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A new type of manganese-oxidizing enzyme has been identified in two alphaproteobacteria, “Aurantimonas
manganoxydans” strain SI85-9A1 and Erythrobacter sp. strain SD-21. These proteins were identified by tandem
mass spectrometry of manganese-oxidizing bands visualized by native polyacrylamide gel electrophoresis in-gel
activity assays and fast protein liquid chromatography-purified proteins. Proteins of both alphaproteobacteria
contain animal heme peroxidase and hemolysin-type calcium binding domains, with the 350-kDa active
Mn-oxidizing protein of A. manganoxydans containing stainable heme. The addition of both Ca** ions and
H,O0, to the enriched protein from Aurantimonas increased manganese oxidation activity 5.9-fold, and the
highest activity recorded was 700 uM min~" mg~'. Mn(II) is oxidized to Mn(IV) via an Mn(III) intermediate,
which is consistent with known manganese peroxidase activity in fungi. The Mn-oxidizing protein in Eryth-
robacter sp. strain SD-21 is 225 kDa and contains only one peroxidase domain with strong homology to the first
2,000 amino acids of the peroxidase protein from A. manganoxydans. The heme peroxidase has tentatively been
named MopA (manganese-oxidizing peroxidase) and sheds new light on the molecular mechanism of Mn

oxidation in prokaryotes.

Mn(IILIV) oxides (Mn oxides) and soluble Mn(III) com-
plexes are the strongest oxidizing agents in the environment
after oxygen and play an important role in many biogeochemi-
cal cycles (25). At pH 7, they can oxidize metals, catalyze the
formation of humic substances and organic nitrogen com-
plexes, and oxidatively degrade humic and fulvic acids to bio-
available low-molecular-weight organic compounds (6, 38, 40).
Geochemical cycling of Mn oxides can also control the distri-
bution of many trace elements, as Mn minerals are highly
charged and can adsorb and concentrate metals (22). In the pH
range of aerobic natural waters (pH 6 to 8), chemical oxidation
of Mn(II) is slow, but in the presence of Mn(II)-oxidizing
microorganisms, the rate can be 4 to 5 orders of magnitude
higher (30, 39, 48).

Multicopper oxidases (MCOs) are the only identified pro-
teins from bacteria capable of manganese oxidation. These
enzymes are a class of proteins that utilize copper as a cofactor
to perform four one-electron substrate oxidations, thereby re-
ducing molecular oxygen to H,O (37). Generally, MCOs oxi-
dize organic compounds such as phenolics, but some fungal
MCOs (laccases) that can oxidize Mn(II) to Mn(III) and
Mn(IV) have been described previously (21, 36, 28). Bacterial
MCOs involved with Mn oxidation have been genetically iden-

* Corresponding author. Mailing address: Division of Environmen-
tal and Biomolecular Systems, Oregon Health & Science University,
20000 NW Walker Road, Beaverton, OR 97006. Phone: (503) 748-
1992. Fax: (503) 748-1464. E-mail: tebo@ebs.ogi.edu.

T Present address: Bio-Protection Research Centre, P.O. Box 84,
Lincoln University, Lincoln 7647, New Zealand.

§ These authors contributed equally to this work.

¥ Published ahead of print on 1 May 2009.

4130

tified in Pseudomonas putida strains MnB1 and GB1 (cumA),
Leptothrix discophora SS-1 (mofA), Bacillus sp. strain SG-1
(mnxG), and the alphaproteobacterium Pedomicrobium sp.
strain ACM 3067 (moxA) (35). None of these MCOs share
significant homology except for their copper binding motifs
(35), and only in Bacillus sp. (11) have MCOs been directly
linked to Mn oxidation.

Another class of proteins known in eukaryotes to oxidize
manganese, but not commonly identified to be involved in
bacterial Mn oxidation, are heme-containing manganese per-
oxidases (MnPs) (5, 33). These enzymes are extremely impor-
tant for the degradation activities of lignin-degrading fungi.
The MnP from the basidiomycete Phanerochaete chrysospo-
rium has a single Mn(II) binding site near the heme and pro-
duces two Mn(III) equivalents at the expense of one H,O,
equivalent (18, 34, 45). MnPs and MCOs are able to work in
concert, with the MnP utilizing H,O, produced by the MCO-
catalyzed Mn(II) oxidation (36). Both types of protein produce
Mn(III). While MnPs are best known to occur in fungi, a
similar mechanism has been reported for a catalase/peroxidase
from Mycobacterium (27), and a catalase-peroxide mechanism
was suggested to be involved in Fe and Mn oxidation in Arthro-
bacter (13).

A search for MCO-like genes in the draft genome sequence
of the Mn(II)-oxidizing marine alphaproteobacterium “Auranti-
monas manganoxydans” strain SI85-9A1 revealed duplicate
copies of moxA-like genes (12). Initial attempts to isolate the
Mn oxidase enzyme focused on the secreted proteins. Two
regions were identified by a native polyacrylamide gel electro-
phoresis (PAGE) in-gel activity assay to have active Mn(II)
oxidation, one at >250 kDa and the other at approximately 50
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kDa. The active areas were excised from the gel, digested with
trypsin, and analyzed with tandem mass spectrometry (MS/
MS) but no peptides could be identified (12). In the same
study, five bands from a corresponding Coomassie-stained so-
dium dodecyl sulfate (SDS)-PAGE gel returned identifications
of peptides from a putative Ca>* binding heme peroxidase, but
no attempt was made to connect this protein to the active
bands from the in-gel activity assay because they would have
migrated differently (Coomassie bands were denatured pro-
tein, the in-gel activity assay native proteins).

Based on the genome data, the expected size of the MoxA-
like proteins was approximately 50 kDa, similar to the size of
MoxA from Pedomicrobium sp. strain ACM 3067 and similar in
size to the most active region from the in-gel activity assay. It
was then inferred that the Mn oxidase from A. manganoxydans
strain SI85-9A1 could be a Mox ortholog with an estimated
size of 50 kDa that may be part of a larger >250-kDa holoen-
zyme (12). The experimentally identified Ca®* binding heme
peroxidase was suggested to be involved with the biodegrada-
tion of complex organics utilizing H,O, abiotically generated
by the Mn(III) produced by the Mn(II)-oxidizing MoxA-like
protein (after the mechanism described by Schlosser and
Hofer [36]) (12).

