COPPER-CONTAINING NITRITE REDUCTASE
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FUNCTIONAL CLASS

Enzyme (EC 1.7.2.1), copper-containing nitrite reductase containing type 1 and type 2 copper centers. Also named: nitrite reductase (NO forming) or NO2+ oxidoreductase.

Copper-containing nitrite reductases (CuNiRs) are widespread in nature and are of major importance in the biogeochemical nitrogen cycle due to their involvement in several energy-generating pathways involving N-transformations where dioxygen (O2) is not the terminal electron acceptor. CuNiR is encoded by the nirK gene which large-scale genome and transcriptome analysis show to be distributed across the three domains of life, with representative organisms among archaea, eubacteria, fungi and in unicellular eukaryotic foraminifera.1,2 The extensively characterized prototypic CuNiRs of eubacteria use soluble c-type cytochromes or cupredoxin as an electron source to catalyze the reaction:
	NO2- + e- + 2H+             NO + H2O E’o (pH 7.0) + 370mV            Eqn. 1
This highly conserved family of enzymes contains two types of Cu center, an electron accepting type-1 Cu site (T1Cu) and a catalytic type-2 Cu (T2Cu) center. In Eubacteria, CuNiR is generally periplasmic, or occasionally membrane-bound, and in fungi and marine benthic foraminifera species their location is mitochondrial. The landscape of CuNiRs have expanded recently with the identification of variants, widely distributed in Eubacteria and ammonia-oxidizing Archaea. These enzymes have additional cupredoxin or cytochrome c domains tethered to the C- or N- terminal of prototypic CuNiRs containing a T1Cu-T2Cu catalytic unit.3,4  The CuNiRs from denitrifying organisms have been the subject of extensive study over many years and provide the foundation for our understanding of the chemistry involved in the biological reduction of nitrite (NO2-) to nitric oxide (NO). The more recently identified variants with additional tethered domains present a challenge to understand their function and physiological/environmental relevance. This review will focus on the two-domain prototypic enzymes and the C-terminal extended three-domain enzymes. 
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3D Structure Representation of the trimeric assembly of the C-terminal extended CuNiR RpNiR (PDB code: 3ZIY) showing the two types of copper centers and a heme c center. Panel on the right shows the monomer structures of RpNiR (cytochrome-fused) superimposed on cupredoxin-fused TsNiR (PDB code: 6HBE). C-terminal cytochrome domain for RpNiR is colored red and the two core cupredoxin domains are colored pink and silver. TsNiR is colored beige and its C-terminal cupredoxin domain is colored blue. Copper centers for RpNiR are colored dark blue and copper centers for TsNiR are colored cyan. This figure was made using the program PyMOL (Schrödinger, Inc.).



OCCURRENCE AND BIOLOGICAL FUNCTION 

The core biogeochemical nitrogen cycle (N-cycle) is comprised of nitrogen fixation, the reduction of dinitrogen (N2) to ammonia (NH3), a process that provides a utilizable nitrogen source available to plants and higher organisms, and the effective reversal of this process by the denitrification, nitrification, and anammox steps is responsible for returning fixed N to the atmosphere. The N-flux between the different reservoirs is mainly controlled by microbial activity and organisms may, for example, simultaneously fix nitrogen and denitrify. During the last decade our understanding of these interconversions undergone by N-compounds of the N-cycle, and the range and metabolic capabilities of the organisms involved has been transformed.5 In the context of this review, roles of CuNiR have been extended beyond its long-established involvement in denitrification6 and are of particular importance in the aerobic NH3-oxidising Eubacteria and Archaea in the nitrification pathway.7 

CuNiR can also play a role in some microbial pathogenesis. In oxygen-limiting environments within the host, pathogens in the Neisseria genus such as N. gonorrhoea exploit denitrification and the outer membrane anaerobically induced protein AniA, a CuNiR of the nirK family, to promote growth and survival inside the host.8,9 In some bacterial species such as Brucella melitensis, denitrification is essential for their virulence with CuNiR playing an essential role.10 Similarly, CuNiR may also play a role in the pathogenesis of some denitrifying bacteria (such as ﻿Achromobacter xylosoxidans) that are considered opportunistic pathogens in immunocompromised patients.11

Denitrification
Denitrification occurs under anoxic conditions when some microorganisms utilize nitrate as a terminal electron acceptor in place of O2 to drive respiratory ATP synthesis. In this process nitrate (NO3-) is reduced to N2 by a series of intermediates, NO2-, NO and nitrous oxide (N2O), Scheme 1. The consecutive reactions of the denitrification pathway are catalyzed by distinct oxido-reductases that variously contain Mo, Fe, Cu or heme centers. The nitrate and NO reductases are integral membrane-bound enzymes while the nitrite and nitrous oxide reductases are soluble enzymes.6  
	
	NO3-     NO2-    NO    N2O    N2  
	Scheme 1 Canonical denitrification cascade

This is a widely dispersed metabolic pathway among aerobic prokaryotes but whole genome analysis has revealed that a significant number of organisms lack a complete set of enzymes as is the case in fungi. The truncation of the denitrification pathway results in the end product being the potent greenhouse gas N2O. Two distinct types of nitrite reductase can participate in denitrification, a cytochrome cd1 type, encoded by nirS and the more widely distributed copper-containing enzymes encoded by nirK, that form the subject of this review. Many of the structural and biophysical studies of CuNiRs described in detail here are based on data for enzymes from denitrifying Eubacteria,3,12,13 but representatives from denitrifying Archaea,14 nitrifying Eubacteria15 and anammox organisms16 have also been characterized. 

