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ABSTRACT 

The manganese oxidase complex, Mnx, from Bacillus sp. PL-12 contains a multicopper oxidase 

(MCO) and oxidizes dissolved Mn(II) to form insoluble manganese oxide (MnO2) mineral. 

Previous kinetic and spectroscopic analyses have shown that the enzyme’s mechanism proceeds 

through an activation step that facilitates formation of a series of binuclear Mn complexes in the 

oxidation states II, III, and IV on the path to MnO2 formation. We now demonstrate that the 

enzyme is inhibited by first-row transition metals in the order of the Irving-Williams series. 

Zn(II) strongly (𝐾! ~ 1.5 μM) inhibits both activation and turnover steps, as well as the rate of 

Mn(II) binding. The combined Zn(II) and Mn(II) concentration dependence establishes that the 

inhibition is non-competitive. This result is supported by electron paramagnetic resonance (EPR) 

spectroscopy, which reveals unaltered Mnx-bound Mn(II) EPR signals, both mono- and 

binuclear, in the presence of Zn(II). We infer that inhibitory metals bind at a site separate from 

the substrate sites and block the conformation change required to activate the enzyme, a case of 

allosteric inhibition. The likely biological role of this inhibitory site is discussed in the context of 

Bacillus spore physiology. While Cu(II) inhibits Mnx strongly, in accord with the Irving-

Williams series, it increases Mnx activation at low concentrations, suggesting that weakly bound 

Cu, in addition to the four canonical MCO-Cu, may support enzyme activity, perhaps as an 

electron transfer agent. 
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1. INTRODUCTION 

Manganese biomineralization by manganese-oxidizing microorganisms is the dominant route of 

manganese oxide deposition on Earth, and a key pathway of the global Mn cycle. Some bacteria 

and fungi oxidize Mn(II) indirectly, first producing superoxide radical (O2–), which then oxidizes 

Mn(II) to Mn(III), later forming MnO2 mineral [1-5]. However, many other microorganisms 

have evolved the ability to catalyze direct oxidation of Mn(II), producing nanoparticulate MnO2 

that subsequently condenses to form MnO2 minerals [6]. Enzymatic manganese 

biomineralization is widespread, occurring in terrestrial, freshwater, and marine environments [7, 

8]. It has been found that some bacteria use peroxides to oxidize Mn(II), catalyzed by calcium-

binding animal heme peroxidases [9, 10] (specifically by enzymes from the cyclooxygenase-

peroxidase superfamily [5, 11]), but many other phylogenetically diverse Mn-oxidizing 

organisms utilize O2 directly via multicopper oxidases (MCO) [12-17]. The MCO enzyme family 

relies on at least 4 copper cofactors to couple oxidation of a wide variety of substrates, both 

organic and inorganic, at a type 1 copper center (T1-Cu) with reduction of O2 to water at a 

trinuclear copper center [18, 19]. Numerous attempts to purify an active Mn-oxidizing MCO 

enzyme were unsuccessful until 2012 [20], when the Tebo lab succeeded in heterologously 

producing an active manganese oxidase Mnx, from Bacillus sp. PL-12, a halotolerant organism 

isolated from marine sediments [21], but closely related to species from soil environments. Mnx 

is a complex of MnxG, a large (138 kDa) multicopper oxidase, tightly bound to three copies each 

of small (12 kDa) accessory proteins, MnxE and MnxF [20, 22]. While MnxE and MnxF do not 

have close homologues, MnxG was found to be similar to the human ferroxidase ceruloplasmin. 

However, unlike ceruloplasmin, MnxG catalyzes two successive and energetically difficult one-
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In the environment, further transformation and abiotic partial reduction of the resulting 

biogenic MnO2 nanoparticulate product leads to a variety of Mn(III,IV) oxides [25-32]—highly 

reactive mineral phases that are capable of scavenging and oxidizing not only organics, but also 

many trace metals, including toxic metals [33-38]. Indeed, numerous studies have explored how 

incubation of Mn-oxidizing bacteria with different metals affects the structure and composition 

of the biogenic manganese oxides product [29, 39-47], and technologies are being pursued to use 

bacterially produced manganese oxide to clean contaminated waters [34, 48-54]. However, how 

the presence of other metals interferes with the enzymatic mechanism of Mn oxidation remained 

unknown in the absence of a purified enzyme from an Mn-oxidizing organism. Each step of the 

proposed Mnx enzymatic mechanism in Fig. 1 can potentially be influenced by other metals. 

