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Multicopper oxidases (MCOs) catalyze the oxidation of a diverse group of metal ions and organic substrates by
successive single-electron transfers to O2 via four bound Cu ions. MnxG, which catalyzes MnO2 mineralization
by oxidizing both Mn(II) and Mn(III), is unique among multicopper oxidases in that it carries out two energeti-
cally distinct electron transfers and is tightly bound to accessory proteins. There are two of these, MnxE and
MnxF, both approximately 12 kDa. Although their sequences are similar to those found in the genomes of several
Mn-oxidizing Bacillus species, they are dissimilar to those of proteinswith known function.Here,MnxEandMnxF
are co-expressed independent of MnxG and are found to oligomerize into a higher order stoichiometry, likely a
hexamer. They bind copper and heme, which have been characterized by electron paramagnetic resonance
(EPR), X-ray absorption spectroscopy (XAS), and UV–visible (UV–vis) spectrophotometry. Cu is found in two dis-
tinct type 2 (T2) copper centers, one ofwhich appears to be novel; heme is bound as a low-spin species, implying
coordination by two axial ligands. MnxE and MnxF do not oxidize Mn in the absence of MnxG and are the first
accessory proteins to be required by an MCO. This may indicate that Cu and heme play roles in electron transfer
and/or Cu trafficking.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Manymetalloproteins that conduct electron transfer and redox pro-
cesses are composed of oligomeric protein complexes whose subunits
play essential roles in function. MoFe-protein from nitrogenase [1–3],
β and γ carbonic anhydrase [4–6], ammonia and particulate methane
monooxygenase [7,8], ribonucleotide reductase [9], and cytochrome c
oxidase [10] are all examples of multi-subunit proteins whose catalytic
functions rely on the redox mechanisms of their metallocenters.
Elucidating these mechanisms begins with the characterization of indi-
vidual metal binding centers in isolated subunits.

Multicopper oxidases (MCOs), on the other hand, have previously
only been isolated as monomers and homopolymers. MCOs catalyze
tron paramagnetic resonance;
UV visible; SDS-PAGE, sodium
OES, inductively coupled plas-
roduct of the co-expression of
, and H82A modified protein.
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the oxidation of a variety of substrates, including phenolic compounds
and metals, as well as the reduction of O2 to H2O [11,12]. They facilitate
numerous physiological functions including morphogenesis, stress de-
fense, and lignin degradation [11]. All MCOs have at least four canonical
Cu atoms bound within three spectroscopically distinct centers. The
three spectroscopically distinct centers are a type 1 center, which is
comprised of one S(Cys), one S(Met), and two N(His), a type 2 center
with three N(His) ligands, and a type 3 binuclear center which coordi-
nates Cu using two N(His) ligands per Cu atom. Electron transfer
commences at the substrate site, proximal to the type 1 Cu. A network
of peptide bonds guide electron flow to a trinuclear cluster, composed
of one type 2 Cu and a type 3 binuclear center, which are ~9 Å from
the type 1 Cu [13]. The final electron acceptor, O2, binds at the trinuclear
center, forming two water molecules after four successive one-electron
transfers. MCOs are arranged in two, three, or six domain structures,
with the Cu centers being formed by ligands across protein domains.
Until the discovery of the Mnx complex in the marine Bacillus species
PL-12 [14], MCOs were heterologously expressed as single gene
products and no MCO required additional subunits for function.

Mnx is a multi-protein complex that is located on the outer spore
surface and has been shown to catalyze Mn(II) oxidation and form
MnO2 mineral [15,16]. While the role MnO2 formation plays in spore
function is unclear, a large cellular energy investment is made in order
to produce Mnx. The expression of soluble and active Mn oxidase
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requires the co-expression of at least three genes on themnx gene cluster:
mnxG, the multicopper oxidase (MCO), and mnxE and mnxF, small pro-
teins of unknown function [14]. The three proteins co-purify into a com-
plex of roughly 230 kDa in size, and reported to bind anywhere from
6.4–15 Cu atoms per protein complex [14,17]. Like all MCOs, MnxG con-
tains a type 1 Cu and carries out substrate oxidation, but since no other
MCO requires the co-expression of subunits, the specific roles of MnxE
and MnxF have been unclear.

