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Abstract

The metallobiochemistry underlying the formation of the inorganic N–N-bond-containing 

molecules nitrous oxide (N2O), dinitrogen (N2), and hydrazine (N2H4) is essential to the lifestyles 

of diverse organisms. Similar reactions hold promise as means to use N-based fuels as alternative, 

carbon-free energy sources. This review discusses research efforts to understand the mechanisms 

underlying biological N–N bond formation in primary metabolism and how the associated 

reactions are tied to energy transduction and organismal survival. These efforts comprise studies of 

both natural and engineered metalloenzymes, as well as synthetic model complexes.

Graphical Abstract

1. Introduction

Nitrogen accesses eight oxidation states. In three of these oxidation states, nitrogen forms 

simple, isolable compounds bearing N–N bonds: nitrous oxide (N2O) with NI, dinitrogen 

gas (N2) with N0, and hydrazine (N2H4) with N−II. Nature has leveraged the energetics 

underlying the formation and cleavage of these N–N-bond featuring species as key steps in 

the primary metabolisms of microorganisms exhibiting multiple diverse lifestyles. 

Invariably, the mechanisms driving these bond formations harness the redox flexibility of 

transition metal-containing cofactors. Understanding the means by which protein matrices 

tune transition metal properties for N–N bond formation can potentially deliver insights into 

the use of N-based fuels, and also can inspire technologies enabling selective heteroatom-

heteroatom bond formations. The importance of the latter facet has recently been discussed 
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at lengths in the context of secondary metabolite biosynthesis and thus will not be covered 

here.1 For additional reading on N–N bond containing natural products, the reader is 

directed to References 2,3. Here we will focus on the metallobiochemistry of N–N bond 

formation in primary metabolism, discussing the tremendous strides that have been made to 

understand these processes while also highlighting gaps in our knowledge and the new 

research opportunities these afford.

Section 2 will describe biological reactions that produce N2O. N2O is a linear triatomic 

molecule that can be drawn with resonance structures featuring either double (N=N) or triple 

(N≡N) bonds between the nitrogen atoms. N2O has multiple uses including serving as an 

oxidant in rocket propellants,4 enhancing the performance of internal combustion engines, 

functioning as a culinary aerosol propellant, or acting as a mild anaesthetic/dissociative.5 

Industrially, N2O is produced by the controlled decomposition of ammonium nitrate 

(NH4NO3) to N2O and H2O via the following reaction:6

NH4NO3 N2O + 2H2O (1)

Despite its utility, N2O is a potent greenhouse gas with ca. 300 times the global warming 

potential of carbon dioxide (CO2) that has also been shown to be an ozone-depleting agent.7 

Consequently, its release into the atmosphere is of environmental concern. Currently, most 

anthropogenic N2O release is associated with agriculture and land use.7 This can be traced 

in large part to the fact that N2O is a product of several enzymatic pathways within the 

biogeochemical nitrogen cycle. N2O is an intermediate in denitrification produced by nitric 

oxide (NO)-reducing enzymes, and N2O has also been shown to be a by-product of 

biological ammonia (NH3) oxidation, or nitrification.8 NO (or some redox congener thereof) 

contributes one of N2O’s N-atoms in either case.

Section 5 will discuss biological reactions that form N2. N2 comprises ca. 70% of Earth’s 

atmosphere. Despite this, N is among the most limiting nutrient in any ecosystem.9 This is 

due in part to the inert nature of N2; N must be rendered bioavailable through cleavage of the 

homodinuclear triple N≡N bond to generate assimilable species such as ammonia or nitrate 

(NO3
−).10–12 The former species can also act as a chemical fuel13 for nitrifying microbes 

and anammox bacteria, while the latter serves as a respiratory electron acceptor for 

denitrifying bacteria. In either case, the final metabolic product returns N to the atmosphere 

as a stable, non-toxic gas that can readily re-enter the biogeochemical N cycle. 

Consequently, reactions that form N2 are of tremendous interest because they offer a way to 

harness reduced N-species as clean-burning, carbon-free fuels (e.g. in fuel cell 

applications)14–18 or as a final product for reactions to remediate N pollution.19

Finally, Section 7 will discuss the metallobiochemistry underlying N2H4 formation. This is a 

particularly exciting, new area of investigation owing to the fact that N2H4 was only recently 

discovered to be a primary metabolite.20 This came as some surprise, because N2H4 is a 

highly reactive compound that, when anhydrous, forms N2 and H2O upon contact with air. 

N2H4 and its derivatives are known to be toxic and putatively carcinogenic to mammals. As 

early as in 1894, the acute toxicity and high mortality rate of this newly discovered 
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compound was proven via direct administration to dogs.21 Ironically, some decades later the 

organic derivative mono-methylhydrazine was identified in two mycotoxins (gyromitrin and 

agaritine) that were isolated from edible varieties of mushrooms (Gyromitra and Agaricus 
species).22–25 Regardless, ample applications make use of its high reducing power and 

reactivity. Consequently, N2H4 is produced on industrial scales. The most recently invented 

process for N2H4 production with industrial significance is the so-called Peroxide or 

Pechiney–Ugine–Kuhlmann process (Equations 2–5) that was established in the 1970s26 and 

significantly diverges from the original Raschig route. The world’s largest hydrazine hydrate 

plant currently in use operates under this process.27

(2)

(3)

(4)

(5)

Among its many uses, N2H4 performs exceptionally as a rocket fuel. For example, 

monopropellant N2H4 engines are used in auxiliary power units of military aircraft and for 

terminal spacecraft descent, such as the Phoenix lander and the Curiosity rover that landed 

on Mars in 2008 and 2012, respectively.28–30 Juno, a NASA space probe, entered Jupiter’s 

orbit in 2016 powered by a bipropellant engine fueled by hydrazine.31 As will be discussed 

in Section 5.2, effectively the same chemistry (albeit carried out in a gentler fashion) is 

harnessed by anammox bacteria.

In the case of each N–N-bond bearing species under discussion, the structures and functions 

of metalloenzymes known to produce these species will be introduced. The state of 
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understanding of the mechanisms used to forge N–N bonds will be described, with 

controversies and knowledge gaps highlighted. Where available, advances in understanding 

contributed from either the preparation and study of both artificial metalloenzymes or model 

complexes will be covered.

2. N2O-Forming Enzymes

2.1. Nitric Oxide Reductase (NOR)

2.1.1. Heme Copper Oxygenase (HCO) superfamily—NO reductases (NORs) 

comprise enzymes within the heme Cu oxidase (HCO) superfamily that catalyze the 

reductive conversion of NO to N2O (Equation 6), either as part of prokaryotic denitrification 

or as a detoxification mechanism.32–34 The HCO superfamily is a large and diverse group of 

integral membrane oxidoreductases involved in aerobic and anaerobic respiration as well as 

detoxification processes.35 All HCOs share a structurally conserved core catalytic subunit 

while some also feature secondary subunits that are involved in electron transport or 

regulation (Figure 1). HCOs are principally classified based on the primary chemical 

reaction they catalyze, although cross-reactivity has been observed.36–39 Cytochrome c 

oxidases (CcOs), or alternatively termed heme Cu oxygen reductases, couple the four-

electron reduction of dioxygen (O2) (Equation 7) to proton translocation, conserving energy 

in the form of an electrochemical cross-membrane gradient. This process concludes cellular 

aerobic respiration (for further reading on CcOs see Reference 40 and references therein). In 

contrast to CcOs, no NOR homolog characterized thus far has been shown to pump protons 

across the membrane from the negative to the positive side. However, some NORs are 

electrogenic since the protons needed for water formation (chemical protons) are taken up 

from the negative side of the membrane (e.g. cytoplasm).

2 NO+2 e− + 2 H+ N2O+H2O (6)

O2 + 4 e− + 4 H+ + 4 H IN
+ 2 H2O + 4 H OUT

+
(7)

2.1.2. HCO Active Site Template—The subunit compositions of HCO complexes and 

the coordination geometries of their active sites are variable, but their catalytic subunits 

exhibit high overall sequence and structural conservation. All members of the HCO 

superfamily harbor a binuclear active site and an electron-transfer heme site within their 

subunit I. The binuclear center (BNC) consists of a five-coordinate, high-spin b-heme 

denoted by a subscript 3, and a non-heme metal. In CcOs, this metal is a Cu ion (CuB) that is 

coordinated by three conserved histidine residues. The side chain of one of these histidines 

is covalently linked to the aromatic ring of a second-sphere tyrosine that is implicated in 

electron and proton donation during catalysis (e.g., ba3 oxidase; PDBID: 1XME).41 NORs, 

on the contrary, support non-heme Fe ions (FeB) and exhibit higher variability in their inner-

coordination spheres. A conserved histidine and three variable residues ligate FeB, while a 

second-sphere glutamate, that is suggested to serve as a proton-relay site, is variably present 

depending on the NOR subfamily (Figure 2).
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2.1.3. NOR Classes—Most NORs characterized to date fall within distinct families 

based on the identity of their physiological electron donor: cytochrome NORs (cNORs) 

receive electrons from soluble c-type cytochromes (cyts) or pseudoazurin,43 while quinone 

NORs (qNORs) receive electrons from the quinone/quinol pool.44 The kinetic properties of 

different NORs have been studied either in isolated cellular membranes or homogeneous 

NOR preparations with the use of Clark-type electrodes (see Reference 45 and references 

therein). Steady-state NOR activity is second order with respect to NO, consistent with the 

sequential binding of two molecules of NO to the active site. Additionally, NORs have been 

shown to be inhibited at relatively low NO concentrations (ca. 10 µM), leading to sigmoidal 

kinetics.46 Genomic identification of putative NORs is based upon the primary structure 

conservation of subunit I of all members of the HCO superfamily, together with some 

diagnostic domains and residues specific to the NOR family. The inherent difficulty in 

purification and crystallization of integral membrane proteins, such as NORs, has 

presumably led to the scarcity of isolated and structurally resolved representatives of this 

family. However, based on genomic surveys and structural predictions, three more NOR 

families have been proposed:47 eNOR,48 gNOR,49,50 and sNOR.45,51–53 Distinguishing 

features of these predicted NOR subfamilies include subunit composition, cofactor identity, 

and putative electron and proton transfer pathways. Nevertheless, the mechanistic details of 

the reductive conversion of NO to N2O are assumed to be conserved within the NOR class.

Recently, the discovery of nitrite-driven anaerobic methane oxidation catalyzed by oxygenic 

bacteria spurred a hypothesis for an additional member of the NOR class of proteins.54 

According to a working model for this metabolism, this protein––NO dismutase (NOD)––

carries out the redox-neutral conversion of NO into O2 and dinitrogen (N2).55–57 The 

putative NOD is predicted to harbor a BNC that conforms to the HCO active site template, 

and the protein bears some homology to the qNOR family. Sequence substitutions obviate 

any electron or proton channels towards the BNC, biasing the activity towards dismutation. 

Studies of this putative NOD enzyme may yield the identification of a unique mechanism for 

biological N–N bond formation, but the protein has yet to be isolated and characterized.

2.1.4. cNOR Active Site Architecture—The cNORs comprise the first identified and 

the most studied NOR subfamily, with the first representatives being isolated from 

Pseudomonas stutzeri58 and Paracoccus denitrificans59 ca. 30 years ago. The Pseudomonas 
aeruginosa isolate (PaNOR) has been structurally characterized via a 2.7 Å crystal structure 

(PDBID: 3O0R)60 and serves as a key model for structural and mechanistic studies. The 

only other deposited structure of a cNOR comes from Roseobacter denitrificans (RdNOR) at 

2.85 Å resolution (PDBID: 4XYD),61 while extensive biochemical and spectroscopic studies 

have been performed on isolated enzymes from P. denitrificans, P. stutzeri, Halomonas 
halodenitrificans, and P. aeruginosa (References58,59,62–66 and references below).

cNOR is an integral membrane heterodimeric protein complex that consists of a large 

catalytic subunit I (NorB; 56 kDa) and a small electron-transfer subunit II (NorC; 17 kDa). 

The NorB subunit spans the cytoplasmic membrane via 12 a-helices, one of which interacts 

with the single N-terminal transmembrane helix (TMH) of the NorC subunit. The 

hydrophilic domain of NorC resides in the periplasmic space and lies over NorB, creating 

the largest interaction surface between the two subunits (Figure 3). This globular hydrophilic 
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domain houses a c-type heme with histidine and methionine as the axial Fe ligands. The 

hydrophobic core of NorB harbors a catalytic b-type heme (denoted as heme b3) with a 

single histidine axial ligand, a low-spin b-type heme with saturated coordination sites (bis-

His), and non-heme FeB, that is ligated by three conserved histidine residues and a 

glutamate (Glu211) (Figure 4). A calcium ion (Ca2+) is present at the interface of NorB and 

NorC and is interacting with the propionates of the two b-hemes, a glutamate residue from 

NorB, a tyrosine and a glycine residue from NorC, and a water molecule. In the fully 

oxidized resting state, the heme b3 Fe and FeB are kept at a metal-to-metal distance of 3.8 Å 

by a μ2-oxo ligand.

In the case of RdNOR, an additional metal ion is bound by three residues of the NorC 

subunit and it faces the periplasm (Figure 5). X-ray anomalous scattering studies suggested 

that this metal could be either Cu or Zn,61 but inductively-coupled plasma mass 

spectrometry (ICP-MS)67 and electron paramagnetic resonance (EPR)68 analyses provided 

further support for the presence of Cu in the isolated protein complex. The 14 Å edge-to-

edge distance of this metal ion from the c-type heme of the same subunit does not rule out 

electron transfer, but any such activity is likely to be slow.69 Also, the residues coordinating 

this putative Cu ion are not conserved among cNOR sequences, suggesting that the site may 

not be essential for the catalytic conversion of NO to N2O. Its surface-exposed nature raises 

the possibility of mediating protein-protein interactions. Terasaka and co-workers70 probed 

the hypothesized intracellular association of the NO-forming cd1 nitrite reductase (NiR) and 

the cNOR from P. aeruginosa––two enzymes that carry out sequential catalysis as part of the 

denitrification process. This study identified a super-complex comprising one cd1 NiR 

homodimer and two cNOR heterodimers, although a 1:1 ratio of NiR to cNOR appears more 

physiologically relevant due to the restricted spatial arrangement of the membrane 

embedded cNOR. Regardless of the stoichiometry of the super-complex, the interface was 

formed between the heme c domain of cd1 NiR and the soluble domain of NorC, possibly 

implicating the additional metal cofactor of RdNOR in such an interaction in vivo. However, 

a simpler structural role for this additional metal ion cannot be excluded.

2.1.5. cNOR Electron and Proton Transfer—Reductive conversion of NO to N2O 

and H2O requires the input of two electrons and two protons (Equation 6) that need to reach 

the buried active site cleft that resides within the NorB subunit. Whole-cell studies carried 

out in the late 1980s suggested that the periplasmic space is the source of the necessary 

protons for NO reduction,71 while the NOR-catalyzed reaction was found to be non-

electrogenic.72 Since then, various independent studies have unambiguously proven that 

both electrons and protons are supplied from the periplasmic space. Inspection of the 

PaNOR structure, combined with biochemical data collected over the years, has revealed a 

likely interprotein pathway for electron transfer (Figure 6a). Cyt c550 and/or pseudoazurin, 

the most probable physiological electron donors to cNOR,73–75 likely docks on the NorBC 

complex at the periplasmic hydrophilic domain of NorC in a manner similar to what was 

recently seen for the mitochondrial CcO.76,77 The six-coordinate, low-spin c-type heme of 

the NorC subunit is close enough to this interface to serve as the entry point for the 

electrons. A histidine and an alanine residue oriented toward the heme b propionates could 

shuttle electrons to the heme b3 either via direct contact of the neighboring methyl groups of 
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the heme moieties or through a conserved phenylalanine residue. The Ca2+ ion identified 

within the active site pocket presumably plays a structural role in maintaining the necessary 

protein conformation for efficient electron transfer.

In contrast to CcOs, no proton transfer pathway connecting the active site with the 

cytoplasm was observed, in agreement with the non-electrogenic nature of cNOR (vide 
supra).78,79 Instead, two potential water channels and hydrogen-bonding networks formed 

by protonatable and/or polar amino acids, leading from the periplasmic side of the 

membrane to the buried active site, were identified (Figure 6b). The terminal branch of this 

network is formed by three highly conserved glutamate residues (Glu211, Glu215, and 

Glu280 in PaNOR structure) that are associated with the catalytic competence of cNOR.
78,80,81 Structure-based molecular dynamics (MD) simulations further evaluated these 

putative water channels and brought forward an additional one that is not evident from a 

static crystal structure and may implicate protein dynamics in gating proton transfer.82

2.1.6. qNOR Active Site Architecture and Electron Transfer Pathways—Two 

members of the qNOR subfamily have been structurally characterized, one from Geobacillus 
stearothermophilus resolved at 2.5 Å (GsNOR; PDBID: 3AYF),44 and another one from 

Neisseria meningitis (NmNOR; PDBID: 6FWF),83 albeit at much lower resolution (4.5 Å). 

NO reduction to N2O at the catalytic center of qNOR is believed to proceed the same way as 

in cNOR proteins (vide infra). However, their cofactor composition together with some 

minor but crucial changes in the primary structure suggest probable differences in electron 

and proton transfer pathways within the NOR family.

The qNOR class comprises monomeric integral membrane proteins encoded by the highly 

conserved norZ gene. As evident from primary structure analyses, NorZ is a fusion protein 

with the first 30% of its sequence aligning to the NorC subunit of cNOR. Although the TMH 

that is present in NorC is conserved, the CXXCH heme binding motif is missing, and the 

resolved GsNOR structure revealed the absence of any heme cofactor embedded in the 

protein.44 A large portion of NorZ is homologous to NorB, while an additional TMH brings 

the total to 14 TMHs for the complete protein (Figure 7). The absence of the c heme from 

the hydrophilic NorC portion of qNOR does not perturb this domain’s cyt c fold. This is 

likely because bulky hydrophobic residues take the place of the porphyrin. The absence of 

the electron entry heme c moiety from the periplasmic side of the enzyme is in agreement 

with previous studies, where purified representatives of the qNOR subfamily could not 

accept electrons from reduced cyt c. Instead, quinol analogs were shown to be suitable 

electron donors for the catalytic conversion of NO by qNOR.84,85 The cocrystal structure of 

GsNOR with the quinol analog 2-heptyl hydroxyquinoline N-oxide (HQNO) revealed the 

quinol-binding site of qNOR (PDBID: 3AYG, Figure 8).44 A histidine and an aspartate 

residue together with a second-sphere glutamate (His328, Asp746, and Glu332) position the 

HQNO molecule within a hydrophobic pocket 10 Å away from the bis-His coordinated 

heme b. The latter lies 13.7 Å away from the active site heme b3 that is part of a highly 

conserved BNC. Adhering to the general HCO template, the BNC of GsNOR consists of a 

catalytic heme b3 and a non-heme metal that are positioned 4.6 Å apart in the fully oxidized 

resting state. A water molecule bridges these metals (Figure 9). Anomalous difference 

Fourier maps of the resolved structure suggested Zn as the non-heme metal (ZnB). 
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Interestingly, the choice of detergent during NOR purification seemed to affect the identity 

of the coordinated metal in this position, as shown by ICP atomic emission spectroscopy 

(AES); homogenous and active preparations of GsNOR were found to contain both FeB and 

ZnB, whereas in the cases where only ZnB was detected, the enzyme was inactive.44 Atomic 

absorption spectroscopy on purified and active NmNOR excluded Zn as a metal cofactor, but 

the low-resolution structure obtained for this protein does not allow for definitive 

identification of the metal occupying the non-heme site.83 It is unlikely that the ZnB center 

corresponds to any physiological state of qNOR- it rather appears to be a purification 

artifact- but in lieu of any high-resolution qNOR (FeB) structure, the GsNOR (ZnB) serves as 

a model for qNOR structural observations. Like FeB in cNOR, this ZnB center is coordinated 

by three invariable histidine residues. However, the fully conserved glutamate in both cNOR 

and qNOR sequences is moved away from the ZnB center, in contrast to the cNOR 

structures where it is the fourth ligand to FeB (Glu211 in PaNOR; Glu512 in GsNOR; 

Glu494 in NmNOR). According to MD simulations, the TMH harboring Glu494 appears 

flexible enough to imply possible coordination of the glutamate carboxylate to the non-heme 

metal––either ZnB or FeB––upon slight conformational changes.44 Identical to the cNOR 

structures, a Ca2+ ion coordinated by Gly91, Tyr93, Glu429, and the propionates of both 

hemes is identified within the hydrophobic cavity of the BNC.

2.1.7. NOR Proton Transfer Pathways—The cNOR structures indicated the absence 

of any proton transfer pathway from the cytoplasmic side of the membrane that would 

render cNOR electrogenic. Meanwhile, these structures suggested two possible water 

networks connecting the bulk solvent of the periplasm with the active site. Inspection of the 

qNOR structure though, concluded that both periplasm-facing channels are probably non-

operational, due to structural differences between cNOR and qNOR (Figure 10). In one case, 

a hydrophobic alanine residue is present in qNOR in place of an aspartate in cNOR that 

blocks the water network around the interface of the NorB and NorC regions. The other 

channel is completely absent owing to the different conformation of the C-terminus of the 

NorC hydrophilic domain.86

The fully conserved glutamate residues of the hydrophobic active site cavity (Glu512 and 

Glu581 in PaNOR) are also present in both qNOR structures and allow for the formation of 

a water cluster. In contrast to PaNOR though, the only hydrophilic channel identified in 

qNORs extends from this water cluster towards the cytoplasm and is lined with polar 

residues (Figure 10B). The cytoplasmic proton entry site of GsNOR appears to be formed by 

a salt bridge between a lysine and a glutamate residue that were found to be indispensable 

for catalytic activity based on mutagenesis studies.44 Molecular dynamics simulations 

focused on the water network formed within this channel suggested that this could serve as a 

catalytic proton transfer pathway that would function according to the Grotthuss mechanism 

as in all characterized members of the HCO superfamily.44,86 In the case of NmNOR, the 

lysine at the opening of the cytoplasmic water channel is replaced by a serine, but the overall 

properties of the putative water channel appear conserved. Extensive mutagenesis studies on 

NmNOR showed that a functional cytoplasmic channel is necessary for complete NO 

reductase activity, although poor non-heme Fe incorporation in some variants could have 

also been the reason for the reduced NO reactivity observed.83 More importantly, 
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reconstitution of purified NmNOR in liposomes and kinetics experiments unambiguously 

demonstrated that the reductive conversion of NO by NmNOR was coupled to proton 

translocation across the membrane.83 This finding corroborates the previous hypothesis 

about the electrogenic nature of qNOR and, based on sequence conservation, supports the 

possibility of the qNOR subfamily substantially differing from cNOR with regards to 

intracellular energy conservation.

2.1.8. NOR Catalytic Mechanism—The mechanistic details of the reductive 

conversion of NO to N2O by HCO-type NORs are not fully understood, but three 

hypothetical mechanisms have been extensively scrutinized, both experimentally and 

computationally: a trans-mechanism and two cis-mechanisms, the cis-heme b3 and the cis-

FeB (Scheme 1a). These studies are exclusively focused on cNORs, but the mechanisms for 

other members of the class are expected to follow suit. Interestingly, spectroscopic studies 

on the NOR activity of various CcOs suggest yet another mechanism for this class of the 

HCO superfamily,88–90 but this topic is beyond the scope of the current review.

