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Abstract

In recent years there have been paradigm shifts in our understanding of the diversity
of copper-containing nitrite reductases (CuNiRs) found in nature, as genomic mining
revealed the extent of the distribution of variants with additional tethered redox
domains. The availability of these variants is an unparalled opportunity to explore
inter-protein electron transfer events that are so important in biology. Access to X-ray
free-electron laser sources with femtosecond X-ray pulses has enabled crystal
structures of several CuNiRs to be determined free of radiation-induced damage and
radiation-induced redox chemistry. By controlling the radiation dose, structural
movies of enzyme-bound intermediates of the catalytic cycle have been identified,
notably the relevance of a Cu-NO species to catalysis has been established. Such
studies have been complemented by an approach using chemically induced turnover
of enzyme in crystals. These have allowed damage-free high-resolution, even atomic
resolution, structures to be analysed to assign probable protonation states of critical
residues complemented by ambient temperature and our neutron crystallographic
structure. The determination of X-ray crystal structures at elevated temperatures
including room temperature revealed a stable Cu-nitrosyl intermediate during in-
crystal turnover. This should enable refinement in computational chemistry modelling
and enable a more rational comparison with spectroscopic data relating to solution
studies. Using advanced biophysical techniques the link between proton uptake and
inter-Cu electron transfer been established. Spectroscopic single-molecule studies
have revealed differences in redox behaviour of isolated enzyme compared with
turnover. These are significant advances that together with recent refinement of
computational models of the CuNiR reaction mechanism are likely to assist in the
development of synthetic CuNiRs.

1 Introduction

Copper-containing nitrite reductases, (CuNiR; EC 1.7.99.3) encoded by nirK,) are a
highly conserved family of enzymes, widely distributed in nature and found in all three
kingdoms of life. They catalyse the reduction of nitrite to nitric oxide

NOz + e + 2H* 5 NO + H20 E’o pH7.0) + 370mV Eqn. 1



and are involved in several microbial energy-generating pathways in which Oz is not the
terminal electron acceptor. These processes are major players of the global
biogeochemical nitrogen cycle. The role of CuNiR in denitrification is widely recognised
[1] but less appreciated is their involvement in nitrification [2], the aerobic conversion of
NHs to nitrite, and to a lesser extent in anammox [3], the anaerobic oxidation of NH3s to
N2 using nitrite as electron acceptor. These metabolic activities of organisms result in the
emission of N20 from soils and ocean waters into the atmosphere, with a strong
negative environmental impact [4]. Although N20 is a trace atmospheric gas, it has a
global warming potential ~300-fold higher than CO2 and its concentration is increasing.
As a consequence, study of the sources of N2O and its ocean-atmosphere flux has been
subject of intense study. CuNiRs are relevant to these broad issues since they produce
NO, the substrate for nitric oxide reductase, which is the major biological source of N20.
CuNiR also has an important medical role in enabling pathogens such as Neisseria
species, the causative agents of meningitis and gonorrhoea, and the opportunistic
pathogen Alcaligenes xylosoxidans to survive in oxygen-limited tissues using
denitrification to generate ATP [5,6]. The NO and superoxide released in the host
immune response on infection is neutralised by the reversibility and superoxide
dismutase activities of CuNiR. In addition quinole-dependent nitric oxide reductases that
are commonly found in pathogenic bacteria provide an additional means of evading the
host response [7]. From a chemical viewpoint CuNiRs have generated interest because
of the unusual binding mode of nitrite and NO to the active site Cu seen in crystal
structures that do not have precedence and as such represent new Chemistry. These
studies have catalysed significant biomimetic efforts in an attempt to provide
synthetically produced CuNiRs that are able to deliver NO for biomedical applications [8].
In this review we focus on recent advances in the detail of substrate binding, inter-Cu ET,
proton uptake and catalysis informed by cutting-edge crystallographic and advanced
biophysical techniques as applied to prototypic CuNiRs. In addition, the domain-
extended CuNiRs that present a challenge to understanding inter-domain ET, and the
moderation of catalytic activity of the core enzymes are reviewed.

2. Overview of prototypic CuNiRs and the more recently identified domain-extended
variants

Copper coordination of redox and catalytic centres in biology is extremely diverse but
the protein environment has a common domain structure. The cupredoxin fold, a
building block widely used by Nature to construct proteins involved in respiration,
photosynthesis and denitrification, has an eight B-strand beta-barrel, often duplicated
within a protein domain, The most widely-studied CuNiRs are those originating from a
number of denitrifying organisms [reviewed in [9,10,11] but representatives from
nitrifying [12] and anammox organisms [13] have also been characterised, (Fig 1).

INSERT Figure 1 here.

Numerous crystallographic studies of these enzymes, subsequently referred to as
prototypic NiRs, retain the same core structure and active site features despite having
amino acid sequence identity as low as 30% [11]. The enzymes from denitrifying and
nitrifying organisms are trimeric and each monomer is made up of a duplicated
cupredoxin fold harbouring a single type-1 Cu site (T1Cu) and a catalytic type-2 Cu site



(T2Cu) located at the interface of adjacent subunits. There is a single recently identified
and structurally-characterized hexameric variant of this theme, isolated from the
anammox bacterium KSU-1 [13]. The hexamer is stabilised by disulphide bond formation
between trimers, a feature not seen in other CuNiRs. This form of a CuNiR may have a
wider distribution since a preliminary report indicated the enzyme from a denitrifying
archaeon was also hexameric [14].

The increase in the number of available genome sequences has enabled data mining to
identify domain variants of nirK and several extended CuNiRs have subsequently been
biochemically and structurally characterized, (Fig 2). These variants with cupredoxin or
heme extensions are widespread among o, B and y-proteobacteria. Geneomic analysis
revealed that ~30% of nirK-dependent denitrifiers [15] have extended CuNiRs with
additional C- or N- terminal domains, with C-terminal extension being more common,
suggesting that these variant enzymes play an important role in the nitrogen cycle,
Figure 2. In addition, ~ 5% of NirK denitrifyers were shown to have more than one nirkK
gene copy [15].

INSERT Figure 2 here

The most recent addition to the multi-domain Cu-NiR family identified in several
members of the order Rhizobiales [16] is a 4-domain enzyme (4D-CuNiR) with both
heme and cupredoxin N—-terminal extensions. All organisms with this new variant
have an additional copy of nirK encoding a 2D-CuNiR. To date there is no
information as to the functionality of additional copy of nirK genes. It has been
speculated that their expression is linked to different environmental conditions of
aerobiosis or nitrite availability or have a role other than the reduction of nitrite.
Likewise, our understanding of the functional advantages of C- or N-terminal
tethering with putative electron donor domains is at an early stage, requiring
significant multi-disciplinary effort. Another aspect of the catalytic potential that has
not been widely recognised and studied is that many CuNiRs also have a weak
oxidase activity and catalyse the two-electron reduction of dioxygen to H202, a
product that in the absence of catalase inactivates prototypic CuNiRs [17]. The
nitrifying organism Nitrosomonas europaea has a membrane-associated CuNiR that
is active under aerobic conditions. Characterisation of this enzyme showed it does
not reduce dioxygen and the crystal structure revealed a more restricted access
channel to the active site compared to prototypic CuNiRs [12].

In addition to the reaction with dioxygen, CuNiRs also catalyse the two electron
reductive coupling of NO to form N20 when exposed to excess NO [18]. This reaction
has led to the re-evaluation of the spectroscopic data for NO binding to as-isolated
CuNiR (see section 7.1). In vivo studies have shown the involvement of nirK in the
reduction of toxic selenite to elemental selenium by the non-denitrifying organism
Rhizobium sullae tolerant of [mM] selenite concentrations [19].

3. Global structure and overview of catalysis in prototypic CuNiRs

The widely-studied prototypic CuNiRs are homotrimers with each subunit containing a
T1Cu centre with Cys-Met-(His)2 ligation that receives electrons from physiological
electron donors, the periplasmic redox proteins cupredoxins, azurins or pseudoazurins,



or c-type cytochromes in different organisms. The colour of CuNiRs from different
sources as isolated varies, being blue, bluish-green or green, arising from the oxidized
T1Cu site. Typically the absorption spectra of the blue enzymes is dominated by broad
features at ~590 nm and have an axial EPR spectrum and the green enzymes by bands
at ~460 and ~600 nm and rhombic EPR features. Atomic resolution crystal structures of
blue and green CuNiRs show that the colour correlates with the length of the weak Cu-
Met bond and small differences in coordination geometry. The blue and green enzymes
have markedly different surface charges. The catalytic T2Cu centres are located at the
interface of two adjacent subunits and have tetrahedral geometry usually with (His)3-H20
ligation with one His residue provided from an adjacent monomer and is accessed from
the bulk solvent some 12 A away by a ~6 A wide channel between monomers. The
T2Cu is linked to the electron-donating T1Cu centre via a Cys-His bridge resulting in a
Cu-Cu separation of ~12.6 A, Figure 3. A second longer four-residue bridge connects
His ligands of T1 and T2Cu sites and harbours an Asp residue (termed Aspcar) that
forms a H-bond with the T2Cu H20 ligand of the resting enzyme and with bound nitrite
when it displaces the H20 ligand, and also to the product NO. This link has a proposed
sensor role and communicates the binding of substrate at the T2Cu to the T1 Cu site
resulting in a rapid transfer of electron required for the reduction of nitrite (Fig 3). There
is a body of spectroscopic data indicating that the binding of nitrite to the catalytic T2Cu
results in changes to the T1Cu. A resonance Raman study of AXNiR showed the v(Cu-
Scys) bands at 412, 420, and 364 cm™ all shifted to higher frequencies when nitrite
bound consistent with efficient communication between the two Cu sites [20]. Additional
evidence for cross-talk between the oxidized Cu centres in the absence of nitrite, is
provided by EPR data for His154Ala and Met150Glu substitutions of the T1Cu ligands of
AfNIR which show altered T2Cu parameters compared with WT enzyme [21, 22]. This
interaction is independent of the oxidation state of the T1Cu since these changes are
observed in T1Cu H139A H145A substituted AxNiR and AfNIR respectively [23, 24]
where due to the elevation of the reduction potential to 7-800 mV the T1Cu of the
isolated enzyme is reduced.