Studies with whole cells have demonstrated that different metals can get incorporated into the 

MnO2 [29, 39, 40, 44, 45, 55], presumably by affecting condensation of the primary enzymatic 

product into the mineral structure. However, other metals could also bind directly to the enzyme, 

competing with Mn(II) for Mnx binding sites, or interfering with the Mn(II) oxidation by 

disrupting formation of hydroxo- and oxo-bridges, or slowing down the enzyme conformation 

change. In this study, we address the question of how first-row transition metals affect Mn(II) 

oxidation by Mnx. Zn(II) powerfully inhibits all stages of Mnx catalysis, and does so non-

competitively, a conclusion supported by EPR spectroscopy, which shows that Zn(II) has no 

effect on the Mnx-bound Mn(II) signals. Thus, Zn(II) binds at an inhibitory site, separate from 

the substrate site. Other divalent metals inhibit the reaction according to the Irving-Williams 

order (Co(II) < Ni(II) < Cu(II) > Zn(II) [56, 57]). Cu(II), however, stimulates the enzyme at low 

concentrations, playing an additional role in catalysis. We propose a mechanism accounting for 
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inhibition and offer hypotheses on the role of Zn(II) inhibition in the physiology of Mn-oxidizing 

Bacillus spores. 

2. METHODS 

2.1. Spectroscopic Measurements 

Manganese-oxidation assays were monitored via the growth of a ligand-to-metal charge-transfer 

absorption band of the MnO2 enzymatic product, using an Agilent 8453 UV–vis 

spectrophotometer (Santa Clara, CA, USA) with a multicell configuration and automated kinetic 

scan capability, in 10 mm pathlength cuvettes. The samples were stirred continuously with a 

Spinette magnetic stirrer (Starna Cells, Atascadero, CA, USA). For reactions taking longer than 

an hour, several assays were monitored in a parallel configuration. For faster reactions, one assay 

was monitored at a time. 

2.2. Reaction assays 

Mnx expression and purification has been described previously [58]. All metal dependences 

described in this study were obtained from a single Mnx stock, to avoid any variations in activity 

that can be expected from different batches of protein expression and purification. Oxidation 

assays (1 mL total volume) contained 50 nM Mnx in 10 mM HEPES buffer, pH 7.8. Mnx stock 

with an added aliquot of inhibiting metal was equilibrated for 5-10 min in the spectrophotometer 

cuvette. Then, Mn-oxidation was initiated by adding an aliquot of 0.01 M MnSO4 stock to the 

cuvette. The cuvette was capped, inverted several times to ensure complete mixing, and returned 

to the spectrophotometer for measurements. The time for substrate addition and mixing, ~12 s, 

set time zero for the time course. A series of Zn(II)-inhibition experiments was performed, at 

three different starting Mn(II)-concentrations: 20 μM, 50 μM, and 100 μM, and varying Zn(II) 

concentrations, from 0.2 μM to 25 μM (added as ZnSO4). Inhibition experiments with Co(II) 
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(added as CoCl2), Ni(II) (added as NiCl2), and Cu(II) (added as CuSO4) were performed at a 

single Mn(II) concentration of 50 μM. All metal salts had a purity of 99% or more; 

contamination from other metals was insignificant. Previously we described the sensitivity of 

Mnx assays to UV light (even from the spectrophotometer UV source), enhanced by the presence 

of the HEPES buffer [23]. Consequently, the kinetic data acquisition was performed under the 

visible lamp only to prevent unwanted reductive reactions by HEPES under UV light, and 

spectral evolution was monitored in the 340-900 nm region (Fig. S1). 

2.3. Data analysis 

The evolving spectra were corrected for a small scattering background at longer wavelengths that 

developed as the reaction progressed. The spectra showed growth of the MnO2 absorption band, 

accompanied by a red-shift, which we separated by applying multivariate analysis, using the 

MCR-ALS (Multivariate Curve Resolution–Alternating Least-Squares) algorithm developed and 

implemented as a graphical interface by Tauler et al. [59-61] and run in the MATLAB 8.3 

environment (The MathWorks, Inc.), as described before [23]. The spectral changes could be 

represented by just two components, corresponding to the initial enzyme product (S1 

component), and the mature MnO2 nanoparticles (S2 component). Because the reaction ran to 

completion, the spectral absorbance at the end of each experimental run provided the molar 

extinction coefficient. However, this coefficient is unknown for the early spectra corresponding 

to initial enzymatic product, and was scaled to 80% of the final coefficient, based on our report 

of the size-dependent absorption properties of synthetic MnO2 preparations [62]. Further 

comparison of the spectra of final MnO2 produced at higher concentrations of metal inhibitors 

(Fig. S2) revealed that the absorption strength of the MnO2 band is variable. To eliminate any 

uncertainties in normalization during the MCR procedures, all final concentrations of the S1 
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enzymatic components were normalized to reach the expected Mn concentrations (i.e. 20, 50, or 

100 μM). 

