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Abstract 

Reduction of N2O to N2 is catalysed by nitrous oxide reductase in the last step of the 

denitrification pathway. This multicopper enzyme has an electron transferring centre, CuA, and 

a tetranuclear copper-sulfide catalytic centre, “CuZ”, which exists as CuZ*(4Cu1S) or 

CuZ(4Cu2S). The redox behaviour of these metal centres in Marinobacter 

hydrocarbonoclasticus nitrous oxide reductase was investigated by potentiometry and for the 

first time by direct electrochemistry. The reduction potential of CuA and CuZ(4Cu2S) was 

estimated by potentiometry to be +275±5 mV and +65±5 mV vs SHE, respectively, at pH 7.6. 

A proton-coupled electron transfer mechanism governs CuZ(4Cu2S) reduction potential, due 

to the protonation/deprotonation of Lys397 with a pKox of 6.0±0.1 and a pKred of 9.2±0.1. The 

reduction potential of CuA, in enzyme samples with CuZ*(4Cu1S), is controlled by protonation 

of the coordinating histidine residues in a two-proton coupled electron transfer process. In the 

cyclic voltammograms, two redox pairs were identified corresponding to CuA and 

CuZ(4Cu2S), with no additional signals being detected that could be attributed to 

CuZ*(4Cu1S). However, an enhanced cathodic signal for the activated enzyme was observed 

under turnover conditions, which is explained by the binding of nitrous oxide to CuZ0(4Cu1S), 

an intermediate species in the catalytic cycle. 
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1. Introduction 

Nitrous oxide (N2O) is a potent greenhouse gas and an ozone depleting agent whose emission 

to the atmosphere has been enhanced in the last century through anthropogenic activities, 

especially with the large use of synthetic fertilizers in agriculture [1, 2]. Removal of this gas 

from the atmosphere is challenging and in nature, only some archaea, soil and marine bacteria 

have been found to have encoded in their genome an enzyme, named nitrous oxide reductase 

(N2OR), able to reduce N2O during anoxic or microoxic respiration [3]. N2OR is a copper 

dependent enzyme that catalyses the last step of the denitrification pathway: the two-proton and 

two-electron reduction of N2O to the inert dinitrogen gas and water [4] (Eq. 1). 

N2O + 2 e- + 2 H+  ↔  N2 + H2O     Eº' = 1.35 V, pH 7.0 (1) 

N2OR is a functional homodimeric enzyme that has been divided in two different classes. Clade 

I N2OR contains two multicopper redox centres, CuA, the electron transferring centre and 

“CuZ” centre, the catalytic centre, that has an affinity for N2O of around 20 µM [5]. On the 

other hand, clade II N2OR has a higher substrate affinity [6], but with lower maximum rate of 

reaction, and besides the two structural domains (the CuA binding cupredoxin-domain and the 

“CuZ” binding b-propeller domain) has, in some cases, an additional c-type haem in an 

additional C-terminal domain [7]. 

CuA centre is a mixed-valence binuclear copper centre well-characterized and similar to the 

one found in cytochrome c oxidase [8-10]. This redox active centre exhibits absorption bands 

at 480, 540 and 800 nm in the [1Cu1.5+-1Cu1.5+] oxidation state, while in the reduced state it is 

spectroscopically silent. A reduction potential of + 260 mV vs standard hydrogen electrode 

(SHE) at pH 7.5 was estimated for this redox couple in Pseudomonas stutzeri N2OR [11] and 

Paracoccus pantotrophus N2OR [12], and a value of 240 mV vs SHE at pH 7.6 was estimated 

for CuA centre in Marinobacter hydrocarbonoclasticus N2OR [13] (Table 1). A similar value 

was found for the reduction potential of this centre in cytochrome c oxidase from Paracoccus 

denitrificans (288 mV) [14] and from Thermus thermophilus (250 mV, pH 8.1) [15]. 

- Insert Table 1 here -  

“CuZ” is a tetranuclear copper centre with a central sulfide, unique in biology. Each copper 

atom of “CuZ” centre is coordinated by two histidine residues with exception of CuIV that has 

only one but binds a solvent-derivative molecule or a sulfur atom, which is also shared with CuI 

(Figure 1) [16, 17]. The spectroscopic and structural differences at the CuI-CuIV edge ligand led 

to the distinction of two types of “CuZ”: CuZ*(4Cu1S) and CuZ(4Cu2S). CuZ(4Cu2S), which 

exhibits an absorption band at 545 nm in the fully oxidized state [2Cu2+-2Cu1+], can be reduced 
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to the [1Cu2+-3Cu1+] oxidation state, which presents an absorption band at 660 nm [18, 19]. The 

reduction potential of the [2Cu2+-2Cu1+]/[1Cu2+-3Cu1+] redox couple was estimated to be + 60 

mV vs SHE at pH 7.5, in P. pantotrophus N2OR determined in an oxidative potentiometric 

titration [12] (Table 1). On the other hand, CuZ*(4Cu1S) is a redox inert centre characterized 

by an absorption band at 640 nm in the [1Cu2+-3Cu1+] oxidation state and so far its reduction 

to the [4Cu1+] oxidation state has only been observed after prolonged exposure of the enzyme 

to reduced methyl viologen [20, 21], making its redox properties still an imminent challenge 

(Table 1). 

 

- Insert Figure 1 here - 

 

The redox properties of CuA and “CuZ” centres will be explored in this work by potentiometry 

and dynamic electrochemistry. 

The dynamic electrochemistry of redox proteins is now an established area of research 

supported by both fundamental advances in the understanding of long-range electron transfer 

and the development of new strategies to attain a successful interaction between proteins and 

electrode surfaces [22]. Nevertheless, for large enzymes, the localization of the redox active 

centres buried below the protein surface and partial denaturation of the protein on the working 

electrode may hinder or forbid direct electron transfer. Consequently, there are few reports of 

direct electrochemical responses of enzymes and in most situations non-catalytic signals are not 

observed at all, though catalytic signals developed in the presence of substrate are sometimes 

reported [23, 24]. Alternatively, electron transfer with the electrode can be assisted by a redox 

mediator, either an artificial or a physiological partner of the enzyme. 