INSERT Figure 3 here

Two invariant active site pocket residues Aspcar and Hiscar are involved in substrate-
binding and effective catalysis are linked by H-bonds to a bridging H20 molecule. A
conserved llecar residue ~3 A from the bound substrate caps the active site pocket to
provide steric control of ligand access to the T2Cu. Molecular dynamics simulations of
AxNIR show that the protonation states of Aspcar and Hiscar strongly influence the
solvent accessibility of the active site [25]. Two potential proton channels from the T2Cu
to the protein surface have been identified in AXNIR, [26] but are not present in all
CuNiRs. In AXNIR where proton uptake has been studied, mutagenesis has established
the predominant route. In different enzymes there is also some variation in the surface
loops, the ‘linker’ loop connecting the two cupredoxin domains of the monomer, and the
‘tower loop’ positioned above the T1Cu site and important in interaction with electron
donor proteins. When proton uptake is compromised as in the N90S variant,
crystallographic studies showed that in nitrite-bound AxNIR a significant movement in
the loop connecting the T1 Cu ligands Cys130 and His139 closed the substrate binding
pocket and exposed the T1Cu site to potential electron donor proteins azurin or cyt c
[27]. The binding of nitrite to the T2Cu of CuNiRs as-isolated, displaces the H20 ligand
and crystal structures show it to bind via both oxygen atoms irrespective of the organism



[11, 28]. The product NO binds in an unusual side-on mode to the T2Cu when generated
by enzyme turnover in crystals using either electrons generated by X-rays, or treatment
of nitrite-soaked crystals with a chemical reductant, or when NO is diffused into crystals
[ 29, 30, 31, 32, 33], (Fig 4).

INSERT Figure 4 here

During steady-state turnover the consensus view is that a ‘random sequential
mechanism’ operates in which the order of nitrite binding and reduction of the T1Cu is
dependent on [nitrite] and pH. This mechanism was proposed based on detailed kinetic
study of AfNIiR using pseudoazurin, viologens or protein-film voltammetry methods as a
source of electrons [34]. Combined fluorescence and electrochemical measurements of
the oxidation state of the T1Cu of AfNIR during turnover were consistent with this
scheme. A spectro-electrochemical approach was used to control the redox state and
turnover electrochemically, and determine the T1Cu oxidation state from fluorescence
changes [35]. The [nitrite] and pH-dependence of activity of labelled AfNiR absorbed on
a modified gold electrode was determined over the pH range of 5.45 and pH 6.85,
essentially straddling the pH activity dependence curve. At the lower pH the sequential
addition of nitrite progressively oxidized the T1Cu and increased the catalytic current
until ~ 520 uM nitrite, subsequently activity decreased, and the T1Cu became
progressively more oxidised as [nitrite] was increased. At the higher pH similar stepwise
response to increasing [nitrite] was observed but substrate inhibition did not occur up to
27.5 mM. The data were a good fit to the random sequential model where at low [nitrite]
reduction of the T2Cu occurs before nitrite binds (route A) and at high [nitrite] shifts to
route B where reduction of the nitrite-bound T2Cu is predominant. At pH 5.45 the T2Cu
is predominantly reduced before nitrite binds but as [nitrite] is increased, binding occurs
first shifting from route A to B resulting in a ~100-fold decrease in the fit for the inter-Cu
ET rate. This decrease is seen in single-turnover pulse radiolysis and laser-flash
photolysis experiments where the electron is transferred to a pre-formed T2Cu**-nitrite
species (see section 5.3). These studies on an immobilised green CuNiR have been
extended to solution studies of single molecules of the blue AXNIR where the kinetic
parameters during turnover indicated both routes operated dependent on [nitrite] [36].
The operation of two parallel ordered pathways with markedly different rates of inter-Cu
ET, proton uptake and enzyme activity dependent on [nitrite] and pH, provide further
support for its operation in prototypic CuNiRs. In contrast, the N-terminal cupredoxin
extended 3D-NIR, HANIR and the N-terminal heme extended PhNIR inter-Cu ET only
occurs in the presence of nitrite restricting them to the ‘nitrite-binding before reduction’
route.

Crystallographic and electron nuclear double resonance studies (ENDOR) have shown
nitrite binds to the oxidized T2Cu by displacement of the H20 ligand. If the T2Cu is
reduced in the absence of nitrite the H20 ligand dissociates and the enzyme is
inactivated [37, 38] and the (His)sCu*) site is unable to bind nitrite or the inhibitor azide.
A careful study of ascorbate reduced AcNIR utilising single shot diffraction of X-ray laser
pulses on 33 large crystals has provided a detailed picture of the T1Cu and T2Cu site in
response to chemical reduction [39]. Water is lost from the T2Cu site producing a
tricoordinate T2Cu site with three histidine residues ligating the copper in a manner
similar to reduced superoxide dismutase Cu site [40]. The T2Cu also drops 0.5 A into
the histidine plane upon reduction. The electron density of the side chain of llecar257



revealed that the CD1 side chain flips down to partially occupy the space vacated by the
water ligand, reducing the volume and increasing the steric restraints on the active-site
cavity.

When nitrite is used to initiate steady-state turnover of reduced enzyme the activity is
lower than when turnover is initiated by adding enzyme. This indicates that nitrite can
productively bind to the H20O(His)sCu™) site. The lower activity presumably arises from a
balance of the rate of dissociation of water from the reduced T2Cu site to form the
inactive tri-coordinate Cu site and the time before nitrite is added to the assay.

Experimentally, the ‘nitrite-binding before reduction’ route is most accessible in the study
of catalysis since the provision of electrons to initiate reaction is more easily controlled.
As a consequence, measurements of inter-Cu ET, rates of proton uptake, and structural
movies of catalysis all focus on events in a single turnover starting from the enzyme with
T1Cu**-T2Cu** with or without nitrite bound. An exception is the studies of the control of
proton delivery in pH perturbation experiments where T1Cu*-T2Cu**-nitrite is the starting
species for the measurement of ET and proton uptake (see section 5.5).

‘The reduction first’ route is not easily studied in the same way since the shift from the
T1Cu**-T2Cu™ state to the T1Cu*-T2Cu* starting point is spectroscopically silent and
coupled proton uptake and inter-Cu ET has already occurred.

4. Modes of nitrite and NO binding to resting enzyme

Early crystallographic studies showed nitrite-soaked crystals of as-isolated AcCNIR
bound nitrite in bidentate n>-O,0 mode to the T2Cu [28]. In the following quarter of a
century many other structures have been determined and show the same binding mode
but with some variation in geometry [see 9,11]. The first crystal structure of NO-bound
CuNiR reported 17 years ago was observed in ascorbate-reduced crystals of AfNIR
soaked with excess NO under anaerobic conditions [29]. The side-on binding mode of
NO to the T2Cu was unprecedented but has been confirmed in all subsequent crystal
structures either from NO soaking of crystals, intrinsically bound, or generated from the
reduction of nitrite in turnover in crystals using a chemical reductant or electrons
generated from X-ray radiolysis [31, 32, 41]. The unusual mode of binding of both nitrite
and NO has attracted considerable interest in the computational chemistry and
biomimetic chemistry communities.

4.1 Binding of nitrite

Some of the variation in the binding geometry of nitrite in CuNIR structures is likely to
have arisen due to partial reduction of the T2Cu during the synchrotron data collection,
where X-rays used to collect data result in significant level of radiolysis creating an
internal electron source (See Section 6). This is exemplified by comparison of the SR X-
rays (SRX) and X-ray Free Electron Laser (XFEL) structures free from radiation-induced
chemistry (FRIC) of Br®NiR [32]. The XFEL-FRIC structure (1.3A) of nitrite-bound
enzyme showed a single, previously unobserved side-on conformation of nitrite with all
three atoms at very similar distances to the T2Cu of 2.12, 2.02 and 1.92 A. Single crystal
spectroscopy clearly showed that T1Cu is in the Cu?* state while observing a well-
defined LMCT charge transfer band at ~360 nm from nitrite to T2Cu, (Fig 5). This is the
first time that this spectral signature of nitrite has been observed, which is difficult to
observe in solution due to overlapping absorption of free nitrite in solution. We note that
very limited spectroscopic work (EPR, ENDOR, optical) has been done on single



crystals of CuNiRs. The SRX structure of nitrite bound Br2®NiR (1A) showed full
occupancy of nitrite bound to T2Cu in a bidentate n2-O, O mode in two alternative ‘top-
hat' conformations. The very high resolution of 1 A for this structure allowed SHELX
unconstrained refinement that showed one orientation with Cu-O distances of 2.13(6) A
and 1.98(2) A, the second ‘bent top-hat' had slightly longer distances of 2.22(5) A and
2.13(2) A. The nitrite is H-bonded to Aspcar in two conformations, a proximal position as
seen in as-isolated Br’°NiR and a gatekeeper position first reported for non-recombinant
green AcNiR 0.89 A) [41]. The occupancies of (0.6) and (0.4) for the proximal and
gatekeeper positions correlate well with the ‘bent top-hat’ and ‘top-hat’ orientations of
nitrite. Analysis of carboxyl bond lengths was consistent with them being unprotonated in
both conformations. Hiscar C-N-C bond angles corresponded to full protonation, in
contrast to the as isolated enzyme.

INSERT Figure 5 here

The assignment of the protonation states of Aspcar and Hiscar are in agreement with
spectroscopic and DFT modelling of nitrite-bound RsNiR with reduced T1Cu [42]. There
is a single incidence of n2-0 binding in GtNIR at 100 K that reverted to the n?>-O,0 mode
at RT in the C134A variant where photolytic ET was compromised [43]. In this CuNIR,
llecar is replaced by Valcar, a smaller residue providing more space in the catalytic
pocket. The lle to Valcar is a natural variant seen in very few CuNiRs, only two, GtNiR
and the recently isolated three-domain TsNIR [44] have been structurally characterised.
The importance of llecar as a key determinant in controlling the productive mode of
nitrite binding was shown from the properties of six structurally characterised variants of
AfNIR [45]. When monodentate binding was observed, activity was significantly lowered
to ~ 1-4% of WT and the bound nitrite no longer formed a H-bond with Aspcar. The
llecat to V/L variants showed bidentate n?-O, O binding and had 124% and 25% activity
respectively compared with WT.

Solution studies of nitrite binding to RsSNIiR have utilised changes in the ENDOR spectra
induced by nitrite binding [46] or the depletion of the FTIR 1237 cm™ band of free nitrite
or the N—O stretching vibration of bound nitrite 1386 cm™ [47]. The pH dependence of
nitrite binding showed a pKa of 7.4 for half maximal binding. The EPR spectra of nitrite-
bound RsNIR show a pH interconversion of two species with a pKa of 6.4 [42]. DFT
calculations for pH 8.4 where inter-Cu ET does not occur due to a decrease in the
reduction potential of the T2 site, the best fit for the protonation states were
deprotonated Aspcat and protonated Hiscar in the T1Cu*T2Cu**-nitrite species. The pH
dependent changes of the EPR spectra were attributed to protonation of Aspcar. The
significance of these binding modes and protonation states to enzyme turnover is
discussed in sections 5.5 and 6.1.