In Erythrobacter sp. strain SD-21, the Mn oxidase enzyme
was found in both the soluble and excreted fractions, suggest-
ing that the activity may be loosely associated with the cell
surface (23). Protein chromatography was employed to identify
the Mn oxidase in this organism but did not conclusively im-
plicate an MCO. The enzyme was partially purified and was
found to be associated with a quinone cofactor, PQQ, that
stimulated manganese oxidation in partially pure protein ex-
tracts and rescued the manganese oxidation activity in a mu-
tant strain of Pseudomonas putida MnB1. Mn oxidation was
not stimulated in vitro when copper was added, and activity
was vastly decreased in the presence of MCO and quinone
inhibitors. The addition of o-phenanthroline, a copper chelator
and potent inhibitor of Mn oxidation in P. putida GB-1 (32),
inhibited Mn oxidation only partially at concentrations far in
excess of those required for GB-1. The absorbance spectrum of
the partially purified protein extract did not show characteris-
tics of an MCO, and the activity of the cell extract was between
7- and 30-fold higher than the activity measured for Mn-oxi-
dizing organisms containing MCOs. Although the evidence
pointed away from MCO involvement, H,O, did not stimulate
activity as expected if the enzyme was an MnP (23).

A. manganoxydans strain SI85-9A1 is not easily amenable to
genetic techniques, and thus, isolation of the manganese oxi-
dase was performed through protein chromatography tech-
niques. Since early studies failed to conclusively identify the Mn
oxidase, it was decided to fractionate the proteins in the or-
ganism to localize the activity and purify the protein from the
active fraction. In this work, we report the significant purifica-
tion of the Mn-oxidizing protein leading to its identification as
an animal heme peroxidase with multiple calcium binding mo-
tifs, and localization of the protein to the outer membrane as
a peripheral membrane protein. We revisit the Mn oxidase
from Erythrobacter sp. strain SD-21 (also genetically recalci-
trant) and identify the protein from an active Mn-oxidizing
band with a native PAGE in-gel activity assay. This protein is
also an animal heme peroxidase with calcium binding motifs.
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MATERIALS AND METHODS

Strain isolation. Aurantimonas manganoxydans strain SI85-9A1 was collected
in 1985 from Sannich Inlet, Vancouver Island, British Columbia, Canada. This
strain was isolated from a water sample taken from a depth of 125 m and has
recently been described (1a). Erythrobacter sp. strain SD-21 was isolated in 2000
from surface sediments in San Diego Bay, CA. Both SI85-9A1 and SD-21 strains
were originally isolated on K medium (41).

Cultivation. A. manganoxydans strain SI85-9A1 was grown at room tempera-
ture in 1-liter liquid culture batches in either M medium or J medium made with
artificial seawater (41) supplemented with a mixture of sterile filtered 10 mM
glycerol, 10 mM Na-formate, 100 puM MnCl,, and 100 pl of 3 mg ml~! ferric
ammonium citrate. Ferric ammonium citrate and MnCl, were always made fresh
prior to inoculation. Control flasks without MnCl, added were always cultured
simultaneously. The inoculum was a 1-ml volume of a 3-ml starter culture that
was grown for 48 h in media without Mn. The inoculum for the starter cultures
was always a single isolated colony from a K medium plate that was known to be
oxidizing manganese. Flasks were shaken on an orbital shaker at 150 rpm. Cells
were harvested within 24 h after the onset of manganese oxidation (visible
darkening of the growth medium due to particulate oxides being produced).
Erythrobacter sp. strain SD-21 was cultured as previously described (23).

Protein fractionation and isolation from A. manganoxydans. A. manganoxydans
cells were fractionated using a combination of protocols from Myers and Myers
(29), Gaspard et al. (17), and DiChristina et al. (10). The following five different
protein fractions were recovered: secreted, loosely bound outer membrane
(LBOM), soluble (periplasmic and cytoplasmic), inner membrane, and outer
membrane proteins.

Cells were harvested by centrifugation at 10,000 X g at 4 °C. The spent culture
medium was decanted into sterile 1-liter Erlenmeyer flasks, prefiltered through
sterile Whatman filter paper, filtered through a 0.2-um Millipore Stericup filter,
and then ultrafiltered to a volume of ~5 ml, using a 400-ml Amicon stirred
filtration cell with a 10-kDa nominal molecular mass limit (NMWL) filter. This
fraction was considered the secreted protein fraction.

The cell pellet was resuspended in 50 ml of 100 mM HEPES buffer with 100
1M ascorbate added to reduce any Mn oxides to Mn(II). Cells were pelleted by
centrifugation, and the supernatant was collected. After centrifugation, the cell
pellet was washed in 100 ml of phosphate-buffered saline, centrifuged again, and
finally resuspended and stirred vigorously in 100 ml of a high-salt Tris buffer (100
mM Tris [pH 7.5], 1 M KCI, 1 mM dithioerythritol) for 4 h at 4°C; then, it was
centrifuged again. The high-salt buffer supernatant was collected and added to
the supernatant from the ascorbate wash and the phosphate-buffered saline wash
solutions. These combined supernatants were prefiltered through sterile What-
man paper, filtered through a 0.2-um Millipore Stericup filter, and then ultra-
filtered to a volume of ~5 ml, using the Amicon stirred filtration cell with a
10-kDa NMWL filter. The resulting concentrated solution was considered the
LBOM protein fraction.

The pellet was then resuspended and washed in 6 ml of 10 mM Tris-HCI (pH
8.1) buffer and then treated with three rounds of lysis using a French press at
20,000 1b/in?. The membrane and soluble proteins were then separated by ultra-
centrifugation at 200,000 X g for 1 h at 4°C, using a Beckman TLA 100.1 rotor.
The supernatant was collected and was considered the soluble (periplasmic and
cytoplasmic) protein fraction.

