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Abstract

The multi-copper oxidase (MCO) MnxG from marine Bacillus bacteria plays an essential role in geochemical cycling of
manganese by oxidizing Mn>*(aq) to form manganese oxide minerals at rates that are three to five orders of magnitude faster
than abiotic rates. The MCO MnxG protein is isolated as part of a multi-protein complex, denoted as Mnx, which includes
one MnxG unit and a hexamer of MnxE;F; subunit. During the oxidation of Mn?*(aq) catalyzed by the Mnx protein complex,
an enzyme-bound Mn(III) species was trapped recently in the presence of pyrophosphate (PP) and analyzed using parallel-
mode electron paramagnetic resonance (EPR) spectroscopy. Herein, we provide a full analysis of this enzyme-bound Mn(I1I)
intermediate via temperature dependence studies and spectral simulations. This Mnx-bound Mn(IIl) species is characterized
by a hyperfine-coupling value of A(>*>Mn)=4.2 mT (corresponding to 120 MHz) and a negative zero-field splitting (ZFS)
value of D=—2.0 cm™!. These magnetic properties suggest that the Mnx-bound Mn(III) species could be either six-coordinate
with a 5Blg ground state or square-pyramidal five-coordinate with a °B, ground state. In addition, as a control, Mn(IIT)PP
is also analyzed by parallel-mode EPR spectroscopy. It exhibits distinctly different magnetic properties with a hyperfine-
coupling value of A(*>Mn)=4.8 mT (corresponding to 140 MHz) and a negative ZFS value of D=—2.5 cm™". The different
ZFS values suggest differences in ligand environment of Mnx-bound Mn(III) and aqueous Mn(III)PP species. These studies
provide further insights into the mechanism of biological Mn**(aq) oxidation.

Keywords Parallel-mode EPR - Multi-copper oxidase MnxG - Mnx protein complex - Mn(II) oxidation - Zero-field
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Introduction absence of O, and can degrade xenobiotic organic com-

pounds to low-molecular-mass compounds [2, 3]. Therefore,

Manganese oxide minerals (MnO,) are widely distributed
over the Earth’s surface and are among the most power-
ful natural oxidants in the environment [1]. MnO, minerals
serve as the electron sink for microbial metabolism in the
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geochemical redox cycling of MnO, minerals is globally
important. In the upper photic zone of the ocean, MnO, min-
erals undergo photo-reductive dissolution to Mn2+(aq) [1,4],
while this dissolution is counterbalanced by diurnal oxida-
tion of Mn”(aq) back to the minerals [5], where microor-
ganisms are known to play an essential role [2, 3]. Biological
Mn?*(aq) oxidation by molecular oxygen in seawater (pH
8.16) occurs at rates that are three to five orders of mag-
nitude faster than abiotic pathways [6]. In marine Bacillus
species (PL-12, SG-1 and MB-7), one gene, mnxG, encodes
a putative multi-copper oxidase (MCO) that has been identi-
fied as an enzymatic catalyst for Mn>*(aq) oxidation [7—10].

The MCO enzymes are a family of proteins found in
bacteria, fungi, plants, and animals, which contain three
types of copper cofactors [11, 12]: Type 1 “blue” copper
(T1Cu), Type 2 “normal” copper (T2Cu), and the “coupled
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binuclear” Type 3 copper (T3Cu). All are required for oxi-
dase activity. The mechanism of the enzymatic substrate
oxidation coupled with O, being reduced to H,O in solu-
tion is well-established by Solomon and coworkers [11,
12]. Briefly, the T1Cu site accepts electrons from the sub-
strate and shuttles them via intramolecular electron trans-
fers (IET, kyp~0.11 s™" at 4 °C) [13] over 13 A through
a T1-Cys—His—T3 pathway to the trinuclear T2/3Cu site
(consisting of one T2Cu and one dinuclear T3Cu cluster)
[11, 12]. Then, in the trinuclear T2/3Cu site, exogenous O,
binds and is rapidly reduced to water (with a second-order
rate constant of k ;= 10 M™! s~ [13-15].

The well-studied MCOs are categorized into two groups
based on their substrates. One group, including plant lac-
case, fungal laccase, ascorbate oxidase and bilirubin oxidase,
uses organic compounds as substrates [11, 12]. The other
group uses metal ions as substrates, such as Fet3p [16] and
human ceruloplasmin [16—18] that can oxidize Fe(Il), or
the MCO enzyme CueO from E. coli that can oxidize Cu(I)
during copper homeostasis in bacteria [19]. It is particu-
larly noteworthy that the MnxG protein is a rare version
of an MCO enzyme that can oxidize its aqueous metal ion
substrate (Mn>*) to form insoluble biogenic metal oxides
(MnO,) [7, 10, 20-22].

