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Leone Spiccia passed away prior to submission of this paper. He was an esteemed colleague of ours and is sadly missed. 

Abstract: MnxG, a multicopper oxidase, is an enzyme from the 

marine Bacillus species, which produce manganese oxide minerals 

via aerobic oxidation of dissolved Mn2+ - a key process in global 

manganese geochemical cycling. When isolated in an active form as 

a part of the MnxEFG protein complex, the enzymatic activity of MnxG 

is substantially enhanced by mild oxidative priming. Herein, the 

mechanism for this effect is probed using direct current (dc) and 

Fourier transformed alternating current (ac) voltammetric analysis of 

the MnxEFG complex and the catalytically inactive MnxEF subunit 

immobilised on a carbon electrode. Analysis of these ac voltammetric 

data reveals a significant enhancement in the rate of electron transfer 

in the Type 2 Cu sites upon oxidative priming of the enzyme, which is 

attributed to the improved catalytic activity of MnxG in the MnxEFG 

protein complex. 

Introduction 

The significance of manganese oxide minerals (MnOx) in 

technology and the environment can be hardly overestimated.[1-3] 

Thus, understanding the mechanism of formation and global 

geochemical cycling of MnOx is a critical scientific problem, where 

significant progress has been achieved over the few last 

decades.[4-6] In particular, an essential role of bacteria and fungi 

in mineralisation of MnOx has been established, and microbial 

oxidation of dissolved Mn2+
(aq) by dissolved oxygen has been 

suggested as one pathway for the formation of these minerals in 

the ocean.[5, 6] A gene that enables the marine Bacillus species 

(PL-12, SG-1 and MB-7) to facilitate oxidation of Mn2+ to MnOx is 

mnxG, which encodes a putative multicopper oxidase. The 

product of this gene, MnxG, has been successfully overexpressed 

and isolated in an enzymatically active form as a part of the 

MnxEFG protein complex, [7] which has a molecular weight of ca 

211 kDa and contains two accessory proteins, MnxE and MnxF, 

that do not exhibit enzymatic activity towards MnOx 

biomineralisation.[8] Interestingly, attempts to isolate the active 

MnxG separately from MnxEF were not successful so far, which 

suggests that the latter might be important for stabilising the 

MnxG unit.[9] 

Mechanistic studies using electron paramagnetic resonance 

spectroscopy confirmed that the mechanism of the MnxG-

catalysed aerobic oxidation of Mn2+ is akin to that for oxidation of 

organic substrates catalysed by smaller multi-copper oxidases.[10] 

In brief, three types of copper cofactors are needed to catalyse 

four sequential single-electron oxidations of substrates coupled to 

four-electron reduction of O2 to H2O.[11, 12] These cofactors are 

Type 1 “blue” copper (T1Cu) which oxidises the substrate and 

transfers electrons to the Type 2 “normal” copper (T2Cu) and 

“coupled binuclear” Type 3 copper (T3Cu) sites that act 

cooperatively to bind and reduce dioxygen to water. 

In order to obtain further insights into the enzymatic mechanism 

of MnxG, electrochemical and kinetic studies have been 

undertaken, as reported in our recent publication.[8] Direct current 

(dc) and Fourier transformed (FT) alternating current (ac) 

voltammetric[13, 14] analysis of MnxEF immobilised on the self-

assembled monolayer of 6-mercaptohexanoic acid (MHA) on a 

Au electrode have provided values of the apparent (effective) 

reversible potentials (Eapp) for the T2Cu sites in these subunits as 

0.33–0.35 V vs. normal hydrogen electrode (NHE; hereinafter all 

potentials are provided vs. this reference). For MnxEFG, direct 

electron transfer between Cu sites and the electrodes has been 

also established, though the unambiguous assignment of the 

faradaic processes to either T1Cu or T2/T3Cu was not possible. 

Most interestingly, the enzymatic activity of MnxEFG was found 

to substantially improve upon mild voltammetric oxidation of the 

protein complex adsorbed on a carboxy-terminal monolayer. 