The pelleted outer and inner membrane fractions were then separated using
Triton X-100 to solubilize the inner membrane proteins. The pellet was first
resuspended in 3 ml of 10 mM HEPES buffer (pH 7.5), with 10 mM MgCl,, and
then equilibrated overnight at 4°C. The resuspended pellets were then equili-
brated to 22°C, Triton X-100 was added to a final concentration of 2.0% (vol/
vol), and then the pellets were incubated for 10 min at room temperature. The
tubes were put on ice and then ultracentrifuged at 100,000 X g for 2 h at 4°C. The
supernatant was collected and was considered the inner membrane protein
fraction.

The resulting pellet, containing the Triton X-100 insoluble material, was then
resuspended in 3 ml of 10 mM Tris-HCI solution (pH 8.1). A 1/10 volume
equivalent of lysozyme (final concentration, 6.4 mg ml~') was then added to the
solution and allowed to incubate for 20 min. The Triton X-100 insoluble material
was again pelleted by ultracentrifugation as previously described. The resulting
pellet was resuspended in 10 mM HEPES buffer (pH 7.5) and was considered the
outer membrane protein fraction.

Once all of the fractions were collected, they were dialyzed overnight against
10 mM HEPES buffer (pH 7.5), using 6,000- to 8,000-molecular-weight-cutoff
dialysis tubing. After dialysis, each fraction was then concentrated further to a
final volume of ~2 ml, using Millipore Biomax Ultra centrifugal filters with a
10-kDa NMWL cutoff. This 2-ml volume was used for fraction activity assays, fast
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protein liquid chromatography (FPLC) protein purification, SDS-PAGE, and
native PAGE in-gel activity assays.

Functional assays and protein localization (crude protein extracts). The pro-
tein concentration in each subcellular fraction was normalized to 100 pg ml™!
using Coomassie Plus (Pierce) and then assayed over 48 h for the formation of
Mn(IV) oxides and Mn(III)-pyrophosphate complexes [Mn(III)-PP;] (41, 47).
The assay mix consisted of 10 mM HEPES (pH 7.5), 50 mM NaCl, 10 pg of
protein, =5 mM PP;, and =100 uM MnCl,. Mn oxides and Mn(III)-PP; com-
plexes were quantified using a colorimetric leucoberbelin blue (LBB) microplate
assay, where 50 pl of each sample was reacted with 250 pl of LBB solution (41).
LBB reacts with Mn oxides and Mn(IIT)-PP;, forming a blue color that absorbs
at 620 nm. In tubes without PP;, the MnCl, was oxidized to Mn(IV) oxides,
whereas in tubes with PP;, the MnCl, was oxidized only to Mn(III), as PP;
captures Mn(III), forming a stable complex (46, 47). Real-time formation of
Mn(III)-PP; complexes (growth of an absorption peak at 256 nm) was monitored
with a spectral scan between 200 and 350 nm for a period of 48 h.

Differences in activity due to the cations available were investigated by sub-
stituting NaCl with 0 to 100 mM concentrations of CaCl, and MgCl,. The effect
of peroxide, pyrroloquinoline quinone (PQQ), and NAD™" addition was deter-
mined by adding final concentrations of 0 to 100 uM H,O,, 0 to 50 uM PQQ,
and 0 to 200 pM NAD™. Laccase-like activity was determined, as described in
reference 16, by adding 100 ul of a 9.1 mM ABTS [2,2'-azinobis(3-ethylbenz-
thiazolinesulfonic acid)] solution to 10 pg of nonpurified proteins (per the NaCl
assay described above) and visualizing a green color change.

Protein extracts and Mn oxidation assays used for Erythrobacter sp. strain
SD-21 have been previously described (23). The effect of peroxide addition was
determined by adding 10 wM hydrogen peroxide to the assay.

PAGE and manganese oxidation in-gel activity assay. Crude protein extracts
and FPLC-purified proteins were separated by native PAGE using 10% Tris-HCl
resolving gels. Native PAGE was carried out in the absence of B-mercaptoeth-
anol, SDS, and sample boiling. Two sets of samples were run side by side, and
after electrophoresis, the gel was sliced in two, with one half stained with
Coomassie blue or silver (Pierce) and the other assayed for Mn oxidase activity.
For the Mn oxidation assay, the gel was first immersed in prewash solution (10%
glycerol with 0.5% Triton X-100) for 30 min, with the solution being changed
after 15 min. The prewash solution is then replaced with 10 mM HEPES buffer
(pH 7.6) and incubated at room temperature for 10 min. The HEPES buffer is
then replaced with fresh buffer containing 100 .M MnCl, and incubated over-
night. Active protein forms a brown band of Mn oxides, and the position of this
band can be compared to the Coomassie blue/silver-stained gel.

SDS-PAGE was performed under the conditions specified by the manufac-
turer (Bio-Rad). SDS and B-mercaptoethanol were used, and protein samples
were boiled prior to loading. Precast 4 to 15% Tris-HCI gels (Bio-Rad) were
used for determining protein purity.

FPLC purification of the A. manganoxydans Mn oxidase protein. The Mn
oxidase protein was partially purified from LBOM proteins extracted from four
1-liter batches of A. manganoxydans SI85-9A1 isolates. Purification was per-
formed with Akta FPLC, with all chromatography columns from GE Healthcare,
at a temperature of 4°C. Dialyzed (10 mM HEPES [pH 7.5]) LBOM proteins
were initially separated by size exclusion chromatography (see below for condi-
tions) and analyzed with MS/MS. After initial analysis, subsequent LBOM pro-
tein extractions were separated with up to three types of chromatography. The
first purification step used a 5-ml HiTrap Q fast-flow anion exchange column in
20 mM Tris buffer (pH 8.5), with a linear NaCl elution gradient from 0 to 1 M.
Each eluted fraction (1 ml) was assayed for Mn(II) oxidation activity by adding
10 pl of 1 mM MnCl, to 90-pl aliquots of the eluted fractions (100 wM final
Mn?* concentration). After overnight incubation at room temperature, 100 .l of
LBB was added to detect Mn oxide production. The remainder of the eluted
fractions that tested positive for Mn oxides was then pooled and concentrated
using 10-kDa NMWL spin filters (Amicon Ultra and Millipore Biomax) before
either being tested by a quantitative Mn oxidation activity assay or being rein-
jected for further purification. Subsequent purification steps used a 5-ml HiTrap
phenyl high-performance hydrophobic interaction column (phenyl HP) [in 20
mM HEPES buffer (pH 7.5) with a decreasing linear gradient of 1.7 M
(NH,),S0,], and then size exclusion chromatography used a 120-ml HiPrep
16/60 Sephacryl S-200 high-resolution column (in 20 mM HEPES with 150 mM
NaCl). Each injection volume was ~1.5 ml, with a 2-ml injection loop used.