2.4. EPR Spectroscopy 

X-band (9.38 GHz) continuous-wave (CW) EPR spectra were recorded on a Bruker (Billerica, 

MA) EleXsys E500 spectrometer equipped with a super-high Q resonator (ER4122SHQE). 

Cryogenic temperatures were achieved and controlled using an ESR900 liquid helium cryostat in 

conjunction with a temperature controller (Oxford Instruments ITC503) and gas flow controller. 

CW EPR data were collected under slow-passage, non-saturating conditions at 15 K. The 

spectrometer settings were as follows: conversion time = 40 ms, field modulation frequency = 

100 kHz, and field modulation amplitude = 0.8 mT. 

3. RESULTS 

3.1. Newly expressed protein confirms the previous kinetic scheme and parameters 

The Mnx complex was first expressed and purified using the mnxDEFG expression construct 

from Bacillus sp. PL-12, but only the mnxEFG operon gene products were detected in the active 

enzyme complex [20]. Subsequent characterization showed that the active Mnx complex consists 

of one subunit of the multicopper oxidase MnxG (138 kDa) and six subunits of the smaller 

accessory proteins (12 kDa) MnxE and MnxF, assembled as an alternating ring [22]. The 

significance of the highly conserved mnxD gene among different Mn-oxidizing Bacillus species 

is not known, but this small (~30 kDa) gene product is not present in the Mnx complex. Omitting 

the mnxD gene in the expression system does not affect the yield and Mn-oxidizing ability of the 

Mnx enzyme [58]. In this work, we employed a plasmid with the gene construct of mnxEFG to 

express and purify Mnx, and verified the previously characterized oxidation mechanism [23]. As 

before, the production of colloidal MnO2 was monitored via its ~350 nm absorption band, after 
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varying amounts of MnSO4 were added to 50 nM Mnx in HEPES buffer. The enzyme reaction 

was distinguished from subsequent maturing of the MnO2 product (red-shifted absorption) using 

the MCR-ALS chemometric procedure. The enzymatic traces are sigmoidal, a slow induction 

phase being followed by linear growth. They were fit (Fig. S3) with the activation equation [63]: 

[MnO"] = 	V#$# ∗ (x − x%) −
&!"!
'#$%

∗ (1 − e$'#$%∗(*$*&))   (1) 

to extract kact, the rate constant for enzyme activation, Vs-s, the subsequent steady-state velocity, 

and x0, the lag before reaction starts. The Mn(II) concentration dependences of the kinetic 

parameters (Fig. S4) are similar to those previously reported [23]. Thus, the mechanism of 

Mn(II) oxidation does not depend on whether mnxEFGD or mnxEFG gene constructs are used to 

express the Mnx complex. 

3.2. Inhibition of Mnx reaction by Zn(II) 

In view of numerous observations that divalent metals inhibit the manganese oxidizing activity 

of spore extracts and whole bacteria [39, 40, 64-69], we thought to investigate the enzymatic 

mechanism behind this inhibition. MnO2 production by Mnx was noticeably slowed by quite low 

(0.2 μM) concentrations of Zn(II), although the growth of the MnO2 absorption band remained 

sigmoidal as the Zn(II) concentration increased (Fig. 2). 
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Fig. 2. Progress curves taken at 400 nm during Mnx-catalyzed oxidation of 50 μM MnSO4 in the 
presence of indicated concentrations of Zn(II), in 10 mM HEPES, pH 7.8. 
 
 
3.2.1. EPR shows that Zn(II) does not compete with Mn(II) binding 

We tested the hypothesis that inhibition is due to Zn(II) competition for the Mn(II) binding sites 

on Mnx (similar to Zn(II) inhibition of Fe(II) oxidation in MCOs ceruloplasmin [70] and Fet3p 

[71]) using EPR spectroscopy. Mnx-bound mononuclear and dinuclear Mn(II) EPR signals 

(designated as “class ii” and “class iii”, respectively, in [72]) were previously detected when 

Mn(II) is added to Mnx [72], the mixture likely reflecting weaker Mn(II) binding to a second 

site. These signals should be suppressed if Zn(II) binds competitively with Mn(II), but addition 

of Zn(II) had no effect on either signal, even after oxygen was added to the mixture to initiate the 

reaction (Fig. 3). Thus, the EPR evidence strongly indicates noncompetitive binding of Zn(II) 

inhibitor.  
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Fig. 3. X-band CW EPR spectra of the Mnx protein complex that was anaerobically reduced 
with dithionite, with the excess dithionite removed by a desalting column. The reduced Mnx 
(redMnx) was then anaerobically incubated with 6 or 10 equivalent of Zn(II) before the addition 
of indicated amount of Mn(II) substrate. 
 