Several c-type cytochromes have been identified as probable redox partners of clade I N2ORs 

isolated from P. denitrificans [25, 26], Rhodobacter capsulatus [27], Rhodobacter sphaeroides 

[28], M. hydrocarbonoclasticus [29] and also for clade II N2OR from Wolinella succinogenes 

[30]. Additionally, type 1 copper proteins, namely pseudoazurins, have also been pinpointed as 

good candidates for the electron transfer to clade I N2OR from P. pantotrophus and 

Achromobacter cycloclastes [31, 32]. However, only the mediated electrocatalysis involving 

activated M. hydrocarbonoclasticus N2OR and its putative physiological electron donor, 

cytochrome c552 has been investigated [13]. In that study, using a membrane pyrolytic graphite 

electrode, the rate constant of the intermolecular electron transfer between the two proteins was 

estimated to be (5.5 ± 0.9) × 10-5 M-1 s-1, in agreement with the values determined for other 
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electron transfer complexes [33], but no catalytic activity was observed when using the as-

isolated M. hydrocarbonoclasticus N2OR. In another study, A. cycloclastes pseudoazurin 

proved to be able to donate electrons to the as-isolated A. cycloclastes N2OR coupled to N2O 

reduction, using as working electrode a 4,4-dithiodipyridine-modified gold electrode [32]. In 

the case of clade II N2OR from W. succinogenes [7], the electron transfer is proposed to occur 

through the c-type haem (in the additional domain) via CuA to “CuZ”. In this enzyme, no 

activation seems to be required and direct electron transfer from a glassy carbon electrode 

through the catalytic centre was reported as a N2O biosensing system [34]. 

Up to date, the direct electrochemistry of a clade I N2OR has never been reported. In this work, 

the first direct electrochemical response under non-turnover and turnover conditions of clade I 

M. hydrocarbonoclasticus N2OR is presented. The redox properties of the enzyme were 

analysed by cyclic voltammetry with the enzyme confined to the surface of a multiwalled 

carbon nanotubes modified glassy carbon electrode (MWCNT-GCE). Experiments were 

performed with enzyme samples havong different amounts of CuZ(4Cu2S). Since N2OR has a 

very important role in Nature in the N2O detoxification, studies were also conducted in the 

presence of substrate with the observation of a signal associated with its catalytic reduction. 

Such signal is discussed in light of the complex mechanism of activation and catalysis of this 

enzyme. Additionally, the pH dependence on the reduction potential of CuA and CuZ(4Cu2S) 

is reported here for the first time. 
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2. Materials and Methods 

2.1 Chemicals and solutions 

All chemicals were pro-analysis grade purchased from Merck, Sigma, Panreac, Riedel-de-Haën 

and Fluka, and used without further purification. All solutions for protein purification were 

prepared in deionized water and pre-filtered. Solutions for enzymatic assays, potentiometric 

and voltammetric studies were prepared with Milli-Q water (18.2 MΩ cm, 25 °C). N2O solution 

(25 mM at 25 °C) was obtained through saturation of 5 mL of Milli-Q water, trapped in a gas-

tight vial (previously degassed with argon) using a gas stock mixture of 5 % Ar/ 95 % N2O (Air 

liquid) [35]. 

All experiments and activation of N2OR were performed inside an anaerobic chamber 

(MBraun) at 20 ± 2 ºC, with the O2 < 4 ppm. Throughout the manuscript, all reduction potential 

values are referred to the standard hydrogen electrode (SHE) and are affected by an error of 5-

10 mV. Experiments were performed at least in duplicate. 

 

2.2 Protein purification and estimation of CuZ(4Cu2S) vs CuZ*(4Cu1S) 

N2OR was isolated from M. hydrocarbonoclasticus 617 under oxic or anoxic conditions with 

“CuZ” centre mainly as CuZ*(4Cu1S) or as CuZ(4Cu2S), respectively as described by Carreira 

C. [36]. Concentration of the monomeric enzyme was determined based on the extinction 

coefficients previously determined for the dithionite reduced spectrum of N2OR mainly with 

CuZ*(4Cu1S) (3500 M-1 cm-1 at 640 nm [37]) or with CuZ(4Cu2S) (4000 M-1 cm-1 at 660 nm 

[36]).  

The amount of CuZ(4Cu2S) in each N2OR preparation was estimated based on the specific 

activity after 3-5 h reduction in the presence of reduced methyl viologen, assuming that a 

specific activity of ~200 µmolN2O.min-1.mg-1 corresponds to a N2OR preparation with 100 % of 

CuZ*(4Cu1S) [38]. These activity assays were performed inside a MBraun anaerobic chamber 

using methyl viologen as the electron donor, as described in [29]. 

 

2.3 Potentiometric redox titrations 

Potentiometric redox titrations of N2OR, with 85 % CuZ(4Cu2S), were performed under argon 

atmosphere in a MBraun anaerobic chamber at 20 ± 2 ºC, by measuring the absorption changes 

of 60 µM of fully oxidized N2OR in 100 mM Tris-HCl, pH 7.6 and 2 µM of each mediator 

(reduction potentials at pH 7.0 [39]: 2,3,5,6-tetramethyl phenylenediamine, + 260 mV; 1,2-

naphthoquinone-4-sulfonic acid, 210 mV; 1,2-naphthoquinone, + 180 mV; phenazine 
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methosulphate, + 80 mV; resorufin, + 65 mV; indigo carmine, - 130 mV; 2-hydroxyl-1,4-

naphthoquinone, - 145 mV; methyl viologen, - 430 mV). Throughout the titration, the reduction 

potential was monitored using a Pt pin electrode combined with an Ag/AgCl reference electrode 

(Crison). The reduction potential relative to SHE, was obtained by adding 208 mV to the 

measured value. Small volumes of sodium ascorbate and sodium dithionite (0.1-100 mM) were 

added with a 10 µL Hamilton syringe in the reductive titration, and potassium ferricyanide (0.1-

100 mM) was used for the oxidative titration. For each reduction potential, a spectrum was 

acquired from 400 nm to 900 nm, using a TIDAS diode array spectrophotometer connected to 

an external computer. The absorbance at 660 nm and 790 nm was used to follow the 

reduction/oxidation events related to CuZ(4Cu2S) and CuA centres, respectively. The 

[oxidized]/[reduced] protein ratio was calculated and plotted as a function of the measured 

reduction potential. The reduction potentials were obtained from the simulation of the titration 

curves based on the Nernst equation of one independent reduction for each redox centre. 