However, establishing the origins of oxidative priming was not 

possible as MHA/Au produces strong background voltammetric 

signals when oxidised, which overlap with the response from the 

Cu sites and complicate the interpretation of the data. In the 

present communication, we describe an extended voltammetric 

analysis using a stable carbon-based support to immobilise 

MnxEFG that enables new insights to be gained into the 

mechanism of the oxidative priming. 
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Results and Discussion 

As background information to this study, it is useful to outline the 

basic principles of FT ac voltammetry, and also to consider the 

changes in the dc and ac voltammetric responses for the MHA/Au 

electrodes induced by electrooxidation. In a typical large 

amplitude ac voltammetric experiment, a potential waveform is 

constructed as a combination of a linear sweep (as in dc 

voltammetry) and a periodic perturbation, for example a sinusoid 

with an amplitude ΔE > 0.05 V and a frequency 9 ≤ f < 1000 Hz. 

When applied to a redox system where a faradaic process occurs, 

such waveform generates a non-linearity in current. In other 

words, the resulting current-time response is comprised of an 

aperiodic (dc) component, periodic fundamental harmonic having 

frequency f, and also periodic components with frequencies 2f, 3f, 

etc. (higher order harmonics). The FT – band selection and 

filtering – inverse FT sequence of operations can then be applied 

to extract and analyse each component individually. Among many 

other applications, FT ac voltammetry is particularly useful for 

studies on the surface-confined phenomena where faradaic 

current is comparable or lower in magnitude than the background 

capacitive response. Indeed, higher order harmonics (e.g. 4th 

considered in this study) exhibit close to zero background and are 

dominated by the faradaic current, which magnitude is highly 

sensitive to the rate of electron transfer. Further details are 

available from recent publications.[13, 14] 

Figure 1 compares the evolution of the dc and ac voltammetric 

responses for the bare and MnxEFG-modified MHA/Au 

electrodes upon cycling the potential from 0.05-0.20 V to 0.85-

0.90 V. Substantial faradaic currents develop within the potential 

range 0.30-0.60 V when MHA/Au is electrooxidised. Adsorption of 

MnxEFG on this oxidised electrode partially supresses these 

signals both in dc and ac components and produces new well-

defined dc reduction (R1 at ca 0.25 V) and oxidation (O1 at ca 

0.50 V) processes (Figure 1a, blue trace), which are similar to 

those obtained using intact MHA/Au support.[8] As explained 

previously,[8] the contribution of Cu cofactors of MnxEFG to R1 

and O1 is most probably insignificant. In the ac components 

(exemplified in the 4th harmonic in Figure 1b, magenta trace), it is 

not possible to identify the weak response expected from Cu sites 

as in experiments undertaken with the non-oxidised MHA/Au 

electrode.[8] 

Continuous cycling of the potential of the MnxEFG/MHA/Au 

electrode from 0.17 to 0.85 V induces further notable changes in 

the voltammograms. In particular, the dc peak-to-peak separation 

is reduced and the magnitude of the dc R1 and O1 currents 

apparently enhances (Figure 1a), as does the ac faradaic current 

(cf. magenta and blue data in Figure 1b). However, unambiguous 

assignment of contributions from further oxidation-induced 

transformations of the MHA/Au support and putative changes in 

the electron transfer in MnxEFG cannot be made on the basis of 

these data. 

 

Figure 1. Voltammetry for the MnxEFG protein complex immobilised on a Au 

electrode modified with a monolayer of 6-mercaptohexanoic acid in contact with 

air-saturated aqueous 500 mM NaCl + 20 mM HEPES (pH = 7.8). 

(a) Dc voltammograms (v = 0.10 V s-1) and (b) 4th harmonics of ac 

voltammograms (f = 9.02 Hz; ΔE = 0.08 V; v = 0.034 or 0.045 V s-1) for a bare 

(black and grey) and MnxEFG-modified electrode (blue and magenta). 

Experiment giving rise to black curve was undertaken first. Data represented by 

grey colour were then obtained. Next, MnxEFG was adsorbed on the oxidised 

electrode and the blue voltammetric response was recorded. Finally, the 

MnxEFG-modified electrode was again oxidised by cycling the potential from 

0.17 to 0.85 V (magenta). Arrows show changes induced by electrooxidation of 

the electrode. In panel b, dark grey, purple and navy curves show envelope form 

for the corresponding ac current. 

