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Summary

Biological oxidation of methane to methanol by
aerobic bacteria is catalysed by two different
enzymes, the cytoplasmic or soluble methane
monooxygenase (sMMO) and the membrane-bound
or particulate methane monooxygenase (pMMO).
Expression of MMOs is controlled by a ‘copper-
switch’, i.e. sMMO is only expressed at very low
copper : biomass ratios, while pMMO expression
increases as this ratio increases. Methanotrophs syn-
thesize a chalkophore, methanobactin, for the binding
and import of copper. Previous work suggested that
methanobactin was formed from a polypeptide precur-
sor. Here we report that deletion of the gene suspected
to encode for this precursor, mbnA, in Methylosinus
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trichosporium OB3b, abolishes methanobactin pro-
duction. Further, gene expression assays indicate that
methanobactin, together with another polypeptide of
previously unknown function, MmoD, play key roles in
regulating expression of MMOs. Based on these data,
we propose a general model explaining how expres-
sion of the MMO operons is regulated by copper,
methanobactin and MmoD. The basis of the ‘copper-
switch’ is MmoD, and methanobactin amplifies the
magnitude of the switch. Bioinformatic analysis of
bacterial genomes indicates that the production of
methanobactin-like compounds is not confined to
methanotrophs, suggesting that its use as a metal-
binding agent and/or role in gene regulation may be
widespread in nature.

Introduction

It is estimated that globally, ~ 566 million metric tons of
methane are emitted from both natural and anthropogenic
sources (Anderson etal, 2010). Much less methane
is emitted to the atmosphere than is generated via
methanogenic activity, as it is estimated that up to 100
million metric tons of methane per year are oxidized in
the environment by methane-oxidizing bacteria, or
methanotrophs (Smith et al., 2000). Methanotrophs are
widespread, and are found, for example, in freshwater and
marine sediments, soils, wetlands and rice paddies
(Semrau et al., 2010). Most aerobic methanotrophs group
phylogenetically within the vy- and «-Proteobacteria
(Semrau et al., 2010), although aerobic methanotrophs
from Verrucomicrobia have been identified (Dunfield et al.,
2007; Pol et al., 2007; Islam et al., 2008). In addition, a
unique organism, Methylomirabilis oxyfera, of the NC10
phylum couples methane oxidation to nitrite reduction, but
actually utilizes oxygen for methane oxidation via the pro-
duction of dioxygen from the reduction of nitrite to nitric
oxide, which is then converted via a nitric oxide dismutase
to generate dioxygen, along with dinitrogen (Ettwig et al.,
2010).

All aerobic methanotrophs use methane
monooxygenase (MMO) to convert methane to methanol
in the first step of methane oxidation to CO,. Two forms of
MMO have been characterized, the cytoplasmic or soluble
form of methane monooxygenase (sMMO) and the
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Fig. 1. Primary structure of methanobactin
from M. trichosporium OB3b (Krentz et al.,
2010).

membrane-bound or particulate methane monooxygenase
(PMMO; Stanley etal., 1983). The sMMO, an iron-
containing enzyme, is only expressed by a small number of
methanotrophs and typically then only under conditions of
copper deficiency (Dedysh et al., 2000; 2004; Dunfield
et al,, 2003; Semrau et al., 2010; Vorobev et al., 2011).
Most extant methanotrophs, including those that have the
ability to synthesize sMMO, also express pMMO, a copper
containing enzyme, and such expression and activity
increases with increasing copper availability (Lontoh and
Semrau, 1998; Choi et al., 2003), i.e. there is a ‘copper-
switch’ that regulates the expression of the two forms of
MMO. These two distinct MMOs have different kinetics for
methane oxidation, with sMMO having a much higher
turnover, but lower affinity for methane than pMMO (Lee
et al., 2006). As a result, the type of MMO expressed can
have a significant impact on overall in situ methane con-
sumption rates.

The copper requirement for y- and o-Proteobacteria
methanotrophs expressing pMMO is quite high, approxi-
mately 10-fold higher than the copper requirement
observed in other microorganisms (Nguyen et al., 1994;
1998; Zahn and DiSpirito, 1996; Morton et al., 2000g;
2000b; Choi et al., 2003). As these methanotrophs have a
high demand for copper, they have an effective mecha-
nism to sequester greater than typical ‘catalytic quantities’
of copper from their environment (Semrau et al., 2010).
Indeed, aerobic methanotrophic bacteria of the o- and
v-Proteobacteria have been found to synthesize and
excrete a chalkophore (a siderophore-like molecule)
known as methanobactin (Kim et al., 2004; Choi et al.,
2010; Krentz et al., 2010; El Ghazouani et al., 2012). Pre-
vious studies have shown that methanobactin can
increase the bioavailability of copper for methanotrophs,
and as such, may play a role in the ‘copper-switch’ that
controls expression of the two forms of MMO (Knapp

et al., 2007). Other studies have also shown that that in
the absence of copper, methanobactin will bind a variety
of transition and near transition metals and may have a
significant effect on the mobility of metals in soil and
aquatic systems (Choi et al., 2006a).

Methanobactins from five methanotrophs have been
characterized. Each is a small (< 1200 Dalton) modified
polypeptide with two five- or six-member rings (either
imidazole, oxazolone or pyrazinedione rings) with asso-
ciated enethiol groups that binds copper with affinities of
greater than 102" M~' (Choi et al., 2006b; Krentz et al.,
2010; Bandow et al., 2012; El Ghazouani et al., 2012).
The first identified methanobactin, from Methylosinus
trichosporium OB3b, is a modified polypeptide (Fig. 1)
with two oxazolone rings that are responsible for the
high-affinity binding of copper (Behling etal, 2008).
Acid treatment of methanobactin suggested that these
oxazolone rings could be derived from proteinogenic
amino acids, and thus methanobactin could be geneti-
cally encoded (Krentz et al., 2010). Bioinformatic analy-
sis by Krentz and colleagues (2010) of the sequenced
genome of M. trichosporium OB3b (Stein et al., 2010)
revealed one open reading frame (orf) with a
putative polypeptide precursor for methanobactin —
MTVKIAQKKVLPVIGRAAALCGSCYPCSCM (the poly-
peptide precursor region is underlined in bold).