Characterizing the metal binding features of the Mnx complex
subunits is essential to piecing together its mechanism. The MnxE and
MnxF subunits are small, ~12 kDa proteins and are well-conserved
among the Mn oxidizing Bacillus spp. that have been sequenced, yet
they do not contain any conserved domains from which one could
predict function. MnxF is reported to possess a potential Cu-binding
site [16]; there are several histidine and cysteine residues in MnxE
and MnxF that could potentially bind Cu. Importantly, the MCO MnxG
cannot be expressed in a soluble active form if it is not synthesized
withMnxE andMnxF in the cell, but the latter can be separately purified
as an oligomer, MnxEF. We made site-directed mutations at three po-
tential Cu binding sites and utilized electron paramagnetic resonance
(EPR), X-ray absorption spectroscopy (XAS), and UV–visible spectro-
photometry (UV–vis) to characterize wild type and mutant MnxEF
and the complete MnxG(EF) complex. Herein, we characterize the
metal cofactors associated with the MnxEF accessory proteins, which
provides insights into their possible function in the larger MnxEFG
complex and implicates their role as integral metal-facilitated redox
partners that contribute to electron transfer during Mn oxidation.

2. Methods

2.1. Alignments

Alignments were carried out with MUSCLE with default parameters
on the following URL http://www.ebi.ac.uk/Tools/msa/muscle/ [18,19]
with NCBI accession numbers MnxE PL-12 ABP68888, MB-7 ABP68897,
and SG-1 EDL64242 and MnxF PL-12 ABP68889, MB-7 ABP68898, and
SG-1 EDL64243.

2.2. Cloning and mutagenesis

mnxE and mnxF (NCBI accession EF158106) were amplified from
Bacillus sp. PL-12 (Taxonomy ID: 161537) genomic DNA by the following
primers: Fwd 5′-CCGCGGTATGCATGACTCGCCATT-3′ and Rvs 5′-GTCG
ACATAGTCTTCGAGCTTCG-3′. mnxDEFG were amplified by the following
primers: Fwd 5′-CCGCGGTATGCGTCATTCGGATTATTTGAAAAATTTGT-3′
and Rvs 5′-GTCGACTGCCTTTTCTTCATTGTCCCACC-3′. These two
amplicons were ligated into pJet1.2 (Thermo) entry vectors, then
cloned by restriction enzyme digestion and ligation into the Strep-tag
pASK/IBA3plus expression vector using SacII and SalI (sequences in
bold). In place of the mnxF or mnxG stop codon the Strep-tag
(underlined) was engineered to a linker (italicized) at the C-terminus
(VDLQGDHGLSAWSHPQFEK). Single amino acid mutations were
generated in the pJet1.2/mnxDEFG construct with the Stratagene
QuickChange® site-directed mutagenesis kit (Agilent). MnxF H21, 80,
and 82 were changed to Ala. Then the mnxEF H21/80/82A mutant or
mnxDEFG H21/80/82A were PCR amplified from the pJet1.2/mnxDEFG
construct and cloned into an empty pJet1.2 plasmid and moved to the
pASK/IBA3plus vector as described above.

2.3. Gene expression, in vivo Cu loading, and protein purification

The resulting constructs were transformed into Escherichia coli BL21
(DE3) and grown at 37 °C to an OD600 ~ 0.5 in Luria–Bertani (LB) broth
containing 0.2 mM CuSO4, 10 mM Tris–HCl pH 7.5, and 100 mg/l
ampicillin. The temperaturewas then lowered to 17 °C by cooling the cul-
ture on ice or in a refrigerated shaker (formnxDEFG expression) or kept at
37 °C (formnxEF expression) and then 0.2 mg/l anhydrotetracycline was
added to induce transcription of the mnx genes. The cells continued to
shake and express for 16–20 h (for mnxDEFG) or for 3 h (for mnxEF).
CuSO4 was added to a final concentration of 2 mM and the shaking
functionwas stopped for at least 22h to allow for themicroaerobic uptake
of Cu ions into the E. coli cytoplasm as described in Durao et al. [20]. This
Cu loading step was omitted during the protein preparation to obtain the
“partially loaded” protein.

