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Abstract

Methanobactins (Mbns) are ribosomally produced, post-translationally modified peptide (RiPP)
natural products that bind copper with high affinity using nitrogen-containing heterocycles and
thioamide groups. In some methanotrophic bacteria, Mbns are secreted under conditions of copper
starvation and then re-internalized as a copper source for the enzyme particulate methane
monooxygenase (PMMOQO). Genome mining studies have led to the identification and classification
of operons encoding the Mbn precursor peptide (MbnA) as well as a number of putative transport,
regulatory, and biosynthetic proteins. These Mbn operons are present in non-methanotrophic
bacteria as well, suggesting a broader role in and perhaps beyond copper acquisition. Genetic and
biochemical studies indicate that specific operon-encoded proteins are involved in Mbn transport
and provide insight into copper-responsive gene regulation in methanotrophs. Mbn biosynthesis is
not yet understood, but combined analysis of Mbn structures, MbnA sequences, and operon
content represents a powerful approach to elucidating the roles of specific biosynthetic enzymes.
Future work will likely lead to the discovery of unique pathways for natural product biosynthesis
and new mechanisms of microbial metal homeostasis.

Graphical Abstract

Recent advances in the biosynthesis, regulation, and transport of methanobactin, a ribosomally
produced, post-translationally modified copper-binding natural product.
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1. Introduction

Copper plays an important role in biology, often serving as a cofactor for enzymes that
perform difficult chemical transformations. Because of its ability to generate free radicals,
bioavailable copper is highly regulated by cells. Thus, organisms that require copper often
evolve elaborate strategies for its acquisition and homeostasis.13 Among these organisms
are methanotrophic bacteria, which use methane as their sole source of carbon and energy.*
Interest in using methanotrophs for methane mitigation and remediation as well as biological
gas-to-liquids conversion processes has skyrocketed recently.> © To metabolize methane,
methanotrophs first convert it to methanol, a reaction that involves cleavage of an aliphatic
C-H bond with a 105 kcal/mol dissociation energy. This challenging reaction is catalyzed by
methane monooxygenase enzymes (MMOs).

MMOs are metalloenzymes, and two unrelated forms have been isolated and characterized: a
cytoplasmic, iron-dependent enzyme known as soluble methane monooxygenase (sSMMO),
and a membrane-bound, copper-dependent enzyme called particulate methane
monooxygenase (pMMO).5-8 The majority of methanotrophs use pMMO for methane
oxidation, but some strains have genes encoding both systems. In this subset of
methanotrophs, SMMO and pMMO expression are reciprocally regulated on the basis of
copper availability. At very low soluble copper concentrations, SMMO (encoded by the
mmoRGXYBZDC operon) is expressed, and when copper is bioavailable, pMMO (encoded
by the pmoCAB operon) is expressed. The molecular mechanisms of this intricate regulatory
event, termed the “copper switch,” are still largely unknown.® A key player in methanotroph
copper acquisition and the copper switch is methanobactin (Mbn), a ribosomally synthesized
and post-translationally modified peptide (RiPP) natural product that binds copper. We
abbreviate methanobactin as Mbn rather than Mb to comply with the established naming
schema for RiPPs,10 and to avoid confusion with myoglobin, which is typically abbreviated
Mb.

Mbn was first isolated from the growth medium of Methylosinus (Ms.) trichosporium OB3b,
an obligate methanotroph.1-13 When Ms. trichosporium OB3b is cultured under conditions
of copper starvation, it produces and secretes Mbn. Outside of the cell, Mbn scavenges
copper from soluble, mineral, and humic sources,14 and can even mediate its removal from
borosilicate glass.1® The copper-loaded form (CuMbn) is then taken up by an active
transport processi® and can promote the copper switch; soluble copper, which can also
promote this regulatory shift, is taken up separately and via a passive process.l” CuMbn
from Ms. trichosporium OB3b consists of a peptidic backbone, an “N-terminal” carbonyl
group replacing the primary amine of the N-terminal leucine residue, two oxazolone groups
with neighboring thioamides, and an intramolecular disulfide bond (Fig. 1A).11 Forms of the
Ms. trichosporium OB3b Mbn that lack the C-terminal methionine are sometimes isolated as
well.18 The N- and S-ligands of the oxazolones and thioamides chelate a single copper ion in
a distorted tetrahedral geometry. Although capable of binding Cu'!, the copper ion stabilized
by Mbn has been identified as Cu'.11: 19 The reduction of Cu'' to Cu' occurs within 10
minutes, and is mediated by Mbn itself via a mechanism that remains unclear but that does
not involve the disulfide bond.19-22 The binding constant of Ms. trichosporium OB3b Mbn
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for Cu' has been measured (K ~ 6x1020 M),18 while that for Cu'! is calculated to be
6.5x1011 M.23