The objectives of this study were to determine, using
a combination of experimental and bioinformatic
approaches, if this orf does indeed encode for the polypep-
tide precursor of methanobactin, what role methanobactin
has in the copper-switch of methanotrophs, and how wide-
spread the ability to produce methanobactin might be. The
obtained results in this work lead us to propose a new
model for the ‘copper-switch’ in methanotrophs and
suggest that methanobactin production may not be limited
to methanotrophs.

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077-3086
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Fig. 2. Quantitative gene expression in M. trichosporium OB3b wild
type and AmbnA mutant. cDNA levels were normalized to the gene
copy number as determined via gqPCR on DNA.

A. pmoA expression in wild type (H) and AmbnA mutant (O).

B. mmoX expression in wild type (H) and AmbnA mutant (O).

Error bars indicate the standard deviation of triplicate samples.
Symbol size is greater than the calculated standard deviation
where error bars are not apparent.

Results and discussion

Construction of mutant strain defective in
methanobactin production

Historically, genetic manipulation of methanotrophs has
been difficult, due both to a limited set of useful method-
ologies for the introduction of foreign DNA into
methanotrophs and to the small range of substrates these
microorganisms can utilize for growth (i.e. methane and
methanol). Despite these past difficulties, a mutant was
constructed in this work in which the putative precursor
gene of methanobactin (hereafter referred to as mbnA for
methanobactin synthesis) was deleted by marker-
exchange mutagenesis (Fig. S1). No methanobactin
production was observed in the AmbnA mutant of

Copper-switch in methanotrophy 3079

M. trichosporium OB3b under any copper : biomass ratio,
indicating that mbnA is essential for methanobactin syn-
thesis, as determined via analysis of the spent medium
and use of copper-chrome azural S (Cu-CAS) plates as
specific assays for methanobactin production (Fig. S2). In
contrast, as much as ~ 60 ug-ml~" was observed in the
spent medium of wild-type M. trichosporium OB3b (Choi
etal., 2010; Semrau et al,, 2010), and Cu-CAS plates
clearly showed uptake of copper by wild-type cultures
(Fig. S2).

Quantification of gene expression

Expression of pmoA and mmoX (genes encoding for key
polypeptides of pMMO and sMMO respectively) in
this mutant were then compared with wild-type
M. trichosporium OB3b and quantified over a wide range
of copper : biomass ratios using qPCR. As predicted,
when the copper: biomass ratio increased, mmoX
expression decreased by over four orders of magnitude in
M. trichosporium OB3b wild type, whereas pmoA expres-
sion increased 78-fold (Fig. 2A and B; see Fig. S3 for
gPCR calibration). It was also observed that although
expression of mmoX and pmoA was reduced in the
AmbnA mutant as compared with M. trichosporium OB3b
wild type regardless of the copper : biomass ratio, the
expression pattern in the mutant was similar to that
observed in wild type, i.e. as the copper : biomass ratio
increased, mmoX expression decreased by three orders
of magnitude while pmoA expression increased 10-fold.

Collectively, these data: (i) experimentally demonstrate
that mbnA encodes for the peptide precursor of
methanobactin, and (i) surprisingly suggest that
methanobactin is not essential for the copper switch regu-
lating expression of genes encoding for polypeptides of
pMMO and sMMO, although it amplifies the expression of
MMO enzymes in M. trichosporium OB3b in response to
copper ions.

Analyses of an mmo deletion mutant

Analyses of a mutant of M. trichosporium OB3b in which
the genes encoding for polypeptides of sMMO
(mmoXYBZDC) had been deleted by marker-exchange
mutagenesis (mutant SMDM; Borodina et al., 2007), sug-
gested that some element of the mmo operon is responsi-
ble for the copper switch. Quantitative PCR of cDNA and
DNA of mbnA showed that its expression was orders of
magnitude lower in the SMDM mutant than that found in
wild-type M. trichosporium OB3b at low copper : biomass
ratios. Unlike wild type, expression of mbnA remained low
over the entire range of copper : biomass ratios investi-
gated (Fig. 3A). Copper uptake by the SMDM mutant was
evident from methanobactin assays using Cu-CAS plates

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077—-3086
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Fig. 3. Quantitative gene expression in M. trichosporium OB3b wild
type and SMDM mutant. cDNA levels were normalized to the gene
copy number as determined via gPCR on DNA.

A. mbnA expression in wild type (l) and SMDM mutant ((J).

B. pmoA expression in wild type (l) and SMDM mutant (CJ).

Error bars indicate the standard deviation of triplicate samples.
Symbol size is greater than the calculated standard deviation
where error bars are not apparent.

(Fig. S2), indicating that methanobactin was synthesized.
It should be noted that no other chalkophores have been
identified in M. trichosporium OB3b, thus the positive
results from the Cu-CAS plates can only be attributed to
methanobactin.

Moreover, expression of pmoA in the SMDM mutant
was markedly different from that in the wild-type strain
(Fig. 3B). In the SMDM mutant, pmoA expression was
greatest in the absence of any added copper (1.1 umol
copper-g protein~'), and pmoA expression dropped ~ 40-
fold when the copper biomass ratio was increased to
1.8 umol-g protein™'. By comparison, in wild-type
M. trichosporium OB3b, pmoA expression increased
~ 35-fold as the copper : biomass ratio changed from 0.67
to 1.77 umol copper-g protein".

This suggests that the mmo operon itself strongly par-
ticipates in the ‘copper switch’ of methane oxidation. Most
of the genes of the operon already have clearly assigned
functions. Genes mmoX, mmoY and mmoZ, encode for
the polypeptides of the hydroxylase subunit of the sMMO
(where methane oxidation and oxygen reduction occurs),
while mmoC encodes for the reductase subunit (where
the in vivo reductant binds) and mmoB encodes for a
protein that shuttles electrons from the reductase subunit
of sMMO to the hydroxylase subunit. It has been shown
that MmoB serves to ensure sMMO acts as a
monooxygenase and not a NADH oxidase (Green and
Dalton, 1985; Lipscomb, 1994; Lee et al., 2013). In con-
trast, mmoD encodes a protein of unknown function not
essential for sMMO activity since it was not found in active
purified preparations of sMMO (Fox et al., 1989), although
it has been speculated that it might be involved in copper
sensing (Merkx and Lippard, 2002). The primary structure
of MmoD is predicted to bind DNA (Wang and Brown,
2006; Fig. S4), suggesting that it may be involved in the
regulation of gene expression.