The cells were harvested by centrifugation 5000 ×g 4 °C 10 min,
suspended in Strep-Tactin wash buffer (100 mM Tris pH 8.0, 150 mM
NaCl) amended with 1 mM CuSO4 and an EDTA-Free SIGMAFAST™
Protease Inhibitor Cocktail Tablet, and lysed using a sonication microtip
for 1 min/ml cell lysate at 40% amplitude with 10 s on/off pulses on ice.
The cell debriswas pelleted by centrifugation 15,000×g 4 °C 30min and
the supernatant was filtered through a 0.4 μmpore PVDFfilter. The clar-
ified lysate was then added to 1 ml (for MnxEF protein) or 5 ml (for
MnxDEFG protein) column volume (CV) of Strep-Tactin Superflow
Plus (Qiagen). By peristaltic pump (~1 ml/min flow rate), the unbound
protein fraction was removed and the resin was washed with 20 CV
Streptactin wash buffer. The protein was eluted with 5 CV wash buffer
plus 2.5 mM D-Desthiobiotin and the column was regenerated with
15 CV wash buffer plus 1 mM 2-(4-hydroxyphenylazo) benzoic acid.
The eluted protein was concentrated to b1.5 ml on 50 kDa (for
MnxEF) or 100 kDa (for MnxDEFG) molecular weight cutoff filtration
units (Millipore). The protein was then dialyzed in 50 mM Tris–HCl
pH 8 and decreasing NaCl concentrations from 150 to 50 mM NaCl
and flash frozen with 20% ethylene glycol for future analyses. The pro-
tein was quantified by the Thermo Scientific Pierce bicinchoninic acid
(BCA) protein assay.

2.4. Mass spectrometry

Purified protein was run on Tris Glycine 4–15% sodium dodecyl
sulfate polyacrylamide electrophoresis gel (Bio-Rad) and stained in Im-
perial protein stain (Pierce). The protein band that migrated to 12 kDa
according to the PageRuler™ Unstained Protein Ladder (Thermo) was
excised by a clean razor blade and submitted to the Oregon Health &
Science University Proteomics Shared Resource Center for analysis
with the Bacillus sp. PL-12 mnxE and mnxF triple mutant sequences.
Mass spectrometric analysis was performed as previously described in
Butterfield et al. 2013 [14].

2.5. UV–visible spectroscopy

The UV–visible spectra were collected on a SpectraMaxM2 in a 50 μl
1 cm path length quartz cuvette.

2.6. Electron paramagnetic resonance (EPR) spectrometry

X-band continuous wave electron paramagnetic resonance (CW
EPR) spectra were recorded using a Bruker (Billerica, MA) Biospin
EleXsys E500 spectrometer equipped with a cylindrical TE011-mode
resonator (SHQE-W). Cryogenic temperatures were achieved and
controlled using an ESR900 liquid helium cryostat in conjunction with
an Oxford Instrument temperature controller (ITC503) and gas flow
controller. All CW-EPR data were collected under non-saturation and
slow-passage conditions. The spectrometer settings used were as
follows: microwave frequency = 9.374 GHz, microwave power =
0.2 mW, conversion time = 40 ms, modulation amplitude = 8 G, and
modulation frequency = 100 kHz. EasySpin computational package
was used to simulate the EPR data [21].

2.7. Mn oxidation activity assay

Protein was routinely purified to a concentration of about 5–10 μM
in 3 ml before concentrating. A small aliquot of purified protein was

http://www.ebi.ac.uk/Tools/msa/muscle/


Fig. 1. X-band CW EPR spectra ofWTMnxEF (black) andWTMnxEFG complex (red). The
samples were analyzed at 60 K and 0.02 mW power. Parameters: microwave frequency:
9.37 GHz, conversion time: 40ms,modulation amplitude: 8 G, andmodulation frequency:
100 kHz. Type 2 Cu peaks were identifiable in the WT MnxEF. WT Mnx protein complex
contains multiple Type 2 Cu [17] that mask the contribution of the Type 1 Cu so its
peaks cannot be labeled.
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diluted into 1ml 10mMHEPES pH 7.8 and 50mMNaCl to afinal protein
concentration of about 500 nM and 100 μM MnCl2 was added. The ap-
pearance of brownMn oxideswithin 10min and reactivitywith the col-
orimetric reagent leucoberbelin blue confirmed activity.

2.8. X-ray absorption spectroscopy

A solution of 3 mM Cu-loaded MnxEF was treated with excess
dithionite to ensure the cuprous form of the metalloprotein, and was
measured as an aqueous glass in 20% ethylene glycol at 10 K. Cu K-
edge (8.9 keV) extended X-ray absorption fine structure (EXAFS) and
X-ray absorption edge data were collected at the Stanford Synchrotron
Radiation Lightsource, on beamline 7–3with an Si 220monochromator,
in fluorescence mode using a high-count rate Canberra 100-element Ge
array detector. A Ni filter and a Soller slit were placed in line with the
detector to attenuate the elastic scatter peak. For energy calibration, a
Cu foil was placed between the second and third ionization chamber.
Four scans of a buffer blank were averaged and subtracted from the
raw data to produce a flat pre-edge and remove any residual Ni fluores-
cence. Data reduction and background subtraction were accomplished
using the EXAFSPAK suite [22] and the data was inspected for dropouts
and glitches before averaging. The EXCURV program was used for
spectral simulations as described previously [23,24].