The MCO MnxG protein was recently isolated as part
of a multi-protein complex, denoted as Mnx, where the
MnxG subunit is combined with several copies of MnxE
and MnxF accessory protein subunits. Mass spectrometric
analysis shows that the Mnx protein complex has a molecu-
lar weight of ca. 211 kDa, with a composition of one MnxG
unit (= 138 kDa) along with a hexamer of MnxE;F; subunit

(~73 kDa), as illustrated in Fig. 1 [10, 23]. In this Mnx
protein complex, two distinct classes of T2Cu'! sites were
identified using continuous-wave (CW) electron paramag-
netic resonance (EPR) spectroscopy [24]. One class of
T2Cu" site (denoted as T2Cu-A) resides in the MCO MnxG
unit and presents magnetic parameters of g,=2.320 and
A(P3Cu)=510 MHz. The other class of T2Cu" site (denoted
as T2Cu-B) presents g;=2.210 and A,(**Cu)=615 MHz and
is located in the hexametric MnxE;F; subunit [24]. These
different magnetic properties correlate with their differ-
ent Cu(II/I) reduction potentials; namely, as the g,-value
decreases, corresponding to a larger energy gap between
the d,, and dxz_yz Cu(II)-based molecular orbitals (MO), the
reductlon potential (E°) is lowered, which is consistent with
our previous protein film voltammetric studies [24-26]. The
reduction potential of T2Cu-B sites residing in the MnxE;F;
subunit was found to be ca. 350 mV (vs NHE, normal hydro-
gen electrode, pH 7.8), which is ca. 50 mV lower than that
of T2Cu-A sites in the MnxG unit [25, 26].

In terms of the T1Cu site bound within MnxG that
accepts electrons from the substrate, the reduction potential
is determined to be ca. 380 mV (vs NHE, pH 7.8) via the
poised potential titration method [27], as the T1Cu site is
inaccessible for direct electron transfer from the electrode
[25, 26]. The reduction potential of this T1Cu is near the
lower end of the known range of T1 sites in MCOs [11].
The question then becomes how does the Mnx protein with
this low-potential T1Cu oxidize Mn>*(aq)? Our early EPR-
spectroscopic work [20] showed that there is a Mnx-bound
mononuclear Mn(II) species (denoted in that work as a class
ii Mn(II) species) that is coordinated to one nitrogenous

MnxE,F, copper sites EPR spectra
(73 kDa)
Il
Cu T2Cu.B _/M ATZCu -B
Cu' Cu" =2.210, A, =615 MHz
I T2Cu-A
G Cu ’ T2Cu-A
Cull T1Cu 1 1 1 j
G T3Cu gy =2.320, A, =510 MHz
Mnx complex cu'" T2Cu-A
(211 kDa) 270 290 310 330 350
MCO MnxG Bo(mT)
(138 kDa)

Fig. 1 Cartoon showing the Mnx protein complex and its Cu centers.
Mnx protein complex (2211 kDa) consists of one MCO MnxG unit
(~138 kDa) and a putative MnxE;F; hexamer (E;F3,~73 kDa) [24].
Previous EPR studies show that there are three copper sites (T2Cu-

@ Springer

B) per MnxE;F; hexamer. The MCO MnxG unit contains two T2Cu
sites (T2Cu-A) as well as one T1Cu and one dinuclear T3Cu site.
The X-band CW EPR spectra of T2Cu-B (orange trace) and T2Cu-A
(green trace) are adapted from Ref. [24]
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ligand and there is also a weakly exchanged-coupled dimeric
Mn(II) (denoted as class iii) species. Kinetic studies [27]
further suggested that the Mnx protein complex takes advan-
tage of the polynuclear chemistry of manganese to adjust
the potential of Mn(III/II) couple for an efficient electron
transfer to the low-potential T1Cu, and to ultimately form
MnO, minerals. Briefly, the Mnx protein complex requires
an activation step, forming a hydroxide-bridged binuclear
complex, Mn(IT)(u-OH)Mn(II), to decrease the reduction
potential of Mn(III/IT) below that of the T1Cu site [27].
Oxidation leads to a dihydroxide-bridged binuclear Mn(III)
intermediate, which disproportionates in the enzyme to
Mn(II) and a binuclear Mn(IV) intermediate, the precursor
to MnO,. The Mn(Il) is then recycled to the substrate site,
allowing the turnover to continue.

We were unable to find EPR-spectroscopic signatures of
higher oxidation state manganese intermediates. This could
be due to the instability of the mononuclear Mn(III) ion
which disproporationates rapidly unless strongly ligated to
a compound such as pyrophosphate (PP), or the manganese
intermediates are binuclear and spin-coupled and are, there-
fore, EPR silent [28]. However, in our recent work, we did
find the EPR spectrum of a mononuclear Mn(III) species
when PP was present to trap Mn(III) that dissociates during
turnover [29].