Proposed model for regulation of mmo and
pmo operons

Given these findings, we propose a new general model
(Fig. 4) for the regulation in M. trichosporium OB3b of
expression of the mmo and pmo operons, as well as of the
operon (hereafter termed the mbn operon) that includes
gene mbnA encoding the methanobactin precursor
peptide. During growth of M. trichosporium OB3b at low
copper : biomass ratios (Fig. 4A), the MmoD protein
represses expression of the pmo operon and also
upregulates expression of the mmo and mbn operons.
Methanobactin then serves to increase expression of the
mmo operon, which results in more stringent repression of
the pmo operon by MmoD. During growth at high
copper : biomass ratios (Fig. 4B), methanobactin binds
copper and can no longer enhance the expression of the
mmo operon. This causes expression of the mmo operon
to decrease, leading to reduced mbnA expression and
thus reduced methanobactin production. Under these
conditions, the MmoD protein binds copper and no longer
represses expression of the pmo operon or induces
expression of the mmo operon.

This model yields several testable hypotheses. For
example, increased mmoX expression should be observed
when methanobactin is supplied to the AmbnA mutant
cultured at a low copper : biomass ratio. Such experiments
were performed, and indeed, mmoX expression increased
50-fold after the addition of 20 ug-ml~' of methanobactin
(Fig. 5). The model proposed here is also consistent with
the phenotypes of the constitutive sMMO mutants,
sMMQSC, isolated by Phelps and colleagues (1992). Physi-

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077-3086
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Fig. 4. Proposed regulatory scheme of mmo,
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ological characterization of two sMMOC® mutants, PP319
and PP359, showed these mutants constitutively
expressed both methanobactin, previously called copper-
binding compound, and the sMMO, regardless of the
copper concentration in the growth medium (Phelps et al.,
1992; DiSpirito et al., 1998). Physiological characterization
of the sMMOC® mutants PP319 and PP359 suggested they
were both defective in the acquisition system for copper-
containing methanobactin (DiSpirito et al., 1998). The
model proposed here would predict a mutation in the
copper-containing methanobactin uptake system would
constitutively express both methanobactin and sMMO, as
observed in both PP319 and PP359.

Finally, as shown in the general regulatory model Fig. 4,
methanobactin and MmoD interact to increase expression
of the mmo operon. It is also possible that the
methanobactin—copper complex may interact with other
as yet unknown proteins, to enhance expression of the
pmo operon.
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Fig. 5. Quantitative expression of mmoX in a M. trichosporium
OB3b AmbnA mutant after addition of 20 ug-ml~' methanobactin at
t=0h. cDNA quantities were normalized to the gene copy number
as determined by gPCR on DNA. Error bars indicate the standard
deviation of triplicate samples.
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Bioinformatic analyses

Previously, analyses of published microbial genomes
have shown that many bacteria — methanotrophs as well
as heterotrophs — contain the methanobactin precursor
gene, i.e. the methanotroph Methylocystis sp. SC2 and
the heterotrophs Azospirillum sp. B510, Tistrella mobilis,
Gluconacetobacter sp. SXCC-1, Gluconacetobacter
oboediens and Pseudomonas extremasutralis (Krentz
et al., 2010; Haft et al.,, 2013). More detailed analyses of
the organization of the gene cluster shows that in these
gene clusters, always immediately adjacent are two
common genes, mbnB and mbnC, encoding for unknown
functions, but possibly for peroxidase or dehydrogenase
activity needed for conversion of the amino acids in the
methanobactin precursor polypeptide to the observed
oxazolone rings found in methanobactin (Fig. S5). Fur-
thermore, in all gene clusters, genes belonging to families
of proteins including MauG [a di-haem enzyme required
for biosynthesis of tryptophan tryptophylquinone from
tryptophan (Jensen etal., 2010)] and TonB-dependent
transporters are also located nearby to the putative mbn
operon (Fig. S5), suggesting that these genes may be
required for the biosynthesis of methanobactin and trans-
port of methanobactin—copper complexes respectively.
Transcriptional analyses using reverse transcription-
polymerase chain reaction shows that mbnA is part of an
operon that includes at least mbnB and mbnC (Fig. S6).
Based on these findings, a hypothetical pathway for
methanobactin maturation in M. trichosporium OB3b,
requiring only three catalytic activities all potentially
encoded by the methanobactin gene cluster, is proposed
(Fig. S7). Further analysis of predicted methanobactin
precursor polypeptide sequences shows that in all strains
considered, the amino acid sequence is strongly con-
served, with multiple cysteine residues spaced throughout
that suggest that all may utilize cysteine residues for the
formation of five- or six-member rings used for metal
binding (Fig. S8). Finally, most intriguing is our finding of
the localization of the methanobactin precursor peptide as
a C-terminal extension of the RNA polymerase ¢* factor
in the recently published genome of Methylocystis
sp. SC2 (Dam et al.,, 2012). To our knowledge, such a
finding is unprecedented, and suggests unexpected com-
plexities in the biosynthesis of methanobactin and its pos-
sible role in gene regulation, which warrant further
detailed analysis.

In conclusion, we demonstrate that methanobactin, a
recently discovered chalkophore produced by aerobic
methanotrophs that play a vital role in the global carbon
cycle, is genetically encoded and ribosomally synthe-
sized. Given that methanobactin plays a critical role in
methanotrophic activity, and has potential in therapeutic
treatment of Wilson’s disease (Summer etal., 2011;

Zischka et al., 2011), the discovery of its genetic basis
provides opportunities to optimize methanobactin produc-
tion and also to manipulate the activity of methanotrophs.
The discovery of methanobactin peptide precursors and
associated genes in non-methanotrophs also suggests
that production of methanobactin may be more wide-
spread in bacteria than previously thought. Finally, the
elusive nature of the copper switch in methanotrophs
involves MmoD, with methanobactin serving to amplify
the magnitude of the bacterial response to copper. This
likely represents a hitherto unknown but possibly general
mechanism for metal-regulated gene expression in bac-
teria, and clearly warrants further detailed studies.