Nitrification
Ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) obtain energy from the aerobic oxidation of NH3 to NO2-, which is subsequently oxidized to NO3- by nitrite-oxidizing bacteria. There is mounting evidence that generation of NO by CuNiR plays a central role in the aerobic ammonia oxidation pathways in both bacteria and archaea.17 In both AOB and AOA of the phylum Thaumarchaeota, the product of NH3 oxidation by ammonia monooxygenase is hydroxylamine (NH2OH). In AOB NH2OH has recently been shown to be reduced to NO by hydroxylamine oxidoreductase (HAO). The biochemistry of the conversion of NO to nitrite is unresolved but nirK catalyzing the reverse reaction of Eqn. 1 or ncyA encoding a nitrosocyanin have been proposed.18 Both are almost universally present in AOB genomes but the involvement of a yet to be identified enzyme is not excluded and further work is required to resolve this issue.19,20

Under O2-limiting conditions AOB employ nitrifier denitrification where NO2- formed from NH3 oxidation is subsequently reduced to N2O (Scheme 2).20 The CuNiR involved in this pathway has been structurally characterized.  
	NH3    NO2-    NO     N2O		
	Scheme 2

The situation in AOA is different since these organisms are unable to denitrify as they lack the genes for NO and N2O reductase implying a different role for CuNiR. These organisms discovered just over a decade ago21 play a major role in the N-cycle since they are one of the most ubiquitous and abundant prokaryotes in the oceans. NH3 oxidation by AOA involves NH2OH as an intermediate but genome analysis indicates distinctly different biochemical pathways are utilized since genes encoding NH2OH reductase are lacking7 and no motifs for c-type cytochrome proteins are present.  All published AOA genomes lack nirS, but nirK is present and is highly expressed in metatranscriptomes during NH3 oxidation. Current models for the oxidation of NH2OH and its coupling to respiration involve a membrane-bound cupredoxin complex and CuNiR. One proposed role for CuNiR is in NO formation required for coupling with NH2OH to form 2NO2- by the cupredoxin complex, or a direct interaction with NH2OH in a cupredoxin complex to form NO2- via an NO intermediate.7,22 It is interesting to note that both bacterial23 and archaeal CuNiRs from nitrifiers24 have intrinsic NH2OH oxidase activity suggestive of the direct interaction model operating. 

Recently 15NO2- isotope distribution into N2O and N2 during O2 formation by Nitroropumilus maritimus were found to be consistent with the dismutation of NO (produced by nirK) to form O2 and N2 with N2O as an intermediate.25 AOA are abundant in environments where O2 is undetectable, such as in the marine oxygen-minimum zones. This demonstration of O2 production coupled to N2 formation under anaerobiosis enables AOA to populate oceanic oxygen minimum zones and shows a distinctly different role for CuNiR in these organisms.

Anammox
Anammox bacteria obtain their energy from the anaerobic oxidation of NH3 to N2 with NO2- as the terminal electron acceptor.

	NH4+ + NO2-      N2 + 2H2O 	
	Scheme 3

Discovered just before the turn of the century26 these bacteria play a significant role in the release of N from the world’s oceans27 and provide an attractive alternative in their application for the removal of N in waste-water treatment. Initially NO2- is reduced to NO that is then condensed with NH3 to form hydrazine (N2H4), a reaction catalyzed by hydrazine synthase. Subsequently N2H4 is oxidized to N2 by hydrazine oxidase. The reduction of NO2-to NO during the anammox process was originally thought to be catalyzed by a cd1 nitrite reductase encoded by nirS. However, sequencing of the Candidatus Jettenia caeni and Brocadia genomes revealed that these organisms only possess nirK.28

Impact on the N-cycle
The increased application of nitrogen fertilizer to improve crop yields required to feed the growing global population has resulted in an imbalance of the N-cycle since some 60% of the applied fertilizer is not assimilated into biomass. It is either washed out of the root zone or lost to the atmosphere as a result of denitrification and nitrification and has a negative environmental impact.29 Apart from the economic loss, these metabolic activities result in the considerable emission of N2O from soils and ocean waters into the atmosphere. Although N2O is a trace atmospheric gas, it has a global warming potential ~300-fold higher than CO2 and its concentration is increasing.30 CuNiRs are relevant to these broad issues since they produce NO, the substrate for nitric oxide reductase, which is the major biological source of N2O. 