Although copper is the most physiologically relevant metal ion, Mbn also binds other metal
ions, including Aul!, Hg!", Ag!, UV, cd!!, Pb!!, Mnl!, Fe!!, Co!!, and Ni'l. Only soft metals
such as Au'"!, Hg'!, and Ag' can bind reductively (with spectral features further supporting a
binding mode similar to that of copper),2! and all exhibit binding constants that are
approximately five orders of magnitude lower than that of Cu!! and fifteen orders of
magnitude lower than that of Cu'.21 Mbn has been used to mediate the synthesis of gold
nanoparticles by binding Au'" and reducing it to Au® 24 and optical spectroscopic data
suggest that gold has some ability to compete with copper for Mbn binding, thereby limiting
copper acquisition via Mbn and affecting sSMMO expression.2® Similarly, Mbn binds Hg'"
from HgCl, (in the absence and to a lesser extent the presence of copper) and in doing so
reduces the toxic effects of mercury on the bacteria.26 The ability to bind metals other than
copper may be compound-specific; reported metal binding specificity and affinity for
Methylocystis (Mec.) sp. SB2 Mbn differs somewhat from that of Ms. trichosporium OB3b
Mbn.26 1t has been suggested that Mbn plays a role in alleviating mercury toxicity for
methanotrophs growing in polluted environments, although no particular correlation is
apparent between Mbn-producing species and environments with high levels of heavy metal
pollution.2’

Following the characterization of Mbn from Ms. trichosporium OB3b, Mbns were isolated
from several other methanotroph species. Like Ms. trichosporium OB3b CuMbn, the
CuMbns isolated from Mec. rosea SV97,2% M. strain M,23 Mec. strain SB2,28 Mc. hirsuta
CSC1,23 and most recently, Ms. species LW4,29 are all peptidic natural products that bind
copper with high affinity via two nitrogen-containing heterocycles and two neighboring
thioamide groups (Fig. 1B-F). The Mc. Mbns differ from the Ms. Mbns in the presence of a
pyrazinedione or an imidazolone (the latter is reported for the M. strain SB2 Mbn,28 though
recent data suggest it may in fact also be a pyrazinedione??) in lieu of the N-terminal
oxazolone present in the Ms. CuMbns, the absence of a disulfide bond or an “N-terminal”
carbonyl group, and the presence of a sulfonated threonine. Like Ms. trichosporium OB3b
Mbn, Mbns from the Mc. species are frequently missing one or more C-terminal residues,
apparent both in the range of structures obtained and the sequences of the precursor
peptides.18: 23,30 All four Mc. Mbns are quite similar, differing in at most one or two
residues. The backbone of Ms. sp. LW4 Mbn diverges significantly from previously
characterized Mbns in both sequence and in the increased distance between the two
heterocycle/thioamide moieties, but has several features in common with Ms. trichosporium
OB3b Mbn, including the presence of an “N”-terminal carbonyl group, two oxazolones with
neighboring thioamides, and an intramolecular disulfide bond.

A major focus of the last three years has been on mining bacterial genomes to discover
genes encoding new Mbn precursor peptides as well as neighboring genes of functional
relevance. New bioinformatic, genetic, and biochemical data have provided significant
insight into Mbn diversity, its transport and biosynthesis, and its potential role in the
methanotroph copper switch mechanism. This minireview summarizes these developments
and highlights areas ripe for future investigation.

Metallomics. Author manuscript; available in PMC 2018 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dassama et al.

Page 4

2. Genome mining for Mbns

Mbn was initially believed to be the product of non-ribosomal peptide synthesis.31: 32
However, sequencing of the Ms. trichosporium OB3b genome33 led to the identification of
an open reading frame (ORF) encoding 30 residues, of which the last 11 residues
(LCGSCYPCSCM) resemble the peptidic backbone of Mbn.28 The presence of this putative
precursor peptide, hereafter referred to as MbnA, and the observations that disruption of its
gene abolishes Mbn production3* and that its expression is significantly downregulated by
copper3® establish Mbn as a RiPP.10 At the time that the gene encoding MbnA was
identified, the only homologue was a 31-residue sequence from Azospirillum sp. B510,36 a
diazotrophic endophyte.