 
3.2.2. Lag phase and activation kinetics both establish noncompetitive inhibition 

Zn(II) inhibition was analyzed through a series of kinetic assays at three Mn(II) concentrations: 

20 μM, 50 μM, and 100 μM, and varying Zn(II) concentrations from 0.2 μM to 25 μM. The 

enzymatic traces, extracted from time-resolved spectral data using the MCR-ALS analysis, were 

fit with the activation equation (1), which remains valid for reactions taking place in the presence 

of inhibitor, although the enzyme activation rate constant, kact, becomes a complex function of 

inhibitor concentration (equation (12) in ref. [63]). The obtained lag phase, activation rate 

constant, and turnover rate parameters (Fig. S5–S7) were used for subsequent analysis below.  

The lag phase, which corresponds to slow initial Mn(II) binding to Mnx, increases 

linearly with increasing Zn(II) concentration (Fig. 4A), but the degree of Zn(II) inhibition scales 

inversely with Mn(II) concentration. The enzyme activation step that follows Mn(II) binding is 

also inhibited by the presence of Zn(II): kact decreases rapidly with Zn(II), before it disappears 

completely at [Zn(II)] > 10 μM, with no apparent dependence on Mn(II) concentration (Fig. 4B). 

Class iii Class iiMn(II) 
species

RedMnx + 6eq. Mn(II)

RedMnx + 6eq. Zn(II) +1eq. Mn(II)

RedMnx + 10eq. Zn(II) + 3eq. Mn(II)

RedMnx + 10eq. Zn(II) + 3eq. Mn(II), 
exposed in air for 30 min

Class iMn2+ (aq)

T2CuII in Mnx
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boxes in the scheme above); and (4) Zn-bound Mnx is not activated by Mn(II) so that the 

activation rate constant in the presence of Zn(II) approaches zero (𝑘,-.′ → 0) with increasing Zn.  

When Mn(II) is added to the Mnx assay that had been pre-equilibrated with Zn(II), the 

enzyme exists in an equilibrium Mnx + Zn ⇌[Mnx-Zn], which is governed by 𝐾! =
[01*][31]
[01*∙31]

	. As 

supported by EPR observations, Mn(II) binds to both uninhibited Mnx and Zn-bound Mnx 

complex [Mnx-Zn], with the corresponding binding rates 𝑘5  (known from the experiments 

without Zn(II)) and 𝑘6, respectively. Assuming that Zn(II)-bound Mnx, [Mnx-Zn], binds Mn(II) 

and produces MnO2 very slowly and therefore does not contribute to the initial accumulation of 

MnO2 product, the initial production of MnO2 is governed only by the fraction of uninhibited 

[Mnx-Mn] existing in solution. Thus, reducing the binding rate 𝑘5  by the ratio [Mnx]/[ET] = 

1/(1+[Zn]/Ki), where [ET]=[Mnx]+[Mnx-Zn] is the total concentration of Mnx, the observed 

binding rate of Mn(II) to Mnx pre-equilibrated with Zn(II), converted to the lag time, is: 

𝑥5 =
7

8'()
= 7

8&
91 + [9:]

;*
:       (2) 

This equation was used to fit the linear dependence of the lag phase on Zn(II) concentration in 

Fig. 4A, keeping 𝑘%  fixed (at a value 𝑘% = 𝑘<1 ∗ [𝑀𝑛] + 𝑘<==  , where kon and koff are known 

from the lag-phase dependence on Mn(II) concentration in the absence of inhibitor, Fig. S4). For 

20, 50, and 100 μM Mn(II), the obtained 𝐾!(Zn) is approximately the same: 1.41±0.14 μM, 

1.62±0.09 μM, and 1.65±0.20 μM, respectively. Thus, Zn(II) binds noncompetitively to Mnx, as 

EPR suggests, with 𝐾! of ~1.5 μM, and the lag time dependence on Zn(II) concentration reflects 

the rate of Mn(II) binding to uninhibited Mnx whose fraction in solution is governed by 𝐾!(Zn): 

the lag time slows down with increasing Zn(II), but this effect can be counteracted by increasing 

the Mn(II) concentration. 
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Similarly, the observed activation rate constant is simply the rate constant in the absence 

of an inhibitor,  𝑘,-.5 , reduced by the uninhibited fraction of Mnx existing in equilibrium with 

[Mnx-Zn]:    

𝑘,-. = 𝑘,-.5 ∗ 7

7>[,-]/*

      (3) 

Fitting the kact dependence to this equation and fixing 𝑘,-.5  at a known value 0.026 s-1 (from Fig. 