The evaluation of the pH dependence of the reduction potentials of CuA and “CuZ” centres was 

performed by potentiometric titrations using the same protein batch or batches with similar 

percentage of CuZ(4Cu2S) in 100 mM buffer solutions of MES (pH 5.5-6.5), HEPES (pH 7.0), 

Tris-HCl (pH 7.6-8.5) and CHES (pH 9.0-9.5). The pH value of the solution was checked at the 

end of each potentiometric titration. 

 

2.4 Direct electrochemical measurements  

Direct electrochemical measurements by cyclic voltammetry of N2OR with 65% and 40% of 

CuZ(4Cu2S) were conducted inside the anaerobic chamber. The CV experiments were 

performed with an EcoChemie μAutolab potentiostat/galvanostat (Metrohm Autolab, The 

Netherlands). Parameters of the equipment and data acquisition were controlled with GPES v. 

4.9 software also from EcoChemie. 

In typical experiments the cyclic voltammograms (CVs) were obtained in the potential range 

between + 0.9 and - 0.5 V vs SHE and the scan rate (v) varied between 5 and 100 mV s-1.  

A conventional three-electrode configuration cell was used with a platinum wire auxiliary 

electrode and an Ag/AgCl reference electrode (+ 208 mV vs SHE) (BAS ref. MF-2052). The 

working electrode was a multiwalled carbon nanotubes (MWCNT) modified glassy carbon 

electrode (GCE - BAS ref. MF2012). 
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2.4.1 Preparation of the MWCNT modified GCE 

MWCNT (Sigma) were functionalized in 3 M HNO3 during 24 h, as described in [40]. MWCNT 

were then washed with Milli-Q water in a paper filter until the discarded water reached a pH 

~7.0. A thermal treatment of MWCNTs was performed at 80 °C for 24 h followed by its 

dispersion into 1 % w/v dimethylformamide and sonication for 3 h.  

Before each experiment, GCE was polished with 1 and 0.5 µm alumina slurry, sonicated for 5 

minutes and rinsed with deionized water. Functionalized 7 µL MWCNT were deposited on the 

electrode surface and left to dry for 45 min, at room temperature. A drop of 10 µL N2OR 

solution was applied on the surface of MWCNT and left to dry for 45 min before electrode 

immersion in the electrolyte solution.  

 

2.4.2 Electrolyte 

In typical experiments, the supporting electrolyte was 100 mM potassium phosphate buffer at 

pH 7.0.  

 

2.4.3 Catalytic turnover 

Turnover assays were conducted using activated N2OR with 40 and 65 % of CuZ(4Cu2S). 

Activated enzyme (after 3 h incubation with reduced methyl viologen in 100 mM Tris-HCl pH 

7.6, inside an anaerobic chamber) was desalted using a NAP-5 Sephadex G25 column (GE 

Healthcare) equilibrated with 100 mM potassium phosphate pH 7.0 [29]. The collected enzyme 

was concentrated using an ultrafiltration micro concentrator (MW cut off 30 kDa) to a final 

concentration of 124 μM. A drop of this activated N2OR (4 μL) was immobilized on the 

MWCNT-GCE, using the procedure described before. Turnover assays were also performed in 

100 mM potassium phosphate pH 7.0 electrolyte solution, in the presence of increasing 

concentrations of N2O-saturated water, up to 1.4 mM. 
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3. Results 

3.1 pH dependence of the reduction potential of M. hydrocarbonoclasticus N2OR redox centres 

by potentiometry 

Spectroscopic studies showed that both CuA and CuZ(4Cu2S) centres from M. 

hydrocarbonoclasticus N2OR can be reversibly reduced, contrary to CuZ*(4Cu1S) centre, 

which can only be reduced after a prolonged incubation in the presence of reduced methyl 

viologen [41]. 

The potentiometric titrations show that CuA and CuZ(4Cu2S) centres behave independently in 

an oxidation/reduction process and a one-electron reduction is associated to each centre, 

according to the slope of the fitted curves (Figure 2). A similar behaviour was reported for CuA 

and CuZ(4Cu2S) centres of M. hydrocarbonoclasticus and P. pantotrophus N2ORs, 

respectively [12, 13]. 

The oxidative and reductive titration curves at pH 7.6 show no evidence of hysteresis (Figure 

2). The variation of the absorbance at 790 nm and 660 nm with the reduction potential was 

fitted to the Nernst equation and reduction potentials of + 275 ± 5 mV and + 65 ± 5 mV vs SHE, 

were estimated at pH 7.6, respectively, for a sample containing 85% of CuZ(4Cu2S). The more 

positive reduction potential is assigned to the [1Cu1.5+-1Cu1.5+]/[1Cu1+-1Cu1+] redox couple of 

CuA centre, and is similar to the value previously reported (+ 240 mV at pH 7.6, for a N2OR 

preparation containing 35 % of CuZ(4Cu2S) [13]). The lower reduction potential corresponds 

to the [2Cu2+-2Cu1+]/[1Cu2+-3Cu1+] redox couple of CuZ(4Cu2S) centre, in agreement with the 

value determined for this centre in an oxidative titration of P. pantotrophus N2OR (+ 60 mV at 

pH 7.5, determined for an enzyme preparation with 65 % of CuZ(4Cu2S)) [12].  