4.2 Binding of NO

On prolonged exposure of crystals to excess NO, as-isolated oxidised AfNIiR catalyses
the reverse reaction and a well-ordered nitrite was observed bound to the T2Cu and H-
bonded to Aspcar [30]. When inter-Cu ET is disrupted, as in the T1Cu mutant H145A
where the reduction potential is raised to ~800mV, exposure of crystals to excess NO
resulted in side-on binding being observed with Cu—N and Cu—O bond distances of



2.09 and 1.99A respectively. In summary, crystallographic data support the formation of
a side-on Cu-nitrosyl when oxidised or reduced AfNIR is exposed to excess NO provided
the reverse reaction to form nitrite is impaired (see section 6).

EPR spectra (80 K) of AfNiIR-NO complexes were assigned to side-on Cu**-NO" adducts
[30]. However, this has subsequently been challenged since EPR, MCD and ENDOR
studies of the reaction of reduced RsNIiR with excess NO indicated the product as
T1Cu*-T2Cu**-nitrite [48]. Only in the presence of limiting [NO] was a Cu-nitrosyl

species T1Cu*T2Cu*NO" formed by RsNiR. Analysis of EPR data was consistent with
end-on binding with a ~160° Cu-N-O angle, and the H! coupling features in the ENDOR
spectra, an interaction with llecar.

5. Inter-Cu electron transfer in the absence of nitrite

Many studies of CuNiRs have shown that the driving force for ET, the positive difference
between the reduction potential of T1 and T2 copper centres, is very small and in some
cases energetically unfavourable in the absence of substrate. PcNIiR represents the
extreme example of this among prototypic CuNiRs with reduction potentials of T1Cu
+298 mV and T2Cu +172 mV at pH 7.6 [49] a difference in potential that EPR
measurements show allows selective reduction of the T1Cu by ascorbate/or NADH/PMS
as reductant. The physiological route for electron input leading to the reduction of the
Cu centres is via the T1Cu site positioned close to the enzyme surface and with a
solvent exposed Ne2 atom of a His ligand. This has been shown to be the primary route
for the artificial donors dithionite [50] and photo-electrons generated by exposure to high
X-ray doses in synchrotron radiation experiments [51].

There are differences in the details of the electron transfer routes between the two
copper centres of blue and green NiRs. In blue CuNiRs there is a direct interconnecting
bridge through the protein backbone involving the S(Cys) carbonyl group of the T1Cu to
the His-N%! ligand of the T2Cu. Green CuNiRs have an additional pathway through the
S(Cys) amide H—bonded to the His T2Cu. DFT calculations indicate that the high
covalency of the T1Cu-S(Cys) bond results in electronic coupling that facilitates long-
range ET through both pathways with the H—bonded path possessing a higher overall
efficiency [52].

5.1 Solution studies of inter-Cu electron transfer

The transient changes in the strong charge-transfer band of the Cu**-Cys of the oxidised
T1Cu have been widely applied in studies of the kinetics of ET in solution. Both pulse
radiolysis and laser-flash photolysis of CuNiRs result in an electron rapidly reducing the
T1Cu on a timescale faster than conformational changes can occur. In both of these
probes a substantial pool of electrons is generated. Subsequently, thermodynamic
equilibrium is re-established by ET from the reduced T1Cu to the oxidized T2Cu centre
enabling both the rate of ET and the thermodynamic redox equilibrium to be determined.
The equilibrium position is determined by the difference in mid-point reduction potential
of the Tland T2Cu centres. The rate of ET is determined by this difference, the distance
between the Cu centres, the electronic pathway and the reorganizational energy.
Studies of prototypic CuNiRs are restricted to AcNiR, AXNIR and several mutant variants
of residues in the catalytic pocket [for review see 53]. The reduction potentials of T1Cu



and T2Cu of AxNIR are +255 and +244 mV and for AcNIR +240 and +250 respectively
providing only a small driving force for reduction of the T2Cu. The potential of the T1Cu
is pH independent, but pulse radiolysis and laser-flash photolysis studies show that the
potential of the T2Cu is pH-dependent. For both AcNiR and AxNIR the pH dependence
of the difference in reduction potential between the two Cu sites showed redox-coupled
proton dissociation constants for T2Cu*™/Cu* with pKox ~ 5 and pKrea ~ 7 [54]. The
temperature dependence of the rate of ET enabled determination of the activation
parameters for ET [55]. The green AcNiR had a higher ET rate of 1030 s compared to
blue AxNIR 450 s despite a lower driving force and was attributed to differences in the
total reorganisation energies of 1.16 and 1.26 eV respectively. The T2Cu site
reorganizational energy was markedly higher than that of the T1Cu site and was
rationalised in terms of solvent accessibility and H-bonding networks. The activation
entropy of green AcNIR was also higher, consistent with electron tunnelling being slightly
more advantageous possibly due to the geometry of the electron transfer routes
between the two copper centres of blue and green NiRs (see Section 5).

More recently a ®°Co-source of y-radiation has been utilized to cryolytically reduce
AXNIR and assess the extent of ET at pH 7 and 80k by EPR spectroscopy [56]. Partial
reduction (30%) of the T1Cu did not result in any detectable ET to the T2Cu site similar
to the observations in T1Cu reduced crystals [51]. This behaviour was attributed to a
requirement for thermally-driven protein motions for PCET to occur. The direct
involvement of protons in the ET reaction in the absence of nitrite was evident in laser-
flash photolysis single-turnover studies of AXNIiR in D20 where a SKIE of 1.3 was
observed indicating that inter-Cu ET is linked to a proton transfer step irrespective of
catalysis [57] possibly involving Aspcat and Hiscar being linked to PCET in CuNiR [58].

5.2 Inter-Cu electron transfer in crystals

There is a clear difference between solution ET studies and reactivity in crystals of
AxNIR since the redox equilibrium of the Cu centres described above is not observed. A
combination of x-ray crystallography and on-line spectroscopy showed that photo-
electrons generated by exposure to high X-ray doses (1.5 x10°® Gy) selectively and
rapidly reduced the T1Cu [51, 59]. The T2Cu, in contrast, clearly remained in the Cu?*
oxidation state as confirmed by the XANES spectroscopy of a single crystal collected
after two complete data sets for X-ray crystallographic structures, Figure 6. The XANES
spectrum showed the shoulder associated with Cu?* but with a small shift in the edge to
lower energy, consistent with T1Cu being reduced as indicated by bleaching of of 590
nm band in the optical spectrum. Thus, the redox equilibrium of the Cu centres seen in
solution at RT is not apparent in crystals at 100K. This situation changes when nitrite is
diffused into crystals of both blue and green NiRs subsequent exposure to X-rays
induces inter-Cu ET and reduction of nitrite resulting in the formation of a Cu-NO
species. (see Section 6.3.1). We note that XANES reports on both distances and
geometry of ligands in the coordination sphere at very high resolution and that the
solution XANES spectrum and that of enzyme crystals were identical, confirming the
equivalence of copper sites in solution and crystals.
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INSERT Figure 6 here
5.3 Inter-Cu electron transfer in the presence of nitrite

The energy barrier for ET presented by the small difference in redox potentials of the Cu
centres is overcome in the presence of substrate, and the consensus view is that this is
due to a significant rise in the mid-point reduction potential of the T2Cu** centre on
nitrite binding [see 9]. In both pulse radiolysis and laser-flash photolysis studies the
presence of nitrite alters the rate of ET as the enzyme undergoes a single turnover of a
T2Cu**-nitrite starting species. Depending on the pH, the rate of ET is the same (pH 6)
or is strongly inhibited (pH7.5) [60]. Both AcNIiR and AxNIR exhibited an ET rate with a
bell-shaped pH dependence over the range 5 to 7.5 with a maximum ~ pH 6 the
optimum pH for activity (Figure 7). In the presence of nitrite, this pH dependence
behaviour is essentially the same as that observed for the apparent catalytic rate
constant [60] suggestive of ET being the rate-limiting step in enzyme turnover. A similar
pH dependence of activity of RsNIR at pH7.2 was observed using the electron donor iso-
1-cytc (Eo +273 mV). Substitution of T1Cu(Metl82Thr) elevated the reduction potential
by 100 mV and perturbed the activation energy for activity over the pH range 5-7.5
confirming ET from T1Cu to nitrite-boundT2Cu is rate-limiting under these conditions
[46].

INSERT Figure 7 here

However, the [nitrite] dependencies of steady-state activity and the rate of ET of AXNIR
at pH 7 are different, indicating that the inter-Cu ET step in this case cannot be rate-
limiting [27]. As described below, the requirement for proton uptake as a step prior to ET
and the kinetic coupling between them [57] makes proton transfer the likely rate-limiting
step in turnover in AxXNIiR. This is consistent with the finding that subtle changes in
proton delivery resulting from directed mutations affecting solvent accessibility have
been shown to change the rate-limiting step. For example, when the main proton
channel of AxNIR, the highly ordered H-bonded water network (Asp92-water-water-
Alal31-Asn90-Asn107) from the T2Cu site to the bulk solvent [26] is disrupted by the
N90S substitution, the activity is decreased, but in contrast to WT enzyme similar
patterns of the [nitrite] dependence of the rate of ET and steady-state activity are
observed [27]. This correlation was also an effect of substitution of a surface residue
(F306C) some 12 A from the T2Cu centre of AxNIR, this opened up the substrate
access channel and an altered H20 network at the active site resulting in a change of
rate-limiting step [61].

The ability of nitrite to trigger inter-Cu ET in crystals over a wide temperature range
including ambient temperature finds a clear explanation in that changes in ligand field
associated with the displacement of water by nitrite increases the reduction potential of
the T2Cu and alters the reorganizational energy to favour an effective ET. It is evident
from the X-ray structural movies using MSOX (Multiple Structures from One Crystal)
serial crystallography that once catalysis is initiated the mobility of critical residues of the
active site pocket Aspcar Hiscar and llecar are not constrained by the crystalline
environment of the enzyme molecules.