S4B) gives the 𝐾! for Zn(II) ~ 1.5 μM for both Mn(II) concentrations, in close agreement with 

the value obtained from the lag phase dependence. Thus, both kinetic parameters, the initial 

binding rate and the activation rate constant, interpreted with the assumption that Zn-bound Mnx 

produces MnO2 very slowly, imply that Zn(II) does not compete with Mn(II) for substrate site, 

binding instead to a separate, inhibitory, site. 

3.2.3. Turnover kinetics likewise shows noncompetitive inhibition 

Steady-state turnover of Mn(II) also shows a rapid decline with increasing Zn(II) concentration 

(Fig. S5–S7). When the reciprocals of the steady-state rate were plotted against Zn(II) 

concentration, as in the form of Dixon plot [73, 74] (Fig. 5), the points fall on straight lines for 

each Mn(II) concentration and intersect on the x-axis, confirming the noncompetitive nature of 

Zn(II) inhibition and giving a 𝐾!(Zn) ~ 1.1 μM, in good agreement with the value derived from 

the lag phase and activation constant dependences. 
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Fig. 5. Inhibition of Mnx turnover rate by Zn(II) during Mnx-catalyzed oxidation of indicated 
amount of MnSO4 in 10mM HEPES buffer, pH 7.8, plotted as Dixon plot to get 𝐾!(Zn) ~ 1 μM 
as a common x-axis intersect of linear fits (an assay error in the 10 μM runs likely produced  
anomalous values (circles), which were excluded from the fits). 

Thus, the experiments above all indicate that Zn(II) does not compete with Mn(II) substrate 

binding sites, but binds to a separate site, hindering Mn(II) binding, enzyme activation  step, and 

inhibiting Mn(II) oxidation. 

3.3. Mnx inhibition by Co(II), Ni(II), and Cu(II) 

Inhibition of Mn-oxidation activity of Mnx by Co(II), Ni(II), and Cu(II) was also tested, at a 

single Mn(II) concentration of 50 μM and over a range of inhibiting metals concentrations, to 

analyze lag, activation, and turnover phases (Fig. S8–S10). (Fe(II) was not included because 

Mnx is able to oxidize Fe(II) directly, albeit at a lower pH and at a slower rate compared to 

native Mn(II) substrate [75], thus potentially complicating any additional inhibitory effect on 

Mn(II) oxidation.) Previous studies with Mn(II)-oxidizing spore extract pointed to the possibility 

that Co(II) can be oxidized enzymatically by Mn-oxidizing organisms, since Co(III) oxides were 

found to co-precipitate together with Mn oxides [68]. However, we showed conclusively [69] 

that Co(II) is not a substrate of Mn-oxidizing factor in Bacillus species, but is oxidized indirectly 

by the enzymatically generated, highly reactive MnO2 nanoparticulates. Indeed, we confirmed 
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here that incubating Co(II) with Mnx for prolonged amount of time does not lead to any visible 

oxidative reaction, while in the presence of Mn(II), addition of Co(II) modifies the colloidal 

MnO2 with a broad feature around 600 nm (Fig. S11A), likely due to Co(III) oxides, or Co(III) 

incorporated within MnO2 structure, as has been reported previously [40, 41, 76, 77]. With 75 

μM and 100 μM Co(II), the manganese oxide product precipitated (Fig. S11B). Thus, the upper 

concentration limit for the Co(II) inhibitor in the Mnx assays was set to 50 μM to avoid 

interference from oxide precipitation. 

The lag time, corresponding to the initial Mn(II) binding, increases linearly as the 

inhibiting metal concentration increases (Fig. 6A), the slope, which is the reciprocal of 𝐾! (eq. 2), 

being largest for Cu(II), followed by Zn(II), Ni(II), and Co(II). This corresponds to Irving-

Williams order for the relative affinities of a chelator [56, 57]. Treating the Cu-dependence 

similarly to Zn(II) data (eq. 2), the obtained inhibition constant for Cu(II) is 0.74±0.02 μM. (We 

note the conditional nature of the 𝐾! value obtained for Cu(II), since with pKa = 8, almost half of 

Cu(II) species are present as Cu(OH)+ at the experimental pH of 7.8 [78].)  

 
Fig. 6. Inhibition of Mn(II) binding to Mnx (A) and of the subsequent activation step (B) by 
varying amounts of Co(II), Ni(II), Zn(II), and Cu(II), during oxidation of 50 μM Mn(II) by 50nM 
Mnx in 10mM HEPES buffer, pH 7.8. (At Cu(II) concentration above 10 μM, the sigmoidal 
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nature of MnO2 kinetic trace is distorted and cannot be fitted to the activation equation (1), see 
Fig. S10.)  
 