Experimental procedures
Construction of AmbnA and SMDM mutants

Two DNA regions 3" and 5’ of the orf encoding for the putative
polypeptide precursor (mbnA) of M. trichosporium OB3b
were amplified by PCR [arm A and arm B respectively
(Fig. S1)]. Additional restriction site sequences were included
into the primers to facilitate cloning of PCR products. Prod-
ucts A and B were digested with BamHI, separated by
agarose gel electrophoresis and then purified using the
QIlAquick Gel Extraction Kit (Qiagen) following the manufac-
turer’s instructions. The two arms were ligated and the liga-
tion product used as template for PCR amplification to yield
DNA fragment AB. Fragment AB was cloned into
pK18mobsacB yielding construct pAKO6. Plasmid p34S-Gm
was cut with BamHI to produce a DNA fragment of 865 bp,
which contained the gentamicin resistance (GmR) gene,
which was cloned via the BamHI site between product A and
B, to give the final targeting construct pAK066, which was
used to transform Escherichia coli S17.1 Apir (Herrero et al.,
1990) by electroporation. Conjugation between the donor
(E. coli S17.1 containing the pAK066 construct) and the
recipient (M. trichosporium OB3b) strains was carried out
according to previously described methods (Martin and
Murrell, 1995). The resulting transconjugants were selected
by plating onto NMS medium containing gentamicin
(5 ug-ml™"). To ensure that no cells of E. coli remained as a
background, colonies of the resultant M. trichosporium OB3b
AmbnA mutant were cultured in flasks containing nitrate
mineral salt (NMS) medium supplemented with nalidixic acid
(10 ug-ml™"). Identification of double homologous recom-
binants and the genotype of the cross-over mutant was con-
firmed by PCR and sequencing. The SMDM mutant was
constructed and described previously (Borodina et al., 2007).

Growth conditions

Methylosinus trichosporium OB3b and its AmbnA and SMDM
mutants were grown to late-exponential phase on NMS
medium (Whittenbury et al., 1970) at 30°C in 250 ml Erlen-
meyer flasks shaken at 225 r.p.m. in methane-to-air ratio of
1:2. Varying concentrations of copper as CuSQO, (0.1 uM,
0.2 uM, 0.5 uM, 1 uM and 5 uM) were added to the medium.
For SMDM and AmbnA mutants, 5 ug ml™' and 2.5 ug ml™

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077-3086



gentamicin respectively, was added to the NMS medium. In
one set of experiments, methanobactin was added to cultures
of the AmbnA mutant at a concentration of 20 ug-ml-'. Cul-
tures were grown to mid-exponential phase (ODgg ~ 0.7) and
then collected for subsequent assays of gene expression.
Methanobactin was purified as previously described (Bandow
etal., 2011).

Protein estimation

Protein was measured using the Bradford assay (Bio-Rad
Laboratories) after concentrating 5 ml of the culture to 1 ml
and digesting the culture in 2 M NaOH (0.4 ml 5 M NaOH per
1.0 ml of culture) at 98°C for 15 min. A plot of protein con-
centration of cultures of M. trichosporium OB3b cells at den-
sities (ODsgoo) ranging between 0.2 and 0.9 yielded a linear
regression coefficient of 0.9917. This correlation was used to
calculate protein concentration for all cultures.

Extraction of DNA and RNA

Late-exponential-phase cells were harvested by centrifuging
at 5000 gfor 10 min at4°C. The cell pellets were suspended in
1 ml of extraction buffer [100 mM Tris-HCI (pH 8.0), 1.5 M
NaCl, 1% (w/v) hexadecyltrimethylammonium bromide
(CTAB)], followed by bead beating and three freeze—thaw
cycles. DNA was extracted using phenol-chloroform (Yoon
etal, 2011). RNA was extracted by resuspending the cell
pellet in 0.75 ml of RNA extraction buffer (0.2 M NaH,PO./
Na,HPO, buffer, pH 7.5; 5% CTAB in 2.4 M NaCl). This
sample was subjected to bead-beating (three times, consist-
ing of 30 s at 4800 r.p.m. with 1 min on ice between each
cycle) in a 2ml vial which consisted of 0.5g of 0.1 mm
zirconia-silica beads (Biospec Products), 35ul of
SDS 20%, 35 ul of laurylsarcosine 20% and 750 ul of
phenol : chloroform : isoamylic alcohol (25:24:1). The
samples were then centrifuged at 14,000 r.p.m. for 5 min at
4°C. The aqueous phase was mixed with an equal volume of
chloroform-isoamyl alcohol (24 :1) and centrifuged at
14 000 r.p.m. for5 min at4°C. RNAwas precipitated by adding
MgCl; (final concentration, 2.5 mM), 0.1 volume of 3 M sodium
acetate and 0.7 volume of isopropanol and incubating over-
night at —80°C. RNA was recovered by centrifugation at
14 000 r.p.m. for 30 min at 4°C. The DNase treatment was
carried out using the RNase free DNase set (Qiagen) in
accordance with the manufacturer’s instructions. The RNA
samples were further purified using the RNeasy Plus kit
(Qiagen) using gDNA eliminator columns and RNeasy Mini
Spin columns according to manufacturer’s instructions. To
check for any DNA contamination, PCR was performed with
extracted RNA as template. RNA was reverse transcribed to
obtain cDNA by using Superscript Il Reverse Transcriptase
(Invitrogen) following the manufacturer’s instructions.