In the present work, we provide a full analysis of this
Mnx-bound Mn(III) intermediate using parallel-mode EPR
spectroscopy. Electronic-structure parameters including
55Mn hyperfine-coupling A and zero-field splitting (ZFS)
D of this Mn(III) species coordinated within Mnx protein
are derived via temperature dependence studies and spec-
tral simulations. These magnetic properties are distinct from
those of the aqueous Mn(III)PP complex employed as a con-
trol in this work.

Experimental procedures
Mnx protein expression and purification

The Mnx protein complex was expressed and purified by
optimizing previous methods described in Ref. [10] using the
plasmid containing a mnxEFG gene construct inserted into
the pASK/IBA3plus vector. This plasmid was transformed
into E. coli BL21(DE3) and grown by shaking (=200 rpm)
at 37 °C to an O.D.;,~0.5-0.6 a.u. in a Luria—Bertani (LB)
broth containing 0.2 mM CuSO,, and 100 mg/L ampicillin.
The cells were then cooled down to 17 °C on ice (=20 min)
and induced by adding 100 pL of 2 mg/mL anhydrotetracy-
cline. Protein expression was continued for 18 h by shak-
ing (= 180 rpm) at 17 °C. Then, CuSO, was added into the
culture to a final concentration of 2 mM and the shaking
function was turned off for another 22-24 h at 17 °C, to

enable the micro-aerobic uptake of copper ions into the E.
coli cytoplasm as described by Durao et al. [30].

The cells were harvested by centrifugation (6000xg at
4 °C for 30 min) and re-suspended in Strep-tactin equili-
bration buffer (20 mM Tris—HCI, 150 mM NacCl, pH 8.0,
and 50 uM CuSO,) supplemented with 10 mM CaCl,,
1 mM CuSO,, and an EDTA-Free SIGMAFAST™ Pro-
tease Inhibitor Cocktail Tablet. The cells were lysed by two
rounds of French press at 1000 psi and the crude extract
was clarified by heat denaturation at 70 °C for 15 min. The
cell debris was removed by centrifugation (13,000xg at
4 °C for 30 min) and the supernatant was filtered through
a 0.4-um pore polyvinylidene fluoride (PVDF) filter. The
clarified supernatant was added to a 10-mL column volume
(CV) of Strep-tactin Superflow Plus resin (QIAGEN) and
slowly rotated for 1 h at room temperature. The unbound
protein fraction was removed by gravity flowing through
the resin and the resin was washed with 100 mL Strep-tactin
equilibration buffer. The Mnx protein fraction was eluted
by adding 50 mL of 2.5 mM d-desthiobiotin in Strep-tactin
equilibration buffer. The resin was regenerated with 200 mL
of 1 mM 2-(4-hydroxyphenylazo)benzoic acid and washed
with 500 mL Strep-tactin equilibration buffer. The eluted
Mnx protein fraction was concentrated to < 1.0 mL in the
filtration with 100 kDa molecular weight cutoff (Millipore)
and loaded into HiLoad™ 16/600 Superdex™ 200 pg (GE
Healthcare) gel-filtration column equilibrated with 20 mM
HEPES buffer (pH 7.8) with 50 mM NaCl and 5% p-glucose
(weight/volume) at 4 °C.

Fractions corresponding to a single broad peak
(~211 kDa protein complex) were collected, concen-
trated, and dialyzed three times (at least 3 h each) with a
volume of 1 L HEPES-buffered solution (20 mM HEPES,
50 mM NaCl, pH 7.8) for every 1 mL protein sample at
4 °C. The protein was further dialyzed with 500 mL Tris-
buffered solution (20 mM Tris—HC1, 50 mM NacCl, pH 8.0)
for 1-2 h to remove exogenous Cu(Il) to give a clean EPR
spectrum (=~ 6 Cu(Il)/Mnx) [24]. The protein was quanti-
fied by Thermo Scientific Pierce bicinchoninic acid (BCA)
protein assay or by the extinction coefficient of T1Cu
(€500 ym = 5600 M~'cm™") [24] in the Mnx protein complex,
giving a yield of 2 mg/L culture. The final protein solution
was flash frozen in liquid nitrogen and stored at —80 °C.

Sample preparation

Mn(III) pyrophosphate (Mn(III)PP) was prepared by aero-
bically adding Mn(III) acetate to a Na,P,O, buffer solution
(20 mM HEPES, 20 mM NaCl, pH 7.8). Then the precipitate
was filtered using a 0.4-um PVDF filter. The concentration of
the resulting transparent pink Mn(III)PP solution was deter-
mined via the extinction coefficient of &,5g ., =6200 M~
cm™~! [31, 32]. Mn(III)PP reaction sample with Mnx protein
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was prepared by first transferring 100 pL as-isolated Mnx
protein (200 pM) into the X-band EPR tube, followed by
aerobically adding 100 pL. Mn(IIT)PP solution (400 pM).
After being allowed to react for 5 min, the sample was frozen
in liquid nitrogen and analyzed by CW EPR spectroscopy.