There are also spectroscopic and computational data suggestive of the cryo-
temperature dependence of the T1Cu site in green NiRs [62]. Comparison of the T1Cu
sites of blue and green NiRs with those of the blue centres of azurin/pseudoazurin and
multi-copper oxidases, show that the S5-Met-Cu bond lengths in CuNIiR are shorter
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(~2.6A compared with ~ 2.8 to 3.2A [63]. Resonance Raman spectroscopy and DFT
calculations for RsNiR have suggested a thermodynamic equilibrium of two T1Cu
species [Cu-Met]green S [Culowe + Met. However, XFEL-FRIC high resolution (1.3-
1.6A) structures of AXNIR (blue), Br2DNIR (greenish blue) and AcNiR (green) have all
revealed Cu-Swet distances in the range of 2.6-2.7A with a similar distance seen in the
AcNIR structure obtained from neutron diffraction data collected at room temperature.
These data do not support the suggestion that the difference in absorption spectra at
ambient temperature may arise from a lack of constraint for the Met ligand, whose
dissociation at room temperature being reflected in the absorption spectra [62]. This is
also consistent with an ENDOR study of WTRsNIR and the M128T variant. This
substitution raised the redox potential and resulted in a green to blue colour change, but
the critical HOMO were unaltered at the His/Cys residues. The authors concluded that
subtle protein conformational differences rather than different methionine ligation was
responsible [64].

5.4 Single molecule solution studies of Inter-Cu electron transfer

Single-molecule fluorescence lifetime imaging revealed two populations of molecules
during turnover corresponding to two distinct mechanisms for the conversion of nitrite to
NO. The predominant route depends on [nitrite]. At low [nitrite] the majority of the
molecules undergo ‘reduction before binding’ and increasing [nitrite] shifts to ‘binding
before reduction’ [see 65 for review].

The combination of laser excitation and confocal microscopy to study single molecules
labelled with a fluorescent dye allows the oxidation state of the T1Cu during turnover to
be determined. Initial studies used AfNiR modified by attachment of a fluorophore close
to the electron entry site, and immobilised through a linker onto salinized glass coverslip
[66]. Under conditions favouring ‘reduction before binding’ and ascorbate/PES as
reductant Forster, resonance energy transfer from the charge transfer band of the
oxidized T1Cu and the fluorophore allowed the oxidation state of the T1Cu during
turnover to be determined from fluctuations in fluorescence intensity. Data were
consistent with enzyme turnover but individual turnovers could not be resolved We note
that it is not known if the attachment of dye to AfNIR effects the structure of NiR in any
way particularly the catalytic core, although the activity and apparent Km for nitrite were
not perturbed in bulk solution measurements.

A later study of untethered labelled AxNiR enabled fluorescent decay times to be
determined for oxidised and reduced enzyme [67]. Under turnover conditions two distinct
populations, one with 20-30 ms and a second with 10 ms for a T1Cuox/red transition
were observed, with the ratio dependent on [nitrite] over the range 5uM to 5 mM. To
obtain prolonged data collection over several seconds for single molecules in a solution-
phase environment rather than tethered or gel-entrapped molecules, a micro-fluidic
trapping technique, the anti-Brownian electrokinetic ABEL trap was used. Using this
technique provided better time resolution and turnover of trapped AxNIR molecules
could be followed for several sec and the distribution between oxidized and reduced
levels measured. The dual-time distribution between the two states enabled kinetic data
to be extracted and an ET scheme proposed. Two populations of molecules were
observed, one with T1Cu remaining reduced most of the time and a second switching
between reduced and oxidised states. The ratio between the two populations was
dependent on [nitrite], consistent with a random-sequential mechanism operating [34]. A
surprising finding from this study was the stochastic nature of events in which a given
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molecule remains in one branch of the pathway e.g. reduction-before-binding for several
minutes before switching to the ‘binding-before-reduction’ pathway.

The difference in the pattern of [nitrite] dependence (see section 3) appears to allow the
assignment of which route is functioning. However, while the focus of this scheme has
been on the [nitrite] on the redox balance of the Cu centres, the PCET dependence of
inter-Cu ET results in pH also determining which of the two routes is operative [68]. In
these alternative routes, each of them follows a clear order of reaction and as such, a
better description of the mechanism would be ‘alternate-route ordered mechanism’. In
this case, the microscopic reversibility of the well-defined ‘binding before reduction’ route
would not be applicable to both, and the ‘reduction before binding’ may utilise the
predominantly computationally favoured N-binding of nitrite and the formation of a T2Cu-
OH resting state. Under conditions where both operate, the transition of a single
molecule between routes may account for the two distinct populations observed [67].

5.5 Proton uptake associated with Inter-Cu electron transfer

Proton-uptake inventory measurements of AxNIiR in multiple turnover experiments
showed the involvement of two protons per nitrite reduced consistent with structural
studies where H20 not OH-is displaced from the resting enzyme when nitrite binds [57].
In D20 a solvent kinetic isotope effect (SKIE) was observed in steady-state experiments
consistent with the involvement of a protonation event in the rate-limiting step in turnover
at pH 7. These findings contrast with the finding for RsNIR at pH 6 where no SKIE was
observed [46] suggesting that the rate-limiting step in ET is no longer proton coupled.
However, the lack of a SKIE was apparent from measurements of the rate of oxidation of
iso-1ferrocyt ¢ used as an electron donor where proton transfer must occur before or
after the rate-limiting step, identified as the T1 to T2 ET reaction.

In order to gain insight to the involvement of protons in AxNiR, laser-flash photolysis of
AXNIR in the presence of phenol red has been used to allow the determination of both
the rate of ET and the time-resolved measurement of proton uptake from the bulk
solvent associated with a single turnover at pH 7 to be determined [68]. As observed in
pulse radiolysis studies, the rapid reduction of the T1Cu (~3000 s!) was followed by a
slower (244 s) partial re-oxidation to establish redox equilibrium. In the presence of
nitrite (L0mM) essentially full oxidation of the T1Cu occurred but at a slower rate (104 s°
1). The corresponding rates of proton uptake were 305 s in the absence and176 s
presence of nitrite indicating the close coupling of these processes. A rate-limiting
protonation step has also been proposed for AfNIR where the rate of inter-Cu ET in
turnover is significantly slower when compared with the rate in the absence of nitrite [35].

Two putative proton channel mutants of AxNiR, one involving Asn90 and the other His
254 and the double mutant were active, but that of Asn90 was inhibited by 70%. Proton
consumption in steady-state assays showed that two protons were consumed/nitrite
reduced, indicating that even in the double mutant protons can access the active site
[68]. In laser flash photolysis experiments inter-Cu ET to equilibrium was observed for
the WT and the H254F variant and in the presence of nitrite the T1Cu was fully
reoxidised. In contrast, both the N90S and the double mutant no ET occurred due to the
60 mV increase of the mid-point reduction potential of the T1Cu to +315 mV. In the
presence of nitrite inter-Cu ET resulted in reoxidation of the T1Cu. The [nitrite]
dependence of inter-Cu ET for the WT and the H254F variant show complex behaviour
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with an initial drop at low concentrations before increasing at higher [nitrite], whereas the
N90S and the double mutant show normal saturation kinetics. These data indicate that
the Asn90 channel is the main source of protons to the active site and that when this
channel is disrupted proton delivery becomes rate-limiting in turnover.

Their kinetic coupling was determined in a time-resolved pH-perturbation experiment in
which turnover of T1Cu*-T2Cu**nitrite-bound AxNIR species at pH 9 was initiated using
stopped-flow to decrease the pH 7, a permissive value for ET [58]. The observed rate
constants for ET were 377s in H20 and 502 s in D20 showing an inverted SKIE for
inter-Cu ET of 0.75. This pattern is similar to that seen in laser-flash photolysis
experiments where the inverted SKIE was attributed to the differential population of
parallel reaction routes of the random sequential mechanism [57]. Given the close
correlation of ET with proton uptake an important question arises as to the nature of the
mechanistic trigger for PCET i.e. which comes first, ET or proton transfer?

The EPR features of the T2Cu-nitrite-T1lox species of RsNiR exhibit a pH dependence
interconversion of two species with a pKa of 6.4 [42]. DFT modelling indicated the high
pH form had deprotonated Aspcar and protonated Hiscar. At ~pH 9 in the presence of
nitrite EPR and absorbance measurements show the T1Cu centres of RsNiR and AxNiR
can be selectively reduced by ascorbate/PMS [48, 61]. Resonance Raman spectroscopy
showed the T1Cu was not perturbed by pH changes and the lack of ET was attributed to
the reduction potential of the T2Cu being ~120 mV below that of the T1 site [42]. On
lowering the pH to ~5, protonation of Aspcar to allows proton-coupled ET to initiate
enzyme turnover resulting in complete oxidation of the T1Cu and the formation of free
NO [42, 68] consistent with protonation occurring before ET in both blue and green
prototypic CuNiRs.

6. Copper centres in damage-free crystal structures of prototypic CuNiRs

Despite the potential for high doses of synchrotron X-rays to cause radiation damage or
initiate ET from hydrated electrons during data collection many SRX structures of
CuNiRs show T2Cu** to have a (His)sH20 ligand set in complete accord with ENDOR
solution studies, indicating that irrespective of other changes, the first coordination
sphere ligation of T2Cu is not changed by exposure to X-rays for the resting state of the
enzyme. The primary effect is the reduction of the T1Cu site as assessed from on-line
optical and XANES spectroscopic measurements on AXNIR single crystal during
crystallographic data collection [38, 51]. In the presence of nitrite, X-ray exposure
necessary for high-resolution structure determination, turnover of the enzyme occurs
prior to any noticeable radiation damage leading to mixture of states making the goal of
providing a structure-based catalytic mechanism at the chemical level, a challenging
task. The emerging methodology of X-ray free-electron laser (XFEL) 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).

Serial femtosecond crystallography (SFX) utilises data collection from thousands of
micro crystals exposed to XFEL pulses of X-rays. This technique can be used in time-
resolved studies but the small crystal size limits the resolution obtainable. The SFX
approach has been applied to AfNIR and GtNiR. A surprising feature of resting-state
SFX structures of oxidized as-isolated AfNiR and GtNiR was the absence of a water
ligand of the T2Cu site and an unexpected variability in the ligand bound to the T2Cu
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that is not evident in SRX structures. In the SFX structure of GtNiR(1.43A) a Cu ion
(20%) bound to Hiscat and a sodium ion in the T2Cu pocket [69]. In the SFX structure of
AfNiR (2.03A) the T2Cu had a chloride ligand presumed to arise from
purification/crystallization media, since the SRX structure showed H20 as the apical
ligand [70]. The effect of chloride in as a substitution for water as a T2Cu ligand is
uncertain, but has been proposed to account for differences in the rotation and main
chain H-bonding of the N31 of Hiscar between SRX and SFX as-isolated structures of
AfNiR (where differences are seen) [70] and Br?°NiR (where they are not) [32]. In the
case of BrPNiR Hiscar rotation and changes in H-bonding to Thr275 is only observed in
the atomic resolution SRX-nitrite bound structure.