Real-time quantitative PCR analyses

Real-time PCR (g-PCR) and real-time reverse transcription
PCR (g-RT PCR) were performed to quantify the expression of
16S rRNA, pmoA, mmoXand mbnA genes in M. trichosporium
OB3b wild type, SMDM and AmbnA mutants grown with
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methane under varying copper concentrations. All cultures
were grown in 100 ml of NMS medium. DNA and RNA subse-
quently extracted after the cultures reached an ODgq 0f ~ 0.7.
To preserve samples, 5 ml of a stop solution (10% water-
saturated phenol in 200 proof ethanol) to 50 ml of culture
media. Previously developed primers were employed for
pmoA and mmoX gene amplification (Knapp et al., 2007).
Specific primers for methanobactin gene (mbnA) were
designed from sequences (NZ_ADVE01000073.1) of the
methanobactin gene cluster of M. trichosporium OB3b. The
forward and reverse primers (5'-3") for mbnA orf amplification
were TGGAAACTCCCT TAGGAG GAA and CTGCAC
GGATAGCACGAAC respectively, to produce an amplicon
107 bp in length. pmoA, mmoX and mbnA gene and transcript
copy numbers were calculated from measured C; values using
calibration curves based on plasmid preparations with known,
pmoA (10”102 per microlitre), mmoX (10°-10" per microlitre)
and mbnA (1010 per microlitre) copy numbers (Fig. S3).
Both DNA and mRNA were extracted from one culture at each
copper-biomass ratio. gPCR (DNA as template) and gRT-PCR
(cDNA as template) was then performed in triplicate for each
targeted gene using RealMasterMix SYBR ROX solution (5
Prime, Gaithersburg, MD) according to the manufacturer’s
instructions. A three-step cycle, with an initial denaturation at
94°C for 2 min and 40 cycles of denaturation (94°C for 15 s),
annealing (52°C for 20 s) and extension (68°C for 30 s), was
performed. The average of the transcript to gene copy ratio
was then determined by dividing the measured gene expres-
sion by the measured gene copy number. The standard devia-
tion of the ratio was then determined by propagating the error
associated with both expression and gene copy number
assuming that both measurements were independent using
standard statistical techniques (Ku, 1966).

For measurement of mbnA from M. trichosporium OB3b
after the addition of 20 ug-ml~'" of methanobactin, cultures
were first grown in 3| of NMS with no added copper. The
culture was grown to a final ODeo 0f 1.5 to give a final copper
to biomass of 0.5 umol Cu mg™ protein. Five subsamples
(50 ml each) of the initial 31 culture were then added to
250 ml flasks for the measurement of mmoX expression
before and after the addition of methanobactin (t=0, 0.5, 1.0,
2.0 and 4.0 h). At the designated time point, 5 ml of the stop
mixture described above was then added to prevent further
gene expression or degradation of mRNA. gPCR and qRT-
PCR was then performed in triplicate using RealMasterMix
SYBR ROX solution (5 Prime, Gaithersburg, MD) according
to the manufacturer’s instructions.

Detection of polycistronic transcripts from mbn operon

The following primer sets were used to detect polycistronic
transcripts from the mbn operon: Primer 1F — GTGG
GGCGATCAAGTAGGTA; Primer 1R — CGTGAAGTTGA
AGCCGATCT; Primer 2R — CCATTGCTCGACCTTGCT; 3R —
AGATCGGCGTCGATTCTAAC; Primer 4R — GCCAGAGC
CATGAGCAAT. 1F was used in conjunction with all reverse
primers to give PCR products of 230 bp (1F-1R), 572 bp
(1F-2R), 1052 bp (1F-3R) and 1651 bp (1F-4R) respectively.
PCR was performed using PCR supermix (Invitrogen) by
heating to 94°C for 3 min, followed by 30 cycles of denatura-
tion (94°C for 1 min), annealing (48°C for 1 min) and
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extension (72°C for 1 min). A final extension step was carried
out at 72°C for 10 min.

Characterization of methanobactin production

Production of methanobactin was determined using the
Cu-CAS assay and by direct analysis of the spent media
(Yoon et al., 2010; Bandow et al., 2011). If no methanobactin
was detected in spent media, the spent media was passed
through a dianion HP-20 column, and eluted as previously
described by Bandow and colleagues (2012), to concentrate
the sample at least 40-fold. The concentrated sample was
then re-examined for the presence of methanobactin.

Acknowledgements

This research was supported by the Office of Science (BER)
US Department of Energy (J.D.S. and A.A.D.), Division of
Chemistry, Chemistry for Life Processes (CLP) National
Science Foundation (A.A.D.), the UK NERC, BBSRC and the
Earth & Life Systems Alliance, UEA (J.C.M.), and the Ministry
of Higher Education and Research, Egypt (PhD studentship
for A.K.). We draw the readers’ attention to a recently pub-
lished paper by GE Kenny and AC Rosenzweig (BMC Biology
2013 11:17) on genome mining for methanobactins which
shows that methanobactin-like compounds may be more
widespread than previously thought and may have a broader
role in metal homeostasis in microorganisms.

References

Anderson, B., Bartlett, K., Frolking, S., Hayhoe, K., Jenkins,
J., and Salas, W. (2010) Methane and Nitrous Oxide Emis-
sions from Natural Sources. Washington, DC, USA: US
Environmental Protection Agency [WWW document]. URL
http://www.epa.gov/methane/pdfs/Methane-and-Nitrous-
Oxide-Emissions-From-Natural-Sources.pdf.

Bandow, N., Gilles, V.S., Freesmeier, B.C., Semrau, J.D.,
Krentz, B., Gallagher, W., et al. (2012) Spectral and copper
binding properties of methanobactin from the facultative
methanotroph Methylocystis strain SB2. J Inorg Biochem
110: 72-82.

Bandow, N.L., Gallagher, W.H., Behling, L., Choi, D.W.,
Semrau, J.D., Hartsel, S.C., etal. (2011) Isolation of
methanobactin from the spent media of methane oxidizing
bacteria. Methods Enzymol 495B: 259—-269.

Behling, L.A., Hartsel, S.C., Lewis, D.E., DiSpirito, A.A., Choi,
D.W., Masterson, L.R., et al. (2008) NMR, mass spectrom-
etry and chemical evidence reveal a different chemical
structure for methanobactin that contains oxazolone rings.
J Am Chem Soc 130: 12604-12605.

Borodina, E., Nichol, T., Dumont, M.G., Smith, T.J., and
Murrell, J.C. (2007) Mutagenesis of the ‘leucine gate’ to
explore the basis of catalytic versatility in soluble methane
monooxygenase. Appl Environ Microbiol 73: 6460-6467.