The Mnx-bound Mn(III) intermediate was generated as
follows: 100 pL of 200 pM as-isolated Mnx protein, pre-
incubated with 1 mM Na,P,0,, was aerobically mixed with
100 pL of 800 pM MnSO, buffer solution (20 mM HEPES,
20 mM NaCl, pH 7.8). After being allowed to react for
3 min, the sample was frozen in liquid nitrogen and analyzed
by CW EPR spectroscopy.

A reaction mixture of the Mnx protein with Mn**(aq)
in the presence of the inhibitor sodium azide (NaN;) was
prepared as follows: 100 pL of 100 pM as-isolated Mnx
protein and 1 mM NaN; were aerobically mixed with 100 pL.
of 400 pM MnSO, buffer solution (20 mM HEPES, 20 mM
NaCl, pH 7.8). After being allowed to react for 2 min, sam-
ples were frozen in liquid nitrogen and analyzed by CW EPR
spectroscopy.

EPR spectroscopy

X-band CW EPR spectra were recorded using a Bruker
(Billerica, MA) EleXsys E500 spectrometer. Cryogenic tem-
peratures were achieved and controlled using an ESR900
liquid helium cryostat in conjunction with a temperature
controller (Oxford Instruments ITC503) and gas flow con-
troller. For all the parallel-mode EPR experiments (B I
B)), a dual-mode resonator (ER4116DM) was employed,
while for perpendicular-mode EPR (B, L B)) a super-high
Q resonator (ER4122SHQE) was used. All CW EPR data
were collected under slow-passage, non-saturating condi-
tions. Spectrometer settings were as follows: conversion
time =40 ms, modulation amplitude =0.8 mT, and modu-
lation frequency =100 kHz; other settings are given in
corresponding figure captions. Simulations of the spectra
were performed using the Easyspin 5.1.10 toolbox [33, 34]
within the Matlab 2014a software suite (The Mathworks
Inc., Natick, MA).

Results and discussion

Five- or six-coordinate Mn(III) ions (3d*) are typically high-
spin with a total spin of S=2. For such integer spin system,
due to generally large ZFS values (D ~2 cm™!), the conven-
tional perpendicular polarization (the oscillating magnetic
field of the incident microwave radiation B, is applied per-
pendicular to the direction of the static magnetic field, B, L
B,) EPR techniques reveal no spin transitions (AM,=+1)
at X-band microwave frequencies (~9.38 GHz, correspond-
ing to~0.3 cm™"). However, using parallel polarization (B,
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|| B)), transitions between the M =142 > spin manifold of
S'=2 integer spin system (e.g., Mn(III) [35, 36] and Fe(I)
[37, 38]) can be detected. Besides the parallel-mode EPR,
high-frequency and high-field EPR (HFEPR) [39, 40] can
also be applied to the integer spin system (e.g., Mn(I1I)
[40-42] and Cr(Il) [43]), see Ref. [40] for details.

The high-spin 3d* Mn(III) ion has a °D ground term. As
illustrated in Fig. 2, when placed in a ligand field, a five-
coordinate Mn(III) could either have a trigonal-bipyramidal
(TBP) geometry with a >A | ground state or a square-pyrami-
dal (SP) geometry with a °B 1 ground state. As for a six-coor-
dinate center, Mn(III) adopts an octahedral (O,) geometry. In
an octahedral field, the °D ground term will first split into a
5T2g excited state and a 5Eg ground state. Further, due to the
spin—orbit coupling and Jahn—Teller distortions, the degen-
eracy of the SEg ground state is lifted, giving rise to either a
5Alg or 5Blg ground state [36, 44]. For the A, ground state
in a TBP geometry [45] or the A, o ground state in an Oy,
geometry, the lowest unoccupied metal-centered MO is 3
d-based, giving a positive ZFS value D due to the second-
order effects of the spin-orbital coupling [35, 46, 47]. For the
3B, ground state in a SP geometry or the SB]g ground state
in an O, geometry, the lowest unoccupied metal-centered
MO is 3 d,._,-based, giving a negative ZFS value D (with
an exception of a tetragonally elongated Mn(I1I) compound
[Mn(cyclam)I,]I (cyclam=1,4,8,11-tetraazacyclotetrade-
cane), which has a positive D [48]) [45, 49].