 

- Insert Figure 2 here - 

 

Potentiometric studies were also conducted to investigate the pH dependence of CuA and 

CuZ(4Cu2S) reduction potential (Table 2). 

The pH profile of the reduction potential of CuA centre depends on the percentage of 

CuZ(4Cu2S) in the enzyme preparation used in the potentiometric titrations (Figure 3 and Table 

2), but no hysteresis is observed (see Figure S1 in Supplementary Material). The reduction 

potential of CuA centre in N2OR with a high percentage of CuZ(4Cu2S) almost does not change 

in the pH range studied (Figure 3B and Table 2), while in enzyme preparations with a lower 

content of CuZ(4Cu2S) the reduction potential varied linearly with pH, with a slope of - 54 mV 
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per pH unit (Figure 3A and Table 2). Although this value could be considered close to the 

expected - 58 mV per pH unit, for a H+/e- coupled process at 20 °C, taking into account the 

percentage of CuZ(4Cu2S) of the enzyme preparations used, a different interpretation can be 

made. As described in Supplementary Material S1, the reduction potential of CuA centre can 

be estimated for a N2OR sample with either 0% of CuZ(4Cu2S) or 100 % CuZ(4Cu2S) (Figure 

3C and Table S1 in Supplementary Material S1). This analysis clearly shows that the reduction 

potential of CuA in a sample with 100% of CuZ(4Cu2S) does not change in the pH range 

studied, while in enzyme preparations with 0% of CuZ(4Cu2S), it varies linearly with a slope 

of – 110 mV per pH unit, which indicates the presence of a 2H+/e- coupled process (Figure 3C). 

 

- Insert Figure 3 here - 

 

For “CuZ” centre, the potentiometric titrations performed at pH 6.5 and 9.0 showed a 

significative hysteresis between the oxidative and the reductive titration (Figure 4, Table 2), 

which is a redox behaviour different from the one observed at pH 7.6 (Figure 2). The hysteresis 

has a difference of about 60 mV and is explained by the reductive titration having a pH 

dependence (vide infra). In fact, the reduction potential of the reductive titration depends on pH 

(- 55 mV per pH unit) (see Figure 4C), which is consistent with a redox process coupled with 

proton binding [39], suggesting that the one-electron reduction of CuZ(4Cu2S) is associated 

with the binding of one proton. In the oxidative titration, the reduction potential does not vary 

significantly among the pH values tested, suggesting a non-pH dependence of the reduction 

potential during oxidation. 

 

- Insert Figure 4 here - 

 

- Insert Table 2 here - 

 

3.2 Direct electrochemistry under non-turnover conditions 

The direct electrochemistry of M. hydrocarbonoclasticus N2OR was investigated by cyclic 

voltammetry at different electrodes with the enzyme either immobilized at the electrode surface 

or entrapped by a dialysis membrane. 

In the case of carbon electrodes, neomycin was used as co-absorbant, being added to the protein 

solution and to the electrolyte medium to improve the interaction between M. 
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hydrocarbonoclasticus N2OR (pI=5.4 [37]) and the electrode, as both surfaces are negatively 

charged at pH 7.0. Gold electrodes, bare and modified with dipyridyl, neomycin and polylysine, 

were also tested. In all situations no electrochemical signals, distinguishable from the CVs of 

the electrolyte solution, were observed with the enzyme as a film on the electrode surface, in 

solution or confined by a membrane as a thin layer near the electrode surface.  

A direct electrochemical response of M. hydrocarbonoclasticus N2OR, with 40 % of 

CuZ(4Cu2S), was achieved when the enzyme was immobilized on a glassy carbon electrode 

(GCE) coated with a multiwalled carbon nanotubes (MWCNT). The modification of GCE was 

monitored through the analysis of the CVs of the electrolyte solution that revealed enhanced 

but reproducible capacitive background currents, indicating that this was an efficient process. 

A ratio of the electroactive area, Aele, to the geometric area, Ageo, was estimated to be ~110, 

from the values of the capacitive current obtained at the MWCNT-GCE and bare GCE. 

In Figure 5 are shown the CVs obtained at the MWCNT-GCE before (dashed line) and after 

protein immobilization (solid line). Well-defined redox peaks were obtained for the protein 

confined to the electrode surface. The CV revealed the presence of two redox pairs: signal I, 

with a cathodic peak (EpcI) and an anodic counterpart (EpaI) and signal II with a second cathodic 

peak (EpcII) at more negative potentials, and a less clear anodic counterpart (EpaII). This 

behaviour was observed for the as-isolated and activated N2OR, independently of the 

percentage of CuZ(4Cu2S) present in the N2OR preparations (data not shown). 

 

- Insert Figure 5 here – 

 

The behaviour of N2OR on the MWCNT-GCE was investigated by varying the scan rate, v, in 

the range of 5 to 100 mV s-1 (Figure 6A). 

The redox process associated with signal I deviates from reversibility with increasing v, since 

the separation between the peak potentials, ΔEp, increases [42], varying from 40 mV at 5 mV s-

1 to 308 mV at 100 mV s-1. As to the peak currents, the ratio (IpaI/ IpcI) is close to 1, independently 

of the scan rate. Two different behaviours of the peak currents with v were detected: in between 

5 and 50 mV s-1, a linear relation of the peak currents with v was observed in accordance with 

a diffusion-less process, while for v >50 mV s-1 a negative deviation of the linearity of the peak 

currents was observed due to the deviation from reversibility of the redox process (Figure 6B).  