Choi, D.W., Bandow, N.L., McEllistrem, M.T., Semrau, J.D.,
Antholine, W.E., Hartsel, S.C., etal. (2010) Spectral and
thermodynamic properties of methanobactin  from
y-proteobacterial methane oxidizing bacteria: a case for
copper competition on a molecular level. J Inorgan
Biochem 104: 1240-1247.

Choi, D.-W., Kunz, R.C., Boyd, E.S., Semrau, J.D., Antholine,
W.E., Han, J.-l., etal. (2003) The membrane-associated
methane  monooxygenase (pMMO) and pMMO-
NADH:Quinone oxidoreductase complex from
Methylococcus capsulatus Bath. J Bacteriol 185: 5755—
5764.

Choi, D.-W., Do, V.S., Zea, C.J., McEllistrem, M.T., Lee,
S.-W., Semrau, J.D., et al. (2006a) Spectral and thermo-
dynamic properties of Ag(l), Au(lll), Cd(ll), Co(ll), Fe(lll),
Hg(ll), Mn(ll), Ni(ll), Pb(ll), U(IV), and Zn(ll) binding by
methanobactin from Methylosinus trichosporium OB3b. J
Inorg Biochem 100: 2150-2161.

Choi, D.-W., Zea, C.J., Do, Y.S., Semrau, J.D., Antholine,
W.E., Hargrove, M.S., et al. (2006b) Spectral, kinetic and
thermodynamic properties of Cu(l)- and Cu(ll)-binding by
methanobactin from Methylosinus trichosporium OB3b.
Biochemistry 45: 1142-1153.

Dam, B., Dam, S., Kube, M., Reinhardt, R., and Liesack, W.
(2012) Complete genome sequence of Methylocystis sp.
strain SC2, an aerobic methanotroph with high-affinity
methane oxidation potential. J Bacteriol 194: 6008—-6009.

Dedysh, S.N., Liesack, W., Khmelenina, V.K., Suzina, N.E.,
Trotsenko, Y.A., Semrau, J.D., et al. (2000) Methylocella
palustris gen. nov., sp. nov.,, a new methane-oxidizing
acidophilic bacterium from peat bogs, representing a new
novel subtype of serine-pathway methanotrophs. Int J Syst
Evol Microbiol 50: 955-969.

Dedysh, S.N., Berestovskaya, Y.Y., Vasylieva, L.V., Belova,
S.E., Khmelenina, V.N., Suzina, N.E., etal. (2004)
Methylocella tundrae sp. nov., a novel methanotrophic bac-
terium from acidic tundra peatlands. Int J Syst Evol
Microbiol 54: 151-156.

DiSpirito, A.A., Zahn, J.A., Graham, D.W., Kim, H.J., Larive,
C.K., Derrick, T.S., etal. (1998) Copper-binding com-
pounds from Methylosinus trichosporium OB3b. J Bacteriol
180: 3606—3613.

Dunfield, P.F., Khmelenina, V.N., Suzina, N.E., Trotsenko,
Y.A., and Dedysh, S.N. (2003) Methylocella silvestris sp.
nov., a novel methanotroph isolated from an acidic forest
cambisol. Int J Syst Evol Microbiol 53: 1231-1239.

Dunfield, P.F., Yuryev, A., Senin, P., Smirnova, A.V., Stott,
M.B., Hou, S., etal. (2007) Methane oxidation by an
extremely acidophilic bacterium of the phylum
Verrucomicrobium. Nature 450: 879-882.

El Ghazouani, A., Baslé, A., Gray, J., Graham, D.W., Firbank,
S.J., and Dennison, C. (2012) Variations in methanobactin
structure influences copper utilization by methane-
oxidizing bacteria. Proc Natl Acad Sci USA 109: 8400-
8404.

Ettwig, K.F., Butler, M.K., Le Paslier, D., Pelletier, E.,
Mangenot, S., Kuypers, M.M.M., et al. (2010) Nitrite-driven
anaerobic methane oxidation by oxygenic bacteria. Nature
464: 543-548.

Fox, B.G., Froland, W.A., Dege, J.E., and Lipscomb, J.D.
(1989) Methane monooxygenase from Methylosinus
trichosporium OB3b: purification and properties of a three-
component system with high specific activity from a Type Il
methanotroph. J Biol Chem 264: 10023-10033.

Green, J., and Dalton, H. (1985) Protein B of soluble methane
monooxygenase from Methylococcus capsulatus (Bath). J
Biol Chem 260: 15795-15801.

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077-3086


http://www.epa.gov/methane/pdfs/Methane-and-Nitrous-Oxide-Emissions-From-Natural-Sources.pdf
http://www.epa.gov/methane/pdfs/Methane-and-Nitrous-Oxide-Emissions-From-Natural-Sources.pdf

Haft, D.H., Selengut, J.D., Richter, R.A., Harkins, D., Basu,
M.K., and Beck, E. (2013) TIGRFAMs and genome
properties in 2013. Nucleic Acids Res 41: D387-
D395.

Herrero, M., de Lorenzo, V., and Timmis, K.N. (1990)
Transposon vectors containing non-antibiotic resistance
selection markers for cloning and stable chromosomal
insertion of foreign genes in gram-negative bacteria. J
Bacteriol 172: 6557-6567.

Islam, T., Jensen, S., Reigstad, L.J., Larsen, @., and
Birkeland, N.-K. (2008) Methane oxidation at 55°C and pH
2 by a thermoacidophilic bacterium belonging to the
Verrucomicrobia phylum. Proc Natl Acad Sci USA 105:
300-304.

Jensen, L.M.R., Sanishvili, R., Davidson, V.L., and Wilmot,
C.M. (2010) In crystallo posttranslational modification
within a MauG/pre-methylamine dehydrogenase complex.
Science 327: 1392—-1394.

Kim, H.J., Graham, D.W., DiSpirito, A.A., Alterman, M.A,,
Galeva, N., Larive, C.K., etal. (2004) Methanobactin, a
copper-acquisition compound from methane-oxidizing bac-
teria. Science 305: 1612—-1615.

Knapp, C.W., Fowle, D.A., Kulczycki, E., Roberts, J.A., and
Graham, D.W. (2007) Methane monooxygenase gene
expression mediated by methanobactin in the presence of
mineral copper sources. Proc Natl Acad Sci USA 104:
12040-12045.