3. Results

3.1. MnxE and MnxF copurify and oligomerize

The MnxE and MnxF primary sequences are highly conserved
among the Mn oxidizing Bacilli that have been sequenced (Dick et al.
2008). A previous sequence alignment of MnxE and MnxF identified a
region in MnxF with significant similarity to the Cu binding region
found in the MCOs, including one His of type 2 and one His of type 3
Cu [16]. We performed a new sequence alignment for the three Bacillus
spp. MnxE and MnxF to find additional conserved Cu binding ligand
candidates (Supplemental Fig. 3). MnxF has exactly three His residues
conserved in all three sequenced Bacillus spp., H21, H80, and H82,
which are attractive contenders for type 2 Cu binding ligands. These
three residues were mutated to Ala to probe whether the Cu binding
properties of the subunits would be disrupted (see below).

The MnxE and MnxF subunits were co-expressed from a MnxF
C-terminal Strep tag plasmid and purified on a Streptactin column. A
MnxF triple His to Ala mutant was constructed, co-expressed with
wtMnxE, and isolated in the same manner. This modified protein was
run on SDS PAGE (sodium dodecyl sulfate polyacrylamide gel electro-
phoresis) and the protein corresponding to 12 kDamass (Supplemental
Fig. 1) was analyzed by mass spectrometry to ensure that both MnxE
and MnxF peptides were present and that mutagenesis was successful.
Mass spectrometric analysis confirmed themutagenesis (Supplemental
Fig. 2) and identified 108 unique peptides from MnxE (100% coverage)
and 67 from MnxF (89% coverage). These results show that even with-
out MnxG present, MnxE and MnxF co-elute in the same fraction
when only MnxF contains the affinity tag.

The stoichiometry of the MnxEF subunits in relation to each other
and to the MnxG MCO is yet unknown. When mnxDEFG is expressed
and purified, a large 230 kDa complex is isolated, composed of MnxE
(12.2 kDa),MnxF (13.5 kDa), andMnxG (138 kDa) bymass spectromet-
ric analysis [14]. By summation, MnxE and MnxF would have to com-
prise about 90 kDa of the complex mass, and we have previously
surmised that they oligomerize into a hexamer because a soluble
protein fraction eluted in gel filtration chromatography at a calculated
mass of 77 kDa (data not shown). Thus, for the rest of the discussion,
we assume purified MnxEF is in a hexamer (77 kDa) and refer to the
MnxEF triple H21/80/82A mutant as MnxEF3.

MnxF mutations H21/80/82A were incorporated in the genes
expressed for subunit analysis, mnxEF, and for activity analysis in the
Mnx complex, mnxDEFG. None of them showed divergence in activity
with respect to wild type. MnxEF and MnxEF3 do not oxidize Mn, but
when co-expressed with MnxG, both wild type and triple mutant vari-
ants oxidize Mn at roughly the same rate (within 10 min, not shown).
Thus, MnxF H21, H80, and H82 do not seem to play a significant role
in Mn oxidation.

3.2. Cu binding analyses

In a previous study, the best estimate for Cu binding by theMnx pro-
tein complexwas aminimumof tenmol Cu permol protein [17,25]. It is
presumed that four Cu atoms reside in the MCO while six or more are
yet to be assigned locations and might be in the E and F subunits.
These subunitswere expressed, purified, and loadedwith Cu in a similar
manner to the Mnx protein complex. The Cu content analyses of the
newly purified MnxEF subunits by inductively coupled plasma-optical
emission spectrometry (ICP-OES) (2.6 Cu:1 MnxEF hexamer) and by
Cu(II) EPR (2.8 Cu:MnxEF) both yielded a Cu:protein molar ratio of
about 3:1, three atoms short of the ten to be accounted for.