EPR characterization of Mn(lII)PP

A representative X-band (9.38 GHz) parallel-mode CW
EPR spectrum of the aqueous Mn(IIT)PP standard is pre-
sented in Fig. 3 (red trace). A sextet is centered at the mag-
netic field position (81.0 mT) corresponding to g.;=8.20,
and shows *>Mn (I=5/2) hyperfine splittings of ~4.8 mT
(corresponding to 140 MHz). This small >>Mn A-value is
comparable to that reported for six-coordinate Mn(III) spe-
cies, such as Mn(IlI) salen [49], Mn(III) in Bacillus subtilis
oxalate decarboxylase [50] and the Mn(III)-hexaaqua ion
[51, 52] (see Table 1 for details). Mn(III)PP EPR signals
(Fig. 4a) exhibit Curie law behavior—the signal intensity is
inversely proportional to the temperature—indicating that
the M =1+2>spin manifold is populated at all temperatures
from 5 to 20 K. This is true only when the M=1+2> spin
manifold lies lowest in energy, corresponding to a negative
sign of the ZFS. The temperature dependence is well-simu-
lated (Fig. 4b) using the ZFS parameters of D=—2.5 cm™!
and E=0.25 cm™!, as shown in Fig. 4c. This temperature-
dependent behavior is in contrast to that of Mn(III) species
with positive ZFS, such as certain forms of manganese super-
oxide dismutase (EcMnSOD, D=+2.1 cm™!, E=0.24 cm™!
[35], CaMnSOD, D=+1.90 cm™!, E=0.20 cm™!) [47], in
which the M=+ 2> spin manifold lies highest in energy.
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Fig.2 Geometries of the high-spin Mn(III) ion placed in a ligand field (see text for details)
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|

.
B, Il B,

dy"/dB

Mn(Ill)PP

Mnx + Mn(llIl)PP, 5 min
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Fig.3 X-band (9.38 GHz) parallel-mode EPR spectra of Mn(III)
PP (red trace) and two equivalents of Mn(III)PP mixed with the as-
isolated Mnx protein for 5 min aerobically (blue trace). Experimental
parameters: temperature=8 K; microwave frequency=9.385 GHz;
microwave power=10 mW; conversion time=40 ms; modulation
amplitude =0.8 mT; modulation frequency =100 kHz

Thus, the EPR transitions within this manifold become
apparent only by increasing the temperature to thermally
populate the donor spin level.

The small hyperfine-coupling value of A =4.8 mT, as well
as the negative ZFS value of D=—2.5 cm™!, suggests that
Mn(IIT)PP could either have a hexa-coordinated O, geom-
etry with a 5Blg ground state or a five-coordinated square-
pyramidal geometry with a >B, ground state, in which the
lowest unoccupied metal-centered MO is 3 d,._,» —based.
EPR characterization of the trapped Mn(lll) species
in Mnx protein

To gain insights into the Mn(III)-binding sites in Mnx, we
first aerobically mixed the as-isolated Mnx protein complex
with two equivalents of Mn(III)PP in a HEPES-buffered
solution. After aging for 5 min, the sample was frozen in
liquid nitrogen and analyzed by X-band (9.38 GHz) parallel-
mode CW EPR spectroscopy, shown in Fig. 3 (blue trace).
No distinct new signals corresponding to Mn(III) species
were detected, only the sextet identical to the Mn(III)PP
signals was seen. Also, the perpendicular-mode EPR spec-
trum only shows EPR signals from copper sites in the Mnx
protein complex (data not shown), indicating that there is no
Mn(II) species being generated from the disproportionation
of Mn(IIT)PP during this modest incubation time. Therefore,
the Mn(III) ion must have much higher binding affinity to
the chelator PP (k. > 10%°) [53] than to the Mnx pro-

complexation
tein complex. This result is consistent with previous kinetic
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Table 1 EPR parameters of

mononuclear 3d* Mn(IIT) Species g Ay(mT) D (em™) E(cm™) Geometry Ground state  Refs.
species EcMnSOD? 8.17 10 +2.10 024 TBP! A, [35]
EcMnSODP 8.17 3.3 - - 6-coord. - [36]
CaMnSODc® 84 10 +190  0.20 TBP A, [47]
ScMnSOD! 84 10 +190  0.20 TBP A, [47]
84 4550 - - 6-coord. °B),
Mn(III) in PSII 82 44 -25 0.269 6-coord./SP*  °B},B, [44]
Mn(Ihsalen-NMO®  8.16 4.5 -25 0269  6-coord. °Bj, [49]
Mn(IIlsalen-4-PPNO'  8.10  4.25 -25 0249 6-coord™ B, [49]
Mn(TIN)(H,0), - 5.7 —4.514 —0.161 6-coord. °Bj, [51]
- - —-4491 0248  6-coord. °Bj, [52]
Mn(II)-OxDC? ~89 5.0 —40 0.44 6-coord. °By, [50]
Mn(TIT)PP" 8.20 4.8 -25 0.25 6-coord/SP °B},B, This work
Mn(TII)-Mnx'! 8.13 4.2 -20 0.20 6-coord/SP °B},B,