In the resting ferric state, a μ2-oxo ligand whose presence was validated through detailed 

assignment91 of a resonance Raman band at ca. 810 cm−1 as vas(Fe–O–Fe) (as = 

antisymmetric) maintains non-heme FeB and the heme b3 Fe at a close distance. Based on 

comparisons to model complexes, the resonance Raman data suggested a distance of 3.5 Å, 

close to the ca. 3.8–3.9 Å determined in the PaNOR crystal structure.60 The expected 

antiferromagnetic coupling of the Fe centers mediated by this bridge offers an explanation 

for the EPR-silence of the ferric enzyme.46,92 In this resting state, the heme b3 Fe is five-

coordinate as evidenced by resonance Raman studies,93 indicating that the proximal 

histidine is dissociated from the heme b3 Fe (Scheme 1b, intermediate 1). The bridging oxo 

ligand may draw the heme b3 Fe out of the porphyrin plane, facilitating the cleavage of the 

heme Fe-histidine bond.66 Contrasting conclusions were drawn, though, for the 

Marinobacter hydrocarbonoclasticus (formerly Pseudomonas nautica) purified NOR 

(MhNOR)––57Fe Mössbauer and EPR data were interpreted as indicative of a low-spin, 

possibly six-coordinate heme b3.94

In one version of the trans mechanism, the μ2-oxo ligand dissociates upon complete 

reduction of the protein, with concomitant association of the proximal histidine to the heme 

b3 Fe (Scheme 1b, intermediate 2). This results in elongation of the distance between the 

now ferrous centers to 4.2 Å.93,95 In the crystal structures of carbon monoxide (CO)- and 

aldoxime-bound reduced PaNOR (PDBID: 3WFC and 3WFD, respectively), the Fe–Fe 

distance increases to 4.4 Å, but no other conformational changes are detectable.95 The non-

heme FeB and the heme b3 Fe then each bind one NO, resulting in the formation of two Fe-

nitrosyl species (Scheme 1b, intermediate 3). In an alternative sequence of events, FeB is 

reduced while the heme b3 Fe remains oxidized. It is not until NO binds to both Fe centers 

that further reduction occurs.96 Regardless, the relatively short Fe–Fe distance within the 

BNC of PaNOR can plausibly accommodate the binding of two NO molecules and likely 

plays a vital role in the efficiency of the N–N bond formation by arranging the substrate 

molecules in close proximity to each other.
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The heme b3 Fe-nitrosyl complex has been optically resolved by flow flash photolysis, 

where it was assigned as the first intermediate of the reaction of P. denitrificans cNOR 

(PdNOR) with NO that occurred within 2 μs upon photolysis.79 The reconstructed spectrum 

was similar to the reduced myoglobin NO adduct97 with a trough at 430 nm and a peak at 

410 nm, overall characteristic for ligand binding to reduced high-spin hemes. Time- and 

temperature-dependent rapid freeze quench (RFQ) EPR studies identified two Fe-nitrosyl 

signals within 0.5 ms from NO addition.66 The g = 4.0 signal was assigned to the ferrous 

FeB–NO species, as it was consistent with the previously reported {FeNO}7 systems with 

the S = 3 2 ground state of non-heme Fe proteins and their model complexes.66,79,91–94 (The 

{FeNO}X nomenclature follows Enemark-Feltham98 notation wherein the superscript X 

denotes the sum of electrons in the metal d-orbital manifold and the electrons in the NO π* 

orbitals.) The other signal at g ca. 2.0 exhibited a set of three lines that can be assigned to 

the hyperfine splitting by the 14N nucleus (I = 1) of the bound NO to a low spin ferrous 

heme (gz = 2.012, gx,y = 2.08, NOAz = 1.6 mT). Therefore, it was assigned as the five-

coordinate ferrous heme b3–NO species, further supporting the dissociation of histidine from 

the heme b3 Fe upon NO binding. The formation of a diiron dinitrosyl has been precedented 

in synthetic functional models of NOR (see Section 4.1). The subsequent step in the 

proposed catalytic cycle involves formation of a diiron-bridged hyponitrite (N2O2
2−) 

complex that has never been observed (Scheme 1b, intermediate 4). This could come about 

either by the nucleophilic attack of one nitrosyl to the other or via the combination of both 

nitrosyl species in a radical coupling process.46,99,100 Notably, Daskalakis and co-

workers101 used UV-Raman spectroscopy to probe a protein-bound N2O2
2− intermediate 

during the catalytic cycle of cNOR from P. denitrificans, where the heme b3 Fe was in the 

ferric state and the ν(N–N) = 1332 cm−1 mode was assigned to the N–N stretching vibration 

of the hyponitrite species.102

In the final step of this proposed mechanism, N–O bond cleavage promoted by donation of 

protons from the solvent leads to N2O and H2O release from the NOR active site, resulting 

in a short-lived species where both Fe centers are in the ferric state and the heme b3 Fe is 

ligated by the proximal histidine (Scheme 1b, intermediate 5).66 The second turnover 

(Scheme 1b, intermediates 6–7) proceeds in a manner analogous to the first. Two scenarios 

could occur to close the cycle: a return to the oxo-bridged diferric (Scheme 1b, intermediate 

1) with NO supplying the oxo, or the pathway could traverse an un-bridged diferric 

intermediate (Scheme 1b, intermediate 8) poised to accept electrons.

Ferrous nitrosyl species are often stable, and this stability could promote off-pathway 

reactivity during catalysis.103–105 Consequently, cis mechanisms have been proposed that 

exclude the formation of such intermediates. According to one working hypothesis, referred 

to as the cis-FeB mechanism, the non-heme FeB is the only substrate-binding site (Scheme 

1a), and catalysis proceeds via the formation of a dinitrosyl Fe complex (DNIC). This 

species is denoted {Fe(NO)2}9. DNICs have been implicated in NO storage as well as 

mammalian immune response.106,107 That such species exist has been supported by the 

synthesis of [Fe(NO)2(Im)]4 (Im = imidazolate), which exhibits an EPR signal near g = 2.03 

shared by putative biological DNICs.108,109 Meanwhile, heme b3’s proposed roles are some 

combination of (a) mediating electron transfer, (b) enforcing proper orientation of the FeB-
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bound NO molecules, and/or (c) the N–O bond cleavage.100 Following the formation of the 

DNIC at the non-heme FeB, an FeB-bound N2O2
2− intermediate is hypothesized, followed 

by subsequent N–O bond cleavage. However, Speelman and co-workers110 contend that N–

N bond formation between NO units in an {Fe(NO)2}9 DNIC is highly unfavorable due to 

the anti-ferromagnetic coupling between each NO and Fe, which causes a parallel alignment 

of the NO spins. N–N bond formation necessitates antiparallel spin alignment––the spin-flip 

barrier thus presents a likely origin for the lack of N–N bond formation observed from 

synthetic DNICs.

Prevention of the formation of a stable heme b3 {FeNO}7 species during the initial step of 

NO binding to NOR could be achieved by a mixed-valent state of the enzyme, where heme 

b3 would remain oxidized. Redox titrations of PdNOR determined the reduction potential of 

heme b3 to be about 200 mV lower than that of FeB, making this a plausible relevant state 

during catalysis.111 It should be noted that two independent electrochemical studies on 

PaNOR and MhNOR homologs determined different values for the formal midpoint 

potentials of the metal centers. Kato, Yagi, and co-workers112 used spectroelectrochemistry 

(specifically, surface enhanced infrared spectroscopy) to determine reduction potentials of –

0.11 V and –0.44 V vs. the normal hydrogen electrode (NHE) for FeB and heme b3, 

respectively. The latter value was found to occur near the onset of electrocatalytic NO 

reduction, suggesting that NO reduction was initiated at heme b3 and thus prompting the 

authors to favor the trans mechanism. Meanwhile, Cordas and co-workers113 assigned the 

FeB reduction potential at ca. –0.37 V and heme b3 at –0.16 V vs. the saturated calomel 

electrode (SCE) (–0.129 and +0.081 V vs. NHE, respectively). These findings were used to 

favor reduction at the FeB site and thus, a cis mechanism.

An alternative scenario that would favor exclusive non-heme FeB NO binding was described 

for MhNOR. In this study, complete reduction of all metal centers of MhNOR was necessary 

for reactivity to occur, and ferrous heme b3 was described as a low-spin center (even at room 

temperature) with an axial His coordination and a μ2-oxo (or μ2-hydroxo) bridge to FeB. 

This six-coordinated ligation state is believed to decrease the heme affinity for NO and, thus, 

promote binding of NO to the FeB instead.94 An alternative hypothetical cis mechanism for 

NO reduction by NORs, the cis-heme b3 mechanism, bears a resemblance to the P450nor 

mechanism in that it primarily involves a high-spin heme for substrate binding (see Section 

2.2, Scheme 2).8,114 Resonance Raman studies on the NO reductase activity of cbb3 oxidase 

from P. stutzeri alluded to a similar mechanism by identifying a five-coordinate ferrous 

heme b3 nitrosyl species (v(N–O) = 1679 cm−1, v(Fe–NO) = 524 cm−1) as a catalytic 

intermediate.115 Computational studies on the NOR catalytic mechanism strongly favor the 

cis-heme b3 hypothesis based on free energy profiles of putative intermediates and transition 

states.116 In this mechanism, NO binds to the ferrous heme b3, partially oxidizing it, while 

the oxygen is coordinated by the ferrous non-heme FeB. Although ferrous heme nitrosyl 

complexes are generally quite stable, density functional theory (DFT) calculations using the 

dispersion-corrected B3LYP-D3 hybrid density functional117,118 predicted this species to be 

an intermediate in the reaction. The interaction of the non-heme FeB with the oxygen atom 

of NO is suggested to electrostatically polarize the heme-nitrosyl. The metal-bound nitrosyl 

species is then attacked by a second NO molecule to generate a hyponitrite radical that is 

asymmetrically bridging the diiron center via double oxygen coordination to the non-heme 
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FeB.116,119 The N2O2
2−-bridged diiron intermediate (Scheme 1b, intermediate 4) implicated 

in the trans mechanism was calculated to be ca. 30 kcal∙mol−1 higher in energy relative to 

this cis-heme b3 N2O2
2− intermediate.

2.2. P450nor

2.2.1. P450nor Classification, Structure and Function—According to field 

experiments, fungal denitrification appears to be the major contributor to global 

environmental N2O fluxes.120–122 Fungal NORs, unlike prokaryotic NORs, belong to the cyt 

P450 superfamily of enzymes which are more commonly known for selectively oxidizing C–

H bonds.123–127 This makes the so-called P450nors a peculiar case of enzymes that evolved 

from performing monooxygenase activity to reductive chemistry on a substrate (Equation 8).
128

NO+NADH + H+ N2O+H2O+NAD+ (8)

Shoun and co-workers129 reported the first purification of a P450nor enzyme from Fusarium 
oxysporum, wherein they initially observed lipoxygenase activity and similar properties to 

canonical P450s. Only later did they serendipitously find that this enzyme was actually 

involved in denitrification, as the enzyme was specifically induced by NO3
− and nitrite 

(NO2
−). 130

P450nor is a soluble, b-heme enzyme that is axially coordinated by a cysteinate ligand, 

similar to other members of the P450 superfamily. P450nor amino acid sequences share up 

to 40% and on average 25% identity with other members of the P450 superfamily.131 

Interestingly, fungal P450nor is more closely related to bacterial rather than eukaryotic 

P450s, and thus P450nor has been proposed to originate from horizontal gene transfer.132 

P450nors exist in two isoforms that are localized in different parts of the cell. However, their 

origins appear to stem from different genetic mechanisms. For example, the genome of 

Cylindrocarpon tonkinense encodes for two separate P450nor proteins: P450nor1 (cyp55A2, 

mitochondrial isoform) and P450nor2 (cyp55A3, cytoplasmic isoform).133,134 In the case of 

F. oxysporum, the two isoforms are derived from the same gene (cyp55) but are translated at 

different initiation codons, one of them in frame with a mitochondrial leader sequence.135 

The localization of these isoforms also appears to be associated with stereoselectivity for 

nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate 

(NADPH) redox partners: C. tonkinese P450nor1 specifically employs NADH while 

P450nor2 uses both, albeit with higher affinity for NADPH.136,137 This specificity has also 

been linked to the tertiary structures of the enzymes.

The first X-ray crystal structure of P450nor from F. oxysporum was reported in 1997 by 

Park and co-workers (PDBID: 1CL6, Figure 11a).131 The overall protein fold does not 

deviate dramatically from canonical cyt P450 monooxygenases. However, the distal pocket 

of the heme has a few interesting rearrangements to the P450 protein scaffold: The F- and G-

helices (per cyt P450 nomenclature) and the loop between them show significant thermal 

motion, which is common to P450 enzymes. This region has been implicated as a substrate 

channel and thus plausibly expected to be highly dynamic. However, unlike canonical 
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P450s, the P450nor structure shows the F- and G-helices oriented in a “flipped up” 

conformation which allows for a significantly more solvent-exposed heme pocket. A similar 

difference in solvent access is noticeable with the relative orientation of the B´-helix, a 

structural element which has been implicated in the aforementioned NADH/NADPH 

selectivity (Figure 11b).137 It was postulated by Park and co-workers131 that these “open” 

features of the tertiary structure allow either NADH or NADPH to participate in NO 

reduction by entering the distal pocket during catalysis.

Key features of P450nor are its direct binding and redox interactions with the NADH/

NADPH cofactor.128,138 The NADH/NADPH binds in the distal pocket through global 

conformational changes and participation with multiple amino acid side chains. Upon 

NADH/NADPH entry, the F-helix closes off the distal pocket by a movement of ca. 3 Å, 

engulfing the cofactor.139 Two arginine residues (Arg64 and Arg174; numbering as in F. 
oxysporum P450nor) to a positively charged cluster which aids in binding and specifically 

binds to one of the co-substrate pyrophosphates.136 Another essential residue is a conserved 

threonine (Thr243) on the distal I-helix. This residue forms a hydrogen-bonding network 

with a carbonyl oxygen of the main chain (Ala239) via two water molecules, and it has been 

implicated in proton shuttling.131 A follow-up study by Okamoto and co-workers140 found 

that when the conserved Thr243 was mutated to hydrophobic residues the catalytic activity 

was significantly reduced. These authors attributed this to a disruption of the hydrogen-

bonding network at the distal I-helix. This is partly true: while acting as a proton-relay may 

be one role of Thr243, it clearly also (along with the peptide-nitrogen from Gly240) orients 

the NADH/NADPH properly during catalysis by hydrogen bonding with the carbonyl 

moiety of the nicotinamide ring.139 This, in concert with one of the propionate arms of the 

porphyrin and a serine residue (Ser286), imposes constraints on the cofactor dynamics and 

positions the pro-R side of the C4-hydrogens to face the substrate. Currently, the proton 

relay in this system is proposed to be composed of the distal Ser286 and an aspartate 

(Asp393) that appear to be essential for maintaining the hydrogen-bonding network of 

solvent molecules in the pocket.136,137,141–143

2.2.2. P450nor Mechanism—Fungal P450nors are distinguished from bacterial NOR 

enzymes (see Section 2.1) by their mediation of efficient catalysis (~1200 s−1 at 10°C for F. 
oxysporum) at a single metal cofactor rather than employing two metal centers as with 

bacterial NORs or flavodiiron proteins (FDPs) (vide infra, Section 2.5) (Scheme 2).144 

Resting P450nor exists in a low-spin, ferric state with a Soret UV-vis absorption maximum 

at 415 nm and a FeII/III reduction potential of –0.307 V vs. NHE.144–146 The EPR spectrum 

obtained at 5 K of the resting ferric enzyme exhibits a minor high-spin (g = 7.97, 4.12, 1.75) 

and a dominant low-spin (g = 2.44, 2.26, 1.91) component.147 57Fe Mössbauer data also 

support a low-spin assignment for the ferric resting state (ΔEq = –2.96 mm∙s−1, δ = 0.32 

mm∙s−1).148 The resting enzyme binds NO with a high on-rate (2.6 × 107 M−1∙s−1 for F. 
oxysporum) forming a well-studied six-coordinate, ferric nitrosyl {FeNO}6 species with a 

Soret maximum at 431 nm.144,149 The 57Fe Mössbauer spectrum of the {FeNO}6 reveals a 

decreased isomer shift (δ = 0.15 mm∙s−1) with a quadrupole splitting of ΔEq = 1.31 mm∙s−1, 

consistent with a diamagnetic species.148 Importantly, this {FeNO}6 complex likely oxidizes 

the NO upon coordination and has been described as having a FeII–NO+ ground-state 
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electronic configuration wherein the nitrosonium ion (NO+) is bent and poised for 

nucleophilic attack. This bent geometry has been observed crystallographically in the 

P450nor from F. oxysporum. The Fe–N–O angle is 161˚, significantly deviating from a 

linear geometry.142 However, this geometry may also have been be the result of 

photoreduction of the {FeNO}6 to the {FeNO}7 during synchrotron data collection. A more 

recent study using X-ray free electron laser data collection provided more robust structural 

data which also supported a bent geometry at the {FeNO}6 ∠FeNO = 158∘ .150 The trans-

effect from the axial thiolate induces the NO ligand to bend and weakens both the Fe–NO 

and N–O by a mixing with the dz2-σn and dxz-π*NO orbitals (Figure 12). The strong 

donation from the thiolate pushes the dz2-σn to higher energy and increases admixture with 

the dxz–π*NO.98,151–156 Praneeth and co-workers157 noted that while one could envision the 

{FeNO}6 species assuming a low-spin Fe3+-NO˙ configuration (ca. 1 kcal∙mol−1 higher in 

energy), the bent geometry of the NO moiety is not an intrinsic quality of this assignment.

Canonical P450s undergo one-electron reduction events via a redox partner (either 

ferredoxin reductase/ferredoxin in the case of bacterial/mitochondrial P450 or flavin adenine 

dinucleotide (FAD)/flavin mononucleotide (FMN) as with eukaryotic P450).127,149 One of 

the key features distinguishing P450nors from other P450s are their ability to accept 

electrons directly from a precisely positioned NADH/NADPH molecule via hydride transfer 

(H−), a physiologically rare redox reaction considering that heme cofactors are typically 

one-electron redox centers that interact with a mediating redox partner. It was shown by 

Shiro and co-workers144 that the {FeNO}6 species from the P450nor of F. oxysporum is able 

to react with NADH rapidly with a rate constant of ca. 1 × 106 M−1 s−1 at 10 °C. Subsequent 

investigations by Oshima and co-workers139 provided structural evidence to support the 

contention that the {FeNO}6 species undergoes reduction via direct hydride (H−) transfer 

from the NADH to form a nitroxyl (HNO) adduct, {FeHNO}8.139 These authors crystallized 

P450nor with an unreactive NADH analogue (nicotinic acid adenine dinucleotide, NAAD) 

to demonstrate that a hydrogen atom on the C4 position is ca. 1.9–2.0 Å away from the NO+ 

(when compared to the structure of the nitrosyl adduct structure from the same organism) 

(Figure 13). The nicotinic acid ring is appropriately positioned at the heme active site by the 

aforementioned conserved Thr243, porphyrin propionate, and peptide nitrogen of a glycine 

residue (Gly240).139,140,143

Further experimental evidence in support of direct hydride transfer to the {FeNO}6 is the 

accumulation of a 444 nm intermediate (vide infra) when using an exogenous H−-donor such 

as sodium borohydride. Daiber and co-workers158 reported kinetic isotope effects for the 

reaction with monodeutero, C4 NADH of 2.7 and 1.1 for the R- and S-stereoisomers, 

respectively. This finding suggests that hydride transfer is both stereoselective and rate-

limiting.158 A wealth of computational studies also support this reactivity of the 

{FeNO}6.143,153,159 Synthetic {FeNO}6 porphyrin complexes have also been observed to 

undergo direct hydride transfer at the nitrosyl nitrogen.160,161 Currently P450nor is the only 

known member of the P450 superfamily to exhibit this redox behavior. Presumably, the 

product of this reaction would be a transient Fe2+–HNO. There is no spectroscopic evidence 

for this heme–HNO intermediate in P450nor, but there is precedent for its existence based 

on the surprisingly stable Fe2+–HNO species in myoglobin models.162,163 The HNO 
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intermediate presumably remains sufficiently basic to be protonated by the bulk solvent in 

the distal heme pocket, yielding a hydroxylamide which has been dubbed Intermediate I.
143,144,148,153,158

Intermediate I is the apparent accumulating species under stopped-flow, steady-state 

turnover conditions with a signature Soret maximum at 444 nm and having a lifetime of ca. 

100 ms (Figure 14).144,164 The Fe–HNO adduct is believed to undergo a single protonation 

step. Analogous to the conjugate base of compound II (Fe4+-hydroxide) in cyt P450 

monooxygenase mechanisms, the basicity of the HNO ligand is likely enhanced by the 

strong electron-donating ability of the cysteine thiolate ligand axially coordinated to the Fe.
153,165–169 While it has been proposed that the proton is donated from nearby solvent 

molecules, it has also been suggested that the protein scaffold plays this role. Riplinger and 

Neese143 suggested in a computational study that a nearby aspartate (Asp 393 in F. 
oxysporum) donates a proton to the {FeHNO},8 in accordance with experimental data.
131,139,141,142

Both the oxidation state of the Fe and the protonation state of the hydroxylamide species in 

Intermediate I remain under debate. Due to the short-lived nature of Intermediate I, it 

remains difficult to scrutinize these parameters experimentally. Obayashi and co-workers164 

offered the first characterization of this species via mixed-flow resonance Raman 

spectroscopy. They reported that the oxidation state of the macrocycle remains constant 

during Intermediate I formation, obviating storage of electrons by the porphyrin.170 They 

also noted a 10 cm−1 isotope shift sensitive to 14N/15N NO-labeling at 596/586 cm−1 and 

concluded that this species cannot be assigned as v(Fe=N), which typically appear at 700–

900 cm−1.171 Rather, they assigned this as an v(Fe–NO) stretching mode. Based on their 

findings, they suggested that the two-electron reduction does not proceed via H−-transfer, 

but rather the NO unit accumulates the negative charge as a FeII–NO−, with the N-atom 

remaining deprotonated. More recent kinetics, structural, and theoretical evidence disputes 

this conclusion; H−-transfer to the N-atom of the {FeNO}6 appears to be the actual path 

during P450nor catalysis (vide supra) and the source of this isotopically sensitive Raman 

shift remains unclear. Recent investigations into the nature of Intermediate I have focused on 

the presumption of the Fe2+–HNO and its protonation state.

Intermediate I plausibly exists as one of two valence tautomers: one structure features an 

Fe4+– NHOH− species while the other structure is Fe3+-NHOH• (Scheme 2). Computational 

investigations have probed which of these two tautomers is the most likely, and these studies 

have also scrutinized the mechanism by which Intermediate I reacts with the second 

equivalent of NO. One study by Vincent and co-workers172 proposed that Intermediate I 

exists as Fe4+–NHOH−, which then binds the second NO and dissociates free hyponitrous 

acid (H2N2O2) that rapidly decomposes to the enzymatic products. Lehnert and co-

workers153 have also suggested that Fe4+–NHOH− is on path, but contend that the H2N2O2 

remains bound to the Fe. The NO donates an electron to loosely bind to the NHOH, 

reducing the formal Fe4+, followed by an exergonic proton transfer (ca. –16.5 kcal∙mol−1) 

from the bound nitrogen to the neighboring oxygen, resulting in a cyclic [Fe3+–N2O2H2] 

transition state.

Ferousi et al. Page 15

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A spectroscopic and computational investigation by Riplinger and co-workers,148 however, 

caused these authors to favor the Fe3+–NHOH• configuration for Intermediate I. Using a 

combination of magnetic circular dichroism (MCD) and 57Fe Mössbauer spectroscopies, the 

authors concluded that Intermediate I must be a diamagnetic, S = 0 species. MCD spectra 

obtained in the steady-state upon treatment of the {FeNO}6 with NADH reveal no 

discernable features at 445 nm, suggesting that Intermediate I is diamagnetic. This was 

further supported by both 57Fe Mössbauer and EPR spectroscopy; under similar conditions a 

sharp quadrupole doublet (ΔEq = 1.96 mm∙s−1, d = 0.24 mm∙s−1) was observed as well as 

barren EPR spectrum. These findings were consistent with reported model complexes 

competent for NO reduction,173 and importantly suggest that Intermediate I likely does not 

exist as Fe4+. Thorough computational modelling of this system using both closed shell and 

broken symmetry DFT methods showed an acceptable comparison to experimental 

spectroscopic data.148 The authors concluded that the {FeNO}6 species is reduced by 

NADH in a two-state reaction wherein a spin-inversion participates in the rate-limiting step.
174 The nascent HNO is quickly protonated and cannot be observed experimentally. The 

second protonation via the distal Asp393 results in a Fe3+-NHOH• diradical wherein one 

spin centered on the N-atom of the NHOH adduct antiferromagnetically couples to the low-

spin ferric center, consistent with the experimentally observed diamagnetism. The N–N bond 

is formed by a spin-recoupling pathway, forming either a Fe3+–N2O2
2−, –HN2O2

−, or –

H2N2O2 intermediate, which decomposes to release N2O and H2O.143,148,153 Recent 

synthetic models produced by Lehnert and co-workers175–177 have provided precedent for 

these final proposed intermediates (see Section 4.1).