The average of the anodic and cathodic peak potentials of signal I, (EpcI + EpaI)/2, remains 

constant and therefore a reduction potential, E°’I, at pH 7.0 was estimated to be + 385 ± 10 mV 
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(vs SHE) [42]. Additionally, signal I corresponds to a one-electron transfer reaction, given that 

the width at half-height (ΔEp,1/2) has a value of 100 mV, close to the theoretical value of 90 mV 

for a reversible one-electron diffusion less redox process [42]. Taking into consideration the 

reduction potential determined for signal I, this signal is assigned to CuA centre of N2OR as 

this centre is the one with the more positive reduction potential (Table 2). 

 

- Insert Figure 6 here - 

 

As to signal II, it is noticeable a second cathodic peak (EpcII) at more negative potentials with 

an anodic counterpart, (EpaII) best observed at low scan rates (≤ 20 mV s-1) (Figure 6A). The 

redox process associate with signal II is not reversible, as there is a linear variation of the 

cathodic potential, EpcII with the logarithm of the scan rate, for scan rates > 20 mV s-1 (Figure 

6C). Therefore, a reduction potential, E°’II, of + 70 ± 10 mV (vs SHE) at pH 7.0, was estimated 

for signal II, from the average of the cathodic (EpcII = + 21 mV) and anodic peak potentials 

(EpaII = + 119 mV), observed for the lowest scan rate used. Signal II is assigned to CuZ(4Cu2S) 

centre since its reduction potential is lower than the one of CuA centre, and the value estimated 

by cyclic voltammetry is similar to the one determined by potentiometry at this pH (+ 81 ± 5 

mV, Table 2).  

 

3.3 Direct electrochemistry under turnover conditions 

The catalytic activity of the as-isolated and activated M. hydrocarbonoclasticus N2OR with 65 

or 40 % of CuZ(4Cu2S), was investigated at pH 7.0 in the presence of N2O. 

The CV of as-isolated N2ORs did not change in the presence of N2O (data not shown), while 

after activation an increase in the cathodic peak current around EpcII (signal II) for [N2O] > 200 

µM is observed (Figure 7) but the more positive signal (signal I) remains unchanged. 

 

- Insert Figure 7 here - 

 

The variation of icat (measured at + 40 mV in the cathodic wave) with the concentration of 

substrate was fitted with the Michaelis-Menten equation with an apparent KM value of 32 ± 9 

μM (Figure 7, inset) for N2OR with 40% of CuZ(4Cu2S). This parameter cannot be compared 

with the one determined by steady-state kinetics (14 ± 3 μM) [29], as mass limitations cannot 

be avoided for low concentrations of nitrous oxide. 
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A turnover number (kcat) of 2.0 ± 0.3 s-1 was calculated from the catalytic current, icatmax and Q, 

the charge associated with the non-turnover signal, according to the equation kcat = icatmax/Q. For 

N2OR preparations with 65 % of CuZ(4Cu2S), a lower icatmax (1.1 ± 0.2 µA, data not shown) 

was estimated, from the cyclic voltammogram of the activated enzyme in the presence of 1.0 

mM of nitrous oxide. 
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4. Discussion 

Understanding the catalytic mechanism of N2OR has been a challenge and a matter of 

discussion in the last decades [13, 41, 43, 44]. Unveil its complexity requires the understanding 

of the electron transfer events that occur at the two copper centres, especially at the catalytic 

“CuZ” centre, under turnover and non-turnover conditions.  

Towards this aim, the first direct electrochemical study, using cyclic voltammetry, of N2OR 

from clade I is reported here, together with potentiometric titrations at different pH values. For 

that M. hydrocarbonoclasticus N2OR was successfully immobilized on the surface of a glassy 

carbon electrode coated with a multiwalled carbon nanotubes, and electrochemical signals 

corresponding to both copper centres were observed. 

N2OR is isolated with “CuZ” centre with different ratios of CuZ(4Cu2S):CuZ*(4Cu1S) 

(reported here as percentage of CuZ(4Cu2S)), but since CuZ*(4Cu1S) cannot be reduced, by 

either sodium ascorbate or sodium dithionite, nor oxidized by potassium ferricyanide, the 

interpretation of the spectral changes during the potentiometric titrations is simplified as these 

are attributed to oxidation/reduction events of CuA and CuZ(4Cu2S) centres. Moreover, the 

reduction of CuZ*(4Cu1S) from the [1Cu2+:3Cu1+] to the [4Cu1+] oxidation state occurs after a 

prolonged reduction in the presence of reduced viologens, while its oxidation has been observed 

upon titration with potassium ferricyanide (150 ± 5 mV, pH 7.6, in an oxidative titration) [13], 

as an irreversible process. This behaviour pinpoints to a thermodynamic effect that could 

potentially be overcome when using an electrode surface as electron donor and hence the 

reduction of CuZ(4Cu2S), as well as of CuZ*(4Cu1S), could be expected to be observed by 

cyclic voltammetry. These hypotheses will be discussed here.  

 

4.1 Reduction potential of CuA and “CuZ” centres 

The reduction potential of CuA centre estimated by potentiometry at pH 7.0, + 235 ± 5 mV 

(85% CuZ(4Cu2S)), is similar to the one established for P. stutzeri N2OR (+ 260 mV, pH 7.5, 

with a similar percentage of CuZ(4Cu2S)) [11] and P. pantotrophus N2OR (+ 260 mV, pH 7.5, 

65% CuZ(4Cu2S)) [12]. In the case of P. stutzeri N2OR, the reduction potential of this centre 

was not reported to depend on the percentage of CuZ(4Cu2S) present in the sample at pH 7.5 

[11]. 

The reduction potential of M. hydrocarbonoclasticus N2OR CuA centre with 50% of 

CuZ(4Cu2S) was estimated to be + 271 ± 5 mV at pH 7.0, which is higher than the value 

obtained previously at pH 7.6 (+ 240 mV, 35% CuZ(4Cu2S) [13]), which indicated the presence 
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of a proton-coupled electron process (vide infra). 

In the voltammetric approach, the signal assigned to CuA centre has a reduction potential of + 

385 ± 10 mV at pH 7.0 (40% CuZ(4Cu2S)), corresponding to a well-behaved redox process. 