SEQUENCE INFORMATION AND DISTRIBUTION

In all structurally characterized CuNiRs the organisation of the trimeric core and the electron donor/acceptor T1Cu and catalytic T2Cu centers is retained even when amino acid sequence identity is as low as ~30%.2,3 This includes the hexameric enymes of Hyphomicrobium31,32 and the anammox organism KSU-1,16 which are formed from a dimer of trimers. Some organisms have insertions in nirK of unknown significance and the structurally charicterized enzymes show some variability in the channels to the active site pocket, and in the sensor loop that links the T1Cu to the T2Cu of the active site. The residues that are ligands to the Cu atoms are conserved as are essential residues of the active site pocket AspCAT and HisCAT except in the trimeric C-terminal cupredoxin-tethered CuNiR from Thermus scotoductus SA-01 (TsNiR) where AspCAT is replaced by a Ser.33 This enzyme also exhibits an altered T1Cu coordination where the axial ligand Met is replaced by a Gln. The overall organisation of the two-domain core enzyme and its relation to N- and C- terminal extended CuNiRs is shown in Figure 1a and b and the sequences of a selection of structurally-characterised enzymes are shown in Figure 1c.
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FIGURE 1.  Overall domain, structure and sequence comparison of the two-domain core and N- and C- terminal extended CuNiRs. (a)  Schematic of domain arrangement of structurally characterized CuNiRs. All contain a core of two cupredoxin (T1Cu-T2Cu) domains of the prototypic CuNiRs (Achromobacter cycloclastes (AcNiR), Alcaligenes faecalis (AfNiR), Achromobacter xylosoxidans (AxNiR) and Bradyrhizobium sp. ORS 375 (two-domain) (Br2DNiR)). C-terminal extended CuNiRs such as those from Thermus scotoductus SA-01 (TsNiR), Ralstonia pickettii 12J (RpNiR)/Pseudoalteromonas haloplanktis (PhNiR) contain an additional cupredoxin domain or cytochrome c domain, respectively. The N-terminal extended CuNiR from Hyphomicrobium denitrificans (1NES1) (HdNiR) contains an additional cupredoxin domain; (b) Structural rearrangement of the trimeric form of the enzymes. The core two-domain trimer, as represented by Br2DNiR (PDB: 6ZAR), is conserved in all but the N- or C- extended three-domain CuNiRs as represented by TsNiR (PDB: 6HBE), RpNiR (PDB: 3ZIY) and HdNiR (PDB: 6TFO) provide a distinct trimeric arrangement; (c) Sequence alignment of selected two-domain and three-domain CuNiRs. The two-domain enzymes: AcNiR (Uniprot: P25006) and Br2DNiR (Uniprot: H0SLX7) are aligned with three-domain enzymes HdNiR (Uniprot: N0B9M5), RpNiR (Uniprot: B2UHR8) and TsNiR (Uniprot: E8PLV7). N-terminal signal peptide has been removed from all sequences. Numbering is from HdNiR. Additional cupredoxin domain is highlighted in blue and additional Cytochrome c domain is highlighted in red. T1Cu coordination residues are highlighted by a white circle and T2Cu coordination residues are highlighted by a black circle. Important T2Cu residues are highlighted by black triangles.
Distribution of Cu-nitrite reductases in denitrifying and nitrifying organisms 
Genome analyses have revealed the extent of the phylogenetic distribution and diversity of nirK variants.  The majority of available genome sequences are of denitrifiers, followed by the aerobic ammonium-oxidizing bacteria (AOB) and ammonium-oxidizing archaea (AOA), and a few anammox organisms. Truncated denitrification pathways due to the lack of a complete set of reductase genes are widespread.34 In a significant number of organisms nirK is found in isolation, and the explanation for how these organisms cope with toxic NO is unexplained, suggesting a function other than the anaerobic respiration of nitrogen oxides.

Despite the conservation of residues in the catalytic core of CuNiRs there is a large divergence in nirK sequences among denitrifiers even among closely related organisms and two distinct phylogenetic clades have been identified35 with Clade 1 containing mainly canonical CuNiRs from α-, β- and γ- proteobacteria (e.g., Achromobacter xylosoxidans (Ax), ﻿Achromobacter cycloclastes (Ac), Alcaligenes faecalis (Af)) and Clade 2 harboring a much greater taxonomical diversity containing multi-domain CuNiRs (e.g. Ralstonia pickettii (Rp), Hyphomicrobium denitrificans (Hd) and Thermus scotoductus (Ts)). There is a high incidence of N- and C terminus extensions (30% of 250 full-length sequences) with ~ 5% containing more than one copy of nirK. In addition, some CuNiRs also have an additional cytochrome and cupredoxin domain both tethered at the N-terminus. These 4-domain CuNiRs are often found together with classical two-domain CuNiRs, mainly amongst Rhizobiales species. An example is Bradyrhizobium ORS 375 (BrNiR) which also contains a two-domain CuNiR (Br2DNiR).36 

In AOA nirK sequences form two highly divergent clusters that are as distant from each other as they are from bacterial nirK sequences. Amicyanin-domain fused proteins are a common theme in AOA genomes and nirK is no exception. Some soil AOA have an additional C-terminal amicyanin domain not seen in the marine organisms.37 The ecotype-based sequence variation of nirK between these environments shows the core enzyme to have only 59% similarity, and that only the former group harbors C-terminal amicyanin extended variants. Homology-based structural predictions of the consensus sequences of the sensor loop linking the T1Cu to the catalytic T2Cu are longer compared with prototypic CuNiRs suggesting potential for niche differentiation and different reactivities compared with bacterial counterparts.17 The difference in distribution of cupredoxin-extended CuNiRs between soil and marine Archaea suggests they provide a niche advantage in specific environments.

PURIFICATION AND ASSAY 
In recent years recombinant techniques using Escherichia coli host cells with the appropriate nirK gene inserted to overexpress the CuNiR of interest, has replaced isolation of the enzymes from their natural source. Purification uses combinations of standard techniques including ammonium sulfate precipitation, diethylaminoethyl (DEAE) or carboxymethyl (CM) ion-exchange and size exclusion chromatographies. CuSO4 (100 mM - 2 mM) is usually added to buffers in early steps of the purification to re-metallate the T2Cu site to prevent the type-2 deficient enzyme from being formed.38,39 Alternatively, His-tagged CuNiR can be purified using a HisTrap affinity column and size exclusion chromatography with CuCl2 [10-20 mM] added at a later stage40 or CuSO4 [1mM] in the initial stages.41 The blue and green prototypic CuNiRs have markedly different surface charge distributions, so for example, DEAE ion exchange is used for AxNiR38 and CM ion exchange for AcNiR.42 