To overcome the limitations of the MHA-modified Au electrode, 

we immobilised the MnxEFG protein complex on the carbon black 

(Vulcan-XC72) support, which allows the positive potential range 

to be probed in more detail (Figures 2 and 3a). The MnxEFG-

modified carbon-based electrodes produced a set of dc signals 

(R1/O1 in Figure 2a) and also a small ac response in the 0.30-

0.40 V range (R2/O2 in Figure 2b, blue trace). Importantly, these 

voltammetric responses qualitatively resemble the data obtained 

for the protein complex adsorbed on non-oxidised MHA/Au.[8] On 

this basis, small ac R2/O2 processes in Figure 2b can be ascribed 

to the redox transformations of T2Cu in MnxEF and undefined Cu 

sites in MnxG. However, the origin of the dc R1/O1 redox 

processes remains unclear. The fact that adsorption of MnxEFG 

on carbon black and MHA/Au produces similar voltammetry is an 

important observation. It allows us to deduce that changes in the 

enzymatic activity detected by quartz crystal microbalance and a 

MHA/Au platform correlate with changes in electrochemical 

response obtained with the carbon-based electrode and 

discussed further in the text. 
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Figure 2. Voltammetry for the MnxEFG protein complex and the MnxEF subunit 

adsorbed on carbon black. (a) Dc voltammograms (v = 0.10 V s-1) and (b) 4th 

harmonics of ac voltammograms (f = 9.02 Hz; ΔE = 0.08 V; v = 0.034 or 0.045 

V s-1) for a bare (grey), and MnxEFG- (blue) or MnxEF-modified (orange) 

electrode. The effect of cycling the potential from 0.15 to 0.90 V is shown for 

MnxEFG (magenta) and MnxEF-modified (green) electrodes. Dc 

voltammograms highlighted with hatched area define charges associated with 

background processes (grey), MnxEFG (cyan+blue), oxidatively activated 

MnxEF (green) and MnxEFG (magenta). Solid dark green and purple curves in 

(b) represent envelopes of the green and magenta voltammetric data, 

respectively. Dashed lines indicated the approximate Eapp for [R2/O2]Ox (purple) 

and [R3/O3]Ox (green). 

An important feature to note in data provided in Figures 1a and 

3a is the absence of fast electrocatalytic reduction of molecular 

oxygen when the MnxEFG protein complex is adsorbed either on 

carbon or MHA/Au. This result contrasts with studies on laccase 

and other small multicopper oxidases where well-defined cathodic 

current associated with the protein-catalysed O2 reduction is 

reported.[15-18] In these cases, the electrocatalytic capacity was 

provided by the direct electron transfer between the electrode and 

the T1Cu sites of the enzymes. Electrons supplied to T1Cu from 

the electrode were further tunnelled via the natural electron 

transfer pathway to the T2/3Cu cofactor where fast O2 reduction 

(keff ≈ 106 M-1 s-1) occurs (exemplified in Scheme 1a).[19-23] 

Obviously, dioxygen reduction does not occur with the MnxEFG 

complex since the voltammetric response is not strongly 

influenced by the presence of dissolved O2 under conditions 

employed here (Figure 3a) or previously.[8] This result suggests 

that the T1Cu site in the MnxG unit is inaccessible for the direct 

electron transfer from the electrode. Thus, we attribute the R2/O2 

ac voltammetric signals in Figure 2b and Figure 2b of Ref.[8] to the 

T2/3CuI/II processes in the MnxG unit (as is common for 

multicopper oxidases, distinction between the voltammetric 

responses from T2Cu and T3Cu is difficult[24]) with a contribution 

from T2CuI/II of MnxEF. 

 

Figure 3. Comparison of the dc voltammetry (0.100 V s-1) for the MnxEFG-

modified electrode in contact with air- and N2-saturated electrolyte solutions. (a) 

Electrode formed from carbon black Vulcan-XC72 deposited on glassy carbon 

(grey) and the same electrode after modification with MnxEFG (blue and 

magenta) in contact with air-saturated (grey and magenta) or N2-saturated 

(blue) 500 mM NaCl + 20 mM HEPES aqueous solution (pH = 7.8). Dashed blue 

curve represents the original data, while that given in the solid blue curve has 

been scaled to facilitate comparisons. (b) Simplified representation of the 

mechanism for the oxygen reduction reaction and simulated data based thereon. 