“Manganese superoxide dismutase (MnSOD) expressed in E. coli at neutral pH
®MnSOD expressed in E. coli at pH 11.54
°CaMnSODc is a MnSOD expressed in yeast Candida albicans which lacks the mitochondrial leader

sequence and is active in the cytosol

4S¢MnSOD is a homotetrameric MnSOD expressed in a single-cell model S. cerevisiae

*Mn(II) salen (salen=N,N'-ethylene bis(salicylideneaminato)) complex with additive of N-methylmorpho-

line N-oxide (NMO)

fMn(III) salen (salen=N,N'-ethylene bis(salicylideneaminato)) complex with additive of 4-phenylpyridine-

N-oxide (4-PPNO)

EMn(III) in Bacillus subtilis oxalate decarboxylase (OxDC) at pH 4.2

"PP: pyrophosphate

{Mnx-bound Mn(III) species trapped in the oxidation of Mn*(aq)

JTBP: trigonal-bipyramidal
KSP: square-pyramidal

!Axially elongated octahedral geometry

™ Axially elongated octahedral geometry

studies [29], which suggest that the reaction between Mn(III)
PP and Mnx is second order by forming a hydroxide-bridged
dinuclear Mn(III) enzyme-bound intermediate. This dinu-
clear Mn(III) species is expected to be spin-coupled, and
possibly not EPR detectable [28].

As a control, we looked for the Mn(III) intermediate
during Mnx-catalyzed Mn**(aq) oxidation by employ-
ing sodium azide (NaN3), which inhibits MCO enzymes
by binding to the trinuclear copper center [54, 55]. The
as-isolated Mnx protein complex, pre-incubated with ten
equivalents of NaN;, was mixed with four equivalents of
MnSO, in a HEPES-buffered solution. After being allowed
to react for 2 min, the sample was frozen in liquid nitrogen
and analyzed by X-band (9.38 GHz) CW EPR spectroscopy.
The perpendicular-mode EPR spectrum (Fig. 5, blue trace)
shows signals from copper sites in the Mnx protein com-
plex [24] and signals corresponding to mononuclear (class
ii) and dinuclear (class iii) Mn(II) species bound to Mnx
[20]. No Mn(III) species were detected by parallel-mode
EPR spectroscopy, consistent with our previous observation
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that Mn(II) is not oxidized by the Mnx T1Cu in the absence
of molecular oxygen [27].

Our previous EPR observation of a Mnx-produced
Mn(III) species was achieved by oxidizing Mn(II) with Mnx
and O, in the presence of PP [29]. Mn(III) is released from
the enzyme and is trapped by the PP, based on the appear-
ance of a ligand-to-metal charge-transfer electronic absorp-
tion band at~258 nm of Mn(IIT)PP (see Fig. 6) [7, 29].
Under the conditions used for kinetic studies, only Mn(III)
complexes in solution can be detected by absorption spec-
troscopy since they are present in much higher concentra-
tion than the enzyme. However, if concentrated enzyme was
used, as in the present study, the spectral contribution of the
integer spin enzyme-bound Mn(III) could be distinguished
from the aqueous Mn(III)PP signal via parallel-mode EPR
spectroscopy.

We thus prepared a reaction sample by incubating the
as-isolated Mnx protein with five equivalents of PP, and
then adding four equivalents of MnSO, to initiate the reac-
tion. After being allowed to react for 3 min, this sample
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A55|\'nn 46 G

M

A

Mn(Ill)PP

60 65 70 100

Fig.4 Temperature dependence of the parallel-mode EPR spectra
of Mn(III)PP (a) and the corresponding simulated spectra obtained
using the parameters of >Mn A=140 MHz, D=— 2.5 cm™' and
E=025 cm™' (b). Experimental parameters: microwave fre-
quency =9.385 GHz; microwave power=10 mW (no saturation);
conversion time=40 ms; modulation amplitude=0.8 mT; modula-

was frozen in liquid nitrogen and analyzed by CW EPR
spectroscopy. The perpendicular-mode EPR spectrum
(Fig. 5, green trace) is similar to the spectrum of the reac-
tion mixture of Mnx, Mn>*(aq), and O, in the presence of
NaN; (Fig. 5, blue trace), with signals from copper sites
in Mnx and bound Mn(II) species (vide supra). However,
the parallel-mode EPR spectrum (Fig. 7, green trace,
as well as Fig. 8), possesses a new sextet appearing at a
slightly lower g.;=8.13 (centered at the magnetic field
of 82.0 mT) and with a smaller >Mn hyperfine-coupling
value of A=4.2 mT (corresponding to 120 MHz), indi-
cating that the generated Mn(III) species is distinct from
aqueous Mn(III)PP. This new signal could arise from a
Mn(III) species coordinated in Mnx protein, denoted as
“Mn(II1)-Mnx”, which is possibly stabilized by being par-
tially ligated to PP. We reported this spectrum in our recent
paper [29] as the first spectroscopic evidence for Mnx-
bound Mn(III) intermediate during the Mn(II) oxidation.
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tion frequency =100 kHz. ¢ Temperature dependence of the peak-to-
peak amplitudes of the fourth EPR feature of Mn(III) sextet (peak at
84.38 mT). The peak-to-peak amplitudes are plotted as a function of
the inversion of temperature, with the red circles corresponding to the
experimental data shown in a and the blue stars corresponding the
simulation data given in b