Samples of LBOM proteins and purified active fractions were then analyzed
using MS/MS at the Proteomic Shared Resource Facility at the Oregon Health
& Science University (OHSU).

MS/MS and genome confirmation of the Aurantimonas manganoxydans Mn
oxidase identity. MS/MS was used to identify the proteins from the active frac-
tion(s) pooled by FPLC. The protein concentration in each sample was estimated
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using a Nanodrop ND-1000 spectrophotometer (assuming that an A,g, of 1is 1
mg ml~") and was then diluted and dried in a Speedvac (Savant) to a final dry
mass of ~20 pg. These dried samples were then resuspended and digested using
trypsin at the Shared Protein Resource Facility at OHSU. The samples were
rehydrated in digestion buffer, and 2 pl of dithiothreitol (DTT) solution was
added. The samples were incubated for 15 min at 50°C, and then 1 pl of isoamyl
alcohol solution was added. The samples were then incubated in the dark at
room temperature for 15 min, and then an additional 4 pl of DTT solution was
added; the samples were then incubated at room temperature for another 15
min. Enough trypsin was then added to ensure a 1:25 enzyme-to-substrate ratio
in the solution along with water to achieve a final volume of 40 pl. The samples
were then centrifuged and left to incubate overnight at 37°C. After incubation,
formic acid (2 wl of 88% acid) was added to halt the digestion process, and the
samples were frozen until time of analysis.

All MS/MS samples were analyzed using Mascot (version Mascot; Matrix
Science, London, United Kingdom). Mascot was set up to search NCBI assuming
that the digestion enzyme is trypsin. Mascot was searched with a fragment ion
mass tolerance of 0.60 Da and a parent ion tolerance of 1.2 to 1.4 Da. U—1 of
selenocysteine, b+1 of asparagine/aspartic acid, z+1 of glutamine/glutamic acid,
and an iodoacetamide derivative of cysteine were specified in Mascot as fixed
modifications. Oxidation of methionine was specified in Mascot as a variable
modification.

Scaffold (version Scaffold_2_01_00; Proteome Software, Inc., Portland, OR)
was used to validate MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at >50.0% probability
as specified by the Peptide Prophet algorithm (24) as well as if the identifications
could be established at >95.0% probability and contained at least two identified
peptides. Protein probabilities were assigned by the Protein Prophet algorithm
(31). Proteins that contained similar peptides but could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the principles of parsi-
mony. Protein fragments were then queried against the draft genome database of
Aurantimonas sp. strain SI85-9A1, and full gene sequences were then translated
and queried using PROSITE to identify domains.

Protein isolation from Erythrobacter sp. strain SD-21. Multiple native PAGE
Mn-oxidizing in-gel activity assays and Coomassie blue-stained gels were used to
purify and subsequently identify the manganese-oxidizing protein as described
below. Mn stained bands were prepared from soluble cell extract and the ex-
creted protein fraction. The soluble cell extract was prepared as previously
described (23). The excreted fraction was prepared from a 2-liter culture grown
on K medium. The Mn oxides were reduced with 3 mM ascorbic acid, and the
cells were removed by centrifugation at 10,000 X g for 20 min at 4°C. The
supernatant was passed through a 0.2-um filter, concentrated in a stirred cell
with a 30-kDa NMWL membrane, and finally concentrated to 3 ml by ultrafil-
tration (50-kDa NMWL). Coomassie-stained protein bands which migrated an
equal distance as the corresponding Mn-oxidizing band were also used for Mn-
oxidizing protein identification. These samples were enriched in Mn-oxidizing
activity by a phenyl HP as described above. The Mn-oxidizing activity was not
bound to the column.

Purification and identification of the Erythrobacter sp. strain SD-21 Mn oxi-
dase. The proteins were separated by one-dimensional SDS-PAGE using 12%
polyacrylamide Tris-glycine gels. The gel was stained with Coomassie blue by
standard methods. The Mn-oxidizing in-gel activity assays were prepared as
described above. Excised gel bands were washed twice with 200 wl of 50%
acetonitrile and 50% 5 mM DTT-25 mM NH,HCO; with vortexing for 10 min
and finally washed with 200 wl acetonitrile. The dehydrated gel piece was rehy-
drated by adding 20 p.l of ice-cold 10 ng pl ™" trypsin (Promega) in 5 mM DTT-25
mM NH,HCO; and then was incubated on ice for 30 min, and the remaining
trypsin solution was removed and replaced with fresh 5 mM DTT-25 mM
NH,HCO;. The digestion was allowed to continue at 37°C overnight. The pep-
tide mixture was then acidified with 2 wl of 2% trifluoroacetic acid and vortexed
for 30 min, and the supernate was extracted. Finally, 20 pl of 20% acetonitrile-
0.1% trifluoroacetic acid was added, and the mixture was vortexed to extract the
remaining peptides and then was combined with the previous fraction. The
combined extractions are analyzed directly by nanobore liquid chromatography
(LC)-MS/MS.

LC-MS/MS data were acquired in a data-dependent fashion by selecting the
most intense peak with charge state of 2 to 4 that exceeds 40 counts, with
exclusion of former target ions set to “always” and the mass tolerance for
exclusion set to 100 ppm. Time-of-flight MS were acquired at m/z 500 to 1,800 Da
for 0.5 s with 20 time bins to sum. MS/MS data were acquired from m/z 65 to
2,000 Da by using “enhance all” and 20 time bins to sum, dynamic background
subtract, automatic collision energy, and automatic MS/MS accumulation with
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the fragment intensity multiplier set to 12 and maximum accumulation set to 3 s
before returning to the survey scan.