The Cu binding site in WT MnxEF was analyzed by X-band
(9.374 GHz) CW EPR spectroscopy, as shown in Fig. 1. A typical type 2
Cu (‘normal Cu’, square planar coordination) signal with hyperfine cou-
pling (g||≈ 2.215, A||≈ 594MHz)was observed, which also contributes
to the spectrum of WT MnxEFG (red trace in Fig. 1). The remaining
features in the WT MnxEFG trace likely arise from Type 1 Cu and Type
2 Cu sites in MnxG but their assignments require further investigation.
It should be noted that there is a small, negative g value shift in the
MnxEF Type 2 Cu in the complex MnxEFG spectrum, suggesting that
the electronic structure of the Cu(II) sites in MnxEF subunit is affected
when binding to MnxG.

3.3. Heme binding analysis

Both wtMnxEF and MnxEF3 are orange in color when purified and
concentrated whether loaded with Cu or not. Their UV–visible spectra
showed an absorbance peak at 412 nm (Fig. 2). Reduction of the protein
with dithionite and ascorbate (not shown) did not change the color but



Fig. 2. UV–visible spectra before and after heme loading, and subsequent reduction with
dithionite. A. As purified wtMnxEF (blue) and MnxEF H21/80/82A mutant (MnxEF3)
(red) contain the same Soret 412 nm peak. Addition of dithionite to wtMnxEF (purple)
and MnxEF3 (green) proteins produced a large, broad peak that masks any observable
change to the Soret peak. B. The addition of heme to MnxEF and MnxEF3 intensifies the
412 nm peak and visible peaks 538 nm and 565 nm form (inset). After reduction of
heme–MnxEF (2×) and heme–MnxEF3 (2×), the Soret band shifts to 424 nm and the vis-
ible bands at 535 nm and 660 nm appear (inset). Bovine hemin (0.1× gray) is shown for
comparison. C. Difference spectra (oxidized subtracted from reduced) of heme loaded
wild type MnxEF (blue) and MnxEF3. ε = absorbance ∗ (MnxEF hexamer
concentration)−1.
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did overwhelm the 412 nm peak with an intense, broad peak around
320 nm [26,27]. This ruled out the possibility of the presence of a col-
ored Cu center since a red Cu(II) would have turned clear upon reduc-
tion to Cu(I). Bovine hemin was added to wtMnxEF and MnxEF3 and
then excess was removed by desalting spin columns and dialysis. The
resulting protein was diluted and its spectrum was typical of Fe(III)
heme with the Soret band observed at 412 nm and visible bands at
558 nm and 565 nm (Fig. 2). Upon the addition of 10 mM dithionite,
the Soret band shifted to 425 nm, while the visible bands shifted to
538 nm and 560 nm, consistent with reduction to Fe(II) heme. The
reduced heme concentration was estimated using the extinction
coefficient for heme of 120 mM−1 cm−1 [28]. Before heme loading, the
molar ratio heme to protein was 0.009:1 for wtMnxEF and 0.011:1 for
MnxEF3. After heme loading, the ratio increased to 0.38:1 for wtMnxEF
and 0.36:1 for MnxEF3.
3.4. Cu spectroscopic analyses

wtMnxEF andMnxEF3 samples with varying Cu stoichiometry were
prepared. Adding Cu during protein expression resulted in maximum
loading of 2.8 Cu/MnxEF and 3 Cu/MnxEF3. When protein was
expressed without extra Cu, the Cu content was 1.36 Cu/MnxEF and
0.26 Cu/MnxEF3. These samples were analyzed by X-band (9.38 GHz)
CW EPR spectroscopy, as shown in Fig. 3. Typical type 2 Cu (‘normal
Cu’, square planar coordination) signals with hyperfine coupling (g|| ≈
2.215, A|| ≈ 594 MHz) were observed for all the samples, as well as
seven hyperfine peaks ranging from 318.4 to 329.7 mT, with hyperfine
splitting around 14–15 G. The first derivative spectrum was taken, and
although the spectrum deviated somewhat from the expected theoret-
ical intensity pattern, 1:3:6:7:6:3:1, the number of peaks (seven) indi-
cates that there could be three 14N coordinated with Cu(II) sites in
both MnxEF and the MnxEF3 mutant. This finding indicates that
the Cu ligands are not the conserved His residues in MnxF that were
mutated to Ala.