A similar order is seen for the metal dependences of the activation (Fig. 6B) and turnover (Fig. 

7A) phases. A Dixon plot of the turnover rates (Fig. 7B) gives well-behaved extrapolations to the 

x-axis for Zn(II), Ni(II), and Co(II), giving 𝐾! values of 1.1 μM, 22 μM, and 50 μM, respectively. 

These values were used to draw the expected lines in the lag-phase dependences in Fig. 6A for 

the more weakly inhibiting Ni(II) and Co(II), because uncertainties in the lag time prevent an 

independent fit for 𝐾! for these metals. For the activation rates (Fig. 6B), the Ni(II) data are good 

enough for an independent fit, which is in good agreement with the Dixon plot value, while the 

Co(II) data remain uncertain, and the expected curve is drawn with 𝐾! = 50 μM.  

 
Fig. 7. (A) Inhibition of Mnx turnover rate by four divalent metals during oxidation of 50 μM 
Mn(II) by 50nM Mnx in 10mM HEPES buffer, pH 7, plotted in (B) as in Dixon form to derive 
inhibition constants Ki at the x-axis intersect of respective linear fits. For Cu(II)-dependence in 
(A), the green dashed line was drawn through the last four points to guide the eyes. 

 

 For Cu(II), the activation and turnover plots are anomalous (Fig. 6B and 7A). Both 

reveal acceleration of the rates at low Cu(II), up to 5 μM, followed by strong inhibition. The rise 
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and fall of kact and Vs-s implies that there are two Cu(II) binding sites. The second site is 

inhibitory, while the first is stimulatory (see Discussion). 

We considered the possibility that Zn(II) inhibition might be explained by its displacing 

Cu(II) at the stimulatory site. In that event, addition of Cu(II) to reverse such displacement 

should diminish Zn(II) inhibition. However, addition of Cu(II) at an activating concentration of 

0.5 μM had essentially no effect on the inhibition of Mnx by Zn(II) (Fig. 8). Thus, the inhibitory 

site is clearly separate from the Cu(II)-activation site.  

 
Fig. 8. Progress curves of MnO2 product formation, taken at 390 nm during oxidation of 50 μM 
MnSO4 by 50 nM Mnx in 10mM HEPES at pH7.8, in the presence of 1 μM ZnSO4 and 0.5 μM 
CuSO4, added separately or together, as indicated. 
 

4. DISCUSSION 

4.1. Noncompetitive inhibition of Mnx by Zn(II) 

Bacterial manganese oxidase Mnx is unique in its ability to catalyze Mn(II) oxidation and 

mineralization. After Mn(II) binding, the Mnx mechanism (Fig. 1) is triggered by a cascade of 

activating events: deprotonation of the Mn(II)-bound water that prompts the formation of 

hydroxide-bridged dinuclear Mn(II) species, and a concomitant Mnx conformation change that 

“locks” the enzyme in the active form for high selectivity towards its native substrate and fast 
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electron transfer. Subsequent Mn(II) turnover involves sequential oxidation and formation of 

dinuclear Mn species, culminating in Mn(IV)-oxo species that nucleate into mineral product.  

Zn(II) strongly inhibits the reaction, affecting each stage of the Mnx catalysis: Mn(II) 

binding, Mnx activation, and turnover. Our kinetic experiments, supported by EPR studies, 

demonstrate that Zn(II) does not compete with Mn(II) for binding at the substrate site. The 

inhibition constant for Zn(II), ~1.5 μM, does not vary with Mn(II) concentration, and  is 

consistent with the data at each step of the enzymatic reaction. Analysis of turnover rates with 

the Dixon plot also confirms the noncompetitive nature of Zn(II) inhibition. What is the 

inhibition mechanism? We propose an allosteric mechanism, with Zn(II) bind stabilizing Mnx in 

its inactive form. It thereby prevents the conformation change that otherwise triggers enzyme 

activation and couples the two Mnx-bound Mn(II) for efficient electron transfer (Fig. 9). Without 

activation, the turnover of uncoupled Mn(II) species proceed very slowly. 

 
Fig. 9. Proposed mechanism of Zn(II) inhibition of activation step during Mnx-catalyzed Mn(II)-
oxidation reaction. The blue protein cartoon depicts Mnx in its inactive form, while the green 
protein cartoon represents activated Mnx (also green Mnx in the reaction scheme, above); the 
conformation change results in coupling of two bound Mn(II) ions. 
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Despite the complexity of steps involved, the observed inhibition can be simply described 

by accounting for the fraction of “free” Mnx, not bound to Zn(II). The lag phase, representing 

the initial Mn(II) binding to unactivated enzyme, increases when Zn(II) is bound because the rate 

of MnO2 production decreases with less activatable Mnx. Likewise the activation and turnover 

rates decrease in proportion to the fraction of Zn(II)-bound Mnx. The data are all consistent with 

a model in which Zn(II) binding at a distinct inhibition site blocks Mnx activation. 