An alternative strategy to study damage-free enzyme and obtain FRIC structures is
serial femtosecond rotational crystallography of a single crystal (SF-ROX) as was used
for AXNIR [71] AcNiR [39] and Br2°NiR (1.3A) resolution [32]. A variety of T2Cu ligands
have also been observed using this technique. AxNiR was shown to have a dioxo-
species proposed to be the one-electron reduced intermediate of the oxidase reaction
leading to H202 as a product of dioxygen reduction by CuNiRs [71]. A di-oxo species
generated by T2Cu reduction under aerobic conditions and assigned as a superoxide
anion has been structurally characterised in GINIR [72]. A dual conformation of a single
H20 axial ligand of the T2Cu was observed in the anaerobic SRX structure compared
with an earlier aerobic SRX structure showing a diatomic ligand [73]. In addition a
peroxide-bound state of GtNiR was generated by crystal soaking with H202 of the
C134A T1Cu variant where inter-Cu ET is compromised. These FRIC structures
complement earlier SRX data for GtNiR (1.2A) coupled with on-line spectroscopy at
100k showed progressive x-ray bleaching of TLCu was accompanied by an increase in
the 200-300 nm region, assigned to a LMCT transition of a dioxo species [73]. The T2Cu
had a side-on diatomic molecule modelled as dioxygen/superoxide anion (O—O 1.25 A;
Cu—oO 2.4, 2.13A). These findings have clear relevance to the oxidase and superoxide
dismutase activity shown by CuNiRs.

6.1 FRIC structures of ‘as-isolated’ prototypic CuNiR

The SF-ROX FRIC structures of AcNiR [39] and Br?PNiR [32] did have H20 molecule(s)
as T2Cu ligands thus providing a starting point for defining structural changes
associated with the reduction or nitrite binding or NO binding following the chemical
reduction of the substrate-bound enzyme crystals. The as-isolated, nitrite-bound and
reduced SF-ROX structures AcNIiR at 100 K were complemented by a damage-free
room temperature neutron structure of as-isolated enzyme [39]. The major difference
between the global SF-ROX as-isolated oxidized, ascorbate-reduced and neutron
structures was in the surface loop region associated with the binding of azurin and c-
type CYT [74]. The loop is disordered in the as-isolated enzyme but becomes ordered in
the reduced, and neutron structures. The SF-ROX structure of the as-isolated AcNiR
enzyme (1.5 A) showed a single highly-ordered H20 ligand at the T2Cu as seen in the
SRX (0.9A) structure [41]. In contrast to the SRX structure, two variants of the proximal
conformation of Aspcar were evident resulting in modification of the H-bonding network
to form a direct H-bond to the T2Cu H20 ligand. Both proximal conformations were H-
bonded by 051 to the H.0 molecule linking Hiscat-Aspcat. The neutron structure (1.9 A)
showed T2Cu coordinated to a single D20 molecule in a similar tetrahedral position as
the H20 ligand in the SF-ROX structure and Aspcar to be in a single proximal
conformation. Nuclear density maps clearly showed that neither Aspcar or Hiscar of the
resting enzyme are protonated at a pD of 5.4.
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6.2 Damage-free FRIC structure of nitrite-bound prototypic CuNiR

The nitrite bound SF-ROX structure of the green AcNiR at 1.5 A resolution showed both
‘top-hat’ and ‘side-on’ nitrite conformations at equal occupancy associated with Aspcar
adopting equal proximal and gatekeeper conformations [39]. The distorted proximal
conformation seen in the as-isolated enzyme was not evident. Low-dose in-house data
collection was used to probe the pH dependence over the range 5 to 6.5 on the mode of
nitrite binding and associated changes to the T1Cu site. At pH 5 nitrite binding and
Aspcar organization was comparable with the SF-ROX structure described above.
Increasing the pH to 5.5 induces Met141 in the second coordination sphere of the T1Cu,
to adopt two conformations at 50% occupancy to allow a partial H20 to H-bond to T1Cu
ligand His145 and create a water network to the protein surface. This process is
complete at pH 6 and the original conformation of second coordination sphere Met141 is
lost.

The FRIC structure of nitrite-bound Br?°NiR was obtained using the SF-ROX approach
and 28 large crystals to a resolution of 1.3 A [32]. The binding of nitrite was confirmed by
UV/vis micro-spectrophotometry on one of the crystals prior to XFEL irradiation. The
most notable observation in this substrate bound XFEL-FRIC structure was the nitrite
molecule at the T2Cu?* site in a single ‘side-on’ conformation with all 3 atoms O*, N and
02 binding by almost identical distances of 2.12 A, 2.02 A and 1.92 A. The ‘side-on’
nitrite in this FRIC structure is in an ideal position to the full occupancy proximal Aspcar,
with its O2 atom 2.25 A away from Aspcar 052 atom. Hiscat has its imidazole ring and its
N®' atom rotated towards residue Glu274 carbonyl oxygen.

6.3 Structural movies of prototypic CuNiR in a single turnover

Starting with crystals with T1Cu**-T2Cu** with nitrite bound CuNIR, multiple structures
from the same volume of one crystal can be obtained using MSOX. Building on earlier
SRX studies that showed X- ray photolysis resulted in ET to the T2Cu with nitrite bound
[51], ‘structural movies’ of AcNiIR generated during progressive X-ray-induced single
turnover of nitrite-soaked crystals at several temperatures including ambient
temperature revealed mechanistically-relevant structures. They clearly showed
sequential structures of T2Cu with nitrite, mixed nitrite and NO, side-on NO, and finally
H20 ligands [33, 75, 76]. The events revealed using this technique mirror solution
studies of ET and proton uptake in the presence of nitrite described in section 5.

In MSOX series at 100K, the initial global structure of AcNiR (1.07 A resolution showed
no significant difference from an earlier SRX structure at 0.9A and remained unchanged
throughout data collection indicating that enzyme turnover is not associated with
significant changes in conformation while nitrite is bound [32]. In addition to providing the
first experimental evidence for the operation of the sensor loop in catalysis, a single
side-on Cu-NO and proximal Aspcar conformation were seen at the end of the series.
These changes are the same as those first observed in the SRX structures (0.9 A) of
AcNiR where dual conformations were observed for Aspcat when H20 or nitrite were
bound and only the proximal in the NO-bound T2Cu site [41]. The MSOX study also
highlighted small changes in ten H20O molecules forming a water chain spanning the T1
and T2Cu sites linking both to the bulk solvent, and proposed a five-residue proton
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trigger loop connecting the His-Cys ET bridge to allow controlled delivery of protons to
the T2Cu dependent on the redox state of the T1Cu. This study provided structural
evidence for a stable side-on symmetrical binding conformation for NO produced in
catalytic turnover, a binding mode consistent with a DFT study attributing it to steric
interaction with llecar [77]. This is also consistent with EPR and ENDOR spectra of
single turnover solution studies of RsNIR identified a Cu+-NO species interacting with
llecar [78].

An MSOX series at 170K of AcNiR at atomic resolution allowed SHELXL unrestrained
refinement to determine accurate structural detail of intermediates [31]. In frame 1,
nitrite bound in a highly asymmetric bidentate mode with Cu—O of 1.88(3) A and 2.51 A
respectively and Cu—N 2.42(6) A at 0.75 % occupancy. Changes in the proximal and
gatekeeper rotomers of Aspcat and the eventual formation of a side-on NO enzyme-
bound product with Cu—O and Cu—N of 1.65(1) A and 1.86(2) A respectively. DFT
modelling suggested both true {CuNO}!! and formal {CuNO}! states may occur with the
{CuNO}'° state stabilised by the protonation state of His residues. The energy difference
between side-on and end-on forms was compatible with side-on {CuNO}!! being formed
in the active site pocket but not necessarily in synthetic complexes except at low
temperatures [31].

7. Chemically-induced enzyme turnover of damage-free prototypic CuNiR

A recent development has been the determination of XFEL-FRIC structures of nitrite-
and NO-bound enzyme and also new intermediate species generated in a single
turnover for the blue Br?®NiR using dithionite as a reductant [32]. A stopped-flow study of
the reaction of AxNiR with dithionite showed that the reductant was the radical SO2~
formed by the dissociation of the parent ion S204%>* and kinetic analysis showed the
T1Cu was reduced directly [50]. Crystals of Br?®NiR with full nitrite occupancy was
subject to a time-dependent soak with dithionite to initiate catalysis. The oxidation state
of the T1Cu was monitored throughout using on-line spectroscopy. The structures
obtained provide additional insight to catalytic events captured by MSOX molecular
movies of AcNiR. The use of dithionite effectively generates an anaerobic environment
in the crystal removing any suggested ambiguity, (arising from adventitious binding
dioxygen) [72], in the assignment of T2Cu electron densities to ligand speciation in SFX
and MSOX studies. A clear LMCT absorption band from at from nitrite bound to the
T2Cu is also observed at ~360 nm in the optical spectrum of the single crystal.

The comprehensive structural study of the blue Br?°NiR in which very high resolution
SRX (1.1A) was combined with SHELXL unrestrained refinement and XFEL structures
of key intermediates of the catalytic cycle enabled the formulation of a detailed structure
based scheme for nitrite reduction in prototypic CuNiR turnover [31]. SHELXL
refinement made possible by the very high atomic resolution of the structures, enabled
determination of bond lengths and angles to a high level of precision allowing
protonation states of active site residues to be assigned. The SRX structure showed two
distinct conformers of the active site. One with two H20 molecules (W1 and W2 both at
0.67 occupancy) bound to the T2Cu and Aspcar in the proximal conformation, and a
second with a single H20 (W3 at 0.33 occupancy) and Aspcar in a distorted proximal
conformation first seen in XFEL structures of AcNIR [41]. Estimates of the carboxyl bond
lengths of Aspcar in these conformations were consistent with the distorted proximal
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conformation being protonated. In both conformations the H-bonds to Hiscat and the
T2Cu ligands W1 or W3 are retained. The C-N-C bond angles of Hiscar are consistent
with protonated N&1 (H-bonded to the carbonyl of main chain Glu?#) and non-
protonated Ne2.

The XFEL-FRIC structure of Br?®NiR (1.3A) of nitrite-bound enzyme showed a single,
previously unobserved side-on conformation of nitrite with all three atoms at very similar
distances to the T2Cu of 2.12, 2.02 and 1.92 A. The positions of the O atoms are close
to those of the ‘top-hat’ conformation seen in the SRX structure.

Following incubation of a nitrite-bound crystal with dithionite a side-on bound NO was
observed in the SRX structure (1.19A) allowed SHELX refinement. The side-on
coordination mode was slightly asymmetric 2.17(4) A and 2.08(3) A for Cu—N and Cu—
O respectively. Aspcar was in the proximal conformation with bond lengths consistent
with protonation at 032 and O381 H-bonded to the bridging H20 to Hiscat Ne2. The
imidazole of Hiscatr was H-bonded to Glu274 carbonyl from N&1 as in the as-isolated
enzyme.