2.3. Cytochrome (Cyt) P460

2.3.1. Cyt P460 Classification, Structure, and Function—Cyt P460s are soluble, 

homodimeric enzymes that catalyze hydroxylamine (NH2OH) oxidation to N2O (Equation 

9) without producing net reducing equivalents for cellular respiration.178 In stark contrast to 

NORs, cyt P460s carry out oxidative rather than reductive reactions to produce N2O.

2 NH2OH N2O+H2O+4 H+ + 4 e− (9)

Cyt P460 homologs are encountered in genomes of metabolically diverse microorganisms 

including Proteobacteria, Planctomycetes, Bacteroidetes, Acidobacteria, and 

methanotrophs179–181 and are now recognized to comprise an entire family of c-type 

cytochromes.180 The first example was purified from the archetypal ammonia oxidizing 

bacterium (AOB) Nitrosomonas europaea by Erickson and Hooper,182 albeit erroneously 

assigned at the time. Cyt P460s are commonly found in AOB and are, therefore, associated 

with the biogeochemical process of nitrification, i.e. the complete oxidation of ammonia to 

NO3− catalyzed by aerobic AOB183–186 and ammonia oxidizing archaea (AOA),186–188 

nitrite oxidizing bacteria (NOB),183,189,190 and complete ammonia oxidizing (comammox) 

bacteria.191,192 Further, they provide a direct enzymatic link between the metabolism of 

nitrifying organisms and environmental N2O emissions.13,178,193

Cyt P460s represent a large family of c-type cytochromes closely related to proteobacterial 

cytochromes ć.180 They are small homodimeric proteins comprised of ca. 17 kDa monomers 
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which each bear a single mono-His-ligated, c-heme cofactor in each subunit that is 

covalently bound to the polypeptide chain through a canonical CXXCH binding cassette 

(Figure 16a). The overall protein fold of each monomer is very similar to cytochrome ć-β, 

and it has been recently suggested by Adams and co-workers194 that cyt ć-β evolved from 

cyt P460. While both of these proteins support c-hemes, the heme P460 cofactors of cyt 

P460s are distinguished from standard c-hemes such that, in addition to the two thioether 

linkages, they support an additional covalent C–N cross-link at the 13´-meso carbon position 

by a lysine residue (Figure 15b).195,196

The eponymous heme P460 cofactor derives its name from the position of its Soret near 460 

nm in the ferrous state. All known P460 cofactors are c-type hemes which support additional 

covalent attachments to amino acid side chains. Such “non-canonical” cross-links appear to 

be a hallmark modification of heme enzymes involved in aerobic and anaerobic ammonia 

oxidation (e.g. hydroxylamine oxidoreductase (HAO) and hydrazine dehydrogenase (HDH, 

see section 5.2)).197,198 Hydrazine synthase (HZS, see section 7.1) also supports an 

additional Cys-heme cross-link at one of its cofactors, but this has not been designated as a 

heme P460 at this time (vide infra). The cyt P460 cofactor is closely related to the active site 

of the metabolic AOB enzyme HAO. HAO is similarly competent for NH2OH oxidation and 

features a heme P460 active site of slightly different architecture.197,199 The HAO P460, 

rather than being covalently attached at one point by a lysine residue, is attached at two 

points by a tyrosine residue: One C–C attachment is between a Tyr carbon and the heme 5´-

meso carbon, while the other attachment is between the phenolic oxygen and an adjacent 

pyrrole α-carbon (Figure 16b).197,199 The HAO cofactor also exhibits a far greater degree of 

ruffling compared to cyt P460, perhaps due to the nature of its cross-link. This can be 

quantified using the normal-coordinate structural decomposition method to describe out-of-

plane deviations from heme planarity (Figure 16c).200,201 One observes that the B1u 

coefficient (ruffling) of the ferric P460 cofactors is much greater for N. europaea HAO 

compared to cyt P460, which experiences a higher degree of B2u (saddling) deformation. 

These contortions may, in part, explain the different reactivities observed for these two 

enzymes. While both enzymes contain heme P460 cofactors and catalyze the oxidation of 

NH2OH to NO, their subsequent chemical mechanisms are distinct from each other and 

fulfill different roles for nitrifiers.178,202,203

Functional cyt P460 bearing the intact heme-Lys cross-link can be recombinantly expressed 

and purified from heterologous hosts, implicating autocatalysis but at least excluding the 

necessity of AOB-specific chaperone proteins.204,205 Further, site-directed mutagenesis 

studies of cyt P460 have revealed cross-link formation occurs uniquely with Lys. The 

mechanism by which the cyt P460 cross-link forms remains unknown, although some 

reports have speculated in other systems it proceeds through a radical cross-coupling via a 

Compound I pathway.204,206–208 The role of the cyt P460 heme-Lys cross-link in catalysis 

remains an area of inquiry. Site-directed mutagenesis studies indicate that the heme-Lys 

cross-link is required for NH2OH oxidation, although the reason for this requirement is 

uncertain. An evidentially-substantiated role is to impart rigidity to the cofactor and to avoid 

NO-dependent axial-His dissociation during catalysis.104 One proposal suggests that these 

cross-links disrupt the π-conjugation of the porphyrin and distort the planarity of the 

macrocycle. This in turn controls the degree of ruffling at the cofactor, which has been 
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shown to tune the cofactor reduction potential.209,210 Another possibility is that the cross-

link positions the cofactor within an appropriate distance to essential second-sphere residues 

which participate in the redox catalysis (vide infra).

2.3.2. Cyt P460 Mechanism—For at least 30 years, the oxidation of NH2OH to NO2
− 

by AOB was thought to proceed via a single enzymatic process. This presumed four-electron 

oxidation would produce the NO2
− that is the terminal metabolic product of NH3 oxidation 

by AOB. This was largely based on activity assays of HAO.202,211,212 The major product of 

aerobic NH2OH oxidation was indeed NO2
−, but consistently substoichiometric with respect 

to NH2OH (maximum of 60% conversion). The remainder was attributed to the formation of 

NO3
− and trace amounts of N2O.202,211 However, under anaerobic conditions these reactions 

only produced mixtures of NO and N2O, implicating the necessity of O2 activation for NO2
− 

formation.202 These results were attributed to incomplete NH2OH oxidation, forming 

reactive NO and HNO intermediates, the latter product undergoing homocoupling to form 

N2O. This model accounted for the products observed but could not explain the origins of O-

atoms in assay products. Isotopic 18O-labeling showed the two O-atoms of NO2
− from AOB 

are derived from two different sources: O2 and H2O.213 This obviates an O2-dependent step 

during NH2OH oxidation, as the O-atom in this molecule originates from the activation of 

O2 by ammonia monooxygenase.214 Taken together, these data suggest that an O-atom from 

H2O is incorporated during AOB metabolism downstream from NH2OH oxidation, which is 

at odds with the apparent O2-dependence of HAO catalysis.

Due to the similar nature of their cofactors, the cyt P460 and HAO reactions with NH2OH 

were anticipated to proceed by a similar mechanism. However, a recent mechanistic study of 

N. europaea cyt P460 led to a revision of this enzyme’s reaction chemistry and, by 

extension, of bacterial nitrification. Under anaerobic turnover conditions, the enzymatic 

product of NH2OH oxidation by cyt P460 is N2O––no NO2
− is formed.178 Kinetics 

supported by spectroscopic characterization of reaction intermediates has yielded a working 

mechanism for NH2OH oxidation by cyt P460 (Scheme 3). The catalytic cycle begins with 

the resting Fe3+ form of the enzyme. The as-isolated ferric enzyme demonstrates a high-spin 

S = 5 2 rhombic EPR signal with g values of 6.57, 5.09 and 1.97 and its UV-vis absorption 

spectrum has a characteristically broad Soret band at 440 nm with a shoulder at ca. 414 nm 

(Figure 17, Figure 18a). This species binds NH2OH with a modest equilibrium dissociation 

constant (KD) of 9 mM, forming a stable, low-spin S = 1 2 Fe3+–NH2OH adduct that persists 

indefinitely in the absence of an oxidant (Figure 17, Figure 18b).

Treatment of the Fe3+–NH2OH adduct with diverse oxidants promotes a formal three-

electron, three-proton oxidation. The first identified intermediate species is the two-electron 

oxidation product, a six-coordinate ferrous nitrosyl. This {FeNO}7 species can also be 

generated by shunt experiments with exogenous HNO donors such as Angeli’s salt 

(Na2N2O3). The {FeNO}7 has a characteristic S = 1 2 EPR signal (g = 2.01, 2.03, 2.10) that 

demonstrates hyperfine coupling contribution from the 14N-nucleus from the NO (14N A = 

50, 57, 45 MHz). This initial oxidation presumably proceeds through a proton-coupled 

electron transfer (PCET) pathway, but the exact steps involved have not been investigated in 

detail. Caranto and co-workers178 suggest that since cyt P460 is catalytically competent with 
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both formally one- and two-electron oxidants, the reaction likely proceeds via rapid one-

electron, one-proton steps.

The six-coordinate {FeNO}7 species undergoes a facile one-electron oxidation to form a 

kinetically stable {FeNO}6. Under steady-state turnover conditions, the {FeNO}6 is the only 

observed Fe-nitrosyl intermediate that accumulates. This species has a characteristic Soret 

maximum at 455 nm and is X-band EPR-silent (Figure 17, Figure 18c). It can be generated 

by exogenous NO addition and persists indefinitely in the absence of O2. What is peculiar in 

the cyt P460 case is the {FeNO}6 species is kinetically stable. Traditionally, ferric nitrosyls 

are unstable compounds which often undergo rapid autoreduction.215–217 Some aspects 

regarding protein structure may shed light onto this apparent stability. A reasonable 

comparison can be made with the NO-delivery protein, nitrophorin (NP). NPs are proteins 

found in the saliva of blood-sucking insects such as Rhodnius prolixus which release NO 

and induce vasodilation. NPs are b-heme proteins that exhibit a high degree of ruffling, 

similar to cyt P460. Additionally, both ferric nitrosyls are stable against autoreduction. The 

structure of one variant, NP-4, reveals a highly exposed distal heme pocket which, upon NO-

binding, undergoes dramatic conformational changes which close the pocket, packing 

hydrophobic groups and expelling water molecules in the process.218 Subsequent high-

resolution structures also revealed that the heme-ruffling increases upon NO-binding (Figure 

16c) with a significantly bent geometry at the ligand ∠FeNO = 156∘ .216 It has been proposed 

that these dynamics act in concert to enhance stability of the {FeNO}6 by protecting the NO 

and modulating the electronic structure. However, X-ray crystallography on ferric nitrosyls 

often results in partial photoreduction, which convolutes the distinction between the 

{FeNO}6 and {FeNO}7 structures and their structural parameters.150

As with P450nor (see 2.2), the electronic ground-state of a NP or cyt P460 {FeNO}6 can be 

formulated with one of three possible limiting configurations: Fe2+–NO+, Fe3+–NO•, or 

Fe4+–NO−. It has been suggested by Walker215 that significant ruffling at a heme cofactor 

stabilizes the {FeNO}6 in the Fe3+– NO• state; ruffling at the low-spin Fe3+ heme drives a 

(dxy)2(dxz, dyz)3 to a (dxz, dyz)4(dxy)1 electronic ground-state configuration. The single 

electron in the dxy orbital is orthogonal to the NO π*, and thus cannot overlap. This results 

in a diradical, antiferromagnetically coupled system. However, as noted by Praneeth and co-

workers,157 the spectroscopic and structural properties of the NP {FeNO}6 are virtually 

identical to other model complexes and proteins which have been assigned an Fe2+–NO+ 

electronic ground-state. The stability of the Fe3+–NO• may be at play in the cyt P460 

{FeNO}6 but requires additional studies to investigate the electronic structure of this reactive 

intermediate.

During the rate-determining step, nucleophilic attack by a second equivalent of NH2OH on 

the {FeNO}6 results in the stoichiometric formation of N2O under anaerobic conditions. 

Under aerobic conditions the reaction forms a ca. 50/50 stoichiometric mixture of NO2
− and 

N2O, suggesting that the {FeNO}6 intermediate is labile, allowing free NO to react with 

O2.219 Experiments in which the shunted {FeNO}6 is treated with 14N/15N-labeled NH2OH 

revealed that the {FeNO}6 reacts in a bimolecular fashion with NH2OH; the N–N bond is 

formed between the nitrosyl and a second equivalent of NH2OH. It is uncertain whether the 
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first or second equivalent of NH2OH, which is turned over, contributes the O-atom in the 

final N–N product. Similar to the initial oxidation step, the formation of N2O presumably 

proceeds via a PCET pathway, although the exact steps of how this N–N bond is formed 

remain elusive. Plausibly, this proceeds via nucleophilic attack of NH2OH on the {FeNO}6, 

which can be viewed as having appreciable nitrosonium (NO+) character. N2O is released, 

followed by rapid oxidation of an unobserved, putative Fe2+ intermediate to the resting ferric 

enzyme to complete the cycle.

2.3.3. Secondary Coordination Sphere Effects in Cyt P460 Catalysis—The cyt 

P460 catalytic cycle involves selective oxidation of NH2OH to NO, followed by the 

nucleophilic attack of NH2OH on a {FeNO}6 intermediate. The production of N2O likely 

involves PCET and thus poses the necessity for a proton relay to be present to allow 

catalysis. Indeed, selective redox catalysis of N-oxides in biomimetic compounds have 

required proton-responsive moieties in the second-coordination sphere.220–224 A relatively 

recent X-ray structure of an HAO from the anaerobic ammonia oxidizing (annamox) 

bacterium Kuenenia stuttgartiensis soaked in NH2OH revealed distal hydrogen-bonding 

partners: Asp291 and His292.225 Theoretical studies of HAO have also implicated these 

second-sphere moieties.226,227 Upon examination of the available X-ray crystal structures of 

cyt P460s, similar features of the P460 active sites emerge.

A recent crystal structure of cyt P460 from the nitrifier Nitrosomonas sp. AL212 published 

by Smith and Lancaster196 allowed for a comparison of distinct P460 active sites. The 

AL212 active site conserves the inner-sphere of the mono-His c-heme. However, this protein 

is inactive for NH2OH oxidation. One modification of this enzyme compared to the N. 
europaea variant (NeP460) proved to be key to shutting down catalysis. In the NeP460 

structure, a distal glutamate residue (Glu97) is oriented toward the distal substrate binding 

pocket. This residue is replaced in the AL212 variant by an alanine (Ala131) (Figure 19).

In the initial report of the AL212 structure,196 it was noted that this enzyme is inactive with 

respect to NH2OH oxidation. While capable of generating the observed intermediates from 

the NeP460 cycle via shunt experiments, the AL212 variant is incapable of any redox 

chemistry under similar NH2OH turnover conditions.196 Follow-up mutagenesis and 

crystallographic work with AL212 cyt P460 variants revealed that the secondary 

coordination sphere plays an essential role with respect to NH2OH oxidation.228 While WT 

AL212 cyt P460 is not competent for NH2OH oxidation, incorporation of a glutamate at 

position 131 (Ala131Glu) and thus installing a secondary coordination sphere similar to 

NeP460, restored ca. half of the catalytic activity observed for NeP460, allowing the variant 

to yield expected stoichiometric amounts of N2O (Figure 20). Importantly, mutation of this 

position to a glutamine (Ala131Gln) did not restore catalytic activity, implicating a basic 

residue as necessary to shuttle protons away from the NH2OH adduct during turnover. These 

mutations seemed to have little effect on the reduction potentials of the heme cofactor, nor 

did they dramatically affect the KD for NH2OH or NO. Together these findings underscore 

the necessity of precisely positioning residues in the protein scaffold to enable selective 

oxidation of NH2OH by cyt P460.
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The crystallographic study that supported this mutagenesis work shed light on additional 

participants within the secondary coordination sphere of cyt P460 and their dynamics during 

substrate binding. A comparison of the crystal structures of AL212 cyt P460 A131E and 

A131Q, as well as the former soaked with NO and the later with NH2OH, revealed a highly 

dynamic substrate binding pocket with respect to the second-coordination sphere (Figure 

21). These structures revealed a distal phenylalanine residue (Phe76) that moves in concert 

with the basic residue at position 131 upon ligand coordination. The two apparent 

conformations of Phe76 can perhaps be explained by the following rationale: the “swung in” 

conformation is operative when no substrate is present and the “swung out” species when 

substrate is bound. When considering the ferric EPR spectra, this hypothesis seems 

plausible. Multiple variants of cyt P460 yield two-component high-spin ferric, rhombic EPR 

signals. Interestingly, the relative populations of the two components change dramatically 

depending on the substitution at the 131 position. With bulkier sidechains occupying the 131 

position, the EPR signal exhibits more contribution from the axial component, which 

presumably occupies the “swung out” position. One may view this Phe76 as a mode of 

outer-sphere gating during catalysis, which may shield the reactive, on-path nitrosyl species 

from undesired side-reactions with O2 or H2O/OH− much like the {FeNO}6 of NP (vide 
infra). How these outer coordination sphere dynamics manifest themselves spectroscopically 

and enzymatically remains a field of inquiry.

2.4. Cyt c554 (C554)

2.4.1. C554 Structure, Function, and Electrochemical Characterization—Cyt 

c554 (C554) is a small, ca. 26 kDa monomeric tetraheme protein ubiquitous in AOB.
184,229–231 First purified by Yamanaka and Shinra,232 the soluble protein was presumed to 

play a role in electron transfer during NH2OH oxidation by HAO since C554 was observed 

to undergo reduction during turnover conditions and capable of delivering reducing 

equivalents to the monoheme cyt c552. While Yamanaka and Shinra232 originally proposed 

C554 had two hemes, this was later corrected by Andersson and co-workers233 to four c-

type hemes which form two magnetically interacting pairs. A recent proteomics study 

showed that C554 is relatively highly expressed by AOB (ca. 0.5–1.7% of total protein 

content).234 Taken together, these data have led researchers to propose that C554 is the 

physiological redox partner of HAO and is an essential component of primary AOB 

metabolism.

The genome for N. europaea encodes three copies of the gene for C554, and C554 is 

contained in the gene cluster that also encodes HAO.235,236 C554 bears no significant 

sequence homology to any other protein (including other tetraheme proteins), and is 

considered to be in its own class.236 Andersson and co-workers233 noted that C554 could 

bind small molecules (i.e. NO, CO, cyanide (CN−)) at an open Fe coordination site. 

However, this apparent ligand binding has been subsequently disputed (vide infra).230,237

An X-ray crystal structure (Figure 22) reported by Iverson and co-workers238 confirmed that 

C554 contains four c-hemes (labeled I-IV, based on primary structure beginning at the N-

terminus), one of which is five-coordinate (heme II). The distal pocket of heme II, where 

ligand binding plausibly occurs, is surrounded by three bulky, hydrophobic residues: 
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Thr154, Pro155 and Phe156. The three remaining heme sites are coordinately saturated by 

two axial histidines each. Heme I is ligated by the Nd-atom of a histidine sidechain 

(His102), while the Ne-atom participates in a hydrogen-bond with a nearby glutamate. This 

is a rare example of this binding mode reported in a heme protein. Electrostatic modelling of 

the overall protein structure along with the structure of HAO show complimentary surface 

charges to facilitate binding between the apparent redox partners.238

Another observation concerns the C554 heme packing motif and its relation to other 

multiheme proteins. The heme-heme distances within each pair (heme I/III and heme IV/II) 

are relatively short (ca. 9.5 Å) and result in an observed weak exchange-coupling (J ca. –0.5 

cm−1, H = –2JS1•S2) between the cofactors.237 This coupling can make deconvolution of 

C554’s spectroscopic properties quite challenging. Despite the lack of sequence identity, the 

heme packing motif appears to be nearly superimposable to the arrangement of hemes of 

HAO and cyt c NiR. This may suggest a common ancestry between these three enzymes, 

which is curious considering their dramatically different roles in AOB metabolism.
199,230,239,240

C554 has been a workhorse system in protein electrochemistry. It was initially shown by 

Arciero and co-workers241 that the four hemes exhibit reduction potentials of –0.276, –0.147 

V, and a degenerate +0.047 V (vs. NHE) on the basis of potentiometric measurements. 

Further resolution of these potentials via redox titrations in tandem with both parallel and 

perpendicular mode EPR measurements mapped these reduction potentials to each heme (IV, 

III, and (II & I), respectively), with hemes I and II having the identical set of reduction 

potentials.237 Using protein-film voltammetry Pulcu and co-workers242 were able to assign 

reduction potentials to each heme site individually, but reach a different conclusion. Rather 

than observing a degenerate reduction potential at hemes I and II, they assign six-coordinate, 

low-spin heme I at +0.050 V vs. NHE and high-spin five-coordinate heme II with a 

reduction potential of +0.032 V. The other two hemes were in close agreement to the 

previously reported potentials: heme III at –0.183 V and heme IV at –0.283 V. The authors 

speculated that C554 is tuned to perform two-electron reduction at its high potential sites.

Indeed, C554’s role as a two-electron redox partner of HAO was previously suggested by 

rapid mixing kinetics experiments, with the apparent stoichiometry of two electrons per 

NH2OH turnover.243 These showed that the high-potential heme pair (I & II) of C554, under 

single-turnover experiments, would accept two electrons from HAO. The five-coordinate, 

high-spin heme would accept the first equivalent at rates faster than the time of manual 

mixing (>100 s−1), followed by a second reduction at the six-coordinate low-spin heme at a 

ca. 10–30-fold slower rate. These rate constants were either in agreement with or faster than 

the observed reduction of HAO by NH2OH, further implicating C554 as a physiological 

electron acceptor for HAO. It was also observed that under multiple-turnover conditions, the 

rates of reduction for both hemes I and II decreased when the C554 concentration was raised 

above that of HAO. This, with the apparent dependence on ionic strength under both single- 

and multiple-turnover conditions, suggests that HAO and C554 form a tight electrostatic 

complex. In summary, C554 likely positions heme I towards HAO under turnover 

conditions, which is followed by rapid intramolecular electron transfer to heme II.
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2.4.2. Putative C554 NOR Activity—Knocking out Cu-containing nitrite reductase 

(NirK) in N. europaea, does not preclude the organism from producing a significant amount 

of N2O.244 This led to the hypothesis that NO reduction must be playing a role in the 

formation of N2O from nitrifying organisms, so called “nitrifier denitrification.”193,234 

Indeed, knock out experiments in which the NorB homolog in N. europaea is disrupted 

retained N2O production (albeit diminished) and NO tolerance.245,246 This prompted the 

proposal that some additional biotic pathway is operative implicating an undiscovered NOR 

(vide infra).

Many studies dispute the ability of C554 to bind exogenous ligands despite structural 

evidence of an open coordination site.230,237 However, Upadhyay and co-workers247 

reported that C554 exhibits significant NOR activity. They observed transient NO-binding at 

heme II, leading the authors to suggest that C554 can potentially act as a catalyst for NO 

reduction. The authors noted that the fully reduced protein exhibits only small changes in the 
57Fe Mössbauer or UV-visible spectra upon treatment with NO. However, C554 will bind to 

NO in the semi-reduced state. In the semi-reduced state, the high-spin, five-coordinate heme 

II and low-spin, six-coordinate heme I are in the ferrous state, while the remaining hemes III 

and IV are low-spin ferric. Addition of NO to the semi-reduced protein results in a 

diminished heme II signal in the 57Fe Mössbauer spectrum (δ = 0.98 mm∙s−1, ΔEQ = 2.2 

mm∙s−1) and the appearance of a new diamagnetic doublet (δ = 0.23 mm∙s−1, ΔEQ = 1.53 

mm∙s−1) (Species X in Figure 24a). Heme II in the high-spin ferrous state will bind NO to 

form a {FeNO}7. The apparent diamagnetic character of the 57Fe Mössbauer spectrum 

originates from the spin-interaction from the high-spin ferric heme IV; the low-spin 

{FeNO}7 at heme II S = 1 2  will interact with the low-spin, ferric heme IV S = 1 2 . The 

{FeNO}7 center was resolved in the X- and Q-band EPR spectra. C554 reduced in the 

presence of NH2OH and catalytic HAO resulted in new signals at g = 2.4, 1.73, 1.46 (X-

band) and g = 2.4, 1.85 (Q-band), which when simulated are consistent with reported 

{FeNO}7 species. Similarly, the electrochemically semi-reduced C554 shows EPR signals 

from heme III (g = 3.24 and 2.2) and a broad signal from heme IV (g = 3.6). Treatment with 

one equivalent of NO results in the disappearance of the heme IV signal, along with the 

concomitant formation of new signals at g = 2.4, 1.7 and 1.5. Addition of a second 

equivalent of NO results in EPR features consistent with the fully oxidized C554.

