also catalyze the maturation of the P-clusters and thus permit FeMoco insertion 

by NifB.48 Accordingly, ∆nifH/∆nifB MoFeP and ∆nifH/∆vnfH MoFeP were found to be 

incapable of substrate reduction, leading to the conclusion that all catalytic activity occurs at 

FeMoco.48 In light of these opposing findings, it is still open to question whether the 

unusual ET clusters of nitrogenase (i.e., the P-cluster and the non-canonical [4Fe-4S] cluster 

of FeP)48,51,307,311,312 are capable of redox reactions beyond simple ET.

4.3. Electrochemical reduction of MoFe-protein

There is great interest in the development of NH3 production strategies that are less 

energetically demanding than the Haber-Bosch process.58,270,313 In this regard, 

electrochemically driven N2 reduction by nitrogenase represents an attractive route alongside 

photo-catalysis, and has been recently investigated and put into practice.60,270 Initial 

electrochemical experiments of nitrogenase involved characterization of CO binding to 

isolated FeMoco by FTIR spectroelectrochemistry.314 In addition, isolated FeMoco was 

shown to reduce H+ at an applied potential of −320 mV (vs NHE).315 Solution-based 

electrochemical catalysis with intact MoFeP has been accomplished using a setup that 

required FeP and an ATP regeneration system.270,316 ATP-uncoupled, direct electrochemical 

measurements or electrocatalytic experiments with intact MoFeP are complicated by the 

difficulty of protein attachment and orientation on electrode. To circumvent this difficulty, 

the first example of electrocatalytic reduction of substrates by intact, immobilized MoFeP 

relied on the use of a strongly reducing redox mediator, cobaltocene (E° = −963 mV vs. 

NHE) (Figure 27a).59 In this system, FeP-uncoupled reduction of H+ to H2,59 N3
− and NO2

− 

to NH3,59 and CO2 to HCOO− 271 was achieved with Faradaic efficiencies of 35-46%, 

101%, and 9%, respectively (Figure 25a).59 There was no observable NH3 production,59 

which was attributed to the large amounts of H2 produced at the electrodes at the potentials 

employed,60 leading to the inhibition of N2 reduction.

Recently, MoFeP along with multiwalled carbon nanotubes were entrapped in a pyrene-

modified linear poly(ethylenimine) (LPEI-pyrene) hydrogel. Within this matrix, the pyrene 

functionalities adhere to the surface of a carbon electrode and the nanotubes act as a direct 

ET conduit between the electrode and the enzyme (Figure 25b).60 Cyclic and square-wave 

voltammetry experiments were used to identify a redox feature at −270 mV (vs NHE) which 

was ascribed to the P-cluster. With this system, N2 reduction to NH3 could be achieved 

without the use of redox mediators (Figure 25c), with a rate of ~ 1 nmol NH3/min per mg 

MoFeP over the course of eight hours.60 When denatured MoFeP was used instead the wild-

type enzyme, the activity dropped by 40%. While the rate of the immobilized MoFeP 

bioelectrochemical system is 500 to 1000-fold lower than that of the ATP driven nitrogenase 

and solution based electrocatalytic system,270,317,318 the results suggest that it is possible to 

bypass the absolute dependence on FeP and ATP hydrolysis to activate MoFeP catalysis to a 

certain extent. The development of more efficient nitrogenase electrocatalysis systems will 

likely have to await a better understanding of the conformational ET gating mechanism in 

MoFeP, as is the case with the light-driven systems.58,236,319 In the meantime, the newly 

developed electrochemical methods offer great promise in the direct interrogation of the 
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nitrogenase clusters and provide much needed insights into the redox thermodynamics in 

nitrogenase.