The XFEL-FRIC structure of NO-bound Br?PNiR generated by incubation of nitrite-bound
crystal with dithionite (100K) was obtained by using 55 large crystals with SF-ROX
method of serial crystallography. We were able to obtain a resolution of 1.3A for this
structure, which captured three T2Cu species arising from chemically-induced turnover,
NO-bound, ligand-free and H20-bound. The side-on coordination mode of NO
(occupancy 0.4) was more asymmetric than seen in the SRX structure with 2.47 A and
2.12 A for Cu—N and Cu—O respectively. Aspcar was in the proximal conformation. In
the H20- bound site (occupancy 0.3), the Cu—O was 2.07 A and H-bonded to Aspcar
2.16 A. In the ligand-free structure llecar was flipped towards the Cu in a previously
unseen conformation (occupancy 0.3) which because of steric constraints is only
possible when H20 or NO are not in the active site pocket.

7.1 Structure-based mechanism

In the context of the mechanism of CuNiRs the distinction between OH™ and H20 bound
to the T2Cu of the resting enzyme are important. The former is a proposed end product
in a mechanism that does not involve a Cu-nitrosyl intermediate, and the latter a solvent-
derived ligand that binds following NO release from the T2Cu active site. Computational
studies have not resolved which of these alternatives is involved in enzyme turnover but
there is general agreement that nitrite binds to the T2Cu by displacement of the
H20/OH- ligand. It has been shown that the T2Cu in the SRX structure of AcNiR (0.9 A)
[41], the SF-ROX (1.5 A) and the neutron structure of per-deuterated enzyme (1.8 A)
[39] all have a single neutral H(D)20 ligand rather than the D3O or OD ion which have
been proposed as possible alternatives. This assignment is supported by proton uptake
measurements during steady-state turnover of AXNiR in the presence of pH indicator
phenol red, which unambiguously showed that two protons are coupled to nitrite
reduction [51] indicating that the catalytic Cu has H20 bound rather than OH"in both blue
and green CuNiRs. The MSOX studies at a variety of temperatures including room
temperature show unequivocally that when the reaction in crystallo is initiated from a
T2Cu™*NO2 complex a Cu-nitrosyl is formed and NO is released as the enzyme
resumes the resting state in the ‘binding before reduction’ route of the random
sequential mechanism, which we propose should be called alternate sequential
mechanism or simply ordered mechanism where two alternate routes are available. In
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both cases, enzyme undergoes reaction in an ordered manner and follows a particular
route, see figure 8.

INSERT Figure 8 here

The significance of the experimentally observed NO species in CuNiR during turnover in
crystals has been questioned as possibly arising from a product-inhibited form or an
intermediate in the reductive coupling reaction to form N20 observed in the presence of
excess NO [9]. The formation of a Cu-nitrosyl species during catalysis has been
demonstrated in EPR/ENDOR studies of RsNiR [78]. On incubation of the as-isolated
enzyme with a 2-fold molar excess of nitrite and NADH/PMS (pH 7.2) an EPR spectrum
with considerable hyperfine lines near g = 2.00 (gx=2.044, gy=1.998 and ¢g:=1.923)
developed. The fast spin relaxation of this species required temperature below liquid
nitrogen to enable its detection, similar to {CUNO}!! models. It was assigned to a T2Cu*-

NO" adduct very similar to that formed by exposure of RsSNIR to low concentrations of
endogenous NO [48]. Spin integration of the signal was 30-45% of the initial intensity
and the question arises is this an intermediate in catalysis or an initial enzyme-substrate
complex of the reverse reaction?

Most mechanistic studies of CuNiR have focussed on the forward reaction, the reduction
of nitrite to NO, rather than the reverse reaction, which becomes significant at high pH
values [79]. Reversibility was established by the effects of [nitrite] on an AfNiR-catalysed
redox equilibrium of pseudoazurin/ NO [100 uM], a large excess of NO over [enzyme],
but the enzyme bias is dependent on the redox potential of the donor/acceptor. When
pseudoazurin (Em~ +275 mV) is replaced by NAD/NADH (Em -320 mV) [48], the ratio
becomes a very fine balance. At an enzyme:NO of 1:2 a nitrite-bound T2Cu species was
formed due to the reverse reaction. However at a 10:1 excess of RsNiR : NO the time
course of the reaction monitored by EPR over 18 s showed initial formation of a

T1Cu*T2Cu*-NO" adduct which in the presence excess NO catalysed N—N bond
formation to form free N2O and RsNiR in the mixed oxidation state TLCu* T2Cu?*. These
findings are relevant to steady-state studies in which CuNiR is catalysing the reduction
of nitrite, since the nitrosyl intermediate reacts with free NO to produce N20. Isotopic
labelling established that a *®N atom of nitrite is incorporated into N2O [18, 80] placing

the T2Cu*-NO" adduct as a catalytic intermediate, in line with the crystallographic MSOX

data which show the formation and subsequent release of NO to yield the resting H20
liganded state of the T2Cu.

Mutagenesis of two highly conserved residues Aspcar and Hiscar in the active site
pocket of several CuNiRs, profoundly decrease catalytic activity and the binding affinity
of nitrite. These residues have pKa values that straddle the pH optimum for activity and
have been assigned essential role in the delivery of protons to nitrite bound to the T2Cu.
In addition, the role of Aspcar in substrate guidance and anchoring is clear in the
structural movies of catalysis by AxNiR, AcNIiR and BrNiR. For the vast majority of
CuNiRs, both prototypic and extended variants, this is a reasonable scenario for
functionality but the recent characterisation of the 3D-TsNiR [44], in which a Ser residue
replaces Aspcar indicates that it is not universal and raises the possibility that Aspcaris
not directly involved in proton transfer. In this context the Asp98Ala variant of AXNIR is
particularly interesting. This substitution decreases the steady-state activity by 98% [81]
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and no ET is detectable in pulse radiolysis experiments. However, in the presence of
nitrite partial recovery of Tlox occurs with a ket of 3000st some 10-fold higher than the
WT enzyme [82] suggesting that ET is decoupled from proton uptake from the bulk
solvent. The rapid partial oxidation of the T1Cu is suggestive of single-site reactivity in
this mutant.

8. Domain extended CuNiRs

These enzymes are widely distributed in nature and have a prototypic CuNiR core with
tethered cupredoxin or heme domains [see 11, 83, 84, for reviews]. The overall
organisation of these to the catalytic core in different enzymes is shown in Figure 2. The
initial expectation was that these extended CuNiRs arose as a consequence of
evolutionary pressure driving gene fusion to link the genes of the azurin/pseudoazurin or
cytc electron donors to NirK leading to an enhancement of inter-protein ET. We still have
much to learn about these types of CuNiR but studies to date have revealed a more
complex interaction as discussed below.

8.1 Cupredoxin-extended CuNiR
Both N- and C- extended variants of CuNiR have been characterised.
8.1.1.N-terminal tethered

For many years the enzyme from Hyphomicrobium denitrificans A3151 (Hdas1s51NiR)
was the single example of a core CuNiR with an additional N-terminal tethered
cupredoxin domain containing a green T1Cu potential electron-donating centre to the
blue T1Cu of the core enzyme. The crystal structure of this 3D-CuNiR (2.2A) showed a
hexameric structure formed by non-covalent head-to-head interaction of two trimers [85].
Recently, a CuNiR with 84% sequence identity was isolated from a second strain H.
denitrificans INES1 (HdinesiNiR) and characterised) showing a vey similar structure
(2.05A [86]. (FIG 9) The head-to-head arrangement of two trimers to form a hexamer in
these enzymes differs from the prototypic hexameric structure of the anammox
bacterium KSU-1. In the latter enzyme, the hexamer of covalently linked Cys—Cys
trimers has a tail-to-tail interaction, and disruption into trimers by mutation resulted in an
80% loss of activity [13]. This contrasts with Hdas151NiR where trimer formation induced
by mutation of the T1Cu site in the additional domain does not significantly effect kcar.

The structure of HdinesiNiR provided clear evidence for a role of His 27 in the N-
terminal peptide changing conformation on the displacement of the T2Cu H20 ligand to
provide water-mediated anchoring of nitrite at the catalytic T2Cu site, in addition to that
provided by interaction with Aspcar [86] (see section 7). There were differences in the
water occupancy of the proton channel from the T2Cu to solvent inter-monomer
interface compared with Hdas1s1NiR [85].

INSERT Figure 9 here
8.1.2. Inter-Cu ET

The reduction of the T1Cu centres of Hdas151NiR by pulse radiolysis in the absence of
nitrite is biphasic [87]. Kinetic difference spectra 200 pus after reduction were consistent
with the fast phase being reduction of the greenT1Cu centre of the additional domain, as
expected from its greater exposure to bulk solvent. The reduction rates of variants with
selective inactivation of the two T1Cu sites by Cys to Ala substitution supported this
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assignment.  The organisation of the blue T1Cu and T2Cu centres in the core of
HdNiRs are very similar to prototypic CuNiRs with a single H20, H-bonded to Aspcar
Hiscar linker. In the hexameric structure the solvent-exposed T1Cu of the extra domain
is 24 A from the nearest T1Cu centre in the catalytic core of an adjacent monomer too
far for effective rates of ET. In addition, with reduction potentials of +353 mV and +345
mV for the green and blue T1Cu centres of there is little driving force for ET from the
tethered cupredoxin domain to the core enzyme. This is consistent with a pulse
radiolysis study of Hdas1s1NiR that showed no detectable inter-Cu ET over the pH range
4.5 to 7.5 [88]. This changed in the presence of nitrite and at pH 6 the k e was 2.4 x 102
s1 some 10-fold slower than AcNiR and AxNiR. Over the same pH range the ET rate of
the Cys/Ala T1Cu site variant of the tethered domain is 10%-10° faster than the WT
enzyme. The slow rate in the WT enzyme was attributed to the preferential reduction of
the T1Cu of the cupredoxin domain some 24 A from the T2Cu centre of the adjacent
monomer. In contrast to the bell-shaped curve of prototypic CuNiRs. the pH-dependence
of ET was markedly different, decreasing monotonically over the range pH 4.5 to 7.5,
highly suggestive of a different mode of proton delivery in WT Hdasz1s1NiR. This pH
dependence of the rate of ET was also reflected in activity with kcat showing the same
dependence [88].