Krentz, B.D., Mulheron, H.J., Semrau, J.D., DiSpirito, A.A.,
Bandow, N.L., Haft, D.H., etal. (2010) A comparison of
methanobactins from Methylosinus trichosporium OB3b
and Methylocystis strain SB2 predicts methanobactins are
synthesized from diverse peptide precursors modified to
create a common core for binding and reducing copper
ions. Biochemistry 49: 10117—-10130.

Ku, H.H. (1966) Notes on the use of propagation of error
formulas. J Res Natl Bureau Std — C Eng Instrument 70C:
263-273.

Lee, S.J., McCormick, M.S., Lippard, S.J., and Cho, U.-S.
(2013) Control of substrate access to the active site in
methane monooxygenase. Nature 494: 380-384.

Lee, S.-W., Keeney, D.R., Lim, D.-H., DiSpirito, A.A., and
Semrau, J.D. (2006) Mixed pollutant degradation by
Methylosinus  trichosporium OB3b expressing either
soluble or particulate methane monooxygenase: can the
tortoise beat the hare? Appl Environ Microbiol 72: 7503—
7509.

Lipscomb, J.D. (1994) Biochemistry of the soluble methane
monooxygenase. Annu Rev Microbiol 48: 371-399.

Lontoh, S., and Semrau, J.D. (1998) Methane and
trichloroethylene degradation by Methylosinus
trichosporium OB3b expressing particulate methane
monooxygenase. Appl Environ Microbiol 64: 1106—
1114.

Martin, H., and Murrell, J.C. (1995) Methane monooxygenase
mutants of Methylosinus trichosporium OB3b constructed
by marker-exchange mutagenesis. FEMS Microbiol Lett
127: 243-248.

Merkx, M., and Lippard, S.J. (2002) Why OrfY? Characteri-
zation of MmoD, a long overlooked component of the
soluble methane monooxygenase from Methylococcus
capsulatus (Bath). J Biol Chem 277: 5858-5865.

Copper-switch in methanotrophy 3085

Morton, J.D., Hayes, K.F., and Semrau, J.D. (2000a)
Bioavailability of chelated and soil-absorbed copper to
Methylosinus trichosporium OB3b. Environ Sci Technol 34:
4917-4922.

Morton, J.D., Hayes, K.F., and Semrau, J.D. (2000b) The
effect of copper speciation on whole-cell soluble methane
monooxygenase activity in Methylosinus trichosporium
OB3b. Appl Environ Microbiol 66: 1730—1733.

Nguyen, H.-H.T., Shiemke, A.K., Jacobs, S.J., Hales, B.J.,
Lidstrom, M.E., and Chan, S.I. (1994) The nature of copper
ions in the membranes containing the particulate methane
monooxygenase from Methylococcus capsulatus (Bath). J
Biol Chem 269: 14995-15005.

Nguyen, H.-H.T., Elliott, S.J., Yip, J.H.-K., and Chan, S.I.
(1998) The particulate methane monooxygenase from
Methylococcus capsulatus (Bath) is a novel copper-
containing three-subunit enzyme. J Biol Chem 273: 7957—
7966.

Phelps, P.A., Agarwal, S.K., Speitel, G.E., Jr, and Georgiou,
G. (1992) Methylosinus trichosporium OB3b mutants
having constitutive expression of the soluble methane
monooxygenase in the presence of high levels of copper.
Appl Environ Microbiol 58: 3701-3708.

Pol, A., Heijmans, K., Harhangi, H.R., Tedesco, D., Jetten,
M.S.M., and Op den Camp, H.J.M. (2007) Methanotrophy
below pH 1 by a new Verrucomicrobia species. Nature 450:
874-878.

Semrau, J.D., DiSpirito, A.A.,, and Yoon, S. (2010)
Methanotrophs and copper. FEMS Microbiol Rev 34: 496—
531.

Smith, K.A., Dobbie, K.E., Ball, B.C., Bakken, L.R., Situala,
B.K., Hansen, S., etal. (2000) Oxidation of atmospheric
methane in Northern European soils, comparison with
other ecosystems, and uncertainties in the global methane
sink. Global Change Biol 6: 791-803.

Stanley, S.H., Prior, S.D., Leak, D.J., and Dalton, H. (1983)
Copper stress underlies the fundamental change in intrac-
ellular location of methane mono-oxygenase in methane-
oxidizing organisms: studies in batch and continuous
cultures. Biotechnol Lett 5: 487-493.

Stein, L.Y., Yoon, S., Semrau, J.D., DiSpirito, A.A., Crombie,
A., Murrell, J.C., etal. (2010) Genome sequence of the
obligate methanotroph Methylosinus trichosporium strain
OB3b. J Bacteriol 192: 6497-6498.

Summer, K.H., Lichtmannegger, J., Bandow, N., Choi, D.W.,
DiSpirito, A.A., and Michalke, B. (2011) The biogenic
methanobactin is an effective chelator for copper in a rat
model for Wilson disease. J Trace Elem Med Biol 25:
36—41.

Vorobev, A.V., Baani, M., Doronina, N.V., Brady, A..,
Liesack, W., Dunfield, P.F., and Dedysh, S.N. (2011)
Methyloferula stellata gen. nov., sp. nov., an acidophilic,
obligately methanotrophic bacterium that possesses only a
soluble methane monooxygenase. Int J Syst Evol Microbiol
61: 2456-2463.

Wang, L., and Brown, S.J. (2006) BindN: a web-based tool for
efficient prediction of DNA and RNA binding sites in amino
acid sequences. Nucleic Acids Res 34: W243—-W248.

Whittenbury, R., Phillips, K.C., and Wilkinson, J.F. (1970)
Enrichment, isolation and some properties of methane-
utilizing bacteria. J Gen Microbiol 61: 205-218.

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3077—-3086



3086 J. D. Semrau et al.

Yoon, S., DiSpirito, A.A., Kraemer, S.M., and Semrau, J.D.
(2010) An assay for screening microbial cultures for
chalkophore production. Environ Microbiol Rep 2: 295—
303.