The MS/MS peptide fragments were analyzed by Analyst 2.0 (Applied Bio-
systems) and subjected to a database search using Mascot 2.2.1 (Matrix Science)
with Mascot Daemon 2.2 (Matrix Science) data import filter parameters set as
follows: default precursor charge state from 2 to 4; precursor and MS/MS data
centroiding using 50% height and 0.05 amu merge distances. MS/MS peaks with
intensity of <1% of the base peak were discarded, as were MS/MS spectra with
fewer than 22 peaks remaining. Data were searched against the Swissprot data-
base obtained at ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/, containing 237,168
sequences. The search identified tryptic peptides with up to two missed cleavages
and used mass tolerances of 100 ppm (MS) and 0.10 Da (MS/MS), with variable
modifications as follows: deamidation (NQ), oxidation (M), pyro-Glu (N-term
Q). The search results indicated that individual ion scores of >22 indicate
identity or extensive homology (P < 0.05). Protein fragments were screened
against the incomplete Erythrobacter sp. strain SD-21 genome sequence.

Heme peroxidase assay. Native PAGE was performed as described previously.
The procedure for staining described by Thomas et al. (43) and Hagan and
Mobley (19) was performed as follows. Prior to use, a 6.3 mM (15 mg ml™')
solution of 3,3",5,5'-tetramethylbenzidine (TMBZ; Fisher) was prepared in
methanol and cooled to 4°C once the TMBZ was fully dissolved. This was mixed
with prechilled 250 mM sodium acetate (NaAc; pH 5.0) at a ratio of 3 parts
TMBZ solution to 7 parts NaAc buffer. After a brief wash with water, the gel was
allowed to equilibrate in the 3:7 solution for ~1.5 h at 4°C and covered from
light. Hydrogen peroxide was then added to a final concentration of 30 mM, and
the bands were allowed to develop for 30 min (light-blue bands were seen almost
immediately after the addition of hydrogen peroxide). The gel was imaged
without further clarification of the background. The bands were related to native
PAGE silver-stained activity gels as described above.

RESULTS AND DISCUSSION

Biogeochemical cycling of manganese has important impli-
cations for the cycling of carbon, nitrogen, and trace metals
(11, 40, 42). The cycling of manganese is slow abiotically but is
vastly increased in the presence of manganese-oxidizing and
-reducing organisms (30, 39, 48). On the oxidative side of this
cycle, many phylogenetically diverse prokaryotic microorgan-
isms that can oxidize manganese have been described, and a
common family of proteins that have been implicated in Mn
oxidation are the MCOs. Mn oxidation mechanisms in eu-
karyotes also involve MCOs, but heme-containing Mn peroxi-
dases are common as well. These proteins are extremely im-
portant for the lignin degradation capabilities of litter-decaying
basidiomycetes (45).

This study investigates two members of the alphaproteobac-
teria, Aurantimonas manganoxydans strain SI85-9A1 and Erythro-
bacter sp. strain SD-21. As with other manganese-oxidizing
organisms, the Mn oxides produced by these bacteria are
found extracellularly with colonies of Erythrobacter, even dem-
onstrating a diffuse Mn oxide halo suggestive of a diffusible
manganese-oxidizing factor or perhaps a diffusible Mn(III)
complex, which is then oxidized or disproportionated, forming
Mn(IV) oxides away from the cell. Accompanying the micro-
scopic and macroscopic colony scale evidence is biochemical
evidence that supports an outer membrane or extracellular
location for bacterial manganese oxidases (1, 4, 9, 15, 26). For
Erythrobacter, it is already known that the Mn oxidase protein
is soluble, but due to interfering polysaccharides, it is still not
known if the protein is transported out of the cell and is freely
diffusible or if it attaches to the outer membrane (23). For A4.
manganoxydans strain SI85-9A1, the Mn oxidase protein was
localized to the LBOM fraction by using a colorimetric assay
that measures the concentration of Mn oxides produced (41).
The LBOM fraction accounted for 90% of the activity, with the
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remaining activity associated with nonbound secreted proteins
(Fig. 1A).

The formation of Mn(IIl) intermediates can be measured
using a PP; capture assay where any Mn(III) produced is com-
plexed and stabilized by PP; (47). The formation of this com-
plex can be monitored in real time by observation of the ad-
sorption at 256 nm. For LBOM protein extracts from A.
manganoxydans, most of the Mn(II) oxidation occurred over
the first 24 h, with very little difference in the amount of
Mn(III)-PP; produced between 24 and 48 h (Fig. 1B). Erythro-
bacter also produces an Mn(III) intermediate that can be cap-
tured by PP; with rapid initial production for about 5 h with
very little increase in concentration after 12 h (23).

In A. manganoxydans, the protein involved in Mn oxidation
is induced by the presence of manganese. Figure 1A represents
data collected from cells grown in M medium, which has yeast
extract and peptone added and is therefore associated with Mn
impurities. As shown in Fig. 1A, the manganese oxidase is
present but at a lower level, with the controls having approx-
imately one-third the activity of the Mn-supplemented me-
dium. Figure 1B represents data produced from cells grown in
J medium, which has no yeast extract or peptone added. There
is little or no enzyme present unless MnCl, is added to the
growth medium.