5. Conclusions

In this review, we have summarized recent developments in our understanding of the 

complex ATP-dependent ET processes in nitrogenase. Exciting advances have included 

high-resolution structures which provided detailed snapshots of the clusters’ redox-

dependent compositions12 and dynamics.21–23,124,131,242 Crystal structures of the 

nitrogenase complex in multiple states clearly revealed why FeP is the exclusive biological 

reductant of MoFeP.24–26,28 These structures showed that FeP can occupy distinct, 

nucleotide-dependent docking geometries on the MoFeP surface that enable a direct 

structural coupling between ATP hydrolysis and interprotein ET.24–26,28 Extensive kinetic 

and spectroscopic studies have shed new light on the ET transfer mechanism and provided 

updates to the FeP cycle of the Thorneley-Lowe model.70,234,237,246 The collective evidence 

is most consistent with a scheme in which FeP and MoFeP first form an electrostatically 

guided encounter complex (DG1), which transitions into an activated docking geometry 

(DG2) in an ATP-dependent manner.234 Once in DG2, the nitrogenase complex is 

committed to ATP hydrolysis and interprotein ET. The first ET event is most likely a 

conformationally-gated, ATP-coupled reduction of FeMoco by the P-cluster,237 which is 

followed by backfilling of electrons from the [4Fe-4S] cluster of FeP,70 and subsequent 

dissociation of MgADP-FeP from MoFeP. In addition to these insights, researchers have 

devised new photochemical and electrochemical strategies to drive nitrogenase catalysis 

under certain conditions,56,57,59–63 thus breaking the long-standing dogma that FeP and 

ATP-hydrolysis are necessary for substrate reduction.

Undoubtedly, we now have a much clearer idea about the ET processes in nitrogenase and 

how they are coupled to ATP hydrolysis than we did two decades ago. Nevertheless, several 

important questions still remain. For example, the exact nature of the FeP-induced 

conformational gating mechanism within MoFeP remains unclear, although evidence 

suggests that it likely involves the redox-dependent conformational flexibility of the P-

cluster. It is not still entirely unambiguous if the FeP acts exclusively as a one-electron donor 

or if its all-ferrous state can be engaged to facilitate two-electron steps during nitrogenase 

catalysis. Along these lines, there is scant information regarding whether all ET steps 

between the FeP and the P-cluster or between the P-cluster and FeMoco during the catalytic 

reaction are equivalent. Finally, despite significant progress in kinetics measurements of ET 

events, the exact sequence of ATP-hydrolysis and ET events within the nitrogenase complex 

remains open to question. As a result, we still do not fully understand at a fundamental level 

why ATP hydrolysis is necessary for nitrogenase catalysis. Is it the extreme stability and 

inertness of N2 that necessitates input of biochemical energy for activation (i.e., is ATP 

hydrolysis an inherent thermodynamic requirement)? Or is the need for a precise timing 

mechanism for ET events such that the reduction of N2 is favored over that of H+ (i.e., is 

ATP hydrolysis a kinetic requirement?). Given the increased interest in nitrogenase research 

and the remarkable pace at which it has advanced in recent years, we are optimistic that we 

will have the answers before too long.
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ABBREVIATIONS

ADP adenosine diphosphate

Adp nitrogenase complex stabilized by MgADP

Ala alanine

alf nitrogenase complex stabilized by MgADP.AlF4-

AMPPCP adenylylmethylenediphosphonate disodium salt

Arg arginine

Asn asparagine

Asp aspartic acid

ATP adenosine triphosphate

Av Azotobacter vinelandii

CD circular dichroism

Cp Clostridium pasteurianum
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Cys cysteine

DFT density functional theory

DG1 docking geometry 1

DG2 docking geometry 2

DG3 docking geometry 3

DMRG density matrix renormalization group

DT sodium dithionite

EDC N-[3-(dimethylamino)propyl]-N’ -ethylcarbodiimide

EPR electron paramagnetic resonance

ESEEM 13C electron spin echo envelope modulation

ET electron transfer

EXAFS extended X-ray crystallography

FdI ferredoxin I

FeMoco FeMo-cofactor

FeP Fe-protein

FeSII Shethna Protein II

FeVco FeV-cofactor

FMN flavin mononucleotide

Gd Gluconocetabacter diazotrophicus

Glu glutamic acid

HAD 2-hydroxyacyl-CoA dehydratase

HERFD high-energy resolution fluorescence detected

HiPIPs high-potential iron-sulfur proteins

His histidine

IDS indigo disulfonate

Kp Klebsiella pneumonia

Leu leucine

LPEI linear poly(ethylenimine)

Lys lysine
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MN dithionite-reduced FeMoco