This behaviour is similar to the one of Thermus thermophilus cytochrome c oxidase CuA centre, 

that gave a quasi-reversible diffusion controlled one-electron redox signal at a graphite 

electrode, with a E0’ of + 265 mV at pH 6.5 [45]. The 100 mV increase in the reduction potential 

observed in the voltammetric studies when compared with the value estimated by potentiometry 

(240 mV ± 10 mV at pH 7.0 [13]) can be explained by the electrocatalytic effect of the CNTs 

in shifting the reduction potential to more positive values [46]. 

The reduction potential of CuZ(4Cu2S) centre was estimated to be + 81 ± 5 mV, at pH 7.0 (+ 

65 ± 5 mV, at pH 7.6, Table 2) by potentiometry, which is in all similar to the value determined 

for P. pantotrophus N2OR at pH 7.5 in an oxidative potentiometric titration, 60 ± 5 mV [12]. 

Moreover, the CV of N2OR presented a signal with cathodic and anodic contributions, that has 

a reduction potential of 70 ± 10 mV at pH 7.0 for the lowest scan rate used, which was assigned 

to CuZ(4Cu2S).  

The absence of other signals besides the one mentioned, even in the CVs of N2OR preparations 

with 90 % of CuZ*(4Cu1S) (data not shown), is an indication that CuZ*(4Cu1S) cannot be 

reduced or oxidized by the electrode configurations tested here. Therefore, different strategies 

to determine the reduction potential of CuZ*(4Cu1S) are still ongoing, using N2OR 

preparations with a high content of CuZ*(4Cu1S). 

 

4.2 pH dependence of CuA and “CuZ” reduction potential  

The reduction potential of both copper centres presents a pH dependence interpreted as being 

governed by a proton coupled electron transfer process. An exception was the CuA reduction 

potential in N2OR preparations with 100% CuZ(4Cu2S), which was inferred to be pH-

independent in the pH range studied here (Table 2 and Figure 3C).  

The pH dependence of the reduction potential of CuA centre in N2OR preparations with low 

content of CuZ(4Cu2S) is interpreted as being due to the ionization of the imidazole ring of the 

two histidine residues that coordinate CuA (His526 and His569), as there are no other ionizable 

groups in close proximity to CuA. These two residues must have similar pKoxs and pKreds, with 

the pKox being lower than 5 and the pKred higher than 10 to explain the profile obtained. In fact, 

a higher pKox would be translated into changes in CuA absorption bands, which are not observed 

between pH 5.5 and 7.6 [47], while pKred cannot be estimated by visible spectroscopy as this 
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centre has no absorption bands in the [Cu1+:Cu1+] oxidation state. 

The pH dependence of the reduction potential of “CuZ” centre between pH 6.0 and 9.0 is 

reported here for the first time. In the potentiometric titrations, with the exception of pH 7.6, it 

was observed that there is a hysteresis, with ca. 60 mV difference between the reductive and 

the oxidative titration, which can be explained by a pH dependence of the reductive titration. 

In fact, the reduction potential of the reductive curve decreases with the increase in pH (see 

Figure 4C), consistent with an one-electron reduction of CuZ(4Cu2S) being associated with the 

binding of one proton [39]. 

The hysteresis and pH profile of CuZ(4Cu2S) reduction potential can be explained considering 

a model with two macroscopic states (oxidized and reduced) with four possible protonated 

microstates (P0, P0H, P1 and P1H), which are differently populated at the different pH values 

depending on the pKa of the oxidized and reduced microstate (P0 and P1) (see Supplementary 

Material S2). Spectroscopic studies on CuZ(4Cu2S) identified a different pKa value for the edge 

sulfur atom in the two oxidation states [48]. In the reduced state, [1Cu2+-3Cu1+], this atom has 

a pKred ~ 11, existing as a thiolate ligand at neutral pH, while in the oxidized state, [2Cu2+-

2Cu1+], its pKox is 3, and thus edge sulfur atom exists mainly as a sulfide ligand at neutral pH. 

However, when these values are used in the model, the profiles of the molar ratios of the 

different microstates do not vary between pH 6.5 and 9.0 (see Supplementary Material S2 and 

Figure S2), suggesting that the redox behaviour observed cannot be explained by the pKox/pKred 

values attributed to the core CuZ(4Cu2S) centre. 

The reduction potential of a metal centre can be affected by other factors besides the 

protonation/deprotonation of residues side chains or atoms directly coordinating the centre, 

such as its secondary coordination sphere ligands and hydrogen bonding network around the 

metal centre [49]. Therefore, to explain the experimental data, the X-ray structure of N2OR with 

“CuZ” centre as CuZ(4Cu2S) was analysed (PDB ID 3SBQ) to identify the presence of 

ionizable residues in its vicinity. Besides the histidine side chains that coordinate the copper 

atoms of “CuZ” centre, there is an ionizable residue, Lys397, which is proposed to stabilize the 

thiolate edge ligand of CuZ(4Cu2S) [50] and thus can influence the reduction potential of this 

centre. The pKa of Lys397 was estimated to be 9.2 [50], and since the thiolate sulfur edge is 

present in the reduced state of CuZ(4Cu2S), then that value can be considered to be pKred. Using 

the same mathematic model, a pKox of 6.0 was estimated by fitting the experimental data (Figure 

3C). Taking into consideration these two pKs the molar ratio of the different microstates at the 

different pH values was recalculated (see Supplementary Material S2 and Figure S3). At pH 
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7.6, the deprotonated form (P0) dominates the oxidized state, while the protonated form (P1H) 

dominates the reduced state. Therefore, at this pH, the reduction from P0 to P1H is coupled with 

a proton transfer. On the other hand, in the oxidized state, at pH 6.5, there is a mixture of the 

microstates P0 and P0H, while the reduced state is dominated by the protonated form (P1H). A 

similar effect is observed at pH 9.0, with a mixture of both microstates in the reduced state, 

while the oxidized state is dominated by the deprotonated form. The lack of dominance of a 

microstate on the titrations performed at pH 6.5 and 9.0, in either the oxidized or reduced state, 

respectively can be responsible for the hysteresis observed in the potentiometric titrations. 