The LBOM proteins were characterized further by their
ability to oxidize the artificial laccase (or MCO) substrate
ABTS. This compound turned a characteristic green color,
suggesting that laccase activity was also associated with the
LBOM fraction. Mn-oxidizing activity in the LBOM fraction
was further enriched by size exclusion chromatography, and 29
proteins were identified by MS/MS analysis (matched to the
draft genome database of Aurantimonas sp. strain SI85-9A1).
Within these 29 proteins, there was the putative hemolysin-
type Ca®* binding heme peroxidase previously identified by
Dick et al. (12) and an MCO (NCBI accession number
ZP_01225909) (data not shown). This MCO was not one of the
MoxA homologs identified in the A. manganoxydans genome
by Dick et al. (12), but it is closely associated with an operon
encoding homologs of type II protein secretion machinery.
Flanking the operon at one end is a transposon and then the
Ca®" binding heme peroxidase gene, and at the other end is
the MCO gene (12). It has been demonstrated before that the
export of an Mn(II)-oxidizing MCO in Pseudomonas putida
strain GB-1 requires a type II secretion system, so it is con-
ceivable that the MCO and heme peroxidase in A. manganoxy-
dans are also transported via a type II secretion pathway (2, 4).
Analysis of LBOM protein samples using native PAGE in-gel
activity assays confirmed the results of Dick et al. (12) that the
main active protein was approximately 50 kDa in size, but it
also revealed other weakly active bands that were between 50
and 250 kDa in size (Fig. 2). This phenomenon has been
observed with this protein before by Dick et al. (9), who iden-
tified the Ca** binding heme peroxidase in five different Coo-
massie-stainable bands in a denaturing PAGE gel in a size
range from ~60 kDa to >250 kDa.

In Erythrobacter, the nonpurified manganese oxidase was
stimulated by PQQ, NAD, and Ca®* (23). The addition of 25
mM CaCl, instead of 50 mM NaCl to assays containing A.
manganoxydans LBOM proteins resulted in a 4.3-fold rate in-
crease, and the addition of 10 pM H,O, caused a further
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from A. manganoxydans grown on M-medium
with 100 uM MnCl,
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from A. manganoxydans grown on J-medium
without MnCl,
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with 100 pM MnCl,

No protein controls

FIG. 1. Manganese oxidation in subcellular protein fractions from Aurantimonas manganoxydans strain SI85-9A1 where the MnO, and/or
Mn(III)-PP; complexes produced over 48 h were quantified with LBB (A). Error bars represent 1 standard deviation (n = 2). Extracts of LBOM
proteins from A. manganoxydans grown in J medium monitored for Mn(III)-PP; complex formation over 48 h (B). Appearance and growth of an
absorption peak at 258 nm indicates Mn(III)-PP; complex formation. Dotted lines represent 0 h, dashed lines 12 to 24 h, and solid lines 48 h. Unlike

M medium, J medium does not contain any Mn(II) impurities.

1.6-fold increase. The addition of NAD™ or PQQ alone had
detrimental effects on the Mn(II) oxidation rate, but the addi-
tion of NAD ™" and PQQ together increased the oxidation rate
1.44-fold (Table 1). The maximum in vitro Mn(II) oxidation
rate (measured using dialyzed LBOM protein fraction) was
calculated to be 700 uM min~ ' mg~' (V. of ~0.09 pM

min~'; K,,, of ~10 uM).
A B
100
70l |

ax

C D E

kDa
130

55
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FIG. 2. Native PAGE gel of the LBOM protein fraction from Au-
rantimonas manganoxydans strain SI85-9A1. Lane A, size standard;
lane B, silver stained; lane C, in-gel Mn oxidation assay; lane D, in-gel
Mn oxidation assay stained with LBB; lane E, heme-staining assay.

A three-step purification strategy was used to purify the Mn
oxidase from the LBOM protein fraction. This included ion
exchange, hydrophobic interaction, and size exclusion chroma-
tography. After each step, each eluted fraction was tested for
active manganese oxidation, and any fractions that were active

TABLE 1. Effect of various additives on the in vitro Mn(II)-
oxidizing activity of the Mn oxidase protein from
Aurantimonas manganoxydans strain SI85-9A1¢

Fold difference

Additive(s)” (compared to
control)
Salts (control, 10 mM HEPES [pH 7.5])
NaCl (50 MM) et sseaeaens 1.81
CaCl, (25 mM)... .4.26
MEClL, (25 MMttt neaeaens 2.14

Cofactors (control, 10 mM HEPES [pH 7.5]
with 25 mM CaCl,)

H,0, (10 tM) oo .1.60
PQQ (10 pM) + NAD™ (100 pM) .1.44
H,0, (10 pM) + PQQ (10 uM)........ .0.93
H,0, (10 pM) + NAD™ (100 kM) coovrrseeeecccereseces 0.14
PQQ (10 M) woooooeeeeeeeeeeeesseceeeeeseeeesss oo 0.84
NAD" (75 pM) 0.20
H,0, (10 pM) + PQQ (10 uM) +

NAD" (75 pM) 1.07

“ Assays were performed on the LBOM protein fraction.
® Numbers in parentheses represent the concentration that produced maxi-
mum activities.
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FIG. 3. SDS-PAGE gel of the LBOM protein fraction from Auranti-
monas manganoxydans strain SI85-9A1 after successive purification by
FPLC. Lane A, size standard; lane B, LBOM protein fraction; lane C,
post-ion exchange chromatography; lane D, post-hydrophobic interac-
tion chromatography; lane E, post-gel-filtration; lane F, size standard.
The protein was silver stained with 1 pg total protein loaded into each
well, except the size standard, for which 1 pl was used.

were pooled together, quantified, and analyzed with SDS-
PAGE (Fig. 3). Purity and yield were also determined by re-
acting subsamples from each step with 100 uM Mn*" and 25
mM Ca?", with protein activity detected by the LBB method
(Table 2).

Preliminary MS/MS investigation of peptides from proteins
contained in the pooled active fractions after ion exchange
chromatography identified 15 proteins, with the top hit being
the putative Ca®" binding heme peroxidase. The other pro-
teins identified were five flagellum-associated proteins (both
“hook-associated” and flagellin proteins themselves), three
proteins from ABC-type amino acid transport systems (trans-
porters and substrate binding), a high-affinity urea/thiourea/
hydroxyurea porter, an IMP dehydrogenase/GMP reductase, a
porin, a TRAP-type dicarboxylate transporter, and an acetyl
coenzyme A C-acyltransferase protein. The MCO identified
previously could not be identified in this preparation. A closer
MS/MS investigation of native proteins extracted from a native
PAGE gel in the vicinity of the most active band (~50 kDa)
returned similar results, with identifications of the putative
Ca?" binding heme peroxidase protein, ABC-type branched-
chain amino acid transport system, a periplasmic substrate
binding protein, the putative porin, and an ABC transporter
periplasmic binding protein (data not shown).