Routinely CuNiRs are usually assayed by their nitrite reduction activity using artificial electron donors, or less frequently protein-film voltammetry.43 Commonly used electron donors are dithionite, dithionite/Methyl Viologen, NADH/phenazine methosulfate (PMS) or ascorbate/PMS. In single turnover experiments pulse radiolysis, laser-flash photolysis or X-ray generated photoelectrons provide reductant. Activity is measured from the rate of decrease in [nitrite] determined colorimetrically in stopped-time assays38 or in continuous assays from the rate of formation of NO measured by sequestration with hemoglobin44 or electrochemically using a NO-specific electrode in an anaerobic chamber. When NO is detected electrochemically, in order to avoid dioxygen contamination, a scavenging system (D-glucose, glucose oxidase and catalase) is included in the assay mixture.45

MOLECULAR CHARACTERISATION 
Structural and biophysical studies of two-domain prototypic CuNiRs are predominantly those originating from a number of denitrifying organisms3,4,46 but representatives from nitrifying32 and anammox organisms16 have also been characterized. All structurally characterized CuNiRs, including the domain-extended enzymes, have a duplicated cupredoxin domain monomer unit that forms the core of the trimeric/hexameric enzyme. Each monomer contains a T1 Cu site located close to the enzyme’s surface with Cu-Cys-Met-(His)2 coordination. In a recently isolated C-terminally extended enzyme with an additional cupredoxin domain the T1 Cu site has a Cu-Cys-Gln-(His)2 coordination.32 Depending on the geometry of the Cu-Cys-Met-(His)2 site, the ligand-to-metal charge transfer (LMCT) bands of the oxidized center is affected, giving rise to the blue or green color to the enzyme with absorbance band for blue enzyme (AxNiR) appear at ~590 nm or green enzyme with bands at ~460 and 600 nm (AcNiR). The catalytic T2Cu sites are located at the interface between adjacent monomers some 12 Å from the surface and have Cu-(His)3-H2O, or occasionally Cu-(His)3-(H2O)2 ligands in the enzymes as isolated (Figure 2). Access to the bulk solvent is provided by a ~ 6 Å wide channel between adjacent monomers. In the as isolated enzymes the difference between the reduction potentials of the T1Cu and T2Cu sites provides only a small, or in some cases an unfavorable, driving force for electron transfer (ET) from the T1Cu site. Consequently, in PcNiR for example, the addition of ascorbate or NADH/PMS (Em -320 mV) results in the reduction of the T1Cu but inter-Cu ET only occurs in the presence of nitrite.47 

During catalysis electrons produced from denitrification/NH3 oxidation are donated (from periplasmic c-type cytochrome or (pseudo) azurin depending on the species), to the T1Cu site. Subsequently the electron is transferred in a proton-gated reaction to the T2Cu site44 via a 12.6Å His-Cys bridge between the two Cu ions.  In single turnover experiments a protonation event precedes electron transfer.48,49 In addition to this ET bridge the Cu centers are connected by a longer sensor loop His-(X)10-13-His that has a proposed role facilitating proton transfer through a network of ordered H2O molecules so as to promote inter-Cu ET in the presence of nitrite (Figure 2).50 The sensing loop contains the AspCAT residue which structural studies show forms an H-bond with the T2Cu H2O ligand in the resting state and with nitrite in the enzyme-substrate complex. Spectroscopic and structural studies established that nitrite binds to the oxidized T2Cu by displacement of the H2O ligand. During steady-state turnover the consensus view is that the order of nitrite binding and reduction of the T2Cu is dependent on [nitrite] and pH.43,3,4  
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FIGURE 2. The T1Cu and T2Cu sites of nitrite-bound Br2DNiR, free from radiation-induced chemistry, to 1.3 Å resolution using XFEL40. The Cys130-His129 hard-wired bridge between the T1 and T2Cu sites of CuNiR is indicated by the yellow arrow and is universal in all CuNiRs.  Sensor loops that relay information of the status of T2Cu site (resting versus substrate bound) to T1Cu are represented by red arrows. 2Fo − Fc electron density map obtained from SF-ROX structure is contoured at 1σ level. T1Cu and T2Cu are shown as blue spheres.

The structures of various CuNiRs with nitrite- and NO- bound to the T2Cu obtained by diffusion of these ligands into crystals revealed bidentate NO2- binding and unprecedented side-on NO binding modes that stimulated the interest of the chemical community. The ability to form the substrate adduct in crystallo, underpinned subsequent study of the structural changes at the catalytic center and the protonation state of AspCAT associated with the controlled delivery of electrons to the initially oxidized T2Cu-nitrite center described below. 
X-RAY STRUCTURAL APPROACHES – FROM SYNCHROTRONS TO XFEL
It is 30 years since the first 3D structure of a CuNiR was reported at a resolution of 2.3 Å using a laboratory X-ray source, convincingly demonstrating the enzyme to be a trimer with the T1Cu-T2Cu centers at the catalytic heart.51 There are currently in excess of 200 structures in the PDB for CuNiRs helping to understand some of the fundamental processes of catalysis such as redox activation, proton-coupled electron transfer, gating of substrates etc. In parallel to the way structural biology has transformed the way we think of biology, our understanding of nitrite reduction processes at the molecular level has been clarified substantially. The tremendous success of structural biology during the last 30 years is largely owed to synchrotron X-ray facilities, advances in molecular biology techniques and computational power. Recently, the most advanced synchrotron MX facilities that harness micro-focus X-ray beams and advanced photon counting detectors have allowed multiple structures to be collected from a single crystal (MSOX) enabling the construction of a structural movie as the X-ray induced enzyme turnover takes place.50,52 More recently, the availability of femtosecond pulses from X-ray free-electron laser (XFEL) facilities have opened a new horizon of structural biology where time-frozen structures can be obtained that are free from radiation-induced chemistry (FRIC structures).53,54 The modern synchrotron beamlines have recently helped to provide atomic resolution (<1.2 Å) structures enabling non-restraint refinement using SHELX, a norm for small molecule crystallography.41 In this review, we focus on these three recent advances.  