 

4.3 N2OR signals under turnover conditions 

There is only one report of a direct electron transfer between an electrode and N2OR [34], and 

contrary to the present study, the enzyme belongs to clade II. Moreover, it is important to point 

out that clade II N2OR has an additional C-terminal domain, which is suggested to be crucial 

for the rapid electron transfer and this enzyme has been reported to not require reductive 

activation [51, 52]. 

Therefore, direct electrocatalytic activity of the well-characterized clade I N2OR, which is 

reported here for the first time, is more challenging due to the absence of the additional domain 

and by the requirement of activation. Indeed, a small direct electrocatalytic activity was only 

detected after activation of M. hydrocarbonoclasticus N2OR through the observation of a small 

catalytic current. The estimated kcat value of 2.0 ± 0.3 s-1 (for a N2OR sample with 40% 

CuZ(4Cu2S)) is lower than the kcat value > 200 s-1 estimated for CuZ*(4Cu1S), by kinetic 

studies [13, 47], but higher than 0.6 h-1, determined for CuZ(4Cu2S) [41]. Thus, a fraction of 

N2OR with CuZ*(4Cu1S) in the fully reduced state is reacting with the substrate N2O, as the 

icatmax attained is proportional to the content of CuZ(4Cu2S) present in the enzyme preparation 

used in the assays. Moreover, the catalytic wave develops at a potential similar to the one 

observed for CuZ(4Cu2S). 

As it is well established that CuZ(4Cu2S) cannot attain high turnover numbers [41], the 

catalytic wave can be attributed to an intermediate species involved in the catalytic cycle of 

N2OR. In fact, the only intermediate species isolated so far, CuZ0 (CuZ0(4Cu1S)), has a high 

catalytic activity and can be reduced to the [4Cu1+] oxidation state by an intramolecular electron 

transfer from CuA indicating that its reduction potential must be positive [13, 47]. 

Hence, it is reasonable to attribute the catalytic wave observed in the voltammetric experiments 

to CuZ0(4Cu1S) (which was formed from CuZ*(4Cu1S) in the fully reduced state after being 
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exposed to the substrate). Thus, CuZ0(4Cu1S) and CuZ(4Cu2S) must have relatively similar 

reduction potentials and are not distinguishable by cyclic voltammetry under these conditions. 
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5. Conclusions 

This work reports the first direct electrochemical characterization of a clade I N2OR, together 

with the first analysis of the pH dependence of CuZ(4Cu2S) reduction potential using 

potentiometry. In addition, it is shown for the first time that CuA reduction potential has a 

different pH profile in N2OR preparations with 0 % or 100 % CuZ(4Cu2S). 

The potentiometric studies using N2OR preparation with different CuZ(4Cu2S) content showed 

that the reduction of CuA in the presence of 0 % CuZ(4Cu2S) (100% CuZ*(4Cu1S)) is coupled 

to two protons from the two coordinating histidine residues (His526 and His569). In the case 

of CuZ(4Cu2S) centre, a hysteresis was observed in the reductive titration, which was explained 

by the involvement of Lys397 that stabilizes the thiolate edge (between CuI and CuIV) in the 

reduced form of this centre. 

In the voltammetric experiments, two redox couples were clearly identified and assigned to 

CuA and CuZ(4Cu2S) centres of M. hydrocarbonoclasticus N2OR. Nevertheless, the reduction 

potential of CuZ*(4Cu1S) was still unattainable using the strategies described here, but further 

efforts are on-going to study its electrochemical behaviour. 

This work also reports the first dynamic electrochemical study of clade I N2OR under turnover 

conditions, which showed that higher turnover numbers are only attained after activation of the 

enzyme. The enhanced catalytic current was observed at a reduction potential that is consistent 

with the expected CuZ0(4Cu1S) reduction potential. As mentioned before, this form of “CuZ” 

centre, a catalytic intermediate species, can be reduced by intramolecular electron transfer from 

CuA centre when this centre is reduced by either sodium ascorbate [47] or cytochrome c552 [13]. 

Future experiments are being carried out to further explore its electrocatalytic properties. 

The studies presented here contribute to a better understanding of the redox chemistry of N2OR 

metal centres and specially of “CuZ” centre under turnover and non-turnover conditions. 
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Figures captions 

Figure 1 – Structure of “CuZ” centre of nitrous oxide reductase in the (A) CuZ*(4Cu1S) and 

(B) CuZ(4Cu2S) form, showing the position of the close by lysine residue. Figures were 

prepared with Biovia Discovery Studio using PDB ID 1QNI for M. hydrocarbonoclasticus 

N2OR CuZ*(4Cu1S) and PDB ID 3SBP for P. stutzeri N2OR CuZ(4Cu2S). Colour scheme for 

the atoms: carbon in grey, copper in orange, sulfur in yellow and oxygen in red. 

 

Figure 2 – Potentiometric titration of M. hydrocarbonoclasticus N2OR, with 85 % of 

CuZ(4Cu2S), performed at pH 7.6 and 20 ºC. (A) The variation in absorbance during oxidation 

(solid arrow) and reduction (dashed arrow) of N2OR were followed by visible spectroscopy at 

790 nm and 660 nm for CuA and CuZ(4Cu2S) centres, respectively. (B) Reductive (filled 

symbols) and oxidative (open symbols) titrations for CuA (diamonds) and CuZ(4Cu2S) 

(circles) centres. 