Following the three levels of chromatography previously de-
scribed, enough concentrated active protein was recovered so
as to be able to analyze it on an SDS-PAGE gel and subject the
fraction to MS/MS analysis directly. Peptides were identified
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TABLE 3. Proteins identified by MS/MS in the purified LBOM
proteins from Aurantimonas manganoxydans strain SI85-9A1¢

Total % Predicted

Protein no. of Coverage Accession no. molecular

spectra mass (kDa)
Ca** binding heme 69 27 ZP 01225898 347

peroxidase

Flagellin 20 78 ZP 01226291 34
Flagellin 3 34 ZP_01226296 33
Flagellin 3 57 ZP 01226292 31
Flagellin 3 25 ZP_01226294 34

¢ MS/MS was performed on the pooled active fractions eluted from the final
FPLC size exclusion purification step. Prior purification steps included ion-
exchange chromatography and hydrophobic interaction chromatography.

from only five proteins, with 70% of the identifications match-
ing the putative Ca®*" binding heme peroxidase and the rest
derived from flagellin proteins (Table 3). The peptide se-
quences for the 69 spectra that identified the peroxidase were
manually aligned against the full sequence from the genome
and were distributed across the entire length of the 350-kDa
protein, covering 27% of the protein. It is unknown why this
350-kDa protein was eluted during size exclusion chromatog-
raphy with other proteins between 31 and 34 kDa.

This is conclusive evidence that peroxidases are indeed in-
volved in prokaryotic Mn oxidation, especially considering that
the four other copurified proteins are associated with flagella.
Further support is shown by the MS/MS identification of a
heme peroxidase from the second Mn-oxidizing alphapro-
teobacterium in this study, Erythrobacter sp. strain SD-21. The
protein was identified from Mn-oxidizing bands in in-gel activ-
ity assays of soluble and excreted fractions and from a Coom-
assie-stained band after the soluble fraction was enriched by
hydrophobic interaction chromatography (Fig. 4 and Table 4).
The Mn-oxidizing protein in Erythrobacter sp. strain SD-21 ran
as an ~250-kDa protein in SDS-PAGE and as a similarly sized
protein in a gel filtration column. In all cases, the majority of
the peptides provided a match to a 225-kDa animal heme
peroxidase (Table 4). These data provided 16% coverage of
the animal heme peroxidase protein.

The identification of the putative Ca*>* binding heme per-
oxidase in Aurantimonas manganoxydans strain SI85-9A1 is
quite certain, as the automated annotation of the draft genome
database of Aurantimonas sp. strain SI85-9A1 was exhaustively
checked manually, with the results published by Dick et al. in
2008 (12). Furthermore, the heme peroxidases from both A.
manganoxydans strain SI85-9A1 and Erythrobacter sp. strain
SD-21 have been investigated by PROSITE motif-based
searches (8). The peroxidase from A. manganoxydans contains

TABLE 2. Purification of Mn(II)-oxidizing protein from LBOM proteins’

Step” Volume (ml) Total protein (mg) Total activity (U) Sp act (U/mg) % Yield Fold purification
LBOM proteins 1.500 0.381 1,503 3,946 100 1.0
IEX (Q FF) 0.500 0.058 319.6 5,510 21 1.4
HIC (phenyl HP) 0.200 0.015 183.5 12,240 12 3.1
SEC (5-200) 0.100 0.004 62.29 15,570 4 39

“IEX, ion exchange; HIC, hydrophobic interaction; SEC, size exclusion chromatography; Q FF, HiTrap Q fast flow; S-200, HiPrep 16/60 Sephacryl S-200.

> U, nmol MnO, produced/hour.
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FIG. 4. SDS-PAGE gel of soluble protein fraction from Erythro-
bacter sp. strain SD-21. Lane A, size standard; lane B, soluble cell
extract; lane C, phenyl HP-enriched sample; lane D, Mn-oxidizing
in-gel activity assay.

two peroxidase domains related to the animal heme peroxidase
superfamily (Pfam accession number PF03098, PROSITE ac-
cession number PDOC00394), and following each of these
domains are hemolysin-type Ca?* binding regions which con-
tain a total of 10 predicted Ca®" binding sites (Fig. 5). There
are a number of other features, such as phosphorylation sites
and cell attachment sequences. Interestingly, the heme perox-
idase from Erythrobacter sp. strain SD-21 also contains an an-
imal heme peroxidase domain followed by a hemolysin-type
Ca®" binding domain consisting of seven predicted Ca** bind-
ing sites. This protein has 2,138 amino acids and shares ho-
mology with the first 2,000 amino acids of the A. manganoxy-
dans protein. The Erythrobacter sp. strain SD-21 protein does
not contain the additional C-terminal heme peroxidase domain
or the second Ca** binding region that the Aurantimonas pro-
tein has (Fig. 5). Although these additional two domains are
missing in Erythrobacter sp. strain SD-21, they have been found
in homologous proteins from other Mn-oxidizing species, such
as Pseudomonas putida GB-1.

Further evidence to support the identification as a Ca*"
binding heme peroxidase is the 4.3-fold increase in Mn oxida-
tion activity when CaCl, is used as a base salt in assays as
opposed to NaCl, and a further 1.6-fold increase when H,O, is
added and a heme-staining assay where heme-containing pro-
teins appear in the exact same locations as do the active Mn-
oxidizing proteins in A. manganoxydans (Table 1 and Fig. 2).
Heme staining of Erythrobacter sp. strain SD-21 soluble cell
extract did not yield a heme-containing protein that corre-
sponded to Mn-oxidizing bands. The partially purified proteins
of A. manganoxydans do not have laccase-like activity like the
crude LBOM extract, thereby decreasing the likelihood that an
MCO is involved. This does not preclude MCO involvement in
the native mechanism as MCOs can produce the H,O, needed
for the peroxidase activity (36). The presence of Mn(III) in-
termediates for both A. manganoxydans (Fig. 1) and Eryth-
robacter (23) also fits with the chemistry previously described
for heme-containing MnPs although it is unknown what the
stoichiometry is between H,O, equivalents and Mn(III) equiv-
alents. In a coupled system, both laccase (MCO) and MnP
produce Mn(III) (36).