The lowest Cu binding stoichiometry MnxEF3 sample (0.26 Cu:EF3)
was selected for one component simulation of a single T2 Cu, which as-
sumed that Cu is tightly bound to three 14N-containing ligands (Fig. 3B).
Axial Cu(II) parameters were obtained from the simulation, which was
named “Cu species 1”, with g|| ≈ 2.215, A|| ≈ 594 MHz and g⊥ ≈ 2.052,
A⊥≈ 72MHz; as well as A||≈ 42MHz and A⊥≈ 45MHz for 14N hyper-
fine. However, this simulation is not sufficient to accurately model
the rest of the higher Cu stoichiometry MnxEF spectra. Rather, a
two-component simulation involving a second, distinct, type 2 Cu was
needed, suggesting that a second Cu binding site besides the one with
three 14N is coordinated in the MnxEF subunits. The relative contribu-
tions of “Cu species 2” and “Cu species 1” to the spectra of the differen-
tially Cu loaded samples were simulated (Fig. 4, Table 1). Overall, there
appears to be a tendency for the protein bindmore Cu species 1 than Cu
species 2, especially the MnxEF3 mutant.

Having established that a N-coordinated type 2 Cu signal was pres-
ent within the MnxEF complex, Cu(I) K-edge XAS was used to deter-
mine whether the interatomic distances observed were consistent
with N binding from His residues, which would produce an unmistak-
able multiple scattering contribution, or from amide species from
other peptide or backbone residues. wtMnxEF with a Cu to protein
ratio of 3:1 was concentrated to 3 mM and reduced with dithionite be-
fore loading in the XAS sample cuvette. The simulation of the Cu K-edge
EXAFS was straightforward, with a best fit that included multiple
scattering nitrogen and carbon contributions from three histidines at
~1.97 Å (Fig. 5). Importantly, the Debye–Waller (DW) factor for the
simulation was equal for all three histidines at a relatively low
0.010 Å2 despite attempting to find unique DW values by treating the
histidines as individual shells, indicating that the histidines are equiva-
lent in their binding contributions to Cu(I). An attempt to add a fourth
histidine ligand resulted in a slight increase in the fit index (from 0.37
to 0.62), and a slight increase in the DW (from 0.010 to 0.015 Å2),
which we interpret as the possibility of a fourth histidine residue. The
fit to a Cu coordinated by histidines is consistent with the EPR data. As
the XAS likely shows an average of all binding sites, and may indicate
that the MnxEF complex contains one or more type 2 Cu binding sites,
each of which contains a unique number of histidine ligands of the
eleven available.

4. Discussion

MCOs are thought to be one of the main drivers of Mn cycling in the
environment because bacteria use them and peroxidases to catalyzeMn
oxidation. Reduced Mn species are stable in oxic terrestrial and aquatic
environments: Mn(II) is inherently stable and Mn(III) is stabilized by
naturally occurring ligands [25]. However, Mn(IV) is a potent oxidant,
and is able to catalyze the oxidation several of othermetals and the deg-
radation of organics, like herbicides, pesticides, and humic substances



Fig. 3. Comparison of samples by EPR. (A) X-band CW EPR spectra of a set of both wtEF and triple H21/80/82A mutant EF3 samples with varying Cu stoichiometry. The samples were an-
alyzed at 40K and 0.02mWpower. Parameters:microwave frequency: 9.38 GHz, conversion time: 40ms,modulation amplitude: 8 G, andmodulation frequency: 100 kHz. (B) X-bandCW
EPR spectra of 0.26 Cu:EF3mutant aswell as simulation (also referred to as Cu species 1). Nucleus: “Cu, 14N, 14N, 14N”; g= [2.052, 2.052, 2.215], ACu= [72, 72, 594]MHz andA14

N= [42, 42,
45] MHz.
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[29]. Oxidation of recalcitrant species byMn(IV) would then contribute
to the global carbon cycle by potentially releasing lowmolecularweight
organics to feed bacteria. To overcome the kinetic barrier of Mn(II) oxi-
dation, bacteria evolved enzymes to directly oxidize Mn(II, III) to
Mn(IV), forming Mn-oxide minerals. These Mn-oxide minerals coat
the outermost layer of the bacteria and provide a physical shield
between the cell and the environment, which may help the cell avoid
predation and UV irradiation [24]. While the physiological purpose of
bacterial Mn oxidation remains unclear, elucidating the mechanism is
central to understanding this fundamental biogeochemical process.