The electronic absorption spectra also support some interaction between the semi-reduced 

C554 and NO: The authors observed the immediate loss of intensity of the low-spin Fe2+ 

(heme I) UV-vis absorption bands at 420, 554 and 524 nm and a complete loss of the high-

spin Fe2+ (heme II) band at 430 nm (Figure 23). Kinetic measurements under single-

turnover conditions suggest an NO-turnover rate of >16 s−1, on the same order of magnitude 

of other reported NORs. The semi-reduced C554 {FeNO}7 is reported to be stable to 

stoichiometric NO, but decomposes in excess NO. This suggests a bimolecular reaction 

between the {FeNO}7 and free NO.247

While there is evidence C554 can bind NO, there is a lack of support for the claim that C554 

can act as an NO-reductase; the authors indirectly associate observed oxidation events of the 

{FeNO}7 with the reaction of NO. NO is extremely sensitive under reducing conditions and 

can react with even trace amounts of O2.248,249 A recent report by McGarry and Pacheco250 
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addressed these concerns and suggested that C554 can reversibly bind NO, but cannot 

perform NOR catalysis. They, unlike Upadhyay co-workers,247 did not observe rapid 

oxidation at heme I, nor loss of the {FeNO}7 signal at heme II upon excess NO addition. 

They also found that the oxidation state of the protein (i.e. half- or fully-reduced) did not 

dramatically impact the rate constant for NO binding (3,000 ± 140 M−1∙s−1). This finding 

suggests that C554 cannot turnover multiple NO molecules, and thus is unlikely to function 

as a NOR. It is worth noting that neither of these studies provide evidence of N2O formation, 

which could provide a compelling argument in either case. Further, much of this work 

proceeded under the presumption that NO was neither the enzymatic product of HAO nor an 

obligate intermediate in AOB metabolism.203 This would undoubtedly convolute the 

conditions of previous experiments wherein NH2OH/HAO turnover was used to reduce 

C554. While the NOR activity of C554 is disputed, there remains the unanswered question 

of the role of C554’s apparent NO-binding properties and the complete extent to which it 

participates in nitrification energy transduction.

2.5. Flavo-diiron Proteins (FDPs)

2.5.1. FDP Classification, Structure and Function—FDPs are a family of soluble, 

cytoplasmic proteins which contain non-heme, sulfur-free diiron sites with nearby FMN 

cofactors. These proteins occur in all domains of life which thrive in anaerobic (or micro-

aerobic) environments, including Bacteria, Archaea, and a few protozoa.251–256 The first 

reported isolation of an FDP was from Chen and co-workers,257 who reported an isolate 

from Desulfovibrio gigas that was able to couple in vitro O2 reduction to NADH oxidation, 

potentially serving as an O2-scavenger (Equation 10).

O2 + 4 e− + 4 H+ 2 H2O (10)

Indeed, it has been shown for several organisms that FDP expression is upregulated in 

oxidative conditions.252,258 Ensuing studies of FDPs have provided evidence that they also 

serve as NO reductases.

FDPs can be classified into nine distinct classes (A-I).259,260 Class A FDPs represent the 

common protein domains between all these classes and are widespread among prokaryotes.
261,262 These include the N-terminal metallo-b-lactamase domain that houses the diiron 

active site and the C-terminal FMN binding (flavodoxin) domain of each subunit. The 

remaining classes are differentiated by additional C-terminal domains. Class B (or 

flavorubredoxin) and Class D feature a rubredoxin (Rb) C-terminal domain, the latter 

possessing a “short type” Rb. Class C (from bacterial and eukaryotic oxygenic phototrophs), 

G and H (from Firmicutes) FDPs only vary in the number of Rb-domains they support and 

are characterized by a flavin oxidoreductase (Flv) domain. These three classes are 

noteworthy because they apparently support all of the necessary redox partners to couple 

NADH/NADPH oxidation to O2 and/or NO reduction; regeneration of the FMNH2 requires 

additional redox partners such as NADH/NADPH:flavin oxidoreductase and/or NADH:Rb 

oxidoreductase and Rb.251,262 Class E FDPs (from Clostridiales) support a putative FeS-

binding domain and Class F (from Clostridiales and some protozoa) have a NADH:Rb 

oxidoreductase domain, but lack the Flv domain. Finally, Class I FDPs may exist and are 
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unique in that they appear to be fused to a desulforedoxin-like domain along with a 

neelaredoxin, diiron superoxide reductase (SOR) domain.

The presence of the diiron active site in FDPs was unprecedented, and was revealed only by 

the first reported crystal structure of the FDP isolated from D. gigas.263 Since then, many 

structures have been reported and corroborate the universal presence of diiron sites (Figure 

24).264–267 In each case, the two Fe atoms are ca. 3.2–3.4 Å apart. With one exception, the 

Fe inner coordination spheres are highly conserved, comprising four histidines, an aspartate, 

and a glutamate. The Fe centers are bridged by a carboxylate ligand from a conserved 

aspartate and, in frozen solution, by one or two µ2-hydroxo ligands in the ferrous and ferric 

states, respectively.268 The one exception occurs in D. gigas, where one of the four histidines 

is replaced by a water molecule. Site-directed mutagenesis studies on this FDP variant 

reveal, however, that the presence or absence of this His residue does not significantly affect 

either the O2 reductase (O2R) or NOR activities.267

Another feature common to all FDP active sites is a proximal FMN cofactor ca. 4 Å away 

from the diiron site. While the diiron site and FMN molecule are ca. 40 Å apart within a 

single subunit, the homodimeric quaternary structure orients the two redox sites near each 

other in a “head-to-tail” fashion. Namely the C-terminal end of one subunit, which houses 

the FMN cofactor, accompanies the N-terminal end of the other subunit which supports the 

diiron site (Figure 24b).

There are multiple lines of experimental evidence in support of the hypothesis that FDPs 

facilitate a reductive pathway to relieve O2 stress.254,269 However, a study by Gardner and 

co-workers270 demonstrated clear genetic evidence that linked NO-scavenging to FDP-

containing gene clusters in Escherichia coli. They proposed that FDPs, along with 

flavohemoglobins (NO oxidases), could open both anaerobic and aerobic detoxification 

pathways for E. coli under nitrosative/oxidative stress. The NOR activity of the E. coli FDP 

variant was confirmed in vitro with recombinantly expressed protein by Gomes and co-

workers.256 Additionally, another in vitro study of an FDP from the obligate anaerobe 

Moorella thermoacetica showed both NOR and O2R activity, with the former being more 

efficient.271

Interestingly, there is some variability in FDP catalytic performance on each substrate. The 

FDP variants from M. thermoacetica, D. gigas, and Desulfovibrio vulgaris demonstrate 

similar O2R and NOR activities.271–273 However, some FDPs show substrate preference.260 

The secondary coordination sphere appears to be a factor in this selectivity among FDP 

variants. A mutagenesis study on the O2-reducing FDP from the protozoan Entamoeba 
histolytica (EhFdp1) showed that point mutations influenced this preference. Attempting to 

emulate the active site of the NO-reducing variant from E. coli, two residues were identified 

that impart this bias. By mutating a distal lysine residue to an aspartate (Lys53Asp) and a 

tyrosine to a serine (Tyr271Ser), NOR activity increased 20-fold while inactivating the 

enzyme for O2 turnover.274

2.5.2. FDP Mechanism—To drive either O2 or NO reduction, the FDP catalytic cycle 

begins in the reduced, diferrous state. In this fully reduced state, the FMN harbors an 
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additional two reducing equivalents (FMNH2). It is worth noting that the two reactions 

differ markedly in the number of turnovers per cycle by the number of electrons available for 

catalysis. Namely, O2 reduction will turn over one molecule of O2 with four electrons 

(Equation 11), while four molecules of NO can be reduced to two N2O molecules under the 

same conditions (Equation 12).

O2 + 2 e− + FMNH2 2 H2O + FMN (11)

4 NO + 2 e− + 2 H+ + FMNH2 2 N2O + FMN + 2 H2O (12)

While many details of the O2R activity of FDPs are beyond the scope of this review, the 

chemical mechanism is worth discussing if only to compare to the NOR mechanism. 

Frederick and co-workers275 performed kinetics experiments on a bacterial FDP from 

Treponema denticola, wherein they showed, under single-turnover experiments with the 

fully reduced [2Fe2+ : FMNH2] and O2, the rapid concomitant formation of an intermediate 

with UV-vis absorption maxima at 462 and 650 nm. The feature at 462 nm is attributed to 

the FMN, while the 650 nm intermediate is assigned as a cis-µ-1,2-peroxodiferric 

intermediate in accord with other similar enzyme intermediates.276,277 This intermediate, 

upon further reduction from the two electrons supplied by the FMNH2 cofactor, forms H2O 

and generates the fully oxidized [2Fe3+ : FMN] species. It is worth noting that, in vitro, a 

number of FDPs from various organisms have been reported to become irreversibly 

inactivated after O2 reduction.264,266,271,272,274,275 However, this may not be an issue in vivo 
where the partial pressure of O2 is likely much lower and prolonged air exposure is unlikely.
278,279

FDPs are isolated in a diferric state, as demonstrated by Silaghi-Dumitrescu and co-

workers271 by obtaining 57Fe Mössbauer data on the M. thermoacetica protein. Under low 

applied magnetic field conditions (50 mT), the 57Fe Mössbauer spectrum shows two Fe 

centers each with unique coordination environments. Under high applied magnetic field (8 

T), the as-isolated FDP spectrum exhibits a larger quadrupole splitting, suggestive of 

diamagnetism (δ1 = δ2 = 0.49 ± 0.02 mm∙s−1, ΔEQ1 = –0.69 ± 0.03 mm∙s−1, ΔEQ2 = 0.97 ± 

0.03 mm∙s−1). The EPR spectrum supports this, showing a weak resonance from 

adventitious Fe at g = 4.3 and a narrow peak at g = 2.01, presumably from a small amount of 

semi-reduced FMN (semiquinone). Together, these data suggest the two Fe centers of the 

active site are antiferromagnetically coupled, mediated by the bridging solvent molecule, 

consistent with the reported crystal strucuture.263,271,280

NOR mechanistic hypotheses (See Section 2.1) also invoke fully reduced enzyme [2Fe2+ : 

FMNH2] as the catalytically relevant resting state for production of N2O.271,281 Silaghi-

Dumitrescu and co-workers271 established the stoichiometry of the FDP NOR activity, 

showing 1 mol NADH oxidized:2 mol NO consumed, presumably forming N2O. Their 

initial kinetics scheme suggested that the two-electron reduced enzyme would sequentially 

bind two NO molecules and reductively couple them to form N2O as well as the diferric 

protein, similar to models adopted for bacterial heme/non-heme respiratory NORs.46 The 
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various proposals for the FDP NOR mechanism all make the diferrous assumption, wherein 

two NO molecules are consumed in a committed step to form N2O and proton transfer is 

rate limiting.278 The three most commonly discussed mechanistic proposals (Scheme 4) are 

the hyponitrite pathway (hyp), the super-reduced (sr) pathway, and the diferrous-dinitrosyl 

(diFeNO) pathway.

The hyp pathway largely originates from a computational study by Blomberg and co-

workers.282 Similar to models employed for NORs (see Section 2.1), this mechanism 

supposes pre-equilibrium formation of a Fe2+{FeNO}7 species. The nitrosyl bridges the two 

irons in a µ-η1(O):η1(N) fashion. This intermediate is subsequently attacked by the second 

NO, forming the N–N bond through a N2O2
2− adduct. This mechanism suggests that only 

one Fe atom participates in NO binding, while the other Fe stabilizes N2O2
2−. Moreover, the 

N–N bond is formed before any PCET event and is, conceivably, reversible. The Fe3+–(µ2-

N2O2
2−)–Fe3+ intermediate then decays during the rate-determining step to form N2O, 

returning to diferric enzyme. Interestingly, this proposal forgoes any need for the FMN 

cofactor, and this can be viewed as one of its idiosyncrasies when considering the lack of 

appreciable NOR activity between similar diiron sites and NO without FMN cofactors.
283–285

On the other hand, the proposed sr and diFeNO mechanisms take a much different approach 

in describing the FDP NOR activity.278,286 In the sr scenario, the Fe2+{FeNO}7 binds a 

second NO at the second Fe, forming a diferrous dinitrosyl species, [{FeNO}7]2. The 

reduced FMNH2 then sequentially could add two reducing equivalents and two protons to 

the diiron site in a rate-determining step, forming a [2{Fe(HNO)}8 : FMN] that rapidly 

dimerizes to form N2O and water. The diFeNO proposal takes a different pathway from the 

sr mechanism. Rather than the FMNH2 providing additional electrons to the [{FeNO}7]2 

intermediate, the diferrous-dinitrosyl generates N2O and the diferric site, the key distinction 

being that the FMNH2 serves to regenerate the diferrous site, which is poised to bind and 

turn over another two equivalents of NO.

In principle, the presence/absence of the FMN cofactor should differentiate between the two 

pathways that require FMNH2 participation (sr, diFeNO) and the hyp pathway which 

forgoes any additional reduction from FMNH2. An investigation by Hayashi and co-workers,
281 using a recombinantly expressed, deflavinated FDP from T. maritima revealed that the 

diferrous FDP, when treated with one equivalent of NO, yields a Fe2+{FeNO}7 species. This 

species, a common intermediate in all three proposed mechanisms, was verified by various 

spectroscopic methods. Upon treatment with one equivalent of NO, the diferrous protein 

turns yellow, exhibiting a UV-vis absorption spectrum characterized by peaks at 420, 455 

and 638 nm assigned as ligand-to-metal charge transfer (LMCT) bands. The EPR spectrum 

of the diferrous protein is silent due to antiferromagnetic coupling between the two Fe2+ 

sites. Hayashi and co-workers281 observed that a broad axial S = 1 2 feature centered at g ≈ 2 

forms following the addition of one equivalent of NO. They rationalized that the Fe3+ 

S = 5 2  binds and antiferromagnetically couples to NO− (S = 1), yielding a S = 3 2
{FeNO}7. This fragment then couples to the presumably bridged Fe2+ (S = 2) site, resulting 

in the observed S = 1 2 signal in the EPR spectrum. A similar spin-coupling scheme has been 

Ferousi et al. Page 27

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed in the NO adduct of hemerythrin287,288 as well as a model complex of a diiron 

mononitrosyl reported by Jana and co-workers.289 Further addition of NO yields a mixture 

of products. Up to 70% of the diiron sites are competent for formation of N2O with 

concomitant conversion to diferric protein, as verified by Fourier-transform infrared (FTIR) 

spectroscopy. The remaining 30% of enzyme forms an intriguing diferrous-dinitrosyl species 

in which the two S = 3 2 {FeNO}7 centers are magnetically uncoupled as revealed by an 

EPR spectrum centered at g ≈ 4. The apparent uncoupling of these two sites is intriguing 

when one considers the similar diiron sites of other proteins when treated with NO, such as 

the R2 protein of ribonucleotide reductase, which demonstrates a magnetically coupled, EPR 

silent [{FeNO}7]2.283,284 While the authors concluded that the Fe2+–{FeNO}7 is an 

intermediate in the NOR mechanism, there is insufficient evidence to distinguish between 

the three proposed pathways. In a subsequent study by Hayashi and co-workers,288 the 

authors carried out a similar set of spectroscopic measurements on the native flavinated 

protein. Similar results were observed for the native FDP NO adduct species, and resonance 

Raman spectroscopy revealed an unusually low value for the NO stretching frequency. The 

value obtained for this NO adduct species was n(NO) = 1681 cm−1, ca. 100 cm−1 lower than 

expected for comparable proteins and synthetic compounds. This can be attributed to an 

exceptionally electron rich NO-adduct and can be assumed to have the limiting Fe3+–NO− 

configuration. The authors also rationalize that the remaining Fe2+ atom activates this 

intermediate, populating the π*NO-orbital and weakening the N=O bond. Taken together, 

these data support the hyp mechanism. However, they do not completely explain the 

previously observed ca. 30% of deflavinated enzyme that forms [{FeNO}7]2.

Two follow-up studies by Caranto and co-workers286,290 employed rapid-mixing 

experiments with the FDP from T. maritima to support the assertion that the [{FeNO}7]2 

intermediate is on-path with N2O formation and returns to the diferric enzyme. Treatment of 

the fully reduced [2Fe2+ : FMNH2] with substoichiometric NO resulted in UV-vis 

absorption features consistent with the nearly quantitative formation of the mononitrosyl, as 

encountered with the deflavinated protein. No features of the oxidized FMN cofactor were 

observed, and minimal signal from the semiquinone S = 1 2 EPR signal suggest that, at least 

upon the formation of Fe2+{FeNO}7, the FMN cofactor remains reduced. The authors 

assigned this [Fe2+{FeNO}7 : FMNH2] as the first intermediate in the cycle. Titrating the 

fully reduced enzyme with NO in tandem with 57Fe Mössbauer spectroscopy confirmed this 

assignment. The signal attributed to the diferrous protein (δ = 1.15 mm∙s−1, ΔEQ = 2.39 

mm∙s−1) diminishes with concomitant formation of two new quadrupole doublets with equal 

areas. One signal is assigned as an Fe2+ center of the Fe2+{FeNO}7 (δ = 1.12 mm∙s−1, ΔEQ 

= 1.98 mm∙s−1) while the other corresponds unambiguously to the {FeNO}7 (δ = 0.67 mm∙s
−1, ΔEQ = 1.53 mm∙s−1).284,287,291

Rapid-mixing UV-vis experiments with excess NO indicated an initial rapid phase occurring 

within 130 ms and that was followed by a lag phase which occurs over 120 s. A quantitative 

analysis of these spectra were indicative of an additional {FeNO}7 species operative in 

addition to the Fe2+{FeNO}7, but before any significant oxidation of the FMNH2 cofactor. 
57Fe Mössbauer data collected under similar time courses corroborated this observation and 

served as evidence for a transient S = 0 species assigned as an [{FeNO}7]2 (Figure 25). The 
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dinitrosyl was only observed over the 0.2 to 2 s time course. RFQ samples scrutinized by 

low- and high-field 57Fe Mössbauer revealed that this intermediate could be best described 

as an antiferromagnetic exchange pair of equivalent {FeNO}7 S = 3 2 centers with an 

exchange energy J ≥ 40 cm−1, consistent with an oxo- or hydroxo-bridged center.280 The 

steady-state activity data were also fit to the Michaelis-Menten expression, which yielded 

Km = 1 mM and kcat = 0.6 s−1. These parameters along with observations from the RFQ 

EPR time course suggest that the first equivalent of NO binds with much higher affinity than 

the second.

This comprehensive mechanistic study by Caranto and co-workers286 lays out the following 

scheme for the FDR NOR mechanism (Scheme 5). The diferrous protein, [2Fe2+ : FMNH2], 

rapidly binds the first equivalent of NO on the sub-millisecond scale to yield the [Fe2+

{FeNO}7 : FMNH2]. This species reacts with a second equivalent of NO over 100 ms to 

form the diferrous dinitrosyl prior to any oxidation of the FMNH2. Over the course of ca. 2 

min the [2{FeNO}7 : FMNH2] couples the two NO molecules to the first equivalent of N2O 

in the rate-determining step to yield the [2Fe3+ : FMNH2]. This species does not accumulate 

due to facile electron transfer from the FMNH2. The diferrous site is regenerated as [2Fe2+ : 

FMN], and the cycle repeats again to yield a second equivalent of N2O.

These findings are at odds with the sr mechanism. In the absence of an exogenous reductant, 

the sr mechanism limits N2O production to only one mol per turnover. However, the 

observation of the four-electron oxidation of the FDP with five equivalents of NO suggests 

that the FMN cofactor instead regenerates the diferrous site. Further, the same diFeNO 

pathway was implicated in the deflavinated form of the enzyme; the observation of the 

[{FeNO}7]2 and its competence for N2O formation without FMNH2 is in disagreement with 

the sr pathway.290

While Caranto and co-workers286 make the compelling case for the accumulation of the 

[{FeNO}7]2, there remains the possibility that the N–N bond is formed through a transient 

N2O2
2− intermediate. This would require the cleavage of only one of the two substrate N–O 

bonds. The authors note that neither the formation of the [{FeNO}7]2 nor the oxidation of 

the FMNH2 with excess NO show an appreciable isotope effect in D2O. This would imply 

that any proton transfer must necessarily occur after the rate-determining step. This may 

implicate the formation of the N–N bond via a short-lived N2O2
2− ligand that is then 

protonated to release N2O.

Weitz and co-workers292 further characterized the Fe2+{FeNO}7 and [{FeNO}7]2 

intermediates. Using a combination of EPR, 57Fe Mössbauer and DFT methods, the authors 

conclude that the first NO binds to the proximal Fe (closest to the FMN cofactor), resulting 

in an exchange coupling constant of J = 17 cm−1 (Hex = JS1•S2). This is significantly lower 

than the previously reported J-value for the diferrous protein (J = 32 cm−1) and is attributed 

to the Fe3+–Fe2+ exchange interaction mediated by the semi-bridging NO.268,288 Upon 

binding of a second equivalent of NO, this value increases dramatically to 60 cm−1, 

attributed to spin-coupling between the Fe and NO within the {FeNO}7 centers and, 

possibly, a −ON….NO− exchange interaction prior to N–N bond formation. The increase in 

the J-value in the [{FeNO}7]2 species is consistent with results observed for synthetic model 
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complexes.293,294 The combination of experimental data and DFT also supported the 

retention of at least one µ2-hydroxo ligand between the two Fe centers during turnover 

which may have significant implications in catalysis; the bridge may impart essential 

proximity between the two NO molecules and be necessary for N2O formation.

3. Bioengineered N2O Forming Reactions

Tremendous advances have been recently made in repurposing extant biological scaffolds 

for otherwise non-native reactivity.295 This powerful approach can be used to engender 

novel reactivity to enzymes––for example, directed evolution of P450 enzymes has led to 

impressive feats such as enzymatic Si–C bond formation.296 Alternatively, rational design 

can be used to teach old enzymes new tricks.297 In this latter context, imbuing proteins with 

novel reactivity affords a means to apply otherwise intractable experimental tools to 

understand biological reactivity. Germane to the present discussion, the O2-carrying heme 

protein myoglobin (Mb) has been adapted to NOR reactivity via engineering a non-heme 

metal (MB) site above its natural heme b site. Metalation of this site with Fe generated a 

construct termed “FeBMb” (Figure 26a).298 This offered a starting point to probe the role of 

MB identity, heme macrocycle composition, and second-sphere coordination (Figure 26b) 

over the efficacy of NO reduction to N2O.299 Using this approach, Sabuncu and co-

workers300 could show that a semi-reduced, one-electron pathway is a viable route to N2O 

generation by HCO-type NOR enzymes––substitution of FeB by ZnB did not abolish the 

ability to produce N2O.