Stopped-flow studies of the CYTc555 electron donation to Hdas151NiR showed biphasic
kinetics and mutagenesis studies showed the fast 1.4 x 10> M* s reaction was
donation to the T1Cu of the core enzyme (80% of the amplitude), and the slower 9.4 x
103 M s to the T1Cu of the tethered domain [89].

In summary, in the presence of nitrite, the 10%-fold faster rate of ET shown by the
trimeric C114A variant suggests that in WT enzyme the electron primarily reduces the
T1 site in the additional domain compromising ET to the T1Cu of the core enzyme. The
effectiveness of CYTc551 in supporting activity of the WT Hdasis1NIiR suggests direct ET
to the core. The novel bidentate n?>-N, O binding mode for a native CuNiR (see section
8.1.3) may be reflected in the unusual pH dependence of inter-Cu ET and activity and
the lack of inter-Cu ET in the absence of nitrite suggests that a ‘binding-before-reduction’
branch of the alternate sequential mechanism operates. In the case of HdinesiNiR when
the reaction is initiated by the addition of enzyme to the assay there is a 200 s lag before
the rate of NO formation becomes linear [86]. Pre-incubation with nitrite resulted in a
linear rate and a ~ 5-fold increase in the steady-state rate of NO formation. Clearly slow
event(s) occur in the resting enzyme, priming the enzyme before it reaches the catalytic
active state.

8.1.3. Nitrite and NO bound structures

The SR structure of nitrite-soaked crystals of Hdines:NiR (2.1A) showed displacement of
the T2Cu H20 ligand, replaced in two of the three T2Cu sites of a trimer by nitrite and in
the third by NO [86]. The nitrite binding mode differs from prototype CuNiR in being
bidentate 12-N,O binding with Cu-N and Cu-O distances of 1.9 and 2.0 A respectively.
The H20 network in the active site pocket changes when nitrite is bound. His27 of the N-
terminal peptide rotates to face the T2Cu to form H-bonds with two H20 molecules W2
and W3 that also form H-bond with the bound nitrite (W2) and to Aspcar (W3), figure 9.
In the NO- bound state His27 rotates away from the T2Cu and is no longer H-bonded to
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a H20 network. The NO binding is side-on, very similar to AcNiR with Cu-N and Cu-O
distances of 2.0 and 2.5 A.

8.2. C-terminal tethered CuNiRs

A third member of cupredoxin-extended 3D-NiR family, a C-terminal tethered CuNiR
has been isolated from the thermophilic bacterium Thermus scotoductus SA-01 (TcNIR)
and the structure (1.63A) determined [44] (figure 2). In contrast to the of N-terminal
cupredoxin-extended Hyphomicrobium enzymes, TsNIR is trimeric. The orientation of
the additional domain to the core enzyme is not seen in other extended CuNiRs since it
interacts directly within the same subunit. As a consequence the twoT1Cu sites are
separated by 14.1 A and a clear putative ET route involving the T1Cu ligand His431
bridged by a H20 molecule to Glu385 to the T1Cu ligand His125 of the core. The T1Cu
ligand set is stellacyanin-like (Hisz2-Cys-GlIn) in the additional domain, and has not been
seen previously in CuNiRs. The T2Cu connects via a Cys-His bridge to the T1Cu and
has a single H20 as the apical ligand. In the active site pocket Valcat replaces the more
usual llecat. A remarkable feature of TcNIR is the absence of Aspcar in the sensor loop
connection to the T1Cu seen in all other CuNiRs and plays a central role in our
understanding of CuNiR functionality. A replacement Sercar forms a H-bond to the T2Cu
water ligand and via a (H20)4 chain to Hiscar. It is also part of a putative proton channel
from the T2Cu active site pocket to bulk solvent, Sercar (H20)4 Alal116(H20)2Gly91Asn92.
The H20 molecule that bridges Aspcar and Hiscar in prototypic CuNiRs is missing. With
a steady-state rate for nitrite reduction of 65 s and an apparent Km value for nitrite of
27uM this enzyme presents a challenge to the established view of the central role of
Aspcar in functionality of CuNiR since, for example, the corresponding values for AXNIR
are 89 stand 27uM.

9. C-terminal Heme-extended CuNiR

Recent genome comparisons have identified variant nirK with additional C-terminal
monoheme domain in o, § and y-proteobacteria indicating a widespread distribution [15,
82]. Two enzymes of this class, those from Ralstonia picketti (RpNiR) and
Pseudoalteromonas haloplanktis TAC125 (PhNiR) have been isolated and have been
biochemically and structurally characterized (RpNiR (1.01 A), PhNiR(1.95 A) [89, 90, 91,
reviewed in 84]. The two enzymes are trimers with similar core structures with a tethered
N-terminal cytochrome domain. Although there are differences in the long 36 residue
tethering link and its interaction with the core and the additional domain, in both cases
the T1Cu is ~10 A from the heme of the adjacent subunit. Two potential proton
pathways to the T2Cu have been identified, one of which is formed between two
adjacent monomers is also the substrate access channel. In contrast to prototypic
CuNiRs this channel lacks H20 molecules and is blocked by Tyr323 in RpNiR (Tyr313 in
PhNIR) of the tethering link. This residue is conserved in all known heme-CuNiR
sequences. The T2Cu site at the bottom of the channel has a single apical H20 ligand
H-bonded to Aspcar but in RpNIR is also H-bonded to a second H20 molecule a feature
not seen in prototypic CuNiRs or in PhNIR. An unusual feature of RpNIR is the inability
of the T2Cu** to bind nitrite as assessed from the lack of significant changes to the EPR
spectrum and inability to diffuse nitrite into crystals [89]. Surprisingly pre-treatment of
crystals with NO resulted in an opening of the channel due to the rotation of Tyr323
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away from Aspcat and allowed the structure of the NO-bound enzyme to be determined.
Similar NO-treatment of the Aspcar D97N variant allowed nitrite to bind and the structure
determined [90]. The positioning of Tyr323 is not controlled by the T2Cu redox chemistry
or that of the heme.

A reverse engineering approach of deconstructing RpNIR into its catalytic core and
cytochrome domain has proved a powerful tool in revealing the extent to which the
additional domain modulates activity [92]. The structure of the core (2.25 A) compared
with WT is more compact and the previously blocked substrate access channel is open.
This allows nitrite to be diffused into crystals without mutation/pre-treatment with NO and
enabled the nitrite-bound and NO structures to be determined. The tethering link
changes from random coil seen in the intact enzyme to p-strand adjacent to surface of
adjacent monomer and stabilised by salt bridge of Tyr323 and Glu44 an arrangement
similar to prototypic CuNiRs. Utilising this position of the tethering link an extended
model for the solution structure of WT RpNiR was developed that produced an excellent
fit to small-angle x-ray scattering (SAX) data [92], in contrast to the poor fit based on the
compact WT RpNiR structure [89] Fig 10.

INSERT Figure 10 here

The heme domain is solvent exposed with the extended tethering link to the core
enzyme resulting in an average heme-T1Cu distance of ~40 A providing an explanation
for the slow rate of ET from reduced heme to T1Cu. This points to the role of
conformational dynamics that enables the tethered domain with the linker to move from
the extended structure (observed in SAXS) and compact structure where the Tyr323
locks in the catalytic pocket as observed in the crystallographic structures. Further
experimental and computational work on this and other tethered CuNIRs is required to
map out the conformational dynamics pathway and its role in determining catalysis.
Whether such conformational dynamics is common to other tethered CuNiRs including
HANIR remains to be investigated.

9.1 Heme and Inter-Cu electron transfer

Pulse radiolysis studies of PhNiR in the absence of a mediator showed reduction of
heme and the subsequent establishment of a redox equilibrium with the T1Cu with a rate
of 5.5 x 103 s°'%, considerably slower than the expected rate (10° s?) for two centres 10 A
apart [88], but consistent with the extended SAXS model of RpNiR. The equilibrium
position of ~ 50% is consistent with the reduction potentials being close together, as is
the case for RpNiR (heme, +290 mV, T1Cu +266mV) [92]. In the presence of mediator
the T1Cu of PhNIiR was rapidly reduced but ET to the T2Cu did not occur unless nitrite
was present, but even then only 30% recovery of oxidised T1Cu was observed,
suggestive of one-third-site reactivity. A similar finding that the rate-limiting rate constant
for the oxidation of reduced RpNiR by nitrite was three times lower than that of the
steady-state was consistent with ‘one-third site reactivity’ in turnover [92]. Computational
study of RpNiR showed the positions of Cu and Aspcar were fixed in the timeframe of
MD (7 ns) calculations of conformational variation showed flexibility of the channel
allowed movement of Tyr323 to open the channel in one of the three subunits [93].

Laser flash photolysis studies of RpNiR also showed an incomplete and slow rate of ET
from heme to T1Cu of 16.8 s [92]. Only 5% of the expected 38% of the T1Cu was

23



reduced indicting that thermodynamic equilibrium was not established, attributed to rate-
limiting searches of conformational space to optimize electronic coupling between the
two centres. The reduction of the heme in the presence of nitrite promotes inter-Cu ET,
attributed to the increase in T2Cu reduction potential on nitrite binding. Although pre-
incubation of RpNiR with dithionite reduced the heme and the enzyme was not
inactivated, presumably Tyr323 in the substrate access channel blocked access to SOz2.-
an analogue of nitrite and inter-Cu ET does not occur in the absence of nitrite. The
RpNIR core also showed no ET unless nitrite was present, consistent with the mid-point
reduction potentials of +331 and +243 mV for the T1 and T2Cu centres respectively. The
[nitrite] dependence shows the same complex pattern seen for AXNIR, see section 5.3.
in contrast to WT RpNIR that shows Michaelis-Menten behavior. The lack of inter-Cu ET
in the absence of nitrite suggests that a ‘binding-before-reduction’ branch of the
alternate sequential mechanism operates in RpNiR, as is the case in HANIR [see section
8.1.2.].

9.2 Nitrite and NO bound structures

The nitrite-bound structure of the RpNiR D97N variant showed binding in a bidentate n?-
N,O mode with Cu-N and Cu-O distances of 1.8 and 1.9 A respectively with the non-
coordinated O atom at 3A [90]. The N co-ordinated mode seen here and in HANIR is the
preferential mode indicated by computational chemistry (see [9]). A more recent
guantum mechanical/molecular mechanical study suggested that Tyr323 acts as a
flexible gatekeeper that in the resting enzyme can be displaced by H20 dynamics to
open the substrate access channel [93]. The relative stabilities of N-bound and ‘top hat’
binding modes of nitrite to T2Cu** were ambivalent but for the reduced site there was a
clear preference for N-binding [56].