MoFeP MoFe-protein

MoX FeMoco oxidized beyond MN

MRED FeMoco reduced beyond MN

nf nitrogenase complex in the nucleotide-free state

NHE, normal hydrogen electrode

NifF flavodoxin II

NRVS 57Fe nuclear resonance vibrational spectroscopy

P1+ one-electron oxidized P-cluster

P2+ two-electron oxidized P-cluster

P3+ three-electron oxidized P-cluster

pcp nitrogenase complex stabilized by MgAMPPCP

pcp/adp nitrogenase complex with MgAMPPCP and MgADP

Phe phenylalanine

PN as isolated, dithionite-reduced P-cluster

Rc Rhodobacter capsulatus

SAXS small-angle X-ray scattering

Ser serine

SpReAD spatially resolved anomalous dispersion

TL Thorneley-Lowe

WT wild-type

XAS X-ray absorption spectroscopy

XES X-ray emission spectroscopy
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Figure 1. 
One half of the ADP.AlF4

− stabilized nitrogenase complex (PDB ID: 1M34). FeP is shown 

in green, and MoFeP is red (α-subunit) and blue (β-subunit). Metalloclusters are depicted as 

spheres, and the nucleotides are red sticks.

Rutledge and Tezcan Page 51

Chem Rev. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
MgADP bound FeP (PDB ID: 6N4L). The Walker A (P-loop) motif is shown in red (γ9 - 

16), Switch I region in magenta (γ39 - 69), and Switch II region in blue (γ125 - 132). 

MgADP is depicted is as sticks, and the [4Fe-4S] cluster as spheres colored by element.
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Figure 3. 
Dithionite reduced [4Fe-4S]1+ cluster of FeP. The FeS cluster is colored by element (sulfides 

are yellow, irons are orange), and hydrogen-bonding networks are depicted by dashed gray 

lines. (a) FeP in the nucleotide-free state (PDB ID: 6N4K). (b) FeP in the MgADP-bound 

state (PDB ID: 6N4L). Reprinted in part with permission from ref 102. Copyright 2019 John 

Wiley and Sons.
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Figure 4. 
MoFeP (PDB ID: 3U7Q). MoFeP is a dimer of αβ-dimers (one dimer pictured is opaque 

and the other is transparent). The α- and β-subunits are shown in red and blue, respectively. 

Each αβ-dimer contains one P-cluster and one FeMoco, represented as spheres colored by 

element (sulfurs are yellow, irons are orange, molybdenum is teal, and carbon is black).
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Figure 5. 
Redox-dependent structural changes of the Av nitrogenase P-cluster. (a) The dithionite-

reduced P-cluster (PN) is ligated by six Cys residues, and the central S1 sulfide is 

coordinated by six Fe’s (PDB ID: 3MIN). (b) Upon one-electron oxidation, the P-cluster 

(P1+) gains a Ser ligand βSer188) to Fe6, which dissociates from the S1 sulfide (PDB ID: 

6CDK). (c) The two-electron, indigo disulfonate oxidized P-cluster (P2+) involves additional 

ligation of the backbone amide of the bridging αCys88 to Fe5, which also dissociates from 

S1 (PDB ID: 2MIN).
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Figure 6. 
Reductases of FeP in Av. (a) Av flavodoxin II (NifF) with the flavin mononucleotide (FMN) 

shown as orange sticks. Residues 56-60 are important in modulating the midpoint potential 

of FMN (purple loop), and residues 64-71 are hypothesized to be necessary for FeP binding 

specificity (green) (PDB ID: 5K9B). (b) Av ferredoxin I (FdI) contains a [3Fe-4S] and a 

[4Fe-4S] cluster (PDB ID: 6FDR).
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Figure 7. 
Nucleotide-dependent docking geometries (DGs) of the nitrogenase complex. FeP is shown 

in green, and MoFeP in red (α-subunit) and blue (β-subunit). Metalloclusters are shown as 

spheres colored by element, and nucleotides as red sticks. (a) The nucleotide-free FeP-

MoFeP structure (nf) is in DG1, with FeP primarily in contact with the β-subunit of MoFeP 