Consistent with this model, we observed that the inhibition is lifted when Mnx is pre-

activated by first allowing it to turn over a small aliquot of Mn(II), before adding Zn(II) (Fig. 

S12). The inhibition site becomes inaccessible to Zn(II), presumably because of the 

conformation change that accompanies activation. This effect can explain the reported 

observation that Zn(II) prevents Mn oxide formation in a crude solution of a fungal MCO-type 

Mn oxidase, unless preformed biogenic Mn oxide is present, in which case the  Zn(II) inhibition 

is abolished [40]. The enzyme there may have been activated by the previous round of Mn(II) 

oxidation, or the preformed oxide may have released sufficient Mn(II) to re-activate the enzyme. 

4.2. Mnx inhibition site 

In addition to Zn(II), other essential divalent metals Co(II), Ni(II), and Cu(II) inhibit Mnx, with 

inhibition rate constants all in the micromolar range. The inhibition trend among these metals 

falls within Irving–Williams series, the pattern that describes competition of the metals for 

binding to amino acid residues on proteins [56]. The Mnx structure has yet to be determined, but 

we modeled the possible inhibitory site of Mnx using a MnxG homology model [22] based on 

the ceruloplasmin structure [79] and the reported structure of a fungal laccase, McoG, from 

Aspergillus niger [80], where adventitious Zn(II) bound near the T1-Cu center was identified. 

This Zn(II) was found coordinated by His253 and shared a His ligand with the T1-Cu, with a 
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followed by inhibition of Mn-oxidation activity was documented in studies with whole 

organisms and Mn-oxidizing extracts [82-85]. This observation was used to establish that the 

enzyme responsible for Mn(II) oxidation in bacterial extracts is a copper-dependent oxidase. The 

stimulatory effect was attributed to filling of undersaturated Cu sites. However, purified Mnx has 

a full complement of the four essential MCO Cu(II) centers (T1-Cu plus the trinuclear Cu 

cluster), consistent with other MCO enzymes.  

In addition to the four canonical MCO Cu cofactors, Mnx has an extra T2-type copper on 

MnxG (as well as three T2-type Cu(II) sites on the MnxEF ring), as quantified in our previous 

EPR studies [58]. Plus, there are multiple weakly bound Cu sites that can be removed with 

additional Tris-dialysis treatment [58, 75]. Perhaps, saturation of these sites might account for 

the stimulatory behavior. We note that the copper detoxification protein CueO from E. coli [86, 

87], a multicopper oxidase that oxidizes Cu(I) to Cu(II), binds an extra Cu at an internal site next 

to the T1-Cu and shuttles electrons from the Cu(I) substrate bound at two surface-exposed sites 

[88, 89]. Perhaps extra Cu sites in Mnx are likewise involved in electron transfer from the Mn(II) 

substrate. 

4.4. Biological function of an inhibitory site in Mnx 

Why would manganese-oxidation activity of Mnx be impacted by an inhibitory metal binding 

site? In manganese-oxidizing Bacillus species, it is dormant spores, not metabolically active 

cells, that possess Mn-oxidizing activity. This activity is often localized in the exosporium, the 

loose-fitting outermost layer that surrounds some bacterial spores. The Mnx complex takes 

residence in this outside hydrophobic layer [16] and oxidizes dissolved Mn(II) the spore 

encounters in the immediate environment, covering the entire spore surface with manganese-

oxide crust. The spore can remain dormant for a long period of time, but when it senses specific 
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nutrients, it initiates the germination process to become again a growing and dividing cell. We 

observed earlier [90] that once the spores commit to germination, they quickly lose their ability 

to oxidize Mn(II). Interestingly, in some Bacillus spores during the early stages of germination, 

release of the spores’ Zn(II) content represents an initial biochemical event [91, 92]. We propose 

that the Zn flux reaches the Mnx inhibitory site and shuts off its Mn-oxidizing activity, to keep 

the Mn(II) pool bioavailable for the growing cell. 