The Mnx system is the first known multicopper oxidase to require
the presence of accessory proteins, which prioritizes the elucidation of
their characterization and function. In particular, determining the role
of each unit of the Mnx complex will likely prove to be important for
determining the structure–function relationship of electron transfer
and the substrate turnover mechanism. We previously observed that
MnxE andMnxF accompanyMnxG in an uncertain stoichiometry with-
in the Mnx complex, and now it is apparent that oligomerization is not
contingent on the presence of MnxG. While the exact stoichiometry of
MnxE and MnxF subunits relative to each other in the oligomer is still
unknown, we posit that there are at least six ~12 kDa subunits in the
Mnx complex based on the calculated size of the purified MnxEF oligo-
mer. More sophisticated structural analyses like top-down, whole pro-
tein mass spectrometry and ultra-centrifugation will be employed to
probe further into the question of subunit stoichiometry in Mnx.

Sequence homology and spectroscopy were used to investigate Cu
binding within the small Mnx subunits. We observed that three avail-
able MnxE and MnxF sequences contain zero conserved methionines,
two conserved cysteines, and three conserved histidine residues that
could contribute to Cu binding like those found inMnxG. However, mu-
tating the three conserved His to Ala showed that they are not involved
Cu binding within the EF hexamer. Mutagenesis of the other eight
Bacillus sp. PL-12 MnxE and MnxF His residues will be needed.

Quantifying the exact number of bound Cu atoms in theMnx system
has been challenging, but we find that the MnxEFG complex binds be-
tween 6–15 atoms of Cu per 230 kDa protein complex depending on
preparation schemes and dialysis buffer [14,17]. Starting with the as-
sumption that MnxG, an MCO, should bind four Cu, we expect MnxEF
to bind the remaining Cu. Puzzlingly, the purified MnxEF hexamer
only binds three Cu based on oxidation-independent quantification
analysis. With three Cu in MnxEF and four Cu in MnxG, the remaining
three may bind when the subunits come together to form the MnxEFG
protein complex.

The spectroscopic analyses undertaken in these experiments have re-
sulted in the assignment of one type 2 center coordinated by histidines
and another, as yet unresolved Cu2+ species. The EPR simulations suggest
the presence of two Cu binding centers with distinct spectroscopic char-
acteristics. Under-loading the MnxEF triple mutant protein with Cu re-
sulted in a simple spectrum that can be simulated with one component,
termed “Cu species 1”. “Cu species 1” binds Cu with three N ligands
from imidazole. We compared this simulation to the fully loaded triple
mutant andwild type protein spectra andwe found thatwhile all samples
have this feature, there was another common contribution to the spectra.
This feature, termed “Cu species 2”, also contains type 2 Cu, based on the
EPR simulations, but lacks thewell-resolved 14N hyperfine seen in species
1. Based on the presence of “Cu species 1" in the under-loaded sample,we
propose that “Cu species 1” has higher affinity than “Cu species 2”. Unfor-
tunately, due to the lack of resolved hyperfine coupling in the EPR spectra
we cannot describe the nature of this binding with the current data. The
Cu K-edge EXAFS is consistent with the EPR analysis; 3 to 4 N(His) shells
could be fit to the MnxEFmixture, with reasonable Debye–Waller factors
and quality of fit for both scenarios. Taking both approaches together, we
can assign an axial symmetrywith 3His ligands to “Cu species 1”, which is
probably a somewhat distorted 4-coordinate or perhaps tetragonal 5-
coordinate site with an axial water.

We were surprised to find that affinity-purified MnxEF appears to
specifically bind heme. The low-spin spectrum of the MnxEF complex
(oxidized: 412, 535, and 565 nm; reduced: 425, 538, 560 nm) implies
that the heme is bound by two axial ligands, and the peaks lie well
within the literature values for other heme proteins like mammalian
cytochrome b5 (His/His Fe axial coordination) (oxidized: 410 nm;
reduced: 423, 527, and 555 nm) [30] and a heme peroxidase from
Streptomyces refuineus (oxidized: 408, 530, and 561 nm) [31]. Both
wild type and triple mutant MnxEF bind 0.38 and 0.36 heme per
hexamer, respectively. Higher loading stoichiometry may be achieved
with an in vivo technique as we have observed in the case for Cu and
Mnx. While adventitious high-spin Fe-heme binding to apolar
solvent-exposed residues has been described in proteins like serum



Fig. 4. X-band CW EPR spectra of WT MnxEFG complex (top brown), triple H21/80/82A
mutant EF3 samples andWTMnxEF samples with varying Cu stoichiometry. The samples
were analyzed at 40 K and 0.2 mW power. Parameters: microwave frequency: 9.38 GHz,
conversion time: 40 ms, modulation amplitude: 8 G, and modulation frequency:
100 kHz. Two-component simulations are shown in black traces for bothMnxEF3mutants
and WT MnxEF. The first component (Cu species 1) is based on hypothesizing that only
one Cu species presented in sub-stoichiometry “0.26 Cu:EF3” sample, with simulation pa-
rameters as the following: Nucleus: “Cu, 14N, 14N, 14N”; g = [2.052, 2.052, 2.215], ACu =
[72, 72, 594] MHz and A14