In 2013, an extensive bioinformatics study that sought to identify MbnA and neighboring
genes in newly sequenced bacterial genomes was reported.3” Using a variety of techniques,
operons containing the MbnA gene as well as putative biosynthetic and transport genes were
detected in 14 species, a number that can now be updated to 52 operons in 48 species (Fig.
2A-C, Table 1, Figure S1) At the time, only 5 of the species with putative Mbn operons
were Type I, a-proteobacterial methanotrophs (like Ms. trichosporium OB3b), and
methanotrophic bacteria remain a minority of the species in which Mbn operons have been
observed; the presence of mobile genetic elements in the proximity of many Mbn operons
suggests that horizontal gene transfer plays a major role in the dissemination of these
operons. Time-dependent quantitative real time (QRT)-PCR studies indicate that all genes in
the Mbn operon (mbnIRTABCMNPH) of Ms. trichosporium OB3b are downregulated by
copper and are coregulated with the sSMMO genes (mmoRGXYBZDC), consistent with all
the operon-encoded proteins functioning in copper acquisition.3® Furthermore, a potential
connection to copper homeostasis is maintained even in non-methanotrophs, in which Mbn
operons are frequently found in the proximity of periplasmic and inner member copper
homeostasis machinery, including copC, copD, scol, and DUF461.37

Mbn operons were initially detected in a-, -, and -y-proteobacteria, and have since been
found in Gram-positive bacteria, indicating that Mbn or Mbn-like molecules are more
widespread than originally believed (Fig. S1). Interestingly, some well-studied
methanotrophic species initially thought/reported to secrete Mbn, including Methylococcus
(Mcc.) capsulatus (Bath) and Methylomicrobium album BG83 do not contain Mbn operons;
no structural characterization of those purported Mbns has been reported and their copper
affinities are much lower than that of Ms. trichosporium OB3b CuMbn.38 Thus, if these
species make chalkophores (copper-chelating small molecules), they must differ
significantly in structure from Mbns. Alternatively, these reported molecules may be
metallophores of a different metal specificity with some ability to bind copper, as observed
with yersiniabactin,39 or with Mbn and other metal ions.2!

Based on phylogenetic analysis of the sequences of MbnA and of the two core operon
proteins, MbnB and MbnC (vide infra), as well as the presence of genes related to transport
and regulation, Mbn operons were divided into 5 groups, with Ms. trichosporium OB3b
assigned to Group I, the Mec. species falling into Group 1, and Azospirillum sp. B510
assigned to Group Il1. This classification scheme remains broadly accurate, with newly

Metallomics. Author manuscript; available in PMC 2018 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dassama et al.

Page 5

identified Gram-positive Mbn operons fitting into the existing Group V based on operon
content and core peptide sequence, although increased diversity observed in Group Il
suggests that it should be subdivided into two distinct subgroups (Fig. 2A—C).40 Some
organisms actually possess several Mbn operons (Fig. S1), and in all cases to date, the
multiple operons belong to different groups. A less granular set of Mbn categorizations has
been proposed,® but phylogenetic analysis and differences in proposed Mbn modifications
support the original set of categorizations, described further here.

3. Transport of Mbn

Import by MbnT

Genes encoding TonB-dependent transporters (TBDTS) are often associated with the Mbn
operons (MbnTs, Fig. 2A). TBDTSs are outer membrane receptors well known for their role
in the uptake of siderophores,*1 42 iron-chelating small molecules. TBDTs can also import
cofactors such as heme, thiamine, and cobalamin, small proteins, natural products like
colicins, sugars, and even nickel, copper, and cobalt chelates.*3 Thus, the MbnTs are
obvious candidates for CuMbn importers, and CuMbn import has been shown previously to
occur in an energy-dependent fashion, consistent with the use of a TBDT.16 TBDTs are
present in four of the five Mbn operon groups, but the sequences differ significantly. Group |
MbnTs (MbnT1s) have an extra ~100 residue N-terminal extension and are associated with
Mbnl and MbnR,37 proteins related to £. coli Fecl and FecR, a sigma and anti-sigma factor
pair that interact with the siderophore TBDT FecA.*4-46 MbnT1s also differ from other
MbnTs in sequence and domain composition. MbnT2s found in Group Il Mbn operons and
MbnT3s found in Group Il and IV operons form two additional subgroups; sequence
similarity network (SSN) analysis indicates that all three are distinct from each other and
from any existing characterized TBDT family.*0 Notably, genes encoding proteins with
known roles in periplasmic copper homeostasis (including scol, copC, copD, and members
of the DUF461 family) are observed near MbnT genes in many Group 111 and all Group IV
genomes, supporting a potential role of these MbnT3s in copper homeostasis. MbnTs are
found in a range of species that do not have their own Mbn operons, primarily other
methanotrophs and ammonia oxidizers for MbnT1s and MbnT2s, as well as other non-
methanotrophic bacteria for MbnT3s, potentially consistent with a scenario in which species
with a high copper need but no ability to produce their own Mbns engage in “chalkophore
piracy”.40 In preliminary support of this notion, Methylosinus and Methylocystis species
have been reported to take up non-native CuMbns.23 MbnTs are not found in any Group V
operons (and conserved MbnT1, 2, or 3 genes are not present elsewhere in the genomes),
raising the possibility that Group V Mbns are not reimported and may have a function other
than copper acquisition.