Mn(II) is an essential micronutrient for the growth and metabolic activity of bacteria [93, 

94]. It serves a protective role against oxidative stress through enzymatic (Mn-superoxide 

dismutase), and small-molecule (Mn2+ ions complexed with low molecular weight species such 

as phosphate or amino acids) pathways [95]. However, manganese is also a requirement for 

sporulation and longevity in Bacillus species [96-98]. It was shown to protect the spores against 

ionizing radiation and hydrogen peroxide, perhaps by preventing oxidative damage of enzymes 

involved in the repair of spore DNA [98, 99]. During the spore formation, Mn2+, together with 

other metals, mainly Ca2+ and Mg2+, and an abundant molecule, pyridine-2,6-dicarboxylic acid 

(dipicolinic acid), accumulates in the highly dehydrated spore core where bacterial DNA is 

protected [97, 100-103]. Our previous studies with whole spores indicated that Mnx is expressed 

during the mid-to-late stages of sporulation process [82], stages that also see core dehydration 

and mineralization. Thus, another possible role for Zn(II)-inhibition could be to keep Mnx 

inactive during spore assembly by the mother cell, while the enzyme is being expressed and 

transported to the exosporium. Zn(II) binding to Mnx would prevent intracellular MnO2 

formation, allowing for Mn(II) to be taken up by the spore core. Once the mature spore is 

released from the mother cell, Zn(II) would dissociate from Mnx in the exosporium, turning on 

Mn(II) oxidation activity. 
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Another possibility is that the Zn(II)-inhibition site can act as an on/off switch to regulate 

manganese access in symbiotic associations of Mn-oxidizing bacteria with Mn-reducing bacteria 

or other hosts. We note that manganese-oxidizing bacteria were found living in a symbiotic 

relationship with sponges, where the bacteria were proposed to maintain the physiological Mn 

concentrations in their hosts (described specifically for S. domuncula sponges) [104]. The 

sponges might regulate the bacterial Mnx enzyme through their own Zn efflux system, to turn off 

Mn-oxidation activity and access the bioavailable Mn when needed. 

5. CONCLUSIONS 

Mnx is unique among multicopper oxidases in efficiently catalyzing the two-electron oxidation 

and biomineralization of manganese. It brings the high redox potential chemistry of manganese 

to a more accessible range through a conformational change that allows formation of polynuclear 

manganese centers in successive oxidation states at the enzyme active sites. We found that Zn(II) 

and other transition metals (Co(II), Ni(II), and Cu(II)) inhibit the reaction, in the Irving-Williams 

order, through a non-competitive mechanism. EPR showed that adding Zn(II) or other divalent 

metals to Mnx does not perturb the native bound Mn(II) signals, either mono- or dinuclear, 

indicating that the substrate sites are specific for Mn(II). Kinetic measurements of Mnx oxidation 

confirm that these inhibiting transition metals do not compete with Mn(II) for the substrate sites 

on Mnx, but bind at a separate inhibitory site. We propose that filling this site prevents the 

enzyme conformational change that enables Mn(II) oxidation. Interestingly, addition of Cu(II) 

initially enhances the activation and turnover steps of Mn(II) oxidation, before subsequently 

inhibiting the enzyme. We attribute this activation to filling of extra Cu sites that may play an 

electron-transfer role in catalysis. 
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Inactivation of Mnx by divalent metals, and also the stimulatory effect of sub-micromolar 

concentrations of Cu(II) are also observed for whole Bacillus spores, and can be attributed to 

Mnx being a surface-exposed enzyme in the exosporium. However, nothing is known about the 

molecular context of Mnx in the complex exosporium layer of the spores. There may be other Zn 

or Cu binding proteins in the vicinity of Mnx, which could modulate its function and its possible 

communication with the spore interior or with neighboring cells. Future work will be directed at 

elucidating this higher level of biological complexity in manganese biomineralization.  

ABBREVIATIONS 

CW EPR: continuous-wave electron paramagnetic resonance 
CueO: copper-detoxification multicopper oxidase from E. coli 
Fet3p: ferroxidase, a multicopper oxidase found in Saccharomyces cerevisiae 
EPR: electron paramagnetic resonance 
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
MCO: multicopper oxidase 
McoG: fungal laccase from Aspergillus niger 
MCR-ALS: Multivariate Curve Resolution–Alternating Least-Squares algorithm 
Mnx: manganese oxidase complex Mnx from Bacillus sp. PL-12 
T1-Cu: type 1 copper center of multicopper oxidases 
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Appendix A. Supplementary data 
UV-vis absorption band of enzymatic MnO2 product obtained under different conditions; 
collections of the fitted time courses of the MCR-ALS-resolved enzymatic component of Mnx-
catalyzed Mn(II) oxidation in the presence of different metals, to extract parameters used to plot 
[MnSO4]-dependence in Fig. S4, and metal inhibitor-dependences in Fig. 4–7 in the main text; 
dependence of the final MnO2 band and MnO2 time courses on Co(II) concentration; detailed 
description and results of the successive addition experiment in the presence of Zn(II). 
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