STRUCTURES OF PROTOTYPIC TWO-DOMAIN CuNIRs 
Structures of AcNiR and Br2DNiR have been determined at atomic resolution, the latter has been used to undertake unrestrained refinement,41 implemented in SHELX-97.55  Such refinements are generally possible for crystallography of small molecules and can only be used when protein structures are determined to very high resolutions, ~1.2 Å as the number of observations are then sufficiently large so that stereochemical restraints are not required for a successful refinement. This allows the unambiguous assignments for multiple conformations of active site ligands and define standard deviations of individual bond distances and angles. It also helps to assign protonation state of the catalytically important residues by comparison of their geometry with the geometry in the chemical data base.56 Atomic resolution structures from as isolated proteins have provided remarkable differences in T2Cu coordination, AcNiR shows single water in distorted trigonal geometry (Figure 3a), whilst the T2Cu in Br2DNiR is penta-coordinated with 2 water ligands (Figure 3d). Both structures have AspCAT in two conformations. In AcNiR, AspCAT in the proximal position is neutral and protonated, while in the gatekeeper position it is negatively charged. In Br2DNiR, AspCAT in proximal position is negatively charged whilst a proximal distorted position is neutral and protonated. HisCAT residues are non-protonated on Nε2 in both AcNiR and Br2DNiR enzymes. This is consistent with the neutron structure of perdeuterated AcNIR which also showed AspCAT to be deprotonated (Figure 3c). In nitrite bound structures for AcNiR (Figure 3b) and Br2DNiR (Figure 3e) both conformations of AspCAT are negatively charged, while protonation of HisCAT is different. In Br2DNiR it is fully protonated, whilst in AcNiR HisCAT protonation on Nε2 is absent. In enzymatically produced NO bound Br2DNiR structure (Figure 3f), AspCAT is protonated but HisCAT Nε2 is not.
[image: Company name

Description automatically generated]
FIGURE 3. Differences in catalytic sites of two-domain CuNiRs, AcNiR and Br2DNiR, determined by X-ray crystallography at atomic resolution. (a) As isolated AcNiR at 0.9 Å resolution (2BW4); (b) Nitrite bound AcNiR at 0.87 Å (5AKR); (c) neutron crystallographic structure of perdeuterated AcNiR at 1.8 Å (6GTJ); (d) As isolated Br2DNiR at 1.1 Å (6ZAR); (e) Nitrite bound Br2DNiR at 1 Å (6ZAT); (f) Enzymatically produced NO bound Br2DNiR at 1.19 Å (6ZAV). 2Fo-Fc electron and neutron nuclear density maps are contoured at 1 level as grey mesh. Ligands are highlighted by darker mesh. Waters are shown as red spheres. AspCAT and HisCAT residues are labelled in red. 


MSOX STRUCTURAL MOVIES OF CuNiR DURING TURNOVER
As described previously herein, synchrotron or laboratory source X-ray crystal structures of redox active metalloproteins such as CuNiR are almost inevitably affected by radiation induced chemistry leading in many cases to the redox-coupled reaction proceeding in the presence of substrate.42,57,58 Higher doses of X-rays may result in wider damage beyond the redox centers.59 Here, the primary mechanism of concern is radiolysis of water molecules within the crystal producing large numbers of solvated photoelectrons that rapidly reduce the metal centers, which act as electron sinks, within proteins. These redox state changes typically occur at doses far lower than those typically used to obtain single-crystal structures using synchrotron radiation.60 Electron transfer centers such as the T1Cu center of CuNiR or the heme center in the extended three-domain cytochrome containing CuNiR are poised to accept electrons and so become reduced from the Cu (II) to Cu (I) state. For example, a combined crystallographic, optical and X-ray Absorption Near Edge Structure (XANES) study on AcNiR revealed that the T1Cu site became reduced more rapidly than the catalytic T2Cu site on irradiation.57 

A number of early studies used X-ray radiation to generate intermediate species within enzyme catalytic mechanisms of several different enzyme classes.58 This involved either measurement of sequential datasets of increasing dose or the application of an X-ray ‘burn’ to generate the desired species followed by collection of the crystallographic data set used for structure determination. More recently, the availability of fast counting pixel detectors allowed the measurement of very large numbers of datasets obtained sequentially from the same X-ray exposed region of the crystal, thereby generating an X-ray driven structural movie of processes that could be initiated by the addition of electrons generated by the beam.49,52 This approach of obtaining multiple structures serially from the same crystal volume of a crystal (MSOX) during the chemical reaction, induced by the X-ray beam, has provided structural movies at several temperatures. MSOX may be combined with single crystal spectroscopies that can help to identify particular redox states associated with structures of the series. Applied to CuNiRs, MSOX movies have been obtained from nitrite-soaked crystals of AcNiR at temperatures of 100, 170 and 190 K as well as at room temperature with as many as 75 consecutive structures from the same crystal.49,52,61 This approach has allowed multiple states of the enzyme to be determined including the ‘initial’ nitrite complex, T1Cu(I)-T2Cu(II)-nitrite complex, NO complex and reformation of the original water bound form following catalysis. Notably, working at elevated temperatures has allowed more of the catalytic cycle to be observed than had been the case at 100 K. This is consistent with a number of studies indicating increased dynamic freedom and lower viscosity within crystals at elevated but still cryogenic temperatures.62,63 Importantly, the NO complex generated at the T2Cu center via MSOX has revealed a side-on NO binding at all temperatures examined against chemical expectations of an end-on Cu-N bonding of the NO-bound species.61