(PDB ID: 2AFH). (b) MgAMPPCP-FeP-MoFeP complex (pcp) structure is in DG2, with 

FeP situated almost equally over both subunits MoFeP (PDB ID: 4WZB). (c) MgADP-FeP-

MoFeP structure (adp) is in DG3 with FeP mostly in contact with the α-subunit of MoFeP 

(PDB ID: 2AFI).
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Figure 8. 
Nucleotide-dependent conformational changes in FeP. FeP and the γ100s helices from the 

alf structure (DG2) are shown in light gray and light green (PDB ID: 1M34) and from the 

adp structure (DG3) in dark gray and dark green (PDB ID: 2AFI). Nucleotides and the 

[4Fe-4S] clusters are shown as sticks and spheres, respectively. (a) Structural alignment of 

the left subunit of FeP from alf and adp demonstrating (top) hinge-like movement of the 

right subunit about a pivot point near the [4Fe-4S] cluster resulting in af having a flatter 

binding surface, as seen by the γ100s helices, and (bottom) depicting sliding motion of the 
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subunits. (b) The flattening of the surface in alf poises residues γLys10 and γAsp129 across 

the subunit interface in a position favorable for ATP hydrolysis. (c) alf has a more surface-

exposed [4Fe-4S] cluster than adp, as shown in FeP cross-sections.
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Figure 9. 
Overlay of aligned MoFeP structures observed in alf (light gray, PDB ID: 1M34) and adp 
(dark gray, PDB ID: 2AFI) complexes (RMSD over all α-C’s = 0.317 Å). The P-cluster and 

FeMoco are depicted as spheres.
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Figure 10. 
Nucleotide-dependent distances (center-to-center) between the P-cluster and the FeP 

[4Fe-4S] cluster in the nf pcp, alf and adp nitrogenase complex structures. Reprinted in part 

with permission from ref 26. Copyright 2005 AAAS.
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Figure 11. 
Asymmetric nucleotide binding in the nitrogenase complex (pcp/adp) (PDB ID: 4WZA). (a) 

FeP is green, and MoFeP is red (α-subunit) and blue (β-subunit). MgADP is located over the 

α-subunit and MgAMPPCP over the β-subunit. (b) The 2Fo–Fc electron density map (1.0 σ) 

around the nucleotides is shown as a black mesh. The nucleotides are colored by element, 

and Mg2+ ions are depicted as spheres.
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Figure 12. 
Docking models of FeP reductases with FeP in different nucleotide-bound states. (a) 

MgAMPPCP-FeP (top, PDB ID: 4WZB) and MgADP-FeP (bottom, PDB ID: 1FP6) bound 

to NifF (PDB ID: 1YOB). The MgADP-FeP-NifF structure from these simulations places 

the redox pair in closer proximity (6.4 Å) than the MgAMPPCP-FeP-NifF model (9.4 Å). 

Adapted from ref 76 under the Creative Commons Attribution License (https://

creativecommons.org/licenses/bync/3.0/lgalcode). Copyright 2017 ASBMB. (b) 

MgAMPPCP-FeP (PDB ID: 4WZB) bound to NifF (PDB ID:5K9B) and (c) FdI (PDB ID: 

6FDR). Both NifF and FdxA in these models share the same binding surface on FeP. The 
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MgAMPPCP-FeP-NifF model (b) from these simulations places the redox pair in closer 

proximity (~5 Å) than the model in (a). Both (b) and (c) are adapted with permission from 

ref 171. Copyright 2017 John Wiley and Sons.
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Figure 13. 
Shethna II is a homodimeric [2Fe-2S] ferredoxin. (a) Reduced Shethna II dimer (PDB ID: 

5FFI) is in a closed conformation that likely cannot bind the nitrogenase complex. (b) Upon 

oxidation, Shethna II occupies a more open conformation that is thought to form a complex 

with FeP and MoFeP (PDB ID: 5FFI). (b) Docking model of Shethna II forming an oxygen-

protected 1:1:1 complex with FeP and MoFeP. Shethna II binds the cleft between FeP and 

the a-subunit of MoFeP. (c) is adapted from ref 213.
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Figure 14. 
Thorneley-Lowe (TL) FeP cycle. (a) The original TL FeP cycle. Adapted from ref 18. (b) 