 

Figure 3 – pH dependence of the reduction potential of CuA centre at 20 ºC. (A) pH dependence 

of the reduction potential of CuA determined by potentiometry using N2OR preparations with 

50 % of CuZ(4Cu2S). Data obtained has a linear correlation with pH: E(mV) = - 54.5 pH + 

654.3, R2 = 0.992. (B) pH dependence of the reduction potential of CuA determined by 

potentiometry using N2OR preparations with 85 % of CuZ(4Cu2S). (C) pH profile of the 

reduction potential of CuA centre calculated for N2OR preparations with 0 (open squares) and 

100 % of CuZ(4Cu2S) (closed circles) in the pH range studied using Eq. S1 (see Supplementary 

Material S1). Linear regression E(mV) = -110 pH + 1033. 

 

Figure 4 – pH dependence of the reduction potential of CuZ(4Cu2S) at 20 ºC. Potentiometric 

titrations of M. hydrocarbonoclasticus N2OR, with 85 % of CuZ(4Cu2S) at pH 6.5 (A) and pH 

9.0 (B) were followed at 660 nm in the oxidative (open symbols) and reductive (close symbols) 

direction. Each titration was fitted to a one-electron process using the Nernst equation with the 

reduction potentials listed in Table 2. (C) pH dependence of the reductive potentiometric 

titration. Data were fitted to Equation S2 (see Supplementary Material S2), using a pKox of 6.0 

± 0.1 and a pKred of 9.2 ± 0.1 and Elp = 160 mV. 

 

Figure 5 – Cyclic voltammogram of M. hydrocarbonoclasticus N2OR with 40 % of 

CuZ(4Cu2S). 200 µM solution of enzyme in 100 mM potassium phosphate pH 7.0 was 
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immobilized on the MWCNT-GCE. Dashed line represents the cyclic voltammogram prior to 

enzyme immobilization and solid line the voltammogram obtained after N2OR immobilization 

at a scan rate of 10 mV s-1. The arrow represents the direction of the scan. The cathodic (EpcI 

and EpcII) and anodic (EpaI and EpaII) peak potentials for signal I and signal II are indicated. 

 

Figure 6 – Cyclic voltammograms of M. hydrocarbonoclasticus N2OR with 40 % of 

CuZ(4Cu2S) at different scan rates. (A) Cyclic voltammograms of 200 µM solution of enzyme, 

in 100 mM potassium phosphate pH 7.0, immobilized on MWCNT-GCE obtained at 5 ≤ ν ≤ 

100 mV s-1. (B) Dependence of signal I anodic (filled symbols) and cathodic (open symbols) 

peaks currents, IpaI and IpcI with the scan rate. (C) Dependence of signal II cathodic potential, 

EpcII, with the logarithm of the scan rate, for v > 20 mV s-1. 

 

Figure 7 – Direct electrochemistry of M. hydrocarbonoclasticus N2OR under turnover 

conditions. Electrocatalytic peak current of 124 µM activated M. hydrocarbonoclasticus N2OR 

with 40 % of CuZ(4Cu2S) in 100 mM potassium phosphate at pH 7.0 as a function of N2O 

added to the electrolyte solution. Data were adjusted to the Michaelis-Menten equation, using 

KM of 32 ± 9 μM and icatmax of 2.7 ± 0.2 µA. Inset: cyclic voltammograms of activated N2OR 

in the absence of substrate (grey line) and in the presence of 0.45 mM of N2O-saturated water 

(solid black line) obtained at the scan rate of 20 mV s-1. 
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Tables 

 

Table 1 – CuA and “CuZ” centres spectroscopic and redox properties in nitrous oxide 

reductase. 

Center 
Visible Absorptiona Redox 

couple 
Reduction 
Potentialb Ref. 

Oxidized Reduced 

CuA 

480 nm 
(e ≈ 4000 M-1cm-1) 

540 nm 
(e ≈ 4000 M-1cm-1) 

800 nm 
(e ≈ 3000 M-1cm-1) 

No bands [1Cu1.5+:1Cu1.5+]/ 
[1Cu1+:1Cu1+] 

+ (240-260) mV, pH 
7.5-7.6 [11, 12] 

CuZ 
(4Cu2S) 

545 nm 
(e ≈ 5000 M-1cm-1) 

 

660 nm 
(e ≈ 3000 - 4400 

M-1cm-1) 

[2Cu2+:2Cu1+]/ 
[1Cu2+:3Cu1+] + 60 mV at pH 7.5 [12, 19, 53] 

CuZ* 
(4Cu1S) 

640 nm 
(e ≈ 4000 M-1cm-1) No bands [1Cu2+:3Cu1+]/ 

[4Cu1+] ND [19-21, 41] 
aMolar extinction coefficients, e, are given by concentration of N2OR monomer. bReduction potential determined 

by potentiometric studies. ND – not determined because it is an irreversible process in the conditions tested. 

 

 

Table 2 – pH dependence of the reduction potential of CuA and CuZ(4Cu2S) centres of M. 

hydrocarbonoclasticus N2OR.  

pH 

N2OR with 50% CuZ(4Cu2S) N2OR with 85% CuZ(4Cu2S) 
CuA centre CuA centre CuZ centre 

E0’ (mV) E0’(mV) Eoxidative 
(mV) Ereductive (mV) 

5.5 + 350 ND ND ND 

6.0 ND + 300 + 100 + 140 

6.5 + 312.5 + 278 + 66 + 128 

7.0 + 271 ND + 57 + 105 

7.6 + 240* + 275 + 63 + 67 

8.5 + 190 ND ND ND 

9.0 ND + 248 + 60 - 9 
Note: * From [13]. ND – not determined. Reduction potential values affected of an error of 5 mV.  
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Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 

 
  

-240

-170

-100

-30

40

110

180

-800 -500 -200 100 400 700 1000

I/µ
A

E/mV (vs SHE)

5 mVs-1

100 mVs-1

-10

-5

0

5

10

0 30 60 90 120
I/µ

A

v /mVs-1

-120

-100

-80

-60

-40

-20

1.4 1.6 1.8 2.0 2.2

E/
m

V

Log v /mVs-1

A B C



37 
 

Figure 7 
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