4. Bioinspired N2O Forming Reactions

4.1. Iron

4.1.1. Diiron—Among the earliest purpose-built diiron model complexes relevant to N2O 

formation was a carboxylate-bridged non-heme diiron dinitrosyl complex, [Fe2(Et-HPTB)

(O2CPh)](BF4) (Et-HPTB = N,N,N′,N′-tetrakis-(N-ethyl-2-benzimidazolylmethyl)-2-

hydroxy-1,3-diaminopropane) (Figure 27a).301 Formation of this species was achieved by 

addition of NO to [Fe2(Et-HPTB)(O2CPh)](BF4)2. While this binding mode mimics the 

manner in which certain non-heme Fe proteins, including ribonucleotide reductase302 and 

oxyhemerythrin303 bind NO, the species ultimately formed is not competent for N2O 

formation. It was not until 2008 that the first functional diiron model for NOR was reported.
304 This model is based upon a bifunctional ligand “L” bearing a heme (MH) and a MB 

coordination site. The diferrous (LFe2+H/Fe2+B) (Figure 27b) adduct of this ligand is 

synthesized by reaction of LFe2+ with one equivalent of Fe(OTf)2MeCN (OTf = triflate) in 

tetrahydrofuran (THF) at room temperature under N2. Addition of NO results in formation 

of an intermediate that is consistent with an LFe3+–NO/Fe3+–OH and production of nearly 

quantitative N2O. Further investigation into the intermediates formed during this 

transformation suggests that an LFeH2+/FeB2+–NO species is formed upon initial addition 

of NO at –80 °C.305 Upon warming to –40 °C, a second intermediate is formed. Resonance 

Raman data obtained for this species revealed a peak at 1366 cm−1, shifted 8 cm−1 from the 

1358 cm−1 seen for the LFeH2+/FeB2+-NO species. This shift in the porphyrin υ4 band 

indicates NO binding at the FeH2+ site and suggests an {FeNO}7 unit. Upon warming to 
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room temperature, the LFe3+H–NO/Fe3+B–OH is formed. Reaction of this same species in 

dimethylformamide (DMF) results in formation of a bis-nitrosyl species, but no formation of 

N2O was observed. Additionally, the analogous LZnH2+/FeB–NO species shows no NO 

dissociation at room temperature. Combined, these results support a trans mechanism (vide 
supra) where NO first binds at the FeB site, followed by NO binding at the FeH site, 

resulting in N2O formation and a diferric product.

A stable N2O2
2−-bridged Fe porphyrin complex was later reported and proposed as a model 

for NOR.306 This species, [(OEP)Fe]2(µ-N2O2) (OEP = octaethylporphyrin) (Figure 27c), 

displays a trans-bridging N2O2
2− ligand bound to each Fe via the h1-O binding mode. 

Addition of HCl to a solution of [(OEP)Fe]2(µ-N2O2) in toluene resulted in near quantitative 

formation of N2O as evidenced by headspace IR spectroscopy. The mechanism of this 

formation was hypothesized to occur through attack of H+ on one of the O atoms in the 

N2O2 followed by cleavage of the O–N bond and subsequent formation of N2O.

A bridged diiron porphyrin N2O2
2− complex, [(OEP-CH2)Fe]2(h1,h1-ONNO) (Figure 27d), 

was reported to produce N2O from N2O2
2− without the need for H+.307 Generation of this 

species was carried out by treatment of ([(OEP-CH2)Fe]2(µ-O)) with sulfuric acid (H2SO4) 

followed by addition of H2N2O2. The resulting product was unstable in the absence of 

H2N2O2, however, and decomposition notably resulted in the re-formation of starting 

complex ([(OEP-CH2)Fe]2(µ-O)) and formation of N2O gas as evidenced by headspace IR. 

The ability of this species to produce N2O without addition of acid, in contrast to the 

[(OEP)Fe]2(µ-N2O2) species discussed above, was attributed to the Fe–Fe distances of 3.4 Å 

vs. 6.7 Å for the ([(OEP-CH2)Fe]2(µ-O)) and [(OEP)Fe]2(µ-N2O2) species, respectively. The 

3.4 Å distance falls much closer to those reported for biological systems, such as the P. 
aeruginosa NOR with Fe–Fe distances ca. 3.8 Å.

The first flavodiiron NO model competent for N2O formation was reported in 2013.308 This 

model, [Fe2(BPMP)(OPr)(NO)2](BPh4)2 (BPMP = 2,6-bis[bis((2-

pyridylmethyl)amino)methyl]-4-methylphenol) (Figure 28a), produces nearly quantitative 

N2O formation following two-electron reduction. Formation of this species is achieved by 

addition of [Fe2(BPMP)(OPr)](BPh4)2 to form a diiron dinitrosyl motif where each Fe 

center is coordinated by two pyridine units and a single NO with bridging phenolate and 

propionate groups, resulting in pseudo-octahedral geometry. This species does not mediate 

NO reduction and, thus, N2O formation in solution, which is analogous to previous reports 

by Feig and co-workers293 as well as the dinitrosyl adducts of methane monooxygenase285 

and ribonucleotide reductase.284 However, upon two-electron reduction of the species, either 

chemically or electrochemically, rapid production of N2O was observed, lending credence to 

the previously suggested sr mechanism for FDPs (Section 2.5.2). Importantly, the 

monomeric analogues [Fe(BMPA-PhOMe,CH2Cl)(NO)](OTf) (Figure 28b) and [Fe(BMPA-

PhOtBu,tBu)(NO)](OTf) (Figure 28b) (BMPA-PhO = N-(2-methyl-(2-chloromethyl-6-

methylphenolate)-N,N-bis-(2-pyridylmethyl)amine)) did not generate N2O upon reduction, 

demonstrating the importance of the diiron structure for N2O formation. Further mechanistic 

studies showed that this species also undergoes rapid and quantitative N2O production 

through the addition of a single electron, following the “semi-reduced” pathway.294 

Furthermore, through the use of spectroelectrochemistry and stopped-flow measurements 

Ferousi et al. Page 31

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coupled with gas-headspace IR, solution IR and UV-vis absorption spectroscopy it was 

determined that the initial product is an Fe2+Fe3+ species that disproportionates over time to 

[Fe(BPMP)(OPr)2]+ and a ferric product. This further supports the semi-reduced pathway––

which requires only one electron for N2O formation––over the sr pathway. Computational 

studies showed that the breaking of the Fe–NO π interactions and the partial transfer of an 

electron from the metal center to NO were the two major barriers for N–N bond formation.
309 This result supports the contention that the two-electron reduced species should have the 

lowest barrier for N–N bond formation since the electron transfer is largely complete. 

Surprisingly, the one-electron reduced species has a comparably low activation barrier which 

was justified by a decrease in the Fe2–NO2 π-bonding allowing activation of that unit. These 

results further support the assertion that reduction of the diiron core is necessary for N2O 

formation.

The [Fe2(N-Et-HPTB)(O2CPh)(NO)2](BF4)2 species, comprising two {FeNO}7 units with 

identical coordination environments, was later revisited.310 It was shown to undergo 

formation of N2O under illumination with white light at 15 K, which is suggested to proceed 

by initial formation of a caged-in dissociated NO that can react with the diiron complex to 

form N2O under further illumination. Due to the low temperature required for reactivity and 

no observed change in the rate of N2O at low concentrations of complex, an intramolecular 

process was proposed to be most favorable. Studies at room temperature further inform the 

mechanism, suggesting a putative intermediate in the form of a metastable nitroxyl-like 

mononitrosyl complex that undergoes side-on electrophilic attack by the second NO species 

to produce transient N2O2
2− complexes that decay to form N2O. While light activation is not 

required in FDPs for N2O formation, the formation of the HNO and N2O2
2− intermediates 

could inform the mechanism through which NO reduction proceeds.

The mononitrosyl diiron species [Fe2(N-Et-HPTB)(NO)(DMF)3](BF4)3 (Figure 28c) 

mediates reduction of NO to N2O.289 This species is synthesized by allowing [Fe2(N-Et-

HPTB)(CH3COS)](BF4)2 to react with nitrosonium tetrafluoroborate (NOBF4). Structural 

characterization revealed a previously unprecedented mononitrosyl diferrous unit with one 

Fe center coordinated by NO and DMF, and the other coordinated by two DMF molecules. 

In accord with previous accounts, this species does not generate N2O spontaneously in 

solution.285,308,311 However, upon either electrochemical reduction or treatment with 

cobaltocene at room temperature, nearly quantitative formation of N2O was observed. 

Formation of N2O was monitored by IR spectroelectrochemistry experiments that showed 

N2O formation with no detectable intermediates, as well as no release of coordinated DMF 

upon product formation. While the exact mechanism of N2O formation by this species is not 

established, two pathways were proposed. One pathway involves reaction between two 

molecules of the initial reduced [Fe2+{FeNO}8] product through N–N coupling and N–O 

cleavage assisted by hydrogen-bonding interactions. Alternatively, disproportionation of two 

[Fe2+{FeNO}8] units to one unit each of [Fe2+]2 and [{FeNO}8]2 could yield N2O.

An additional model complex, [Fe2(Py2PhO2)MP(OPr)2](OTf) (where two of the pyridine 

groups in the BPMP ligand used previously are replaced with phenolate groups; Figure 28d), 

is competent for formation of N2O and does so directly without formation of a nitrosyl 

intermediate.312 Furthermore, product formation was observed in the absence of acid, ruling 
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out the requirement for the formation of H2O as the driving force of the reaction. This 

suggested instead that this is supplied by formation of a stable µ-oxo diferric species. 

Additionally, addition of acetic acid followed by cobaltocene to the product resulted in 

regeneration of the active species, which would subsequently produce an additional 

equivalent of N2O from NO. This result is pertinent to the biological proposal that FDPs 

mediate N2O formation through direct metal-mediated NO reduction without the 

involvement of the flavin cofactor.286

4.1.2. Mono-iron—The simple Fe nitrosyl, nitroprusside dianion [Fe(CN)5NO]2−, has 

long been known to form N2O following treatment with reagents such as azide (N3−) and 

NH2OH.313 The latter reaction likely proceeds in a manner analogous of the N–N bond 

forming step of cyt P460 catalysis (see Section 2.3) where NH2OH attacks the electrophilic 

heme {FeNO}6.178 Additional Fe species competent for N2O formation through 

nucleophilic substrate attack have also been reported.314 The reaction of [(OEP)Fe-(NO)(5-

methylimidizole)]OTf (Figure 29a) with sodium azide (NaN3) in THF/DMF (4:1) produces 

N2O as determined by IR spectroscopy. Having 15N labeled NO in the Fe starting complex 

results in production of 14N15NO.

Additional mononuclear Fe species have since been reported to produce N2O as minor 

products after reaction with NO or nitrogen dioxide (NO2) through electrocatalytic 

reduction. The first was [Fe(H2O)(TPPS)]3+ (TPPS = meso-tetrakis(p-

sulfonatophenyl)porphine) (Figure 29b) which produced N2O as a minor product from 

reaction with NO.315 Shortly after, [Fe(H2O)(TMPyP)]5+ (TMPyP = meso-tetrakis(N-

methyl-4-pyridyl)porphine) (Figure 29c) was reported to reduce NO2
− to N2O and NH3.316 

It was then shown that multielectron NO2
− reduction activity could be imparted into 

polytungstates by replacing one of the W sites with an Fe site (Figure 29d).317 Investigation 

of an additional porphyrin species Fe(PP)Cl (PP = protoporphyrin) (Figure 29e), 

immobilized in an electropolymerized film, revealed that N2O formation proceeds through 

initial formation of the nitrosyl complex Fe(NO+)(PP)(Cl) followed by a multielectron step 

forming N2O.318 This series of one-electron reductions at an Fe porphyrin supports the 

notion that Fe nitrosyl complexes are key intermediates in multielectron reductions in cyt 

cd1 NiR.

N2O2
2− has also been observed as an intermediate in the reduction of NO at a mononuclear 

Fe site in studies of an Fe2+-MOF (MOF = metal-organic framework) (Figure 29f) with an 

Fe coordination sphere consisting of four O atoms in a trigonal pyramidal geometry.319 

Treatment of this species with NO produced an {FeNO}7 species which, if left at room 

temperature under an NO atmosphere, proceeded to decay through disproportionation of 

NO, first to a Fe3+–N2O2
2− product followed by release of N2O and formation of a Fe3+–

NO2
− product.

A metastable nonheme {FeNO}8 species was recently reported to generate N2O.320 This 

species, [Fe(NO)(N3PyS)] (N3PyS = 2-[[(di-2-pyridinylmethyl)(2-

pyridinylmethyl)amino]methyl]-benzenethiol) (Figure 29g), is generated through the one-

electron reduction of the previously described [Fe(NO)(N3PyS)]BF4. If left in solution at 

room temperature, the {FeNO}8 species undergoes a gradual color change from purple to 
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red-orange. Analysis of the headspace by gas chromatography revealed formation of N2O in 

a 54% yield assuming a self-decay mechanism involving reaction of two isolated {FeNO}8 

monomers. Importantly, the {FeNO}7 species produces no N2O, highlighting the need for 

reduction before N–N bond formation. Although the Fe-containing product was not 

determined, NMR data were consistent with the presence of multi-iron clusters. Product 

formation in the presence of acid was greatly decreased, suggesting the mechanism does not 

proceed through initial release of HNO, but rather through reduction of the active species.

4.2. Copper

4.2.1. Dicopper—Despite the early prevalence of studies on Cu–NO chemistry,321–324 

the first crystallographically characterized examples were reported fairly recently. The first, 

[Cu2(XYL-O−)(NO)]2+ (XYL = 2,6-bis[(bis(2-pyridylethyl)amino)methyl]-phenol) (Figure 

30a), was a Cu2–NO species that upon decomposition produced N2O and an Cu2+–O–Cu2+ 

product.325 Several additional dicopper species were later shown to perform this same 

reaction, resulting in N2O and the Cu2O product.326

Reductive coupling of NO by a yttrium-dicopper core was reported by Lionetti and co-

workers.327 A solution of LYCu3 (Figure 30b) was exposed to gaseous NO at –78 °C. After 

6 hours, a metal-bound N2O2
2− species was observed. Further reduction of N2O to N2 was 

hypothesized. Isotope labeling experiments suggest that after N2O is produced, it can be 

further reduced by the remaining Cu sites to N2.

The first Cu-only system competent for stoichiometric NO reduction was reported by 

Wijeratne and co-workers.328 [Cu1+(tmpa)(MeCN)](B(C6F5)4) (tmpa = tris(2-

pyridylmethyl)amine) was treated with excess NO in MeOH, resulting in a color change 

from yellow to green. EPR of the green species was diagnostic of an S = 1 2 system with a 

dz2 ground state, consistent with a single Cu2+ in trigonal bipyramidal geometry. Titration 

experiments suggest a 1:1 NO to Cu stoichiometry. Crystallization of this species revealed 

the N2O2
2− complex [{Cu2+(tmpa)}2(µ-N2O2

2−)](B(C6F5)4)2 (Figure 30c). This stability of 

this species is solvent-dependent. Upon addition of excess THF to a solution of this N2O2
2− 

species in MeOH, disproportionation of the N2O2
2− takes place, resulting in formation of 

N2O, NO2
−, and Cu1+(tmpa) in a 1:1:2 stoichiometry.

Conversion of NO2
− to N2O has been reported for a Cu2+Cu1+ center, [Cu2(Py4DMB)

(MeCN)2](B(C6F5)4)2 (Py4DMB = 1,2-bis(di(pyridine-2-yl)methoxy)benzene) (Figure 30d).
329 Treatment of the Cu2+Cu1+ species with three equivalents of NO resulted in loss of N2O 

and formation of an unprecedented formally µ-oxo, µ-nitrosyl formally Cu2+Cu3+ complex, 

[Cu2(Py4DMB)(µ-O)(µ-NO)](B(C6F5)4)2. This latter species can also be prepared from 

treatment of the Cu1+Cu1+ species with NO. This structure suggests coupling of two 

{CuNO}11 motifs resulting in formation of N2O and the presumed [Cu2+–O–Cu2+]2+ 

species, which subsequently reacts with an additional equivalent of NO.

4.2.2. Monocopper—The first monomeric Cu–NO species, a pseudotetrahedral [HB(t-

Bupz)3CuNO] (t-Bupz = 3-tert-butylpyrazole) (Figure 31a) was shown to be stable for 

weeks in solution, but showed loss of NO upon purging with argon or vacuum.330 Re-

addition of NO restored the original spectrum, implicating reversible NO binding.331 Later, 
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two additional Cu species supported by substituted trispyrazolylborate (Tp) ligands (tris(3,5-

dimethyl)-pyrazol-1-yl)hydroborate (TpCH3,CH3Cu(NO)) and (tris(3,5-diphenyl)-pyrazol-1-

yl)hydroborate (TpPh,PhCu(NO) (Figure 31b) were thoroughly characterized, and they were 

shown to be competent for N2O production.332,333 Treatment of the later-characterized Cu1+ 

complexes of tris(3-(trifluoromethyl)-5-methylpyrazol-1-yl)hydroborate 

(TpCF3,CH3Cu(CH3CN)) and tris(3-mesitylpyrazol-1-yl)hydroborate (TpMs,HCu(THF)) with 

NO, yields mononuclear mononitrosyl complexes (Figure 31c) as evidenced by IR and UV-

vis absorption spectroscopies.334 Further treatment with NO results in decomposition of 

these species and formation of the Cu2+–NO2
− species, in contrast to formation of µ-oxo 

species as reported for the early dicopper systems. Additional studies of this class of Cu 

compounds showed that increased steric hinderance and electron withdrawal of the 

supporting ligand slows NO disproportionation. Consistent with this driving force, 

mechanistic studies show attack of a second, electrophilic NO molecule on the initial and 

reversibly-formed Cu–NO adduct is the rate-limiting step.334 Mechanistic investigation into 

this class of compounds by DFT further supported the formation of a trans-Cu(ONNO) unit 

followed by an (NO)3 unit bound to the Cu with the original N–Cu bond and a new O–Cu 

bond, which subsequently decays to form N2O and the Cu(ONO) product,335 consistent with 

crystallized species.330 It should be noted that more recent studies of the (tris(3,tert-butyl-5-

isoproyl)-pyrazol-1-yl)hydroborate (TptBu,iPr) species, TptBu,iPrCu(NO), and 

[TptBu,iPrCu(NO)]ClO4 revealed end on NO binding modes in synthetic Cu–NO species. 

However, evaluation of EPR parameters from these model species provide a probe for 

determining Cu–N–O angles and binding modes in enzymatic systems of interest.336

The Cu-hydroperoxo compound (BA = tris-2-pyridylmethylamine with one pyridine 

decorated with-N(H)CH2C6H5) was reported to react with NO in acetone to form a NO3
−-

bound complex as evidenced by gas chromatography and electrospray ionization-MS, 

implying a change in geometry from trigonal bipyramidal to square pyramidal (Figure 31d).
337 Investigation into the mechanism of this transformation supported formation of an 
−OON=O intermediate species formed from nucleophilic attack of the hydroperoxo ligand, 

followed by release of a proton, formation of Cu1+ and isomerization of the peroxynitrite to 

form NO3
−. The nascent Cu1+ species further reacts with NO to form N2O.

4.2.3. Heme-Copper—Binary mixtures of heme and Cu complexes as well as molecular 

heme/Cu models have been employed in a variety of systems to study O2 binding or 

reductive coupling.338–341 The first molecular binuclear heme/Cu assembly competent for 

NO coupling was reported by Kim and co-workers.342 These authors were able to deliver 

stoichiometric amounts of NO using their previously reported338 (6L)Fe(NO)2 species as an 

NO donor. Addition of [Cu1+(MeCN)4]B(C6F5)4 and two equivalents of acid to 

stoichiometric amounts of this Fe species results in formation of N2O in 80% yield as well 

as a Fe3+/Cu2+ (Figure 32a) product, suggesting a transformation similar to those seen in 

NOR enzymes (see Section 2.1) had taken place. The Cu ion plays a critical role in this 

transformation as evidenced by a lack of reaction and release of NO when the Cu species is 

removed from the reaction. Without the presence of acid, the resulting product is the heme-

nitrosyl Cu–NO2
− complex.
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Wang and co-workers343 later applied the same concept to coupling of NO with a discrete 

heme and Cu system (Figure 32b). The Fe heme complex (F8)Fe3+(NO)2 is generated by 

bubbling NO through either a solution of (F8)Fe2+ or (F8)Fe2+(NO). Addition of 

[(tmpa)CuI(MeCN)](ClO4) and two equivalents of acid results in formation of the Fe3+ 

species, Cu2+, N2O, and H2O. No reaction was observed when (F8)Fe(NO)2 was treated 

with acid. In the absence of acid, a disproportionation occurs resulting in the (F8)Fe(NO) 

species, along with products [(tmpa)Cu2+(NO2−)]+, [(tmpa)Cu2+(solvent)]+ and N2O in a 

1:2:1 ratio. The mechanism proposed is attack of the Cu1+ complex ([(tmpa)Cu1+(MeCN)]+) 

on the NO ligand in F8Fe(NO)2, releasing NO that can then attack the binuclear heme-Fe2+–

(NO)–Cu1+ species yielding a N2O2
2−-type species. Subsequent protonation, electron 

transfer from Cu, and NO cleavage would yield N2O, H2O as well as the heme-Fe3+ and 

Cu2+ species observed.

4.3. Nickel

While examples of biological systems competent for N–N bond formation containing Ni 

have not yet been realized, synthetic systems that may offer insight into analogous Fe- and 

Cu-mediated biological mechanisms have been reported since the mid-1900s, although the 

transformation was not initially investigated in depth.344 Wright and co-workers345 reported 

a Ni species, [Ni(NO)(CH3NO2)3][PF6] (Figure 33a) that they synthesized via reaction of 

NOPF6 with excess Ni powder in CH3NO2 in the presence of NiI2. Byproducts of this 

reaction include N2O, which was initially suggested to be formed via a Ni-mediated NO 

coupling. [Ni(NO)(bpy)2][PF6] (bpy = 2,2′-bipyridine) (Figure 33b) was later reported to 

form N2O via an initial rearrangement to [Ni(κ2-O2N2)(bpy)] and [Ni(NO)(bpy)3](PF6)2 

followed by subsequent reaction of H(acac) (acac = acetylacetonate) with [Ni(κ2-O2N2)

(bpy)].346 Further mechanistic studies on this transformation were carried out to differentiate 

between NO−/NO−, NO−/NO•, or NO−/NO+ coupling.347 Results of these studies precluded 

involvement of free NO in the formation of N2O as mediated by [Ni(NO)(bpy)2][PF6]. 

Moreover, treatment of [Ni(NO)(bpy)2][PF6] with [Ni(NO)(bpy)][PF6] resulted in isolation 

of [{(bpy)-Ni(κ2-O2N2)}η1:η1 N,N{Ni(NO)(bpy)}2][PF6]2, a trimetallic Ni complex that 

features the N2O2
2− fragment, (bpy)-Ni(κ2-O2N2), capped by two [Ni(NO)(bpy)]+ groups. 

These combined results support a mechanism driven by NO−/NO− coupling.

In 2016, Ghosh and co-workers348 investigated the competence of Ni2+ for NO reduction. 

Treatment of the Ni2+ species L2NiCl2 (L = bis(2-ethyl-4-methylimidazol-5-yl)methane) 

(Figure 33c) with two equivalents of NO produced the [L2NiI(NO)]Cl species. Further 

treatment of this species with two additional equivalents of NO results in formation of the 

[L2Ni2+(NO2)]Cl, release of N2O and formation of a Ni2+-nitrito complex. While this is an 

example of NO disproportionation, which is not operative in biological systems, the Ni2+ 

reactivity towards NO still highlights Ni2+ as a potential starting point for N2O formation.

It has been hypothesized that spin density at the N atom of a metal-nitrosyl as well the 

formation of a side-on M–NO conformation may facilitate N–N bond formation.350 

Investigation of a low coordinate M–NO species that could accommodate both side-on NO 

and cis-N2O2
2− ligands, specifically (iPr2NNF6)Ni(NO) (iPr2NNF6 = 1,1,1,5,5,5-

Hexafluoro-2-(2,6-diisopropyl)phenylamino-4-(2,6-diisopropyl)phenyliminopent-2-ene 
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(Figure 33d), which exhibits a trigonal-planar Ni center with an end-on nitrosyl ligand, 

provides some evidence to support this claim. However, treatment of either end-on or side-

on M–NO species with NO results in facile N–N coupling and formation of {[Ni](κ2-

O2N2)}− species which release N2O upon protonation. In both cases the complexes possess 

a significant amount of unpaired electron density at the nitrosyl N atom. Corresponding 

{Ni(NO)}10 species show no N2O formation, highlighting the notion that electron density at 

the nitrosyl N atom is the likely driving force for this transformation.