The NO-bound structures of RpNiR and the D97N variant showed the side-on
conformation with Cu-N and Cu-O distances of 2.0 A and 2.6 A for WT and 2 and 2.8
respectively, with a probable H-bond to Aspcar 3.1A. The binding of NO results in a 90°
flip of the side chain of Ty323 disrupting the H-bond to Aspcar to form a new H-bond
with Gly109. This results in movement of the tethering link of the core enzyme to the
heme domain opens the blocked channel from the T2Cu to bulk solvent. The position of
the link in as-isolated PhNIR is intermediate with Tyr313 free to flip without any steric
constraints suggesting they represent two conformations of the tethered complex. Three
substitutions of Typ323 (Y323A/F/E) were constructed to test its importance in
controlling access to the active site [92]. All had ~90% activity of the WT enzyme and
crystals were amenable to nitrite soaking. The nitrite-bound structures showed
displacement of the H20 ligand and showed bidentate n2-O, O mode to the T2Cu with
‘side-on’ and Y323A a previously unobserved ‘inverse hat mode. These binding modes
differ from the n2-N, O mode in the D97N variant described above.

10. N-terminal tethered 4-domain CuNiR with cupredoxin and heme-extensions

This enzyme has been identified in several members of the order Rhizobiales, which in
addition to this extended CuNiR also have a nirK gene encoding a prototypic CuNiR.[16]
Both the 4-domain (Br*®NiR) and the 2D-CuNiR (Br’’NiR) and enzymes from
Bradyrhizobium sp. ORS 375 (BrNiR) have been characterized, and the SR and XFEL-
FRIC structures of Br?°NiR have been determined to atomic resolutions [32], see section
6. To gain insight to the role of the tethered domains in Br**NiR a reverse engineering
approach has been used to generate domain deletions that correspond to the N-terminal
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cupredoxin-extended HdNIiR and the double A(Cytc-Cup) Br*®NiR enzyme [16].
corresponding to a prototypic 2D-CuNiR enzyme. Size exclusion chromatography
showed the WT to be a hexamer/ trimer mixture with the hexamer predominating. On
removal of the heme domain the trimer became the predominant species. The double
domain deletion A(Cytc-Cup) Br*®NiR showed a monomer/dimer mixture with the
monomer predominating. This behavior shows a clear role of the additional domains in
stabilizing the hexameric form of the WT enzyme, similar to that in Hdasis1NiR where the
cupredoxin domain stabilises the hexamer [85]. The amino acid sequence alignment
showed conservation of residues ligated to the T1 and T2Cu, Aspcar, Hiscar and llecar.
Construction of the D439N variant resulted in a 97% loss of activity indicating its
importance for catalysis. The activity of Br*®NiR is 25% that of Br?®NiR which is ~20-fold
lower than typical prototypic CuNiRs. It is not clear to what extent the equilibria
discussed above are reflected in activity assays. The A(Cytc)Br*®NiR enzyme where the
trimer is dominant shows a lag of ~900 s before linear rates of NO formation are
observed. Pre-incubation of the enzyme with ascorbate for 600 s eliminates the lag and
increases the activity.

The structure of the A(Cytc-Cup) core enzyme was most similar to the core of HdNIR.
The T2Cu had a single H20 apical ligand and the T1CuCys-HisT2Cu ET pathway was
conserved. A significant difference was in the H20 structure around the active site
pocket with many H20 molecules missing.

The domain arrangement of the variants discussed above is shown in Fig 2. This altered
landscape of the architecture of CuNiRs poses interesting questions as to whether all
the redox centres in the additional domains are competent in ET to the core enzyme. In
this role, the expectation would be that allowing the enzyme to function without the
necessity of exploring ‘encounter-complex’ space for transient complex formation with a
cupredoxin/cytochrome physiological electron donor would enhance activity. To date,
structural studies of RpNiR and TcNiR show separation of the heme-T1Cu site of the
core enzyme of ~10 A to facilitate effective ET. This is not the case with the HdNiRs
where the separation is ~20 A, too far to allow reasonable rates of ET and thus
significant conformational rearrangement would be required if this tethering is relevant
for catalysis. Mutational, biophysical and reverse engineering studies also indicate
complex roles of tethering requiring a multi-disciplinary approach. In the C-terminal
heme tethered system the in-out requirement of Tyr323 from the catalytic pocket and
potential large-scale conformational dynamics with unravelling of the linker that carries
Tyr323 need further investigation.

11. Outlook

The apparent simplicity of the reversible reduction/oxidation reactions, coupling the
transfer of one electron to the uptake of two protons catalysed by CuNiRs has provided
research opportunities for the application and development of emerging techniques. The
widespread distribution of cupredoxin- and heme-extended variants opens up new
opportunities for studying regulation of activity and interdomain electron transfer. The
identification of an active CuNiR with the Aspcar substitute with Sercar effectively rules
out a mechanism involving a deprotonated Sercar. In this enzyme only one putative
proton channel has been identified connecting Sercar to bulk solvent. In this context is
useful to note that the low activity phenotype of AspcatD98N variant of AXNIR is
essentially corrected when azurin is used as an electron donor. The availability of X-ray
free electron lasers (XFEL) have provided a paradigm shift in the form of a variety of
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serial crystallography approaches which is allowing damage-free FRIC structures to be
collected as well as room temperature by injecting thousands of crystals in the XFEL
beams for single shot experiments. Some of these serial crystallography approaches are
now emerging on advanced synchrotron facilities [94] that would help utilisation of these
for wider number of systems at a variety of temperatures including room temperature.
This, together with single crystal spectroscopy, would help better integration of
spectroscopic and structural data. This parallel is expected to expand to rapid mixing
SFX experiments [95] so that real time reactions can be structurally defined, and for
example, may enable the ‘reduction-before-binding’ route of the random sequential
mechanism to be accessed.
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Figure Captions.

Figure 1. Roles for CuNiR in the nitrogen cycle
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Their involvement in denitrification, the stepwise reduction of nitrate to dinitrogen
is a major well-studied role. Nitrification, the aerobic conversion of NH3 to nitrite,
and anammox, the anaerobic oxidation of NHs to Nz using nitrite as electron
acceptor are additional steps in which CuNiRs play a part.

Figure 2. Schematic representations of prototypic CuNiRs (AcNiR/AXNIR) with
recently discovered N-terminal and C-terminal tethered three and four domain
CuNiR where the core domains of prototypic CuNiRs is retained with widely
different catalytic properties. Representative structures for each of these classes
are shown in the lower half. The structure of a 4-domain CuNiR has yet to be
determined.

Figure 3. Atomic resolution structure of Br’°NiR showing the trimeric arrangement
where each of the monomer (indicated by different colours) is comprised of two
domains with T1Cu and T2Cu directly linked via a Cys-His bridge (indicated by
yellow arrow showing hard-wired arrangement of a circuit) and the two sensor
loops (indicated by the red arrows) reporting the status of T2Cu to T1Cu through
subtle structural changes at the T2Cu site.

Figure 4. T2Cu site Br?°PNiR with nitrite bound and chemically generated NO. The
nitrite bound structure is a XFEL FRIC structure at 1.3 A resolution, showing single
nitrite in side-on position and Asp92 in proximal conformation. The structure of
NO-bound/T1Cu-reduced Br?®NiR is at 1.19A resolution shows a side-on NO
position with slightly asymmetric distances of 2.17(4) and 2.08(3) A for Cu-N and
Cu-0, respectively.

Figure 5. Optical spectrum of a single crystal of Br’®NiR showing T1Cu in the Cu?*
state while observing a well-defined LMCT charge transfer band at ~360 nm from
nitrite to T2Cu in the nitrite-soaked crystals. Three conformations were observed
for nitrite in high-resolution structures. The SRX structures showed T2Cu site with
bidentate-bonded top-hat nitrite and “bent top-hat” conformation of nitrite. XFEL
FRIC structure showed a single horizontal side-on coordination of nitrite.

Figure 6. Dose-dependent x-ray induced photo-reduction of a static AXNIR crystal
(A) spectra collected at 30 sec intervals showing the progressive reduction in the
height of the 595 nm peak associated with conversion of T1Cu?* to T1Cu*. The
first twenty spectra and the final spectrum are plotted. (B) the dependence of the
595 nm peak height on absorbed x-ray dose. The time points indicative of MX and
XAS data collection are shown. MX1 is time taken to complete first full
crystallographic data set. (C). XAS spectra from the AxNiR crystal following the
collection of structures MX2 (solid line) and MX3 (dotted line). The spectra are
consistent with a T2Cu in Cu?* oxidation state in both cases. Inset - comparison of
the edge region for oxidised and fully reduced AxXNIR crystals. In the reduced
spectrum the 8984eV shoulder arising from T2Cu in Cu* oxidation state is
apparent.

Figure 7. The pH dependence profile of kcar and Inter—Cu ket of the prototypic
AXNIR with the N-terminal cupredoxin extended Hdasz1s1NiR. Solid markers are the
rate of Inter-Cu ET and open makers are kcat. The absence of a bell-shaped
profile that characterises prototypic CuNiRs, attributed to the involvement of
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Aspcat and Hiscar, is clear. AXNIR data adapted with permission from S. Suzuki,
et, al. Acc. Chem. Res. 33 (2000) 728-735. Copyright 2000 Amer. Chem. Soc.
(Hdas151NiR data adapted with permission from ref [88]. Copyright Elsevier (2002)

Figure 8. Scheme for alternate ordered-routes for nitrite reduction by prototypic
CuNiR. Boxed species have been structurally characterised using EXFEL-FRIC on
AcNiR and Br?®NiR (shown in blue). The scheme is based on kinetic data for
prototypic CuNiRs where nitrite has been shown capable of binding to the T2Cu in
both oxidation states, and on SRX structural movies of AXNiR and AcNIR during
catalysis on route A. The relative flux through the two routes depends on pH and
[nitrite].

Figure 9. The hexameric structure of HdinesiNiR. The trimeric assembly from
which hexamer is made is also shown below. Details of T1Cu of the additional
domain and T1Cu/T2Cu of the core are given for HdinesiNiR with residue
numbering for HdasisiNiR. The NO2 is bound to the T2Cu in a side-on
conformation via a single nitrogen atom and a single proximal oxygen atom with
distances of 1.9 and 2.0 A, respectively.

Figure 10. Comparison of experimental SAXS data with that calculated for a model,
shown as inset, of RpNIR created using the linker conformation of the RpNiR-core
structure and refining the position of conformationally plastic cyt ¢ domain, x? = 1.5.
Lower panel shows a comparison of SAXS distance distribution functions (P(R))
for compact and elongated RpNiR.
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Sequence arrangements of multi-domain CuNiRs
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Figure 10
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