A considerable challenge in obtaining MSOX data from crystals at room temperature has been the much lower dose limits before loss of diffraction. Efforts are being made to remove dead-time between data sets so that greater number of datasets can be collected by eliminating the on-going radiolysis in between the collection of consecutive data sets. Progress towards this goal has been made in measurement of dose-dependent serial synchrotron crystallographic data for a CuNiR67.
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FIGURE 4. Three frames from a 75 frame MSOX movie of nitrite bound AcNiR at 190K. (a) The first frame (dataset1) shows a bidentate O-coordinated nitrite coordinated to the T2Cu atom; (b) By dataset 18 (ds18) the nitrite has been converted into the product NO coordinated in a side on the manner; (c) In dataset 50 (ds50), the NO product has dissociated from the enzyme and a water molecule is bound to the T2Cu atom, returning the enzyme to the resting state. The X-Ray dose associated with each structure is indicated in the figure. Maps shown are 2Fo-Fc electron density maps.

COMBINING SINGLE CRYSTAL SPECTROSCOPY WITH X-RAY CRYSTALLOGRAPHY OF CuNiR
A limitation of X-ray crystallography is that information about the redox state of the metal centers is not obtained and may be difficult to assign from the electron density on its own. This is a particularly important issue for x-ray crystallographic data collection on a synchrotron as X-ray induced redox changes occurs well before general radiation damage to the structure. An important advance has come from the ability to measure various spectroscopic data on-line during or before and after data collection or in between frames of an MSOX series. Several studies have shown the measurement of UV visible absorption spectra from the T1Cu site of copper nitrite reductases.57,52,41 The studies can be helpful because a signal is observed from the oxidized form of the enzyme but not from the reduced form. A limitation is that the spectroscopic signal from the T2Cu center is obscured by the much stronger absorption arising from the T1Cu center. In the case of proteins that contain cytochrome domains the signal of the copper centers are typically completely obscured by that of the heme. Other spectroscopic probes that have been used include XANES57 and resonance Raman (unpublished data). A very promising approach recently developed is the measurement of X-ray emission spectroscopy (XES) data from microcrystals using the same X-ray pulse used for data collection although this has yet to be applied to CuNiRs.64 

STRUCTURES OF CuNiR USING X-RAY FREE ELECTRON LASERS (XFEL) 
X-ray free-electron laser (XFEL) based crystallography allows data to be collected using femtosecond X-ray pulses, too short a timescale for any radiation-induced chemistry or ET to occur, allowing structures to be determined free from radiation-induced chemistry (FRIC). There are two XFEL crystallographic approaches that have been used, called serial femtosecond crystallography (SFX) and serial femtosecond rotational crystallography of a single crystal (SF-ROX) (Figure 5). SFX collects data from thousands of microcrystals exposed to pulses of X-rays of femtoseconds duration from the XFEL. This technique is generally used at ambient temperature and can be used for time-resolved studies, but the small crystal size limits the resolution obtainable as is the overall quality of data. The SF-ROX method uses the rotational crystallographic method where larger crystals are utilized, and the crystal is translated and rotated after each shot of femtoseconds XFEL pulses. In this case, the crystals are generally kept at cryogenic temperature but in principle data can be collected at elevated temperatures. In both cases, still diffraction images are obtained requiring merging a significant proportion of partial intensities with a further challenge of these images arising from a very large number of randomly oriented microcrystals in the case of SFX. With SF-ROX, high quality data can be obtained using 30 to 50 large crystals depending on the space group of the crystals. With recent availability of shorter wavelengths at SACLA XFEL, data have been collected to 1 Å resolution (Rose, Tosha & Hasnain unpublished data).
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FIGURE 5. Schematic showing the two XFEL-based crystallographic approaches. (a) Serial Femtosecond Crystallography (SFX) and (b) Serial Femtosecond Rotational Crystallography (SF-ROX).

The SFX approach has been applied to A. faecalis (AfNiR)65 and Geobacillus thermodenitrificans (GtNiR)66 as well as for the nitrite bound form of AcNiR.67 Unlike SR structures of the resting state, these two SFX structures of the resting state did not show a water ligand bound to the T2Cu site but a chloride ion in the case of AfNiR presumed to arise from purification/crystallization media and a Cu ion (20%) bound to HisCAT and a sodium ion in the case of GtNiR where Na+ and Cu2+ were present in the crystallization solution for SFX crystals. The first room temperature damage free nitrite complex structure, free from radiation-induced chemistry (FRIC), was obtained for AfNiR by collecting a total of 578,412 diffraction images (of which 155588 crystals were indexed and merged to form the dataset) from several hundred thousand nitrite-soaked microcrystals mixed with the grease matrix and packed in an injector syringe for SFX data collection. In an alternative approach of SFX where microcrystals are mounted in silicon fixed targets or `chips', mode of nitrite binding could be unambiguously identified from a 1.9 Å resolution structure obtained using 16,586 merged diffraction patterns obtained in 40 minutes of data collection. We note that nitrite binding could in fact be identified from a subset of only a thousand or so images.67 The O-coordination has been observed in all the synchrotron-based and in-house X-ray structures clearly establishing that this coordination is governed by the enzyme and is required for catalysis. 