A dinickel dihydride complex [KL(Ni-H)2]349 (Figure 33e) was recently reported to 

facilitate two electron reductive coupling of NO resulting in formation of an N,O bridging 

cis-hyponitrite complex. Crystallographic studies of this species revealed the two Ni centers 

to display square-planar geometry, consistent with a low spin Ni2+ and the presence of a 

dianionic hyponitrite ligand. Further treatment of this species with NO or a proton source 

results in formation of N2O and the µ-hydroxo complex. The isolation of an on-path 

hyponitrite intermediate will inform mechanistic transformations of biological NO 

reduction.

5. N2-Forming Enzymes

5.1. Nitrous Oxide Reductase (N2OR)

5.1.1. N2OR Background—Reduction of N2O to N2 is a strongly exergonic reaction 

(ΔG0’= –339.5 kJ∙mol−1) but rather kinetically inert under standard conditions due to its high 

activation energy (ΔG0’= 250 kJ∙mol−1).351 The nitrogenase protein complex352,353 as well 

as a multicopper oxidase from a thermophilic archaeon354 have been reported to catalyze 

N2O reduction in vitro. However, the only biological catalyst whose primary reactivity is the 

reductive conversion of N2O to N2 (Equation 13) is the soluble multicopper N2O reductase 

enzyme (N2OR or NosZ) that is encountered in all domains of life.355 N2OR is 

predominantly associated with the multistep process of denitrification, i.e. the anaerobic 

respiration of NO2
− or NO3

− to N2, although the environmental abundance and diversity of 

non-denitrifying microorganisms harboring nosZ genes was recently appreciated.356

N2O+2 H+ + 2 e− N2 + 2H2O (13)

N2OR is a soluble 130-kDa homodimeric multicopper protein complex that is encoded by 

the highly conserved nosZ gene. The latter is always found within the so-called nos gene 

cluster that includes six or seven accessory genes (nosRZDFYL[X]). The corresponding 

gene products have been implicated in expression, regulation, and biological assembly of a 

functional N2OR holoprotein (References 355,357,358 and references therein). In close 

proximity to the nos cluster there are usually genes coding for electron carrier proteins, e.g. 

c-type cytochromes or type-1 Cu proteins, that might act as electron donors for the 

biological reduction of N2O to N2.359

Although NosZ (sometimes referred to as Z-type N2OR) is encoded by the highly conserved 

nosZ gene, genomic investigations have identified an atypical nosZ open reading frame 

(NosZ clade II) that is well distributed among Bacteria and Archaea. The NosZ clade II 
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amino acid sequences display only up to 50% similarity to the NosZ clade I representatives 

and lack some active-site residues that are fully conserved among clade I members. This 

suggests possible structural and/or mechanistic variations among N2ORs.359 Whole-cell 

N2O consumption studies on bacterial strains harboring nosZ clade II gene clusters have 

detected measurable N2O reductase activities,360 and in a comparative kinetics study, clade 

II exhibited 5- to 100-fold higher affinity for N2O compared to clade I.361 Another 

noteworthy difference between the two NosZ clades is the composition and arrangement of 

their nos gene clusters.359 Most interestingly, some but not all NosZ clade II sequences have 

an extended C-terminus that includes a cyt c domain with a single heme c binding motif 

(sometimes encountered as cNosZ).362 In the single report available of the biochemical 

characterization of any cNosZ representative, the isolated protein from Wolinella 
succinogenes was, indeed, shown to harbor a c-type heme, as evidenced by UV/vis 

absorption and AES, as well as polyacrylamide gel electrophoresis (PAGE) heme staining, 

and exhibited substantial N2OR activity without the necessity for activation (vide infra).363 

Heterologous expression of the active Geobacillus thermodenitrificans clade II NosZ,364 

lacking the heme binding motif, demonstrated that the c-heme cofactor is likely involved in 

electron transfer to the cNosZ enzymes but it is not necessary for efficient catalysis by clade 

II NosZ proteins.

5.1.2. N2OR Active site architecture—To date, there are four crystal structures 

available for the clade I NosZ protein complex isolated by native organisms (M. 
hydrocarbonoclasticus (MhN2OR), PDBID: 1QNI; P. denitrificans (PdN2OR), PDBID: 

1FWX; Achromobacter cycloclastes (AcN2OR), PDBID: 2IWF; P. stutzeri (PsN2OR), 

PDBID: 3SBP), one structure of the apoprotein as the result of recombinant expression 

(Shewanella denitrificans (SdN2OR), PDBID: 5I5M), and two structures of the 

recombinantly expressed PsN2OR holoprotein (rPsN2OR-form I, PDBID: 6RL0; rPsN2OR-

form II, PDBID: 6RKZ). After pressurization of the PsN2OR crystals with N2O gas, an 

additional structure was obtained, where an N2O molecule was found within the active site 

pocket of the enzyme, albeit not within bonding distances to the metal centers (PDBID: 

3SBR). This structure will be hereafter referred to as the N2O-associated PsN2OR.

All structures present a tight head-to-tail homodimer with a dimerization interface consisting 

of conserved residues and accounting for about 25% of the surface area of each subunit 

(Figure 34).365 Each monomer consists of two domains that each bind a Cu center. The N-

terminal seven-bladed β-propeller harbors the CuZ tetranuclear center and the C-terminal 

cupredoxin-like fold incorporates the CuA binuclear redox center.358 The two Cu centers 

within one subunit are more than 40 Å apart, but the arrangement of the complex is such that 

the CuA site of one subunit lies ca. 10 Å away from the CuZ center of the other. This 

structural arrangement yields two active sites per complex and precludes functionality of a 

monomeric N2OR.

CuA is a binuclear Cu center, similar to the one present in cytochrome c oxidases,366,367 that 

is found within a loop of the cupredoxin fold at the C-terminus of NosZ. Two fully 

conserved Cys residues are the bridging ligands of the two Cu ions that lie 2.5 Å apart 

(Figure 35a). Each Cu is additionally coordinated by a fully conserved His, while CuA1 is 

also bound to a Met Sδ and CuA2 to the backbone carbonyl oxygen of a tryptophan residue. 
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The PsN2OR structure revealed a slightly different conformation for the CuA1- ligating His,
368 which was also seen in the structures of both rPsN2OR-form I and rPsN2OR-form II.357 

His583 (numbering as in PsN2OR) is rotated away from the CuA center and interacts with 

the neighboring Ser550 and Asp575 via hydrogen-bonding, resulting in a more planar 

arrangement for CuA with respect to the sulfur atoms of the bridging cysteines and Met629 

(Figure 35b). Interestingly, in the N2O-associated PsN2OR structure, His583 is swung 

inwards, resulting in a CuA geometry identical to all other N2OR structures obtained thus 

far.

The biologically unique tetranuclear [4Cu:1S] CuZ metal center resides in the center of the 

N-terminal β-propeller domain of NosZ. The four Cu atoms are coordinated by seven fully 

conserved histidine residues and a μ4-sulfido ligand (S1), resulting in the shape of a distorted 

tetrahedron for the CuZ cluster (Figure 36). The ligating His residues participate in a 

hydrogen-bonding network that involves neighboring residues, solvent molecules, and a 

protein-bound chloride ion. The latter is hydrogen-bonded to the histidine residue that 

coordinates the CuZ1 atom (His392; numbering as in PdN2OR), an observation that led to 

the hypothesis that the bound chloride might not only serve a structural role, but also 

influence the reduction potential of that Cu ion.369,370 DFT calculations suggest a crucial 

role for the complex network of hydrogen bonds around the CuZ center that determines the 

orientation of the imidazole rings of the coordinating histidines. Without these structural 

constrains, the CuZ cluster would assume a different geometry that would preclude substrate 

binding (Figure 37).371

All N2OR structures revealed the presence of additional ligands for the CuZ1 and CuZ4 ions, 

although there are discrepancies about their nature (Figure 38). In MhN2OR the electron 

density maps accommodated the modelling of a solvent-derived ligand on the CuZ1/CuZ4 

open edge (hydroxo or aqua)369,372 as was also the case for PdN2OR,370 whereas in 

AcN2OR CuZ1 and CuZ4 atoms are ligated by hydroxide and water, respectively.373 

Remarkably, the iodide-bound structure of AcN2OR373 exhibited the same CuZ coordination 

(Figure 38) as was later shown for both the native,374 and the recombinantly expressed 

PsN2OR’s.357 In the latter structures, a sulfur atom was modelled as the bridging ligand for 

CuZ1 and CuZ4, resulting in a [4Cu:2S] CuZ cluster, whose physiological relevance is 

currently under debate (vide infra). To differentiate between the two CuZ forms observed 

thus far, the [4Cu:1S] cluster is denoted by an asterisk (CuZ*), while CuZ represents the 

form with the SZ2 ligand. It is noteworthy that the isolation of CuZ*-containing N2OR 

homologs has been associated with the presence of O2 and the presumed irreversible loss of 

the labile SZ2 ligand.375 However, the aerobic isolation of the CuZ-containing MhN2OR376 

and rPsN2OR-form I357 called this hypothesis into question. So far, the reasons for the 

variable identity of the CuZ1-CuZ4 μ2-ligand remain unknown, and so do the ramifications 

for enzyme activity.

Next to the two Cu centers, N2OR appears to also bind two additional cations as is evident in 

all available structures. Although the electron density at the interface of the two monomers 

has been inconsistently assigned to either a Ca2+ (in MhN2OR, PdN2OR, and AcN2OR) or a 

potassium (K+) ion (in PsN2OR), the cation identified within the N-terminal β-propeller 

domain is undoubtedly shown to be a Ca2+. A structural study on the non-metallated 
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SdN2OR suggested a crucial role for this Ca2+, and that it is presumably incorporated into 

the protein complex after the in vivo metallation events.377 Ca2+ binding was shown to 

confer structural rigidity to the protein complex by bringing the two domains of each subunit 

closer to each other and, thus, securing the CuA-binding cleft of N2OR. This was further 

supported by the inability to reconstitute the CuA center after the addition of calcium to the 

apoprotein, which was possible before that addition.377 The same study also demonstrated 

that, apart from the three flexible loops that appeared disordered before Ca2+ addition, the 

rest of the apoprotein aligned very well with the structures of the holoprotein, indicating that 

the protein scaffold heavily predetermines the coordination geometries of the Cu centers in 

N2OR.

5.1.3. CuA and CuZ Electronic Structures—Since the first isolation of an N2OR,378 

several studies have been focused on the biochemical and spectroscopic characterization of 

this metalloenzyme and have all reached the consensus that N2OR exists in different forms 

in vitro. These forms are often named by the color of the isolated enzyme or using Latin 

numerals. The basic characteristics of these forms are presented here in Table 1. More 

relevant details will be discussed further below in the context of the catalytic mechanism of 

N2O reduction. For a thorough description of the spectroscopic and catalytic properties of 

the different N2OR forms, the reader is referred to a comprehensive review compiled by 

Pauleta and co-workers.358

Prior to the first crystal structure of an N2OR that was obtained in the end of the 20th 

century,369,372 many spectroscopic studies were focused on determining the stoichiometry of 

the metal centers. Although some of the suggested models might have been proven 

inaccurate by now, all these studies contributed to the deconvolution of the spectroscopic 

signatures of the holoprotein. UV-vis absorption and EPR spectroscopies have been key 

approaches used to characterize N2OR metal centers, although additional spectroscopic 

techniques, such as resonance Raman, CD, MCD, and X-ray absorption (XAS) have also 

been used.379–385

The binuclear CuA center exhibits minimum variation in its coordination geometry (Figure 

35) and its electronic structure is reasonably well understood.386–388 CuA has so far been 

observed in two distinct oxidation states with a midpoint potential of about +0.260 V (vs. 

NHE).389 In its oxidized form, it is found in a mixed-valent [CuA1 1.5+: CuA2 1.5+] state with 

a net charge of +3 and an S = 1 2 spin state,375 similar to some HCOs.366,390 In UV-vis 

absorption spectra of holoproteins, oxidized CuA contributes absorption maxima at 480, 

525–540, and 800 nm (Figure 39). The single unpaired electron that is fully delocalized over 

both Cu nuclei gives rise to a narrow seven-line hyperfine splitting in the g|| region of EPR 

spectra, characteristic of two nuclear spins ICu = 3 2.391

Based on partial reduction of N2OR isolates––ascorbate can selectively reduce the CuA 

center392–– studies on CuZ-deficient variants,393,394 and simulations of the separate Cu 

centers’ contributions,375 the UV-vis absorption subspectra of the CuZ center have been 

confidently determined. The CuZ center contributes UV-vis absorption features with maxima 

at 550 and 650 nm that are attributed to S → Cu LMCT transitions involving Cu 3d and S 

3p orbitals.395 The CuZ* center contains only the 650 nm feature, indicating that the origin 
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of the 550 nm band is the SZ2 atom, while the 650 nm band only disappears once the CuZ* 

center is reduced by methyl viologen.368 Based on spectroscopic studies and DFT 

calculations, the spin state of CuZ* has been assigned as S = 1 2, with the spin density 

partially delocalized over the four Cu atoms and the μ4-sulfido ligand.382,383 Participation of 

the sulfide ligand in the redox active molecular orbital has been confirmed by sulfur K-edge 

XAS, which estimates ca. 15–22% participation of S 3p.384 Delocalized spin density, even 

more widely distributed, has also been described for the [1CuZ
2+ : 3CuZ

1+] redox state of 

CuZ,396 leading to the premise that the electron delocalization over the CuZ center 

contributes to a low reorganization energy of the redox processes during the catalytic cycle 

of N2OR.384

5.1.4. Intermolecular Electron Transfer Involving N2OR—Based on kinetics and 

spectroscopic studies, both type-1 Cu proteins and c-type cytochromes have been shown to 

donate electrons to different N2OR homologs in vitro, and this flexibility is presumed to be 

exploited in vivo as well.74,75,385 So far, cyt c552 and pseudoazurin have been clearly 

identified as the physiological electron donors for MhN2OR and AcN2OR, respectively,
397,398 while other N2OR homologs seem to interact with either. Although the exact binding 

interface and the electron transfer pathways are not yet elucidated, protein-protein docking 

simulations have predicted the interacting geometries between different N2OR homologs 

and their corresponding physiological electron donors.399 A negatively-charged patch on the 

surface of N2OR has been identified as the recognition site for the transient complex, while 

the main interactions once the complex is formed are hydrophobic.397,399 The distance 

between the electron donor metal center and the electron-accepting CuA is ca. 15 Å in all 

cases, and a few highly conserved residues (Pro, His, Asp, and Leu) are the most likely 

candidates to form an electron ladder from the surface entry point to the CuA center,
397,398,400 similar to other transient electron transfer complexes.401,402

The different geometries of the CuA site observed in the obtained structures (vide supra) 

could be indicating a possible conformational switch operative during catalysis.368,375 While 

the imidazole side chain of His583 (numbering as in PsN2OR) is rotated away from CuA in 

the resting PsN2OR structures, it was found to coordinate CuA in the N2O-associated 

PsN2OR. Electron transfer from CuA to CuZ was also observed only after binding of N2O.
368 CuA could be envisaged as a molecular gate that controls the electron transfer from the 

external donor to the CuZ center. Once N2O is present within the binding pocket of N2OR, 

His583 ligates CuA, possibly also regulating its reduction potential,398 and thus, allows its 

reduction and subsequent intramolecular electron transfer to CuZ. This would be in line with 

the observation of Paracoccus pantotrophus N2OR reducing N2O only after the formation of 

a complex with the electron-donating cyt c552,385 and would explain the prediction that 

electron transfer is the rate-limiting step in the catalytic cycle of N2OR at physiological pH.
371,375,397

5.1.5. N2OR Substrate Binding and Catalysis—Kinetics studies performed on 

different N2OR homologs have yielded varying kinetics parameters,403 although in most 

cases the spectrophotometric assay developed by Kristjansson and Hollocher404 was used, 

where the strong reductant methyl viologen is the artificial electron donor for N2O 
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reduction. These discrepancies can be, at least partially, attributed to the precarious nature of 

the CuZ cluster. CuZ is considerably affected by the experimental procedures used for 

isolation with regards to its structural coordination, redox state, and catalytic competence. 

The observed variability of the CuZ1/CuZ4 μ2-ligand identity seemingly determines both its 

redox flexibility and catalytic competence (vide infra).

CuZ* is always isolated in the [1CuZ
2+ : 3CuZ

1+] state, which is redox inert under mild 

conditions and essentially inactive. In vitro reductive activation to the so-called sr, UV/vis- 

and EPR-silent, diamagnetic, [4CuZ1+] state397,405–409 is necessary and sufficient for 

catalysis that proceeds with turnover rates of 4–300 s−1 depending on the nature of the 

reductant used.397 This reductive activation process was not only shown to be quite slow, 

with a rate constant k = 0.07 min−1,408 but also required strong reducing conditions (methyl 

viologen: E′° = –0.440 V vs. NHE410) that are most probably not available in vivo.409 As a 

result, the [1Cu2+ : 3Cu1+] CuZ* state has been assumed to be non-physiological and the 

prevailing perception of N2O reduction by N2ORs involves the super-reduced CuZ* site 

(Scheme 6).

The coordination of a substrate molecule is assumed to happen at the CuZ1/CuZ4 edge, as 

was shown for the iodide-bound inhibited AcN2OR.373 According to DFT calculations 

performed by Ghosh and co- workers,408 the lowest-energy structure for the N2O-bound 

inactive [1CuZ2+ : 3CuZ1+] CuZ* resting state is in a linear N end-on fashion, which is very 

similar to the gas-phase structure of N2O. In contrast, the super-reduced CuZ* center 

preferably binds N2O in a μ2-1,3 bridging mode resulting in a bent geometry, where the 

CuZ1–N and CuZ4–O interactions are stronger compared to the N–N and N–O bonds.371 

This strong back- bonding from CuZ1 and CuZ4 would compensate for the large deformation 

energy of the N2O ligand and, therefore, activate the otherwise kinetically inert N2O 

molecule for both direct and proton-assisted N–O bond cleavage.371,382 Hydrogen-bonding 

between the O atom of N2O and the side chain of a neighboring conserved lysine is 

presumably assisting in the stabilization of this coordination by lowering the activation 

energy even more.371 Bar-Nahum and co-workers411 suggested a different mode for 

substrate binding to the CuZ1/CuZ4 edge, that is in a μ2-1,1-O coordination, while another 

computational study concluded that terminal O end-on binding of N2O is yet another 

possibility that would lead to the same μ2-oxo coordination upon dissociation of N2.412

In any case, two-electron transfer from CuZ, with or without concomitant protonation of the 

N2O oxygen atom, could then induce N–O bond cleavage. This would lead to the 

dissociation of N2 and leave the CuZ center at the two-hole intermediate ([2Cu2+ : 2Cu1+]) 

that is presumably short-lived and, thus, has never been observed. Subsequent protonation 

and single electron transfer from the CuA center would result to the CuZ
o intermediate that is 

at the [1CuZ2+ : 3CuZ1+] redox state and either has an aquo ligand to CuZ1
413 or a terminal 

CuZ4-hydroxo ligand.414 Fast two-electron reduction, possibly through super-exchange 

pathways involving the μ4-sulfido ligand, would return to the catalytically competent 

[4CuZ1+] redox state.

In the absence of reductant, CuZ
o was shown to decay in vitro to the inactive resting CuZ* 

state with a rate constant of k = 0.3 min−1.413 This inactivation process does not involve any 
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redox transitions, but it exhibits pH dependence. Specifically, it proceeds faster at basic pH, 

implicating a protonation/deprotonation event.413 The CuZ1/CuZ4-bridging water has been 

implicated in this process based on the premise that cupric μ2-hydroxo ligands exhibit lower 

reduction potentials compared to their aqua counterparts.397,413,415 This suggests that, upon 

deprotonation of the CuZ1/CuZ4-bridging ligand, the midpoint potential of CuZ is lowered 

and, therefore, the center cannot be easily re-reduced to return to the active [4Cu2+] state. 

Instead, the center decays to the inactive CuZ* state. Deprotonation of the CuZ1/CuZ4-

bridging water during the catalytic cycle could also lead to slower intramolecular electron 

transfer between CuA and CuZ and, therefore, to lower catalytic rates as has been observed 

before when cyt c552 was used as an electron donor for N2O reduction by MhN2OR.397 

Detailed computational, spectroscopic, and kinetics studies have shown that proton 

concentration has multiple effects on both the reductive activation and the catalytic activity 

of N2OR, albeit the mechanistic details are poorly understood.416–418 N2OR seems to retain 

its catalytic competence over a wide pH range but it does exhibit complex pH dependence 

that is attributed to conformational changes around the Cu centers. Next to the CuZ1/CuZ4 

μ2-ligand, a lysine residue near the CuZ1/CuZ4 edge has also been suggested to influence the 

pH-dependent behavior of N2OR. The protonated lysine, that could H-bond to the CuZ1/

CuZ4 μ2-hydroxo ligand, would increase the redox potential of the CuZ center and, thus, 

promote its reductive activation to the [4Cu1+] state.418

All of the mechanistic studies mentioned above have been based on the [4Cu-1S] CuZ* 

center architecture that contains a μ2-water (or -hydroxo) ligand in the CuZ1/CuZ4 edge, 

without accounting for the SZ2 ligand of the CuZ center.357,368,374,419 In the N2O-associated 

PsN2OR structure, N2O is positioned in a linear side-on manner within a structurally defined 

cleft between CuZ and CuA that is formed by Phe621, Met627, and the CuA-ligating His626 

(Figure 40). The O atom of N2O is oriented towards a solvent-filled cavity while the N end 

is within about 3.5 Å from the CuZ site. The observed distances between N2O and CuZ 

suggest weak interactions that would not allow substrate activation and, thus, conformational 

changes around both Cu clusters would have to occur before any catalytic event takes place.
389 Although the CuZ site architecture was only recently structurally resolved, it can be 

confidently concluded in hindsight that few CuZ-containing N2OR homologs have been 

isolated over the previous years, although the identity of the CuZ1/CuZ4 μ2-ligand was not 

known at the time. These species could never reach the super-reduced state, even after 

prolonged incubation with excess reductant,392,419 and exhibited very low steady-state 

turnover rates (up to 106-fold lower compared to fully reduced CuZ*) under physiological 

conditions.357,376,380,381,389,399,419–422 Presently, the super-reduced [4CuZ
1+] state of the 

CuZ* center is the only species that has exhibited substantial kinetic competency during 

steady-state turnover conditions,419 and the physiological relevance of the μ2-SZ2 ligand of 

the CuZ center still awaits investigation.

5.2. Hydrazine Dehydrogenase (HDH)

The other known enzyme that produces N2 under physiological conditions is the massive, 

1.7 MDa multiheme protein complex HDH.20,423,424 HDH completes the final step of 

anammox metabolism (anammox,20 vide infra) process by carrying out the following 

reaction:
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N2H4 N2+4 H+ + 4 e− (14)

Via this process, HDH emits a purported 50% of N2 returned to the atmosphere to close the 

biogeochemical nitrogen cycle. HDH is a paralog of HAO (see Section 2.3). Its three-

dimensional structure was recently determined through a combination of X-ray 

crystallography and cryoelectron microscopy.423 The complex is roughly cube shaped and is 

comprised of two subunits α and β in an (α3)8β12 arrangement (Figure 41a). The α subunits 

are octaheme proteins like the subunits of HAO complexes, with each bearing eight c-hemes. 

Of these, seven are coordinatively-saturated hemes expected to participate in an extensive 

electron transfer network, while the eighth has a labile coordination site and thus likely to be 

the active site for N2H4 oxidation (Figure 41b). The extensive electron transfer network is 

hypothesized to be vital to storage and delivery of the many low-potential reducing 

equivalents liberated during catalysis.

The catalytic c heme is a P460-like cofactor that, in addition to HAO-like heme-Tyr cross-

links and two canonical c-heme thioethers, also bears a third heme-Cys cross-link (Figure 

41b). Distal His and Asp residues likely mediate a combination of substrate orientation/

binding as well as proton transfer. A plausible mechanism for N2H4 oxidation by HDH 

devised by Maalcke and co-workers424 is given in Scheme 7. Curiously, HDH is inhibited by 

both NH2OH and NO. Given the profound complexity of the HDH complex, scrutinizing 

this mechanistic hypothesis will need to draw heavily on the efforts of computational and 

synthetic chemists.

6. Bioinspired N2-forming Reactions

Bar-Nahum and co-workers411 reported a tri-Cu disulfide cluster (Figure 42a) that was 

competent for reduction of N2O to N2. Their proposed mechanism for this species includes 

formation of a dicopper complex which reduces N2O via an O bridged transitions state. 