Adapted TL FeP cycle with proposed order of ET events, encounter complex, and 

transduction complex. Adapted from ref 19.
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Figure 15. 
Functionally relevant encounter complex mediated by electrostatic interactions. (a) In DG1 

(PDB ID: 2AFH), EDC-crosslinkable residues γGlu112 and βLys400 are observed within 

H-binding distance (2.9 Å). (b) βLys400Glu MoFeP exhibits 28% less C2H2 reduction 

activity than wild-type MoFeP. (c) βLys400Glu MoFeP activity is more sensitive to [NaC1] 

than wild-type (WT) MoFeP. (b) The βLys400Glu MoFeP-FeP complex is more susceptible 

to iron chelation than the WT MoFeP-FeP complex. Panels (b), (c) and (d) are reprinted in 

part from ref 234.
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Figure 16. 
The updated FeP cycle. FeP is light blue and MoFeP is dark blue. ATP and ADP are denoted 

by T and D, respectively. FeP forms an ensemble of transient encounter complexes with 

MoFeP mediated by electrostatics before reaching the metastable DG1 complex. The DG2 

complexes marked with * have been proposed, but not experimentally observed. Adapted 

with permission from ref 236. Copyright 2016 John Wiley and Sons.
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Figure 17. 
Evidence for conformational gating of electron transfer. (a) Stopped-flow experiments 

monitoring the oxidation of FeP at 430 nm. The rate of ET decreases from 160 s−1 to 14 s−1 

as sucrose molality (m) increases from 0 to 2. (b) Logarithmic plot of rate of ET (k2) vs m of 

different osmolytes. (a) and (b) are reprinted from ref 237.
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Figure 18. 
Evidence for the deficit spending model: stopped-flow experiments monitoring the oxidation 

of FeP by MoFeP βSer188Cys and wild-type) at 430 nm. ~65% of reduced βSer188Cys 

MoFeP is in the P1+ state. (a) ATP-dependent oxidation of FeP by wild-type (WT) MoFeP 

(green) occurs at approximately the same rate as βSer188Cys MoFeP (blue), but unlike WT 

MoFeP, ~65% of FeP is oxidized by βSer188Cys MoFeP in the instrument dead time. No 

oxidation of FeP by βSer188Cys MoFeP occurs with MgADP (red) or without nucleotides 

(yellow). (b) AMPPCP enables oxidation of FeP by βSer188Cys MoFeP, unlike WT MoFeP. 
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(c) Oxidation of FeP by βSer188Cys MoFeP occurs without FeMoco (apo), but not for WT 

MoFeP. Adapted from ref 70.
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Figure 19. 
Covariance of Ser and Tyr ligation to the oxidized P-cluster. Residue numbers correspond to 

Gluconocetabacter diazotrophicus (Gd). (a) The DT-reduced P-cluster of Gd, which contains 

alanine in place of serine at position β187 (β188 by Av numbering) (PDB ID: 5KOH). (b) 

IDS-oxidation of the P-cluster from Gd results in ligation of βTyr98 (residue β99 by Av 

numbering) to Fe8 and the backbone amide of αCys104 (residue α88 by Av numbering) to 

Fe6 (PDB ID: 5KOJ). (c) A sample of sequences demonstrating covariance of residues β99 

and β188 (Av numbering) such that organisms have either a Tyr or a Ser in on of those 

positions, respectively. For a more complete list, see supplemental information of reference 

242.
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Figure 20. 
Av MoFeP P-cluster primary coordination sphere mutants in the IDS-oxidized state. The 

anomalous electron density difference maps (near the Fe K-edge are shown in black mesh. 