N = [42, 42, 45] MHz. The second component (Cu species 2) is
based on the spectrum (purple) obtained by subtracting the spectrum of “0.26 Cu:EF3”
from that of “3.00 Cu:EF3”, with simulation parameters as the following: Nucleus: “Cu”;
g = [2.054, 2.054, 2.228], and ACu = [30, 30, 564] MHz. The distributions of two compo-
nent Cu species are shown in Table 1.

Fig. 5. Experimental and simulated Fourier Transforms and EXAFS (inset) for Cu(I)-loaded
MnxEF. The experimental data (black) agreeswell with the simulation (red) of Cu binding
to threemultiple scattering N(His) ligands at ~1.97 Å,with a Debye–Waller of 0.010 Å2, an
E0 of−4.621, and a fit index of 0.037.
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albumin (in the absence of substrate), we believe MnxEF could specifi-
cally bind heme with any combination of the two S(Cys), six S(Met),
and eightN(His) because apo-protein purification resulted in the partial
heme loading of the protein, possibly indicating high heme affinity [32–
34].
Table 1
Distributions of two binding Cu(II) species in both wtEF and triple H21/80/82A mutant EF3 sam

Sample [Protein]
(μM)

[Cu2+] (μM) R

0.26 Cu:MnxEF3 219 57.8 0
3.00 Cu:MnxEF3 147 441 3
1.36 Cu:MnxEF 56.0 76.1 1
2.80 Cu:MnxEF 128 359 2

a With simulation parameters as the following: Nucleus: “Cu, 14N, 14N, 14N”; g = [2.052, 2.0
b
With simulation parameters as the following: Nucleus: “Cu”; g = [2.054, 2.054, 2.228], and
The combined presence of histidine-ligated Cu and heme is
unexpected in this system. It is possible that a parallel to heme/Cu
protein cytochrome c oxidase may be drawn from these results.
Cytochrome c oxidase contains a CuB site, which together with heme a
forms the catalytic site for oxygen reduction. CuB is known to be a
type 2 Cu with square planar geometry comprised of three equivalent
N(His) (g∥ 2.20, A∥ 190 G and g⊥ 2.06), which is similar to values
found in MnxEF (g∥ 2.215, A∥ 191.5 G and g⊥ 2.052) [35]. The negative
shift in the Cu g values in the assembled MnxEFG complex brings the
spectroscopic features even closer to what is found in CuB. This neg-
ative shift could then be indicative of a shift in geometry that primes
the site for catalysis. An analogous heme/Cu center in MnxEF would
be of deep interest, as examples are rare in the literature, particularly
outside the context of terminal oxidases. Unfortunately, the heme
loading experiments were performed after the Cu spectroscopy so
we were not able to evaluate if the two centers interact. Further
research will determine whether structural and chemical similarities
exist between MnxEF and cytochrome c oxidase to provide evidence
for an O2 binding site beyond the one located at the trinuclear Cu
center of MnxG.

5. Conclusions

These experiments demonstrate that two types of Cu and a low-spin
heme bind to MnxEF. It may not be a coincidence that the only MCO to
carry out the two electron oxidation of a metallo-substrate is also the
only MCO to require the co-expression of accessory proteins that con-
tain redox active metal centers. The concurrence of these two features
may suggest that MnxEF do play a role in Mn oxidation in Mnx. While
ples with varying Cu stoichiometry based on simulations.

atio of Cu/protein [Cu2+ species 1]
(%)a

[Cu2+ species 2]
(%)b

.26 100 0

.00 61.6 ± 1 38.4 ± 1

.36 60.7 ± 10 39.3 ± 10

.80 48.3 ± 5 51.7 ± 5

52, 2.215], ACu = [72, 72, 594] MHz and A14
N = [42, 42, 45] MHz.

ACu = [30, 30, 564] MHz.
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these data add to the complexity of the Mn oxidase complex and make
determining a catalytic mechanismmore difficult, the data gathered on
this system disrupts the canonical view of a well-studied class of en-
zymes, the multicopper oxidases, for the environmentally significant
biomineralizing agent, Mnx.
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