As mentioned above, previous kinetic studies implicated a
hydroxide-bridged dinuclear Mn(III) intermediate, which
is not expected to be EPR detectable [28]. Indeed, no
Mn(IIT) EPR signal is seen in the absence of PP. However,
the kinetic studies also revealed a pronounced slowing of
the enzyme reaction in the presence of PP, which could
enable the freezing of an EPR-detectable mononuclear
Mnx-bound Mn(III) species at high enzyme concentra-
tion, before a second electron transfer leads to formation
of the putative binuclear Mn(III) intermediate. It is also
possible that PP can stabilize the mononuclear Mnx-bound
Mn(III). Indeed, a ferroxidase ceruloplasmin, which is the
closest structural homologue of MCO MnxG, oxidizes the
substrate Fe(IT) and then translocates its oxidation product
Fe(III) over several angstroms towards a holding site near
the surface [18]. It seems likely that in MnxG (see Fig. 9),
after the first round of electron transfer, a Mn(III) spe-
cies is translocated to near the protein surface, and, in the
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Fig.5 X-band (9.38 GHz) perpendicular-mode EPR spectra of
Mnx protein aerobically mixed with four equivalents of Mn(II)
in the presence of ten equivalents of NaN; for 2 min (blue trace)
or in the presence of five equivalents of PP for 3 min (green trace,
see Experimental Procedure for details). Experimental parameters:
temperature=15 K; microwave frequency=9.38 GHz; microwave
power=0.2 mW; conversion time=40 ms; modulation ampli-
tude =0.8 mT; modulation frequency =100 kHz
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Fig.6 UV-Vis absorption spectra recorded at the indicated times
during the oxidation of 100 pM MnSO, by 50 nM Mnx, in the pres-
ence of 0.5 mM NaPP in 10 mM sodium phosphate buffer, pH 7.8.
The band at 258 nm is due to the Mn(IIl) intermediate in solution
trapped by PP; the~370 nm band is due to nanoparticulate MnO,
enzymatic product. The inset shows the time profiles for the Mn(III)
PP (black line), MnO, (red line), and MnSO, (green line) components
of the Mnx assay, as described in Ref. [29]
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Fig.7 X-band (9.38 GHz) parallel-mode EPR spectra of Mn(III)
PP (red trace, which is also shown in Fig. 3) and the as-isolated
Mnx protein aerobically mixed with four equivalents of Mn(II)
in the presence of five equivalents of PP for 3 min (green trace,
with the corresponding perpendicular-mode spectrum shown in
Fig. 5). Experimental parameters: temperature=8 K; microwave
frequency =9.385 GHz; microwave power=10 mW; conversion
time=40 ms; modulation amplitude=0.8 mT; modulation fre-
quency =100 kHz. The black traces are the simulated spectra using
the parameters of A=140 MHz, D=— 2.5 cm™!, E=0.25 cm™! for
standard Mn(II[)PP and using the parameters of A=120 MHz,
D=-20cm™}, E=0.20 cm™! for Mnx-bound Mn(III) species. The
two experimental spectra are adapted from Ref. [29]

presence of PP, the resulting Mn(III) is stabilized against
disproportionation by being partially ligated to PP.

In what follows, we further probe this Mn(III) spe-
cies using temperature dependence measurements and
EPR spectral simulations. The temperature dependence
of the Mnx-bound Mn(III) EPR signals shown in Fig. 8a
again exhibits Curie law behavior, suggesting that the
ZFS D is negative. A >>Mn hyperfine-coupling value of
A=120 MHz and ZFS parameters of D=—2.0 cm™' and
E=0.20 cm~! were employed in the simulation (Figs. 7,
8). However, the temperature dependence of the simulated
spectra of Mnx-bound Mn(III) does not fit the experimen-
tal data (Fig. 8c) very well, which could be due to the low
signal intensity of this intermediate compared with that of
Mn(IIT)PP. The negative ZFS D suggests that Mnx-bound
Mn(III) either has a hexa-coordinated O, geometry with
a 5Blg ground state or a five-coordinated SP geometry
with a 5B, ground state, in which the lowest unoccupied
metal-centered MO is 3 d,._-based. To be noted, although
we cannot determine the exact geometry of Mnx-bound
Mn(III) species currently, the same hyperfine-coupling
value of A=4.2 mT is also reported for Mn(III) salen com-
plex with additive of 4-phenylpyridine-N-oxide (4-PPNO),
which has an axially elongated octahedral geometry (see
Table 1 for details) [49].
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Fig.8 Temperature dependence of the parallel-mode EPR spec-
tra of Mnx-bound Mn(IIl) species (a) and the corresponding simu-
lated spectra using the parameters of A=120 MHz, D=— 2.0 cm™!
and E=0.20 cm™! (b). Experimental parameters: microwave fre-
quency=9.385 GHz; microwave power=10 mW (no saturation);
conversion time =40 ms; modulation amplitude =0.8 mT; modulation
frequency = 100 kHz. ¢ Temperature dependence of the peak-to-peak