Simulation parameters: E0 – standard reversible potential; k0 – heterogeneous 

electron transfer rate constant; α – charge transfer coefficient (Butler-Volmer 

model); klim – catalytic rate constant; surface concentration of Cu 40 pmol cm-2; 

concentration and diffusion coefficient of dissolved ‘oxygen’ 0.2 mM and 2×10-5 

cm2 s-1; electrode surface area 0.067 cm2; double-layer capacitance 450 μF cm-

2; uncompensated resistance 0 Ω; temperature 298 K. Note that some simulated 

voltammograms are very similar and hard to distinguish at the resolution of this 

figure. 

In principle, electroreduction of dissolved O2 at the T2/3Cu sites 

of multicopper oxidases via direct electron transfer from the 

electrode is also possible, but typically at substantially slower 

rates than achieved by the enzymatic process.[19, 21-23] However, 

slow electroreduction may not be detectable under conditions 

relevant to the present study. To evaluate the sensitivity of the 

voltammetric form of analysis, simulations were carried out 

(Figure 3b). This theoretical analysis suggests that differences in 

dc voltammograms obtained for the adsorbed MnxEFG complex 

in air-saturated and oxygen-free solutions would not be 

experimentally detectable when the rate constant for the reaction 

between dissolved O2 and the reduced state of the catalyst (i.e. 

T2/3CuI) is below ca. 2×103 M-1 s-1. Therefore, our data cannot 

exclude the possibility that the T2/3Cu site of MnxG unit can 

catalyse reduction of oxygen, though if present, this process must 

occur at a relatively slow rate when the electrons are supplied to 

the catalytic site directly from the electrode rather than from the 

T1Cu site (Scheme 1). 
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Scheme 1. A schematic representation of electron transfer from the electrode 

(grey) through the MnxEFG protein complex. (a) A hypothetical situation in the 

multicopper oxidase MnxG unit, where direct electron transfer between the 

electrode and the T1Cu site is possible, thus enabling intramolecular electron 

transfer from T1Cu to the T2/3Cu site and enzymatic reduction of molecular 

oxygen similar to laccase and other smaller multicopper oxidases. (b) The 

postulated scenario observed experimentally. Electron transfer between T2Cu 

sites in MnxEF subunit and electrode is also possible, which is omitted in (a). 

The impact of electrooxidation of the MnxEFG complex and the 

MnxEF subunit adsorbed on carbon black is shown in Figure 2. 

Application of mildly positive potentials of 0.85-0.90 V for only a 

few seconds enhances the dc and especially the ac responses 

from the proteins, and the new processes generated are labelled 

with superscripts “Ox”. It is difficult to distinguish contributions 

from the MnxEF and MnxG units using the dc voltammograms, 

but the FT ac voltammetric data provide important insights. The 

significant increase in the ac response (as exemplified for the 4th 

ac harmonic components in Figure 2b) reflects a dramatic 

enhancement in the rate of electron transfer[14] within the redox-

active sites of the protein, in particular T2Cu in MnxEF with Eapp = 

0.36 V ([R3/O3]Ox in Figure 2b). Enhancement of the electron 

transfer kinetics in the copper sites of the MnxEFG complex is 

detectable when potentials more positive than 0.65-0.70 V are 

applied for up to 20 min (data not shown). However, achieving a 

significant effect over a short period of time requires potentials 

above 0.80-0.85 V. The slightly distorted and asymmetrical ac 

response from the MnxEFG complex ([R2/O2]Ox in Figure 2b) is 

attributed to an unresolved combination of processes at the 

T2CuI/II site in the MnxEF subunit and the T2/3CuI/II site in the 

MnxG unit. By comparing the ac responses from the oxidised 

MnxEF subunit and the MnxEFG complex, Eapp for the activated 

T2/3CuI/II process in MnxG is estimated to fall within the 0.36-0.40 

V range, consistent with the value for the MnxG unit adsorbed on 

a carboxy-terminal monolayer on gold.[8] 

Thus, the voltammetric analysis reveals that oxidative priming of 

the MnxEFG protein complex does not induce significant changes 

in Eapp for T2/3CuI/II but actuates faster electron transfer within 

these sites. Facilitation of the electron transfer can now be 

invoked to rationalise the oxidative priming effect, i.e. significant 

acceleration of the MnOx mineralisation catalysed by 

electrooxidised MnxEFG as compared to the reaction in the 

presence of the intact protein complex.[8] As expected, oxidation 

of the MnxEF subunit does not affect its activity as it is already 

known to be unable to catalyse MnOx formation.[9] 

 

 

Conclusions 

In conclusion, analysis of dc and FT ac voltammetric data for 

MnxEFG immobilised on the carboxy-terminal monolayer on gold 

and carbon-black supports suggests that the enhancement in the 

enzymatic activity of this MnOx-forming protein complex induced 

by oxidative priming is associated with facilitated electron transfer 

within the T2 and T2/3Cu cofactors. In principle, applying positive 

potentials could generate a conformational change of the protein 

or modify the ligand environment of the T2/3Cu sites in the MnxG 

unit. Either change could lead to lower reorganization energy for 

intramolecular electron transfer from T1Cu to T2/3Cu sites after 

oxidative priming. 