The SF-ROX approach has been applied to a number of CuNiRs (AxNiR, AcNiR and Br2DNiR) to provide damage-free FRIC structures of the as isolated resting state, chemically reduced state, nitrite (substrate) bound and turnover generated nitric oxide (product) bound states. The as isolated AxNiR structure revealed a dioxo-species proposed to be the one-electron reduced intermediate of the oxidase reaction leading to H2O2 as a product of dioxygen reduction by CuNiRs and is relevant to the oxidase and superoxide dismutase activity shown by CuNiRs. The SF-ROX FRIC structure of the as isolated AcNiR enzyme (1.5 Å resolution) showed a single highly ordered H2O ligand at the T2Cu as seen in the SRX (0.9 Å) structure. AcNiR also provided the first XFEL structure of the chemically reduced state (SF-ROXRED) to 1.6 Å resolution, obtained using 33 large colorless crystals. The H2O ligand from the T2Cu is lost from the T2Cu site on reduction with T2Cu dropping 0.5 Å into the histidine plane that form a tricoordinate T2Cu site with three histidine residues ligating the copper (Figure 6b). T1Cu site also showed a marked difference from the as isolated FRIC structure of AcNiR, with two positions of the copper refined with occupancies of 0.7 and 0.3 with ligating Met150 at 2.26 Å and 2.47 Å, respectively. Met141 is positioned in a single distal conformation from His145, allowing a water molecule to fill the free space, making strong hydrogen bonds to both Met141 and T1Cu ligand His145. The surface loop (residues 187–206) adjacent to Met141 that is associated with the binding of the cognate partner protein cytochrome c551 undergoes a significant movement compared to the oxidized FRIC structure. The nitrite bound SF-ROX structure of AcNiR was determined from 62 nitrite-soaked crystals at 1.5 Å resolution showing both ‘top-hat’ and ‘side-on’ nitrite conformations with AspCAT adopting equal proximal and gatekeeper conformations.  The ‘top-hat’ conformation is similar to the SFX room temperature nitrite-soaked AfNiR structure (Figure 6a). A pH-dependent study of AcNiR has shown that these are inter-convertible conformations.54
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FIGURE 6. Comparison of Cu sites in XFEL structures of oxidized, reduced and nitrite bound states of CuNiR. (a) 'Top-hat' conformation of nitrite in SFX AfNiR (yellow) and SF-ROX AcNiR (salmon), AcNIR numbering is used; (b) Oxidized (salmon) versus reduced (white) T1 and T2Cu sites in SF-ROX AcNiR. 

Recently, in several α-proteobacteria of the order Rhizobiales including Bradyrhizobium sp. ORS 375, two copies of nirK genes encoding a 4-domain heme-CuNiR and the usual two-domain CuNiR (Br2DNiR) have been identified. Br2DNiR, a blue CuNiR, shows a substantially lower catalytic efficiency despite a sequence identity of ~70% compared to the well characterized two-domain blue (AxNiR) and green (AfNiR and AcNiR) CuNiRs. SF-ROX has provided FRIC structures of this recently discovered enzyme in its oxidized, nitrite-bound and using dithionite as a reductant to obtain turnover-generated nitric oxide bound states. Each of these have provided the highest resolution (1.3 Å) FRIC structures to-date for CuNiRs. The as isolated structure obtained from data collected using 40 large crystals (0.4 – 0.7 mm) revealed the presence of two clear full occupancy waters (W1) and (W2) bound to T2Cu, at distances of 2.05 Å and 1.94 Å, respectively that are 2.51 Å apart. AspCAT is in main proximal conformation. The lower activity may thus arise from structural elements that regulate and orchestrate the binding of second water at the T2Cu site whose displacement by the substrate would require additional energy. The nitrite-bound FRIC structure of Br2DNiR obtained using 28 large crystals to a resolution of 1.3 Å showed the nitrite molecule at the T2Cu2+ site in a single ‘side-on’ conformation with all 3 atoms O1, N and O2 binding by almost identical distances of 2.12 Å, 2.02 Å and 1.92 Å. Such a binding mode may be commensurate with lower catalytic activity. Crystals of Br2DNiR with full nitrite occupancy were soaked with dithionite to effectively generate an anaerobic environment and initiate catalysis following T1Cu reduction, forming a true enzymatically produced NO-bound species. The FRIC structure of NO-bound Br2DNiR species generated in this way was obtained by using 55 large crystals with the SF-ROX approach. The side-on coordination mode of NO is observed but with asymmetric coordination to Cu—N and Cu—O at 2.47 Å and 2.12 Å, respectively. AspCAT was in the proximal conformation. The side-on binding of NO has been a matter of debate but it is clear that such a binding mode is a catalytic property of the enzyme and is independent of the means by which it is generated. 