Origin of the variation in ZFS values D

For Mn(III) species with a 5Blg/SB1 ground state, i.e., aque-
ous Mn(III)PP and the Mnx-bound Mn(IIl) in this work,
the variation in the negative D values could be related
to the energy of the excited °E spin triplet [56, 57]. The
lower energy of °E corresponding to small tetragonal dis-
tortions leads to larger magnitude of D. As the ZFS value
D for aqueous Mn(III)PP and the Mnx-bound Mn(IIl) is
determined to be — 2.5 and — 2.0 cm™ !, respectively, Mnx-
bound Mn(III) species has larger tetragonal distortion in
comparison with Mn(IIT)PP. Therefore, it is mostly likely
that in the presence of PP, the Mn(III) species, generated
in Mnx via oxidation of the bound Mn(II), is stabilized by
being partially ligated to PP, with a lower-symmetry ligand
environment in comparison with Mn(III)PP.
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amplitudes of the fourth EPR feature of Mn(III) sextet (peak around
85.0 mT). The reason we chose the fourth 3Mn hyperfine peak is due
to its distinguishable signal/noise intensity. The peak-to-peak ampli-
tudes are plotted as a function of the inversion of temperature, with
the red triangles corresponding to the experimental data shown in a
and the green stars corresponding the simulation data given in b. The
black starred peak shown in a is a signal from background

Conclusions

In this work, a Mn(III) species bound to the Mnx protein com-
plex is exposed during the oxidation of Mn**(aq) by trapping
the Mn(IIT) with PP. A parallel-mode EPR signal is observed
at g.4=38.13 with a 3Mn hyperfine-coupling value of A =4.2
mT (corresponding to 120 MHz). Temperature dependence
studies and spectral simulations indicate a negative ZFS value
of D=—2.0 cm™'. These magnetic properties suggest that the
Mnx-bound Mn(III) species could be either six-coordinate in
the Mnx protein complex with a °B, o ground state or square-
pyramidal five-coordinate with a 5B, ground state. In addi-
tion, aqueous Mn(III)PP is also analyzed by parallel-mode
EPR spectroscopy. It exhibits a distinctly different sextet of
hyperfine signals, with g +=8.20 and a larger hyperfine-cou-
pling value of A=4.8 mT. Temperature dependence studies

@ Springer
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Fig.9 Structural model of the catalytic sites in MCO MnxG, based
on the generated I-TASSER MnxG homology model [23]. The MnxG
structural model was aligned to the X-ray structure of human cerulo-
plasmin (PDB:1KCW) [18], using the conserved T1Cu ligands. This
structural model shows a trinuclear T2/T3Cu centers (brown spheres)
and a mononuclear T1Cu center (blue sphere) from ceruloplasmin
structure, together with the MnxG conserved ligands around the cop-
per centers (blue sticks). The red sphere is the substrate Fe(Il) from
ceruloplasmin structure, and the pink sphere is the expected location
of the oxidation product Fe(III) at the holding site with the cerulo-
plasmin residues showing as yellow sticks. The residue E935 was
proposed to translocate Fe(IIl) from the substrate site to the holding
site [18]. In ceruloplasmin, the oxidation product Fe(IIl) is guided to
the protein exterior by residues E932, E753, and D921, as predicted
in Ref. [58]. The possible holding site in MnxG (residues shown as
blue sticks) is located close to the solvent interface, permitting access
of pyrophosphate

and spectral simulations indicate a negative ZFS value of
D=-2.5 cm™!. The variation in the negative D values of
Mn(III) species with a 5Blg/SB1 ground state could be related
to the energy of excited °E spin triplet. The lower energy of °E
corresponding to small tetragonal distortions leads to larger
magnitude of D. Therefore, it is reasonable that Mnx-bound
Mn(III) species has larger tetragonal distortion in compari-
son with aqueous Mn(III)PP, resulting in small magnitude of
D. Collectively, these results provide direct evidence that a
Mn(IIT) species is formed in MCO-containing Mnx protein
during the biological Mn(II) oxidation.
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