Are MnPs the missing link in the mechanism of prokaryotic
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manganese oxidation? MnPs are well known to be involved in
Mn(II) oxidation in fungi, but this is the first report of this type
of MnP (i.e., hemolysin-type Ca®" binding animal heme per-
oxidase) being involved in Mn(II) oxidation in prokaryotes.
There are also a number of inconsistencies in the previous
reports invoking MCOs as the manganese oxidase enzymes. It
could very well be that MCOs are working in concert with
MnP. For example, in a recent report on iron requirements for
Mn(II) oxidation by Leptothrix discophora, there is an ~75%
reduction in Mn oxidation in iron-limited growth media, yet no
decrease in the mof4 (MCO) transcript (14). The authors
speculate that low levels of iron may affect the heme-contain-
ing c-type cytochrome MofC (the mofC gene is in the same
operon as mofA). Using the same thread, we could speculate
instead that an undiscovered heme peroxidase is required. A
protein similar to the heme peroxidases described here has
been identified in the genome of Leptothrix cholodnii SP-6
(YP_001791329.1). The involvement of c-type cytochromes in
Mn oxidation has been suggested for A. manganoxydans as
well, but this is based on proximity (i.e., genes for c-type cyto-
chromes appear in close proximity to the putative MoxA ho-
mologs) (12).

There is also uncertainty in the results for alphaproteobac-
terium Pedomicrobium sp. strain ACM 3067 implicating the
MCO MoxA as the manganese oxidase enzyme. Ridge et al.
(35) report that 12 Km" mutants were produced by knocking
out the moxA gene by plasmid insertion. Of these 12 knock-
outs, only one, ML2, was characterized further, as it did not
produce the characteristic Mn oxide precipitates on plates con-
taining Mn(II). It is unclear whether any of the other 11 mu-
tants could or could not oxidize manganese. If they could, this
would suggest that the lack of Mn oxidation in ML2 could be
due to moxA being knocked out, as indicated, but also a ran-
dom mutation elsewhere in the genome that could be disrupt-
ing an MnP or associated regulatory gene.

The discovery of an Mn-oxidizing heme peroxidase in A.

TABLE 4. Proteins identified by MS/MS in bands from native
PAGE gels separating soluble and excreted protein fractions
from Erythrobacter sp. strain SD-21 (see Fig. 4)

Total Predicted

Protein no. of Accession no. molecular

spectra mass (kDa)

Soluble proteins in Mn in-gel
activity assay

Animal heme peroxidase 7 ZP_01865380 225
Peptidoglycan-associated protein 1 ZP_01863706 39
TonB-dependent receptor 1 ZP_01864457 97

Excreted proteins in Mn in-gel
activity assay

Animal heme peroxidase 30 ZP_01865380 225
Peptidoglycan-associated protein 3 ZP_01863706 39
Curli production assembly 2 ZP_01864079 35
TonB siderophore receptor 2 ZP_01865221 77
Protein of unknown function 2 ZP_01865209 119
Phenyl HP-enriched Coomassie-
stained bands
Animal heme peroxidase 31 ZP_01865380 225
Protein of unknown function 1 ZP_01862549 35
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Aurantimonas manganoxydans strain SI85-9A1, Animal heme-peroxidase, 3297 aa
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Erythrobacter sp. strain SD-21, Animal heme-peroxidase, 2138 aa
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D = Predicted Ca?* binding site

FIG. 5. Manganese-oxidizing peroxidase (MopA) proteins from Aurantimonas manganoxydans strain SI85-9A1 and Erythrobacter sp. strain
SD-21 with predicted animal heme peroxidase domains and Ca®" binding regions labeled. The Erythrobacter peroxidase is homologous to the first

~2,000 amino acids of the Aurantimonas peroxidase.

manganoxydans may refute the assumptions made by Dick et
al. (12) implicating MoxA-like MCOs in Aurantimonas Mn(II)
oxidation, although it does appear from these results that an-
other MCO could be involved in laccase-like activity. The
confirmation that a heme peroxidase is also responsible for
Mn(II) oxidation in Erythrobacter lends weight to the argument
that heme peroxidases are important, and it is consistent with
previous studies of Erythrobacter sp. strain SD-21 that also
questioned the role of an MCO in Mn oxidation in this strain
(23). Although peroxide addition to soluble cell extracts of
Erythrobacter sp. strain SD-21 did not stimulate Mn(II) oxida-
tion in this strain, we were subsequently able to identify a
catalase in these preparations that may explain the lack of
stimulation (data not shown). In addition, Hiraku and Kawan-
ishi (20) have shown that PQQ and NADH can react to gen-
erate superoxide and peroxide, and this reaction could be a
source of peroxide for Mn(II) oxidation in cell extracts of
Erythrobacter sp. strain SD-21 and the cause of stimulation of
Mn(II) oxidation by Aurantimonas manganoxydans SI85-9A1
in the presence of NAD™ and PQQ (Table 1).

Although the role of MCOs in Mn(II) oxidation in Bacillus
sp. strain SG-1, Leptothrix discophora SS-1, Pseudomonas
putida strain GB-1, and Pedomicrobium sp. strain ACM 3067 is
currently undisputed (3, 7, 35, 44), it is still unclear what role
MCOs may play in these different microbes. Multiple MCOs
have been identified in Aurantimonas manganoxydans strain
SI85-9A1 (12), and Erythrobacter sp. strain SD-21 contains five
annotated MCOs in the genome sequence. Currently none of
the MCOs have been directly linked to Mn(II) oxidation in
these two strains. In contrast, our work has illustrated an im-
portant role for heme peroxidase in bacterial Mn(II) oxidation
and the distinct possibility that fungal-like laccase/peroxidase
systems may exist in bacteria. We tentatively suggest the name
MopA (for manganese-oxidizing peroxidase) for the putative
Ca®" binding heme peroxidase identified in this study.
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