Experimental Section 

Materials. Analytical grade chemicals were purchased either from Sigma-

Aldrich or Merck and used as received. High-purity water (Sartorius, 18 

MΩ cm at 25°C) and N2 (99.999 %, O2 < 2 ppm) were used. 

Proteins. The MnxEFG protein complex (mnxE3F3G, ca. 211 kDa) and the 

MnxEF subunits (mnxEF, ca. 73 kDa) were obtained by expressing the 

Bacillus sp. PL-12 mnxDEFG operon in E. coli and a plasmid encoding just 

the mnxE and mnxF genes, respectively. Detailed procedures are 

available elsewhere.[9] 

Voltammetric studies were undertaken using a BAS Epsilon potentiostat 

and a custom-built FT ac voltammetry instrument[25] in a three-electrode 

Pyrex cell at 23 ± 2 °C. Prior to use, all glassware was soaked in H2SO4 

(98 wt.%) : H2O2 (30 vol.%) (1:1 vol.) for more than 12 h, washed with 

water and dried at 110°C on air. Measurements were undertaken using 

500 mM NaCl + 20 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic 

acid (HEPES) electrolyte solutions (pH = 7.8) that were either N2- or air-

saturated. 

The high-surface-area Pt auxiliary electrode was separated from the main 

compartment with a low-porosity glass frit. A AgCl-coated Ag wire placed 

inside a Luggin capillary and immersed directly in the working electrolyte 

solution was used as a reference electrode, as required for the high-quality 

ac voltammetric measurements.[13, 14] The potential of this low-impedance 

Ag|AgCl|500 mM NaCl + 20 mM HEPES configuration was stable at 0.057 

± 0.001 V vs. Ag|AgCl|KCl(sat.) or 0.254 ± 0.001 V vs. NHE, which agrees 

well with the Nernst equation 

A glassy carbon (GC; BAS, diameter 0.3 cm) and Au electrodes (BAS; 

diameter 0.2 cm) were used as substrates to prepare modified working 

electrodes. Prior to use, the surface of GC and Au was polished with an 

aqueous slurry of Al2O3 powder (Buehler; 0.3 μm) on a wet polishing cloth 

(BAS), copiously washed with water, ultrasonicated in water for 20-30 s 

(FXP 10M, U-LAB Instruments, Australia), wiped ca 50 times with a clean 

wet polishing cloth, ultrasonicated for additional 20-30 s in a fresh portion 

of water, and washed with water again. 

A glassy carbon electrode was used as a substrate for deposition of a thin 

layer of a Vulcan-XC72 carbon black (Brunauer–Emmett–Teller specific 

area 222 m2 g-1). This was achieved by applying 5-10 μl of a 0.6 mg ml-1 

suspension of a carbon material in isopropanol : H2O (2:3 vol.) mixture and 

slowly drying under a N2 flow. Prior to deposition, the suspension was 

ultrasonicated for ca. 30 min. A Au electrode was used to create a 

carboxy-terminal surface by adsorbing a monolayer of 6-

mercaptohexanoic (MHA) acid from the 1 mM solution in isopropanol for 

at least 1 h. To ensure clean surface of Au before modification with MHA, 
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the electrode was first cleaned electrochemically by recording cyclic 

voltammograms within the potential range 0.2-1.5 V vs. NHE in 0.1 M 

H2SO4 at v = 0.020 V s-1 until a stable response that is typical of 

polycrystalline gold was achieved. 

After voltammetric characterization of Vulcan-XC72/GC or MHA/Au 

electrodes, either MnxEFG or MnxEF was adsorbed on the surface by 

applying 5 μL of the 0.14 mM protein solutions in 50 mM NaCl+20 mM 

HEPES (pH = 7.8) and keeping the electrodes under a gentle N2 flow for 

15 min. 
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