(a) Av βSer188Ala MoFeP contains no oxygenic ligand. This mutant has two redox-labile 

iron centers (Fe1 and Fe5) whose positions are indicated with dashed circles. (PDB ID: 

6O7S) (b) The Gd-like Av βPhe99Tyr/βSer188Ala MoFeP contains a tyrosine ligand. Upon 

oxidation, three irons (Fe1, Fe5 and Fe8, indicated with black circles) are partially occupied 
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(~67% occupied) such that there is one redox-labile iron per P-cluster on average. (PDB ID: 

6O7N)
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Figure 21. 
Evidence for ET preceding ATP hydrolysis. The time-course of ET (red), ATP hydrolysis 

(blue), Pi release (cyan), and FeP-MoFeP dissociation (olive). Reprinted with permission 

from ref 246. Copyright 2013 NAS.
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Figure 22. 
Light-induced catalysis by MoFeP with a Ru-photosensitizer. (a) The chemical structure of 

the [Ru(bpy)2(phen)]2+ photosensitizer. (b) Model of RuBP binding to aLeu158Cys in the 

cleft above the P-cluster. The α-subunit and β-subunit of MoFeP are black and gray, 

respectively. Reprinted from ref 62. (c) The Ru-labeled MoFeP proposed catalytic cycle. The 

P-cluster is depicted as cycling between PN and P1+, however it is also possible that it is 

cycling between PN and a super-reduced state. FeMocoN denotes the initial reduction state 

FeMoco. X indicates the number of ET events required for substrate reduction (X = 2, 2, and 
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6 for C2H2, H+, and HCN reduction, respectively). Adapted from ref 62. (d) Graph of total 

CH4 produced after illumination using the complete photoreduction system and using 

negative controls in which components were omitted. Adapted from ref 62. (e) CO inhibition 

of C2H2 reduction but not of H+ reduction. Reprinted with permission from ref 319. 

Copyright 2013 John Wiley and Sons.
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Figure 23. 
Light induced catalysis by MoFeP with CdS nanorods. (a) The proposed reaction scheme for 

the photoreduction of N2 to NH3 by CdS nanorods. (b) Production of NH3 over time. 

Adapted with permission from ref 63. Copyright 2016 AAAS.
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Figure 24. 
Catalysis by MoFeP mutants using EuII reductants. (a) The time-course production of NH3 

from hydrazine by ATP- uncoupled catalysis. Negative controls (no protein in solution) are 

plotted as empty symbols. Reprinted from ref 57. (b) The crystal structure of βTyr98His 

demonstrates differences in the position of the solvent molecules around FeMoco that may 

contribute to the ability to ATP-uncoupled ET (wild-type PDB ID: 3U7Q, βTyr98His PDB: 

4XPI). The native βTyr98 is depicted as blue sticks, and the mutation to His is depicted as 

gray sticks.
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Figure 25. 
Bioelectrocatalysis with MoFeP. (a) The proposed scheme of bioelectrocatalytic substrate 

reduction using the redox mediator cobaltocene. Adapted from ref 59 under the Creative 

Commons Attribution License (https://creativecommons.org/licenses/by-nc/3.0/legalcode). 

(b) The proposed scheme of bioelectrocatalytic substrate reduction using LPEI-pyrene 

hydrogels. (c) Cyclic voltammogram of MoFeP embedded in LPEI-pyrene hydrogel after 5 

min (red) and 10 min (black) N2. Ar control shown as dashed line. (b) and (c) are adapted 

and reptrinted, respectively, from ref 60 under the Creative Commons Attribution License 

(https://creativecommons.org/licenses/by-nc/3.0/legalcode).
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Table 2.

Nucleotide-dependent changes in physical features of the FeP-MoFeP Complex

Complex (DG) Buried surface area (Å2) γ100s helices angle, ϕ (0° is coplanar) Center-tocenter distance from P-cluster to 
[4Fe-4S] (Å)

nf (DG1) 2800 30 23.2

pcp (DG2) 3700 21 17.8

adp (DG3) 1600-2000 26-33 22.6-23.7

alf (DG2) 3400-3600 12-13 17.5-17.6

pcp/adp (DG2) 3600 11 17.9

Adapted with permission from ref 26. Copyright 2005 AAAS.
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Table 4.

Reported FeP-MoFeP dissociation rate constants measured indirectly by monitoring the reduction of oxidized 

FePOX(MgADP)2 in the presence of MoFeP.

Reductant used Rate constant for dissociation of FeP-Mo-FeP complex (s−1) Reference

DT 10 66

DT 6.4 221

DT 6 246

DT 3.9 204

MV 100 204

NifF 759 204
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