STRUCTURE OF C-TERMINAL TETHERED CuNiR
During the last decade several extended CuNiRs have been identified with additional cupredoxin or cytochrome domains tethered to either C- or N- terminal of the prototypic CuNiRs containing T1Cu-T2Cu catalytic unit31-33,68-70. The C-terminal tethered three-domain CuNiRs appear to be more widespread with both cupredoxin and cytochrome domains, each of which are known physiological electron donor partner to the prototypic CuNiR. The first tethered CuNiR was identified and structurally characterized in 2007. This was the N-terminal cupredoxin-fused CuNiR from Hyphomicrobium denitrificans (HdNiR),31 where structure and biochemical characterization showed it to be a hexamer rather than a trimeric structure known for all of the two domain CuNiRs. The additional cupredoxin T1Cu center in the fused domain was too far away from the electron-acceptor site of the catalytic T1Cu-T2Cu NiR core for an electron transfer between them to be feasible, questioning its functional relevance as an electron donor domain. The first C-terminal tethered CuNiR was the cytochrome-tethered NiRs from Ralstonia pickettii (RpNiR)68 whose 1.01 Å resolution identified a water mediated electron transfer between the tethered cytochrome domain and Cu1-Cu2NiR core and an intriguing Tyr323 from the linker loop (315-330) in the catalytic pocket. Structure of another C-terminal tethered cytochrome-tethered CuNiR from Pseudoalteromonas haloplanktis (PhNiR) revealed similar arrangement for the trimer with somewhat different position of Tyr.69 Recently, the first structure of a C-terminal cupredoxin-tethered nitrite reductase from Thermus scotoductus SA-01 (TsNiR) has been determined where the additional cupredoxin domain is co-located with theT1Cu-T2Cu NiR core from the same monomer placing the redox centers at optimal electron transfer distances,32 (Figure 7a). Despite this rich structural landscape of C-terminal tethered CuNiRs, only very limited insight has been gained on the catalytic mechanism particularly on the role and redox communication between the tethered domain and the core NiR. RpNiR has been the most extensively studied tethered system where several mutations and ligand binding studies have been attempted. Like other tethered CuNiRs, substrate binding has been made possible either by NO activation for some mutants or by mutation of Tyr323 itself or truncation of the linker loop without removing Tyr 323. In all these cases Tyr323, which is hydrogen bonded to Asp97 (AspCAT) and W2, connected to W1, coordinated by T2Cu (Figure 7c), is rotated out or removed (Figure 7d,e), opening the substrate channel access to T2Cu site seen for two-domain CuNiRs. In as isolated RpNiR, access is possible via the proton channel at the interface between two domains, while in PhNiR there is no clear route to the T2Cu site. 
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FIGURE 7. Structures of C-terminal tethered CuNiRs. (a) Structural  arrangement of a monomer of C-terminal tethered CuNiRs where the left panel shows different arrangement of the cytochrome domain in RpNiR (lilac) and PhNiR (pink) and the right panel shows the tethered cupredoxin domain arrangement in TsNiR where T1CuC is at an ideal distance for ET from T1Cu of the core within the same monomer; (b) Different orientations of Ty323 from alignment of full length RpNiR (salmon) with RpNiR truncated core (lilac); (c) T2Cu site of as isolated RpNiR at 1.01 Å resolution showing hydrogen bonding Tyr323 with Asp97 and W2, and closed catalytic site; (d) NO binding to RpNiR changes conformation of Tyr323; (e) Nitrite binding to RpNiR mutant (Asp97Asn) also result in re-orientation of Tyr323. 2Fo-Fc electron density maps are contoured at 1 level as grey mesh. Ligands are highlighted by darker mesh. Waters are shown as red spheres. Hydrogen bonds as black dotted lines, Cu coordinating bonds in red.


UNDERSTANDING OF MECHANISM AND WIDER IMPACT
During the last 30 years, the study of CuNiRs have provided a detailed understanding of the reversible reduction/oxidation reaction, coupling of the transfer of one electron to the uptake of two protons, visualization of intermediates and return of enzyme to the resting state on product release. CuNiRs from several organisms have been structurally characterized providing a rich landscape of naturally occurring variants which, combined with structurally-informed mutants have enabled researchers to test and validate hypotheses related to enzymatic function. These have established a number of key elements of the mechanism. It was clear from the very early studies that nitrite binds to the T2Cu by displacement of the H2O /OH- ligand. The damage free FRIC structure of AcNiR (1.5 Å) and the neutron structure of per-deuterated enzyme (1.8 Å) have shown unambiguously that T2Cu is ligated to a single neutral H(D)2O ligand rather than the D3O or OD- ion. The binding of nitrite through the displacement mechanism is detected by the T1Cu site through the sensor loops connecting the two centers (Figure 2) so that an efficient proton-coupled electron transfer can take place initiating the bond-breakage and formation of nitrosyl intermediate. Structures of several CuNiR have established the bidentate mode of nitrite binding to the T2Cu with some differences in the asymmetry of the nitrite binding as well as ‘top hat’ and ‘side on’ conformations. The variety of bidentate conformations, and those of the AspCAT residue likely represent different stages of nitrite binding and anchoring in the catalytic pocket consistent with the view that substrate binding is ‘not a single step’ process.   
CuNiRs have also contributed to the global effort to minimize radiation dose and subsequent radiation-induced chemistry during data collection while achieving the highest possible resolution of a structure through the use of efficient detectors and data collection strategy. These studies helped the development of MSOX technique on some of the most advanced SR beamlines. Structural changes that occur during turnover of CuNiRs has allowed visualization of the conversion of nitrite bound to the T2Cu to NO and return to the resting state following release of the product (Figure 4). These studies have clearly demonstrated a well-defined nitrosyl intermediate with side-on binding to Cu during in-crystal turnover using the electrons generated by X-rays. A FRIC structure of a nitrite soaked crystal exposed to dithionite to chemically-induce turnover, has confirmed the presence of a side-on Cu-NO species during nitrite reduction, eliminating the involvement of a proposed Cu-OH intermediate.
The recent expansion of the CuNiR landscape with the discovery of cupredoxin- and cytochrome domains tethered to the catalytic core opens up new opportunities for studying in-built complexes of the putative redox partners. Different C-terminal tethered CuNiRs have both types of putative redox partner, providing a strong platform to study the regulation of NiR activity and interdomain electron transfer. Application of the MSOX approach to the as isolated and substrate/product bound states with well-designed mutants are likely to help dissect many of the key principles of redox proteins interactions.
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