Johnson and co-workers425 later reported a model bearing CuZ’s full complement of four Cu 

centers: ([(μ2-dppa)4Cu4(μ4-S)](PF6)2 (dppa = bis(diphenylphosphino)-amine) (Figure 42b). 

This model featured an asymmetric core, where the fourth Cu is significantly displaced from 

the others, closely resembling CuZ*. Although this species was not reactive towards N2O, 

treatment with NaN3, which is isoelectronic to N2O, at room temperature produced a 

mixture of compounds including [Cu3(µ3-S)] and [(µ2-dppa)3Cu3(µ3-N3)2](PF6). The [(µ2-

dppa)3Cu3(µ3- N3)2](PF6) showed a characteristic IR vibration at 2046 cm−1 and the 

obtained crystal structure showed N3
− binding in an end-on fashion, which contrasts the 

proposed side on binding of N2O in CuZ*.371 Later, Jayarathne and co-workers426 explored 

bimetallic N-heterocyclic carbene species and their reactivity toward N2O. One species, 

(IMes)CuFp, (IMes = N,N′-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; Fp = 

Fe(cyclopentadienyl)(CO)2) (Figure 42c) was shown to produce stoichiometric formation of 

N2 by gas chromatography/mass spectrometry (GC-MS). Reactivity of this species towards 

N2O is unique in that the later, more electronegative, less oxophilic metal serves as the 

acidic site. More typically, N2O reactivity in synthetic systems is the domain of highly 

oxophilic or azophilic metal centers that do not perform catalytic turnover.427–430 Treatment 
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of this species with triphenylphosphine (PPh3) produced triphenylphospine oxide (OPPh3), 

suggesting an intermediate containing a bifunctionally activated N2O adduct capable of 

donating its O atom to PPh3. A Cu4(µ4-S) (Figure 42d) species was later reported that was 

stable in the [2 Cu1+ : 2 Cu2+] form431 as well as the reduced [3 Cu1+ : Cu2+].432 The [3 

Cu1+ : Cu 2+] species was shown to be competent for reduction of N2O, producing N2 and 

the [2 Cu1+ : 2 Cu2+] species, completing the cycle (for the first time) as a mimic for 

reduction of N2O by the CuZ* site. DFT calculations on a truncated structure of Cu4(µ4-S) 

suggest high levels of covalency in the Cu–S bonds, implicating that S may be involved in 

the oxidation step.

Recently, a Ni species was described to be competent for reduction of NO3
− to N2.19 A Ni–

NO3
− species (PNP)Ni(ONO2) (PNP = (N[2-PiPr2-4-Me-C6H3]2) (Figure 42e) was prepared 

by treatment of [(PNP)Ni](OTf) with NaNO2. The coordination sphere around the Ni 

consists of the PNP ligand and one of the oxygens from the NO3
− group in square planar 

geometry. This species in competent for O atom transfer to CO––addition of CO to a 

solution of (PNP)Ni(ONO2) results in formation of (PNP)Ni(NO). Intermediates expected 

along this path include the Ni-nitrito or Ni-nitro species. Reaction of (PNP)NiCl with 

NaNO2 produces (PNP)Ni(NO2), which exhibits identical 31P NMR and IR signals to the 

intermediate trapped along the reaction pathway. To continue along the denitrification 

sequence, treatment of (PNP)Ni(NO) with two equivalents of NO results in N2O formation, 

as evidenced by headspace GC and formation of the (PNP)Ni(NO2) species. Furthermore, 

addition of N2O directly to (PNP)Ni(NO) results in formation of N2 after 36 hours. This 

species represents the first transformation of NO3
− to N2 by a single reaction site, where the 

driving force for the reaction comes from CO, which serves as the acceptor of the O atoms. 

However, the authors note that each step in the transformation proceeds through a vastly 

different mechanism. Transformation from NO3
− to NO2

− requires a bimetallic mechanism, 

followed by the Ni-nitro readily affording the Ni-nitrosyl and CO2. Removal of the last 

oxygen requires addition of NO, although the final species can also act as an oxygen 

acceptor producing NO2 and N2.

7. N2H4-Forming Enzymes

7.1. Hydrazine Synthase (HZS)

7.1.1. HZS Background—Although N2H4 had already been recognized as a potent 

toxin and an industrially valuable compound, it was not until the very end of the 20th century 

that it was identified as a biological intermediate.433 To date, anammox is the only known 

biological process that exploits the reducing power of N2H4 for energy conservation and 

anabolic purposes.434 In this case, N2H4 synthesis relies on the combination of two 

compounds with different nitrogen oxidation states, NO and NH3, and is catalyzed by the 

heterotrimeric protein complex HZS. HZS catalyzes N2H4 synthesis from NO and NH4
+ in 

vitro, albeit with a rate of 20 nmol∙h−1∙mg−1 protein that accounts for about 1% of the in 
vivo turnover.435 Curiously, HZS activity is only observed in a coupled assay where the 

produced N2H4 is enzymatically converted to N2 by HDH (see Section 5.2), supplying the 

former with the necessary electrons. Although the use of artificial electron donors might 

account for the slow conversion observed, the possibility of a metabolic supercomplex that is 
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essential for HZS activity and is disrupted upon purification cannot not be excluded. 

Immunogold localization studies have not identified such a complex, neither any direct 

association of HZS to the energized membrane of anammox bacteria,436 but formation of 

transient catabolic macromolecular assemblies has been previously observed in prokaryotes.
437,438

7.1.2. HZS Active Site Architecture—K. stuttgartiensis is the most studied anammox 

species to date and is also the source of the single crystallographically resolved structure of 

HZS at 2.7 Å (PDBID: 5C2V).439 HZS crystallized as a crescent-shaped dimer of 

heterotrimers ((αβγ)2) of ca. 330 kDa size but, according to the current understanding, the 

catalytic protomer is the αβγ heterotrimer (Figure 43). In accord with genomic predictions,
440,441 subunits α and γ harbor two c-type hemes each, with one heme per subunit being 

bis-His coordinate (hemes αII and γII). The other two heme centers are five-coordinate and 

exhibit a few oddities with regards to their inner coordination spheres (Figure 44).

In heme αI the histidine residue (His587) of the typical CXXCH heme binding motif is 

rotated away from the heme Fe and the hydroxyl group of a highly conserved tyrosine 

(Tyr591) is the proximal ligand instead. His587 is bound to a Zn2+ ion with an atypical 

coordination sphere442 that includes direct interaction with a propionate group of heme αI.

Heme γI is proximally coordinated by the histidine of the corresponding heme binding 

motif (His106) and distally by a solvent molecule that is hydrogen bonded to Asp168. 

Remarkably, apart from the two covalent attachments to the cysteines of the binding motif 

(Cys102 and Cys105), heme γI features an additional covalent bond to the protein that is 

formed between the C1 porphyrin methyl group and the Sγ sulfur atom of Cys165 of the 

same subunit. The edge-to-edge distance between the two hemes of the γ subunit is 15 Å, 

and a conserved histidine (His144) is positioned between them.

7.1.3. HZS Catalytic Mechanism—Based on preliminary biochemical and 

spectroscopic data combined with analyses of the 2.7 Å crystal structure of HZS, a working 

hypothesis for the catalytic mechanism of biological hydrazine synthesis has been 

suggested.439 According to the working model (Figure 45), the HZS heterotrimer serves as 

the catalytic monomer and N2H4 synthesis proceeds via two half reactions, facilitated by the 

two five-coordinate c-type hemes and a branched tunneling system consisting of metal ions 

and polar residues. NO enters the protein complex through a presumed substrate channel that 

connects the protein surface to heme γI. Electrons from the external electron donor enter the 

complex at heme γII and are shuttled to heme γI via His144. With the input of three protons 

from the solvent reaching heme γI via the conserved Asp168, the nitrosyl complex 

undergoes a three-electron reduction to NH2OH at the first active site of HZS (heme γI). 

This plausibly could be the microscopic reverse of the oxidation of NH2OH by heme P460 

enzymes (see Section 2.3).

Examination of the HZS structure revealed an intraprotein tunneling system that traverses 

the catalytic heterotrimer and, thus, connects hemes γI and αI. This offers a means for the 

intramolecular intermediate of HZS, i.e. NH2OH, to diffuse to the second active site (αI). A 

15-amino-acid-long loop of the β-subunit (β245–260), harboring a conserved glutamate 
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(Glu253) that binds a magnesium (Mg2+) ion, could be regulating the transport of the 

intermediate. The modelled heme αI-NH2OH adduct predicted coordination of NH2OH with 

its N atom bound to the heme Fe in a hydrophobic cleft that would minimize electrostatic 

shielding of the partial positive charge on the nitrogen.

A small branch of the identified tunneling system that reaches heme αI from the proximal 

side is the assumed entry point of the second substrate of HZS, NH3, which would 

predominantly be in its protonated form in vivo.443 An acid/base reaction that would yield 

ammonia might be taking place at the Zn site, before NH3 would then attack the nitrogen of 

NH2OH, producing N2H4 through comproportionation. However, this umpolung reactivity 

necessitates considerable electronic perturbation of NH2OH. Although this could possibly be 

achieved through binding to a metallocofactor, this has yet to be experimentally or 

computationally investigated.

Curiously, activity assays performed on HZS purified from another anammox species 

(Brocadia sinica) showed production of N2H4 in vitro from NH4
+ and NH2OH but not from 

NH4
+ and NO,444 raising considerations about possible differences among anammox 

bacteria with regards to their mechanism for N2H4 synthesis. However, the high sequence 

conservation among HZS homologs weakens any argument in favor of in vivo mechanistic 

differences and points towards experimental limitations in understanding this unique 

enzyme.

7.1.4. HZS Electron Transfer—The genes coding for the HZS subunits (Kuste2859–

Kuste2861 or KSMBR1_3601–KSMBR1_3603) are highly conserved among anammox 

bacteria, and so are three other genes (Kuste2854–Kuste2856 or KSMBR1_3596–

KSMBR1_3598) that are usually found within the same gene cluster and upstream of the 

HZS catalytic genes.434 Kuste2854 codes for a soluble tetraheme c-type cyt that is present in 

the proteome of K. stuttgartiensis435 and has been implicated in electron transfer to HZS.445 

Kuste2855 and Kuste2856 code for a membrane-anchored and an integral membrane 

protein, respectively, and their corresponding gene products have been identified in the 

membrane complexome analysis of the same bacterium.446 Based on their genomic context 

and their expression levels these gene products have been speculated to constitute the 

dedicated electron transfer module (ETM) that would shuttle the necessary electrons from 

the quinone pool towards N2H4 synthesis, possibly though without contributing to energy 

conservation.434,446

The membrane–bound part of the ETM consists of a membrane-anchored heptaheme c–type 

cyt (Kuste2855) and an integral membrane protein harboring six TMH (Kuste2856). The 

latter exhibits significant homology to the b-heme-containing γ subunit (FdnI) of 

menaquinone–dependent formate dehydrogenase (FDH-N), which couples periplasmic 

formate oxidation to menaquinone reduction.447 By analogy, Kuste2856 could work in 

reverse and couple menaquinol oxidation to b-heme reduction. The generated electrons 

would then be shuttled to the c-hemes of Kuste2855, that would subsequently reduce the 

soluble electron carrier, i.e. Kuste2854. The latter would be the direct electron donor to HZS 

(Figure 46).448
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Based on their surface-exposed position within the protein complex, both six-coordinate 

hemes of HZS (αII and γII) could serve as entry points for electrons. However, the 

electrostatic surface properties around heme γII are in agreement with cyt c binding sites 

(negatively charged patch), and heme αII appears redox isolated. The closest redox center to 

heme αII is heme αI and their edge-to-edge distance is too long for single-step electron 

transfer on the timescale of catalysis (31 Å).449 Thus, the most likely scenario of electron 

transfer involves docking of Kuste2854 on the γ-subunit side of the catalytic complex and 

shuttling electrons to heme γII.

8. Bioinspired N2H4-Forming Reactions

Because N2H4 was only recently discovered to be an obligate metabolic intermediate, there 

are no synthetic models for HZS to date. However, synthetic efforts have been made towards 

studying nitrogenase, in which N2H4 is proposed as an intermediate.450–453 Synthesis of 

N2H4 from NH3 has also been reported in the context of NH3-bearing ice in the solar 

system454,455, as well as numerous accounts of N2H4 formation from electron or laser 

induced studies of NH3, NO2 and NO3.456–458 Yet, none of these systems approach the 

mechanism used by nature to make the highly energetic metabolite N2H4. Consequently, the 

recent discovery and characterization of HZS highlights an area of synthetic opportunity that 

should spur future efforts.

9. Summary and Conclusions

Nature forms N2O via the reaction of NO (or one of its redox congeners) with either 

additional NO or with NH2OH. In the HCO- and FDP-type NORs, much evidence points 

toward the necessity of two redox-active Fe-centers to produce N2O via coupling of two 

equivalents of NO, although in engineered systems NORs as well as in P450nor, a single 

redox-active metal appears sufficient. Thus, it remains unclear whether a single type of 

mechanism is operative in the binuclear Fe NORs, or whether differential tuning of either 

metal site through second-sphere effects favors alternative mechanisms among the binuclear 

NORs. Meanwhile, comproportionation of NH2OH with NO (likely NO+) by cyt P460s 

affords another route to N2O. Such a reaction necessarily involves careful proton and 

electron management, although the sequence of events promoting and following N–N bond 

formation remains to be elucidated.

Considerable opportunities remain concerning research into biological N2–forming 

reactions. HDH is a remarkably complex metalloprotein that is effectively impervious to 

even element-selective spectroscopies. Here, clever modeling chemistry could afford new 

catalysts that could confer control over the highly exergonic oxidation of N2H4, potentially 

serving as electrode materials or mediators in N-based fuel cells. Likewise, resolving the 

ambiguities in the relationships between Cu-cluster oxidation states and competence for O-

atom transfer from N2O could inspire new technologies to remediate atmospheric 

contamination by this potent and persistent greenhouse gas.

Perhaps the least is known about the mechanism underlying biological N2H4 formation, 

although recognition that this molecule has relevance to primary metabolism has come about 
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very recently. Some parallel can be drawn between the chemistry of HZS and NH2OH 

oxidizing heme P460 enzymes, namely that N2H4 likely proceeds via comproportionation of 

N-species. However, the current hypothesis that two nucleophiles (NH2OH and NH3) 

combine to make N2H4 demands considerable electronic perturbation mediated by the 

metallocofactors involved. Progress on this front, demands improved preparative methods 

for HZS that yield active enzyme, but in the meantime synthetic inorganic chemists can ply 

their trade to realize a functional model for this very enigmatic N–N-bond forming reaction.
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List of Abbreviations

10.

acac acetylacetonate

ACN2OR Achromobacter cycloclastes

AES atomic emission spectroscopy

ANAMMOX anaerobic ammonium oxidizing bacteria

AOB ammonia oxidizing bacteria

BMPA-PhO N-(2-methyl-(2-chloromethyl-6-methylphenolate)-N,N-bis-(2-

pyridylmethyl)amine)

BNC binuclear center

BPMP 2,6-bis[bis((2-pyridylmethyl)amino)methyl]-4-methylphenol

BPMP 2,6-bis[bis((2-pyridylmethyl)amino)methyl]-4-methylphenol

BPY 2,2´-bipyridine

Ca2+ calcium ion

Cco cytochrome c oxidase

CN− Cyanide

cNO cytochrome nitric oxide reductase

CO carbon monoxide

CO2 carbon dioxide

Cyt cytochrome

DFT density functional theory

DiFeNO diferrous dinitrosyl

DMF dimethylformamide

DNIC dinitrosyl iron complex
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dppa bis(diphenylphosphino)-amine

EPR electron paramagnetic resonance spectroscopy

Et-HPTB N,N,N′,N′-tetrakis-(N-ethyl-2-benzimidazolylmethyl)-2-

hydroxy-1,3-diaminopropane)

FAD flavin adenine dinucleotide

FDPS flavodiiron proteins

Flv flavin oxidoreductase

FMN flavin mononucleotide

Fp Fe(cyclopentadienyl)(CO)2

FTIR Fourier-transform infrared spectroscopy

H− Hydride

H2N2O2 hyponitrous acid

H2SO4 sulfuric acid

HAO hydroxylamine oxidoreductase

HCO heme copper oxidase

HDH hydrazine dehydrogenase

hyp hyponitrite pathway

HZS hydrazine synthase

ICP-MS inductively-coupled plasma mass spectrometry

ImH imidazolate

iPr2NNF6 1,1,1,5,5,5-Hexafluoro-2-(2,6-diisopropyl)phenylamino-4-(2,6-

diisopropyl)phenyliminopent-2-ene

KD equilibrium dissociation constant

LMCT ligand-to-metal charge transfer

MD molecular dynamics

MhN2OR Marinobacter hydrocarbonoclasticus nitrous oxide reductase

MhNOR Marinobacter hydrocarbonoclasticus nitric oxide reductase

MOF metal-organic framework

N2 Dinitrogen

N2H4 Hydrazine
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N2O nitrous oxide

N2O22– Hyponitrite

N2OR nitrous oxide reductase

N3– Azide

N3PyS 2-[[(di-2-pyridinylmethyl)(2-pyridinylmethyl)amino]methyl]-

benzenethiol

Na2N2O3 Angeli’s Salt

NAAD nicotinic acid adenine dinucleotide

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NAN3 sodium azide

NeP460 Nitrosomonas europaea cytochrome P460

NH2OH hydroxylamine

NH3 Ammonia

NH4NO3 ammonium nitrate

NHE normal hydrogen electrode

NIR cd1 nitrite reductase

NirK Cu-containing nitrite reductase

NmNOR Neisseria meningitis nitric oxide reductase

NO nitric oxide

NO+ nitrosonium

NO2 nitrogen dioxide

NO2− Nitrite

NO3− Nitrate

NOBF4 tetrafluoroborate

NOD NO dismutase

NOR nitric oxide reductases

NP Nitrophorin

O2 Dioxygen
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O2R dioxygen reductase

OEP octaethylporphyrin

OEP octaethylporphyrin

OTF Triflate

PAGE polyacrylamide gel electrophoresis

PaNOR Pseudomonas aeruginosa nitric oxide reductases

PCET proton-coupled electron transfer

PdN2OR Paracoccus denitrificans nitrous oxide reductase

PdNOR Paracoccus denitrificans nitric oxide reductases

PNP (N[2-PiPr2–4-Me-C6H3]2

PP protoporphyrin

PsN2OR Pseudomonas stutzeri nitrous oxide reductase

Py4DMB 1,2-bis(di(pyridine-2-yl)methoxy)benzene

qNOR quinone-dependent nitrous oxide reductase

RB Rubredoxin

RdNOR Roseobacter denitrificans nitric oxide reductases

RFQ rapid freeze quench

SCE saturated calomel electrode

Sr super-reduced

t-Bupz 3-tert-butylpyrazole

THF tetrahydrofuran

TMH transmembrane helix

tmpa tris(2-pyridylmethyl)amine

TMPyP meso-tetrakis(N-methyl-4-pyridyl)porphine

Tp trispyrazolylborate

TPPS meso-tetrakis(p-sulfonatophenyl)porphine

XYL 2,6-bis[(bis(2-pyridylethyl)amino)methyl]-phenol
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Figure 1. 
Cofactor composition of the different classes within the heme Cu oxidase (HCO) 

superfamily. All members of the HCO superfamily harbor an electron transfer b-type heme 

and a binuclear center that consists of heme b3 and a non-heme metal that could either be a 

Cu or an Fe ion (CuB and FeB, respectively). Additional electron transfer metal centers 

might also be present, depending on the protein class. PDBIDs: 3HB3 for cytochrome c 
oxidase (CcO) A; 1EHK for CcO B; 3MK7 for CcO C; 3O0R for all nitric oxide reductase 

(NOR) classes.
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Figure 2. 
Ligand identities of the FeB center of different NOR subfamilies. A conserved histidine and 

three variable residues ligate the NOR FeB center, and a second-sphere glutamate is present 

in some NOR subfamilies. R1 to R5 denote the different first- and second-sphere residues 

under discussion and the amino acid variations found in either characterized or putative 

NOR subfamilies are specified in the table to the right. R5 in sNOR is variable. Adapted by 

permission from Reference 42. Copyright 2015, Springer Nature.
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Figure 3. 
Cartoon representation of the cNOR protein complex from Pseudomonas aeruginosa 
(PaNOR) viewed parallel to the membrane. The NorB subunit is shown in green and the 

NorC in teal. Heme cofactors are represented as salmon sticks. FeB is shown as a ruby red 

sphere. PDBID: 3O0R.
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Figure 4. 
Metal center arrangement in PaNOR. Distances between the redox centers are shown. Heme 

cofactors, amino acid ligands for metals, and Gly348 are shown as stick models. FeB, and Ca 

are shown as orange and green spheres, respectively. PDBID: 3O0R. Reprinted with 

permission from Reference 60. Copyright AAAS.
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Figure 5. 
Structure of cNOR from Roseobacter denitrificans (RdNOR). (a) Cartoon representation of 

the RdNOR protein complex viewed parallel to the membrane. The NorB subunit is shown 

in green and the NorC in blue. Heme cofactors are represented as salmon sticks. FeB is 

shown as a red sphere. (b) Close-up of the extra, unidentified metal ion and its coordination 

sphere. The extra metal ion identified in the NorC subunit of RdNOR is represented as a 

purple sphere. PDBID: 4XYD.
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Figure 6. 
(a) Possible electron transfer pathway from heme c to heme b in PaNOR. NorC and NorB 

subunits are represented by blue and green dotted spheres, respectively. Residues involved in 

proposed electron transfer pathway are shown as stick models. Residues of NorC and NorB 

are labeled in blue and green letters, respectively. (b) Possible proton and water channels in 

PaNOR. Residues from NorC and NorB subunits are shown as blue and green stick models, 

respectively. PDBID: 3O0R. Reprinted with permission from Reference 60. Copyright 

AAAS.
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Figure 7. 
Structure of the qNOR from Geobacillus stearothermophilus (GsNOR). Cartoon 

representation of the GsNOR protein viewed parallel to the membrane. GsNOR is a 

monomeric protein comprising two main domains that are homologous to the NorB (yellow) 

and NorC (blue) subunits of cNOR, respectively. The additional transmembrane helix found 

in the GsNOR crystal structure is colored pink. Heme cofactors are shown as salmon sticks. 

FeB is shown as a red sphere. PDBID: 3AYF.
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Figure 8. 
Menaquinol binding site in GsNOR. The quinol analog 2-heptyl hydroxyquinoline N-oxide 

(HQNO) is observed at the protein surface of the membrane-spanning region close to the 

extracellular side, which is indicated by the black dashed line. Sidechains of residues 

involved in the interaction with HQNO are shown as magenta sticks. Hydrogen-bonding 

interactions are observed between HQNO and polar residues His328 and Asp746. Met321, 

Phe336, and Phe337 show a hydrophobic interaction with the tail of HQNO. The hydrogen 

bond network involving HQNO, His328, and Glu322 could function as a proton release 

pathway from menaquinol to the extracellular side when menaquinol is oxidized. TM = 

transmembrane region. PDBID: 3AYG. Adapted from Reference 44.
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Figure 9. 
Binuclear catalytic centers of PaNOR (a) and GsNOR (b). Heme b3 is shown as salmon 

sticks. FeB in PaNOR is shown as a red sphere, while ZnB in GsNOR is shown as a 

periwinkle sphere. Water molecules are shown as small red spheres. PaNOR PDBID: 3O0R, 

GsNOR PDBID: 3AYF.
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Figure 10. 
Comparison of the proposed proton transfer pathways in cNOR (A) and qNOR (B). 

Calculation of pathways connecting the buried protein cavities to the outside solvent using 

Caver87 identified two hydrophilic cavities from the outside of the membrane in cNOR 

(channels 1 (cyan) and 2 (green)) as potential proton transfer pathways, whereas no such 

cavity from the outside of the membrane was identified in qNOR. Instead, there is a water-

containing hydrophilic cavity, designated as a water channel, from the inside of the 

membrane in qNOR (magenta). Enlarged panels are for the comparison of the proposed 

proton transfer pathways and corresponding regions in cNOR and qNOR. (A) PaNOR, 

PDBID: 3O0R. (B) GsNOR, PDBID: 3AYF. Reprinted with permission from Reference 86. 