Yoon, S., Im, J., Bandow, N., DiSpirito, A.A., and Semrau,
J.D. (2011) Constitutive expression of pMMO by
Methylocystis strain SB2 when grown on multi-carbon sub-
strates: implications for biodegradation of chlorinated
ethenes. Environ Microbiol Rep 3: 182—188.

Zahn, J.A., and DiSpirito, A.A. (1996) Membrane associated
methane monooxygenase from Methylococcus capsulatus
(Bath). J Bacteriol 178: 1018—1029.

Zischka, H., Lichtmannegger, J., Schmitt, S., Jigemann, N.,
Schulz, S., Wartini, D., etal. (2011) Liver mitochondrial
membrane crosslinking and destruction in a rat model of
Wilson disease. J Clin Invest 121: 1508-1518.

Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’'s web-site:

Fig. S1. Construction of AmbnA mutant via marker-exchange
mutagenesis.

Fig. S2. Split NMS/50 uM Cu-CAS plates for detection of
chalkophore production over time by M. trichosporium OB3b
wild type, SMDM mutant and AmbnA mutant. Negative
controls were constructed without any culturing of any micro-
organism. Note decoloration of Cu-CAS agar by
M. trichosporium OB3b wt and SMDM mutant, indicating pro-
duction of methanobactin.

Fig. S3. qPCR standard curves for mbnA, pmoA and mmoX.
Fig. S4. BindN prediction of DNA-binding residues of MmoD.
Binding residues predicted to be involved in DNA binding are
labelled with +' and labelled in red; non-binding residues
labelled with ‘=’ and labelled in green. Confidence of such
prediction ranges from 0 (lowest) to 9 (highest).

Fig. S5. Methanobactin gene clusters in complete genomes.
Gene clusters with unannotated methanobactin peptide pre-
cursors similar to that detected in Methylosinus trichosporium
sp. OB3b (genes shown: MettrDRAFT_3892 > MettrDRAFT_
3901; Accession No. NZ_ADVEO00000000; Krentz etal.,
2010) were detected in Azospirillum sp. B510
(AZL_007900 > AZL_007960; Accession No. NC_013854);
Methylocystis sp. SC2 (BN69_1382 — BN69_1392; Acces-
sion No. NC_018485); in Methylocystis parvus OBBP (Acces-
sion No. AJTV00000000); in Tistrella mobilis TMO_3374 —
TMO_3368; Accession No. NC_017956); in
Gluconacetobacter sp. SXCC (SXCC_01996 — SXCC_01987
(Accession No. NZ_AFCHO00000000); an identical gene
cluster was detected in Gluconacetobacter oboediens,
(Accession No. CADT00000000). The position and orienta-
tion of the methanobactin precursor is shown by a red trian-
gle. Black, Methanobactin biosynthesis cassette protein
MbnB/DUF692 (TIGR04159, PF05114). Light grey,
AZL_007950 family protein, (TIGR04061), methanobactin
biosynthesis cassette protein MbnC (TIGR4060, PF05114).

Violet, multi antimicrobial extrusion protein (MATE)
(PF015544). Dark grey, putative aminotransferase (PF00155
or PF00202). Light green, AZL_007920/MXAN_0976 family
protein (TIGR04052) often found near by MXAN_0977 family.
Dark green, di-haem enzyme, MXAN_0977 family
(TIGR04039, PF03150), a family of di-haem proteins related
to the di-haem cytochrome c peroxidase and to MauG. Light
blue, RNA polymerase sigma factor, sigma-70 family
(TIGR02937, PF07638). Dark blue, TonB-dependent receptor
plug domain, and TonB-dependent receptor (TIGR01783 or
TIGR1785/TIGR1786, PF07660-PF07715-PF00593). White,
other proteins with no significant identity to proteins encoded
by the methanobactin gene cluster of Methylosinus
trichosporium OB3b.

Fig. S6. RT-PCR of the mbn gene cluster. Polycistronic
mRNA transcripts as noted by red lines were found that
include mbnA and at least mbnB and mbnC (black and grey
respectively).

Fig. S7. Proposed reaction scheme for oxazolone ring forma-
tion in the biosynthesis of methanobactin from its DNA-
encoded peptide precursor. An identical tandem two-step
sequence of peroxidation and dehydration reactions, flanking
a central concerted cyclization reaction with a change in
peptide backbone connectivity, is proposed for the formation
of both oxazolone rings of methanobactin, from Leul and
Cys2, and from Pro7 and Cys8 of the precursor peptide
respectively. The cysteine thiol is shown protected against
oxidation (-SR), possibly as a thioester formed by reaction
with a carboxylate group of one of the gene products of the
methanobactin gene cluster involved in oxazolone ring for-
mation. Apart from the peroxidase activity of the MauG-like
protein (dark green in Fig. S5), none of the proposed func-
tions have yet been ascribed to a gene product encoded in
the methanobactin gene cluster. A possible exception is the
transaminase gene (Fig. S5), which may be involved in for-
mation of the N-terminal keto-isopropyl group from lle1 of the
peptide precursor. Two other gene products (TonB-
dependent receptor, MATE protein, Fig. S5) may be involved
in secretion of mature methanobactin.

Fig. S8. Aligned methanobactin  precursor peptide
sequences. Potential methanobactin precursor peptide
sequences were searched for directly on unannotated
genome DNA sequences using the Fuzztran program from
the Emboss bioinformatics suite implemented on the Mobyle
portal (http://mobyle.pasteur.fr). For this, the sequence
pattern  [MI]-[ST]-[IV]-X-I-X(5)-[IL]-X-[VI]-X(2)-RA-[GS](0,1)-
[AL]-X-C-[GA]-[ST]-X(0,2)-C(1,2), defined on the basis of
previously detected methanobactin precursor peptide
homologues (Krentz et al., 2010), was used. Sequence con-
servation is indicated by a colon, and sequence identity by a
star. The position of the potential cleavage site during
methanobactin maturation is shown by a hash. Cysteine resi-
dues involved in oxazolone rings and copper binding in
mature methanobactin of Methylosinus trichosporium OB3b
is highlighted in red, and those involved in a disulfide bridge
are shown in orange. The cysteine residues in other putative
methanobactin precursors are shown in blue.
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