Copyright John Wiley & Sons, Inc.
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Figure 11. 
(a) X-ray crystal structure of P450nor complexed with NO (ligand not shown) from F. 
oxysporum (PDBID: 1CL6, pink) and (b) structural alignment of P450nor complexed with 

nicotinic acid adenine dinucleotide (NAAD) (PDBID: 1XQD, green). Hydrogen atoms have 

been omitted for clarity. Relevant secondary structure elements are labeled, along with the 

conserved Thr243 and axial ligand Cys352.
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Figure 12. 
(a) Contour plot and (b) clarified schematic representations of molecular orbital interaction 

in a Fe-porphine model complex with thiophenolate and NO axial ligands. This interaction 

has been implicated in the bent geometry of the axial NO ligand and the observed 

weakening of the Fe-NO and N-O bonds. The Fe-thiolate s-bond can donate into the σ*-

orbital of the NO via the dz2/dxy orbitals on Fe, which are antibonding with respect to the 

Fe-NO and N-O bonds. Geometry optimizations of the model complex were carried out 

using Gaussian 03 at a BP86 level of theory with a TZVP basis set. Single-point energies 

were calculated using the ORCA software package using the B3LYP hybrid density 

functional. Reprinted with permission from Reference 152. Copyright 2007 American 

Chemical Society.
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Figure 13. 
Structural overlay of P450nor complexed with NO and nicotinic NAAD (+NO PDBID: 

1CL6; +NAAD PDBID:1XQD). Also shown are two residues responsible for properly 

orienting the NAAD ring. Both the side chain of Thr243 and peptide nitrogen of Gly240 

participate in hydrogen bond interactions with the cofactor. Hydrogen atoms are omitted for 

clarity, except the two hydrogens shown at the C4 position on the NAAD. These are shown 

to highlight both the stereoselectivity and proximity for the Pro-R hydride towards the N-

atom of the NO ligand. All measured distances are reported in Ångstroms (Å).
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Figure 14. 
(a) Time-resolved spectral traces and (b) difference spectra of the reaction between the ferric 

nitrosyl P450nor with nicotinamide adenine dinucleotide (NADH) at 10°C. These show the 

isosbestic growth of the characteristic 440 nm Soret peak of Intermediate I. (c) and (d) show 

analogous spectra monitoring the decay of Intermediate I. Adapted with permission from 

Reference 144. Copyright ASBMB.
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Figure 15. 
1.4 Å resolution crystal structure of cyt P460 from the nitrifying bacterium Nitrosomonas sp. 

AL212 (a). The heme P460 cofactor is shown as sticks and is enlarged in (b) with hydrogen 

atoms omitted for clarity (PDBID: 6AMG). The CXXCH binding residues as well as the 

cross-linking lysine residue are also shown and labeled.
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Figure 16. 
Comparison of (a) cyt P460 (PDBID: 2JE3) and (b) HAO (PDBID: 4N4N) active sites from 

the organism Nitrosomonas europaea. Residues which have been speculated or proven to be 

of catalytic importance have also been shown and labeled. The heme planar distortions can 

be quantified by normal-coordinate structure decomposition calculations,200,201 shown here 

(c) to illustrate the similarities and differences between cyt P460 and related heme proteins 

(bottom). The heme coordinates were derived from the following proteins: N. europaea cyt 

P460 (NeP460); N. sp AL212 cyt P460 (Al212); N. europaea HAO (NeHAO); M. capsulatus 
(Bath) cyt P460 (McapP460); M. capsulatus (Bath) cyt c´-β (Mcap ć-β); Rhodnius prolixus 
nitrophorin-4 (+NO) (NP-4 (+NO)); horse heart cyt c (hh cyt c).
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Figure 17. 
Optical spectra of catalytic adducts of cyt P460, including FeIII-OH2 (black), FeIII-NH2OH 

(blue), {FeNO}6 generated by addition of PROLI-NONOate (red) or by the turnover of 

NH2OH in the presence of oxidant (dashed black). Reproduced from Reference 178.
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Figure 18. 
Representative EPR spectra of catalytically relevant intermediates in cyt P460 NH2OH 

oxidation. All spectral fits are in black. The high-spin rhombic signal in (a) represents 

resting ferric enzyme. (b) is after treating the ferric enzyme with excess NH2OH. Here the 

S = 5 2 signal is replaced by a low-spin, S = 1 2 species. Additionally, the asterisk notes a 

contamination of the on-path {FeNO}7 species. (c) shows cyt P460 under turnover 

conditions (excess NH2OH and oxidant); the double-asterisk notes a Mn2+ contamination. 

(d) is the resulting spectrum after the reaction is allowed to complete after ten minutes and is 

indicative of a 5-coordinate {FeNO}7 species. Adapted from Reference 178.
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Figure 19. 
Overlay of the X-ray crystal structures of cyt P460 from N. europaea (PDBID: 2JE3, pink) 

and N. sp. Al212 (PDBID: 6AMG, teal). In the former, a distal glutamate (Glu97) is poised 

to participate in hydrogen-bonding and proton transfer with substrate, while in the AL212 

structure this position is occupied by an inactive alanine (Ala131). Adapted from Reference 

228.
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Figure 20. 
(a) NH2OH-oxidase steady-state activity plot of wild-type (WT) N. europaea and 

Nitrosomonas sp. AL212 cyt P460 variants. Turnover frequencies, determined by initial 

rates, represent the average of three trials and were measured by the consumption of the first 

10% of oxidant. (b) Plot of N2O production from AL212 WT cyt P460 as well as the 

Ala131Glu variant. Adapted from Reference 228.

Ferousi et al. Page 98

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 21. 
Representative X-band EPR spectra of Nitrosomonas sp. AL212 cyt P460 variants in their 

resting ferric state (left) and crystal structures of variants with adducts illustrating second 

sphere dynamics (right). Red lines correspond to experimental data, while the black and gray 

lines represent fits to those data. (a) WT cyt P460 from N. sp. AL212 (PDBID: 6AMG, teal). 

(b) Ala131Glu variant coordinated with NO (PDBID: 6E17, violet, RMSD = 1.97 Å). Note 

apparent movement of distal Phe76 upon ligand binding (c) Ala131Gln variant coordinated 

with NH2OH (PDBID: 6EOY, yellow, RMSD = 2.26 Å) Here, glutamine is able to 

participate in hydrogen bonding with the NH2OH substrate, but notably cannot perform 

catalysis. Adapted from Reference 228.
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Figure 22. 
1.8 Å resolution crystal structure of tetraheme cyt c554 from N. europaea (PDBID: 1FT6) 

with labeled c-heme cofactors I-IV (a) and an enlargement of the five-coordinate Heme II 

with distal residues highlighted and labeled, as well as the c-heme CXXCH binding motif 

(b). Hydrogen atoms have been omitted for clarity.
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Figure 23. 
(a) 57Fe Mössbauer spectra of (top) N2H4/HAO reduced and (middle) NH2OH/HAO C554 

at 4.2 K in the absence of an external magnetic field. “IR and “IIR” indicate the quadrupole 

doublets of the ferrous low-spin heme I and high-spin heme II, respectively. The bottom 

spectrum represents the difference spectrum of the top and middle, and “X” is the doublet 

which is putatively assigned as a {FeNO}7. (b) representative changes in the optical spectra 

of C554. The solid lines represent the ferric state. On top are changes observed for the semi-

reduced protein (dotted line) and the semi-reduced protein treated with NO (dashed line). On 

the bottom are corresponding spectra of the fully-reduced protein (dotted line) and the fully-

reduced protein treated with NO (dashed line). Adapted with permission from Reference 

247. Copyright 2006, American Chemical Society.

Ferousi et al. Page 101

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 24. 
3.0 Å dimeric crystal structure of the FDP from Moorella thermoacetica (PDBID: 1YCF) (a) 

The flavodoxin domain is shown in pink and the metallo-β-lactamase domain is shown in 

violet. The subunits are arranged in a “head-to-tail” fashion such that the FMN cofactor 

(yellow) of one subunit is facing the diiron site of the other subunit. An enlargement of one 

of these active sites is shown (b) with labeled coordinating residues. Hydrogen atoms are 

omitted for clarity, and relevant distance measurements are shown in Å as needed.
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Figure 25. 
130 ms (a) and 130 s (b) stopped-flow kinetic optical absorption spectra of fully reduced 

FDP reacting in the presence of excess NO at 3°C. The inset represents the difference 

spectra by subtracting out the fully reduced FDP spectra, showing growth of a feature 

centered at ca. 418 nm, assigned as the {FeNO}7. The observed stoichiometry of {FeNO}7 

under excess NO is much greater than expected for the formation of just Fe2+{FeNO}7, 

which is attributed to the successive formation of [{FeNO}7]2. Also shown are the 57Fe 

Mössbauer spectra (right panel) at 4 K in the presence of an applied 7.5 T magnetic field of 

various FDP catalytic intermediates. The red spectrum in (c) shows the rapid freeze quench 

product between reduced FDP and ca. 3 eq. NO per active site after 200 ms. The blue 

spectrum in (c) corresponds to the reduced FDP titrated with 2 eq. NO. The black trace in (c) 

represents a fit to the last species identified by simulation, which is attributed to an {FeNO}7 

contaminant. In (d), the green trace represents the difference spectrum (red – blue - black), 

and is best fit by a diamagnetic, S = 0 species of exchange-paired S = 3 2 {FeNO}7 centers. 

Adapted with permission from Reference 286. Copyright 2014 American Chemical Society.
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Figure 26. 
(a) Structural overlay of FeII–Ile107Glu FeBMb (cyan, PDBID: 3M39) with FeII–FeBMb 

(orange, PDBID: 3K9Z). (b) N2O production efficacy is enhanced by introduction of the 

Ile107Glu mutation, which presumably is due to its serving as a proton relay for either 

protonation of nascent N2O2
2−. Adapted with permission from 299. Copyright John Wiley 

and Sons.
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Figure 27. 
(a) [Fe2(Et-HPTB)(O2CPh)](BF4) (Et-HPTB = N,N,N′,N′-tetrakis-(N-ethyl-2-

benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane),301, (b) LFeIIH/FeIIB,305 (c) 

[(OEP)Fe]2(µ-N2O2),306 (d) (OEP-CH2)Fe]2(η1,η1-ONNO) (OEP = octaethylporphyrin).307
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Figure 28. 
(a) [Fe2(BPMP)(OPr)(NO)2](BPh4)2 (BPMP = 2,6-bis[bis((2-

pyridylmethyl)amino)methyl]-4-methylphenol),308 (b) [Fe(BMPA-PhOX,R)(NO)](OTf) 

(BMPA-PhO = N-(2-methyl-(2-chloromethyl-6-methylphenolate))-N,N-bis-((2-

pyridylmethyl)amine),308 (c) [Fe2(N-Et-HPTB)(NO)(DMF)3](BF4)3 (Et-HPTB = N,N,N′,N
′-tetrakis-(N-ethyl-2-benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane),289 (d) 

[Fe2(Py2PhO2)MP(OPr)2](OTf).312
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Figure 29. 
(a) [(OEP)Fe-(NO)(5-methylimidizole)]OTf (OEP = octaethylporphyrin),161 (b) [Fe(H2O)

(TPPS)]3+ (TPPS = meso-tetrakis(p-sulfonatophenyl)porphine),315 (c) [Fe(H2O)(TMPyP)]5+ 

(TMPyP = meso-tetrakis(N-methyl-4-pyridyl)porphine),316 (d) Fe-substituted polytungstate,
317 (e) Fe(PP)Cl (PP = protoporphyrin),318 (f) FeII-MOF (MOF = metal-organic framework),
319 (g) [Fe(NO)(N3PyS)] (N3PyS = 2-[[(di-2-pyridinylmethyl)(2-

pyridinylmethyl)amino]methyl]-benzenethiol).320
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Figure 30. 
(a) Cu2(XYL-O−)(NO)](PF6)2 (XYL = 2,6-bis[(bis(2-pyridylethyl)amino)methyl]-phenol),
326 (b) LYCu3(OTf)3,327 (c) {CuII(tmpa)}2(µ-N2O2

2−)](B(C6F5)4)2 (tmpa = tris(2-

pyridylmethyl)amine),328 (d) [Cu2(Py4DMB)(MeCN)2](B(C6F5)4)2 (Py4DMB = 1,2-

bis(di(pyridine-2-yl)methoxy)benzene).329
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Figure 31. 
(a) [HB(t-Bupz)3CuNO] (t-Bupz = 3-tert-butylpyrazole),330 (b) TpCH3,CH3Cu(NO) 

(TpCH3,CH3 = tris(3,5-dimethyl)-pyrazol-1-yl)hydroborate and TpPh,PhCu(NO) (TpPh,Ph = 

tris(3,5-diphenyl)-pyrazol-1-yl)hydroborate,332,333 (c) TpCF3,CH3Cu(CH3CN) (TpCF3,CH3 = 

tris(3-(trifluoromethyl)-5-methylpyrazol-1-yl)hydroborate and TpMs,H Cu(THF) (TpMs,H = 

tris(3-mesitylpyrazol-1-yl)hydroborate,334 (d) [(BA)CuII(OOH)](ClO4) (BA = tris-2-

pyridylmethylamine with one pyridine decorated with-N(H)CH2C6H5).337
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Figure 32. 
(a) A binuclear heme/Cu assembly formed after reaction of (6L)Fe(NO)2 with Cu 

[CuI(MeCN)4 ]B(C6F5)4 and acid,342 (b) a discrete heme ((F8)Fe(NO)) and Cu 

[(tmpa)CuI(MeCN)] system employed for N2O production.343
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Figure 33. 
(a) [Ni(NO)(CH3NO2)3](PF6),345 (b) [Ni(NO)(bpy)2](PF6) (bpy = 2,2¢-bipyridine),346 (c) 

L2NiCl2 (L = bis(2-ethyl-4-methylimidazol-5-yl)methane),348 (d) (iPr2NNF6)Ni(NO) 

(iPr2NNF6 = 1,1,1,5,5,5-Hexafluoro-2-(2,6-diisopropyl)phenylamino-4-(2,6-

diisopropyl)phenyliminopent-2-ene,19 (e) [KL(Ni-H)2].349

Ferousi et al. Page 111

Chem Rev. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 34. 
Structure of the homodimeric N2OR from P. denitrificans (PdN2OR). (a) surface 

representation with overlaid cartoon. Pink and blue correspond to the seven-bladed β-

propeller domains, while orange and green to the cupredoxin-like domains. Pink and orange 

domains belong to the same subunit and so is the case for blue and green. All Cu centers are 

shown as black spheres. (b) surface representation of the dimeric protein with the Cu centers 

shown as spheres colored as their corresponding domains. CuA1 and CuZ1 belong to subunit 

1 and CuA2 and CuZ2 to subunit 2. PDBID: 1FWX.
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Figure 35. 
CuA binuclear center from two different N2OR homologs. (a) CuA in Achromobacter 
cycloclastes N2OR (AcN2OR). Two fully conserved cysteine residues are the bridging 

ligands of the two Cu ions that lie about 2.5 Å apart. Each Cu is additionally ligated by a 

fully conserved histidine, while CuA1 is also bound to Met589 and CuA2 to the backbone 

carbonyl oxygen of Trp580. PDBID: 2IWF. (b) CuA in P. stutzeri N2OR (PsN2OR). The 

PsN2OR structure revealed a slightly different conformation for the CuA1- ligating His583 

that is rotated away from the Cu center and is connected to the neighboring Ser550 and 

Asp576 via hydrogen-bonding, resulting in a more planar arrangement of CuA with respect 

to the sulfur atoms of the bridging cysteines and Met629. PDBID: 3SBP. Cu atoms are 

shown as bronze spheres.
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Figure 36. 
Catalytic site of PsN2OR, composed of a CuA and a CuZ metal center of the different 

monomers within the dimeric enzyme. The binuclear CuA site is shown on top as bronze 

spheres. The four Cu atoms of CuZ (numbered bronze spheres) are coordinated by seven 

fully conserved histidine residues, a μ4-sulfido ligand (S1; yellow sphere), and a μ2-sulfido 

(S2; yellow sphere) bound to CuZ1 and CuZ4. The ligating histidines participate in an 

elaborate hydrogen bond network that involves neighboring residues, solvent molecules, and 

a protein-bound chloride ion (slate sphere). Amino acid residues of different monomers are 

shown as slate and gray sticks, respectively. PDBID: 3SBP.
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Figure 37. 
Rearrangement of the [Cu4S(im)7]2+/3+ complexes upon removal of the protein-imposed 

constraints. The noncovalent (hydrogen-bond) and covalent (backbone) constraints are 

indicated by blue and red arrows, respectively. Reprinted with permission from Reference 

371. Copyright 2006 American Chemical Society.
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Figure 38. 
Stick representation of the CuZ sites in five available crystal structures. From left to right: M. 
hydrocarbonoclasticus (MhN2OR), PDBID: 1QNI; PdN2OR, PDBID: 1FWX; A. 
cycloclastes (AcN2OR), PDBID: 2IWF; iodide-bound AcN2OR, PDBID: 2IWK; P. stutzeri 
(PsN2OR), PDBID: 3SBP. Water molecules are colored red, Cu bronze, sulfur yellow, and 

iodide purple. Adapted from Reference 375.
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Figure 39. 
UV/vis absorption spectra of PsN2OR. (a) The spectrum of the purple protein as isolated 

(bold line) can be deconvoluted into individual peaks that can be assigned to either the CuA 

site (dotted) or CuZ (dashed). (b) Summation of the bands for each center yield subspectra 

that very closely match experimental spectra for the individual sites CuA (dotted) and CuZ 

(dashed). (c) The spectral features of CuZ can be fully explained by two transitions at 552 

and 650 nm, with a position and intensity typical for ligand-to-metal charge-transfers in Cu 

proteins. (d) If the band at 552 nm is lost upon depletion of SZ2, the remaining band at 640 

nm adds up with the signature of CuA to yield a typical form II spectrum of N2OR. 

Reprinted with permission from Reference 375. Copyright Walter de Gruyter and Company.
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Figure 40. 
(a) Stick representation of the N2O-associated PsN2OR catalytic site, composed of a CuA 

and a CuZ metal center of the different monomers within the dimeric enzyme. Crystals of 

PsN2OR were pressurized with N2O gas and an additional structure was obtained, where an 

N2O molecule was found within the active site pocket of the enzyme. (b) Close-up of the 

substrate binding pocket. The binuclear CuA and the tetranuclear CuZ centers are shown as 

bronze spheres. Amino acid residues of different monomers are shown as slate and gray 

sticks, respectively. Distances around the N2O ligand are in Å. PDBID: 3SBR.
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Figure 41. 
(a) Quaternary structure of the Kuenenia stuttgartiensis HDH determined via cyroelectron 

microscopy. The α subunits are green, with individual components of one of the 8 

homotrimers shown in different shades of green. The β subunits are tan. (b) X-ray crystal 

structure of one of the putative N2H4- oxidizing P460-like heme cofactors. Adapted from 

Reference 423.
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Figure 42. 
(a) [(LCu)3S2] (L = 1,4,7-trimethyltriazacyclononane),411 (b) [(μ2-dppa)4Cu4(μ4-S)](PF6)2 

(dppa = bis(diphenylphosphino)-amine),425 (c) (IMes)CuFp, (IMes = N,N′-bis(2,4,6-

trimethylphenyl)imidazol-2-ylidene; Fp = Fe(cyclopentadienyl)(CO)2,426 (d) Cu4(µ4-S),431 

(e) (PNP)Ni(ONO2) (PNP = (N[2-PiPr2-4- Me-C6H3]2)19.
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Figure 43. 
Structure of the hydrazine synthase (HZS) dimer of heterotrimers. (a) Surface representation 

with overlaid cartoon. Subunits α, β, and γ are colored blue, green, and yellow, respectively. 

Heme cofactors are shown as black sticks. (b) Surface representation of the dimeric protein 

with the heme cofactors shown as sticks. Hemes are named with Greek letters and Latin 

numerals. Ca, Mg, and Zn are shown as spheres. Distances are indicated in Å. PDBID: 

5C2V.
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Figure 44. 
Stick representation of the putative active site heme cofactors of HZS. (a) Heme γI, where 

NO reduction to NH2OH takes place. Heme γI is covalently attached to the protein 

backbone via three cysteine sulfur atoms. Cys102 and Cys105 are part of the CXXCH heme 

binding motif and are bound to the vinyl groups of the heme moiety, while Cys165 is 

attached to the C1 porphyrin methyl group of heme γI. (b) Heme αI, where 

comproportionation of NH2OH and NH3 yields hydrazine. His587 of the CXXCH heme 

binding motif is rotated away from the heme Fe and the hydroxyl group of Tyr591 is the 

proximal ligand instead. His587 is bound to a Zn ion (slate sphere). Water molecules are 

shown as red spheres. PDBID: 5C2V.
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Figure 45. 
Proposed catalytic mechanism for hydrazine synthesis catalyzed by HZS. NO enters the 

protein complex through a substrate channel that connects the protein surface to heme γI. 

Electrons from the external electron donor enter the complex at heme γII and are shuttled to 

heme γI via γHis144. With the input of three protons from the solvent reaching heme γI via 

the conserved γAsp168, the nitrosyl complex undergoes a three-electron reduction to 

hydroxylamine at the first active site of HZS. NH2OH is then diffusing to the second active 

site, heme αI, through an intraprotein tunnel which is possibly controlled by a 15-amino-

acid-long loop of the β subunit (shown in green), harboring a conserved glutamate 

(βGlu253) that binds a magnesium ion (green sphere). A small branch of the identified 

tunneling system that is reaching heme αI from the proximal side is the assumed entry point 

of ammonium. An acid/base reaction that would yield ammonia might be taking place at the 

Zn site (slate sphere), before ammonia would then perform a nucleophilic attack on the 

nitrogen of NH2OH, producing N2H4 through comproportionation. The latter would then 

leave the complex via a surface tunnel. PDBID: 5C2V.
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Figure 46. 
Proposed electron transfer module (ETM) for HZS. The ETM for N2H4 synthesis comprises 

the products of Kuste2854, Kuste2855, and Kuste2856 genes, respectively. An integral 

membrane protein harboring two b-type hemes and one quinone binding site (2856) would 

transfer the electrons yielded from quinol oxidation to a membrane–anchored heptaheme c-

type cyt (2855). Subsequently, the soluble tetraheme electron carrier (2854) would donate 

them to the HZS catalytic complex (2859–2861). Numbers refer to the Kuste open reading 

frame numbers from the genome of Kuenenia stuttgartiensis.QH2: quinol; Q: quinone.
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Scheme 1. 
(a) Three proposed mechanisms for the reductive conversion of NO to N2O catalyzed by the 

binuclear center of NOR. The cis-b3 and cis-FeB mechanisms support coordination of one 

NO molecule to either heme b3 or FeB, respectively, while the trans mechanism suggests 

coordination of one NO molecule to each metal center. (b) Catalytic cycle of NOR according 

to the trans mechanism. The pink diamonds and the cyan circles represent heme b3 and FeB 

centers, respectively. Six-coordinate heme c and heme b are shown as purple and fuchsia 

diamonds, respectively.
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Scheme 2. 
Working mechanism of P450nor catalysis. Adapted from Reference 8.
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Scheme 3. 
Working mechanism for cyt P460 NH2OH-oxidase catalysis. Gray steps indicate reactions to 

shunt to intermediates, while the red step indicates generation of an off-pathway species.
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Scheme 4. 
Proposed mechanisms for FDP NOR catalysis. Hyp denotes hyponitrite and sr denotes 

super-reduced.
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Scheme 5. 
FDP NOR mechanism proposed by Caranto and co-workers. Adapted from Ref 286.
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Scheme 6. 
Proposed mechanism for activation, catalytic redox cycle, and inactivation of N2OR with the 

CuZ* center conformation, according to Reference 371. The CuA and CuZ centers are 

represented by blue and yellow ovals, respectively. ET = electron transfer.
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Scheme 7. 
Putative mechanism of N2H4 oxidation to N2 by the heme P460-like cofactors in HDH. 

Figure reproduced with permission from Reference 424. Copyright ASBMB.
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