Functional studies of Ms. trichosporium OB3b MbnT1 are complicated by the presence of
45 TBDTSs within the genome. qRT-PCR studies reveal significant downregulation of the in-
operon MbnT1 in response to copper. Two close homologues of MbnT1,
MettrDRAFT_1229 and MettrDRAFT_1241, also exhibit lower transcript levels in the
presence of copper, but are downregulated to a lesser extent and with regulatory patterns that
differ to some extent from the main Mbn operon.*0 It may be that these homologues function
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in the uptake of non-native Mbns, and thus would also be responsive to copper. The function
of the in-operon MbnT1 from Ms. trichosporium OB3b has been further probed
experimentally. In an initial study, a gene disruption mutant of MbnT (AmbnT) was
generated.#” This mutant was found to be capable of Mbn production and secretion, but
failed to take up copper provided as CuMbn. Both wildtype (wt) and AmbnT cells
accumulated copper when supplied with increasing concentrations of soluble copper,
consistent with previous work establishing distinct uptake pathways for soluble copper and
CuMbn.18 More recently, isotopic labeling experiments on a Ms. trichosporium OB3b
AmbnT strain generated by a different method also indicate a disruption in CuMbn uptake.
In this study, wt and AmbnT cells provided with 85CuMbn show clear differences

in 83Cu:85Cu ratio, indicating that CuMbn uptake is impaired in the mutant.4 Finally,
heterologous expression of Ms. trichosporium OB3b MbnT1 confers upon E. colithe ability
to take up 55CuMbn.40 These combined data identify MbnT1 as the CuMbn importer.

The function of MbnT has also been assessed in vitro. Using surface plasmon resonance
(SPR), a specific interaction between purified Ms. trichosporium OB3b MbnT1 and Ms.
trichosporium OB3b CuMbn has been detected with a measured Ky value of ~6 pM. The
Group |1 MbnT2 from Mec. rosea SV97 also interacts with Ms. trichosporium OB3b CuMbn,
but with an affinity approximately 3-fold less than that measured for Ms. trichosporium
OB3b CuMbn binding to its cognate MbnT. The Ms. trichosporium OB3b and Mc. rosea
SV97 Mbns contain the same ligands that coordinate the copper (A-heterocycles and
thioamide groups), but differ in other structural elements (Figs. 1A, C). Although
siderophore TBDTSs rarely recognize non-cognate substrates, these observations are
reminiscent of the Pseudomonas aeuroginosa ATCC 15692 pyoverdine receptor FpvA,
which recognizes other pyoverdines by the N-terminal residue and metal coordination
elements.*8

A potential role for the periplasmic binding protein MbnE

The Group Ila Mbn operons encode a periplasmic binding protein (PBP) (Fig. 2A), MbnE,
close homologues of which are found elsewhere in the genomes of other Mbn-producing
methanotrophs.% PBPs are periplasmic in Gram-negative bacteria and membrane-bound
(and called solute binding proteins, SBPs) in Gram-positive bacteria, and have attracted
attention recently because of their potential to elucidate new metabolic pathways.#° These
proteins often work in concert with ATP-binding cassette (ABC) transporters to import
ligands across the inner membrane, although genes encoding ABC transporters are not
generally found adjacent to /mbnEs and the extent of explicitly cytoplasmic Mbn uptake
remains unclear.59 The MbnE sequences belong to SBP Family 5,51 and in a SSN, cluster
separately from all characterized PBPs*0 except the microcin C7 transporter YejA and the
oligopeptide transporters OppA and AppA.52

In support of a role for Ms. trichosporium OB3b MbnE in Mbn transport, gRT-PCR data
show significant downregulation of mbnE together with the main mbn operon in the
presence of copper.3> The closest MbnE homologues in the genome, MettrDRAFT_1622
and MettrDRAFT _3640, were not similarly downregulated.*0 In addition, purified MbnE
proteins from three species, Ms. trichosporium OB3b (Group 1), Mc. hirsuta CSC1 (Group
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I1a), and Mec. parvus OBBP (Group Ilb) were shown by SPR to interact specifically with
their cognate CuMbns and exhibit binding affinities of ~ 6-12 pM.4% However, unlike MbnT,
these MbnEs do not bind non-cognate CuMbns.

Efforts to understand the molecular basis for Mbn binding by MbnEs have thus far yielded a
1.9 A resolution crystal structure of the Mc. parvus OBBP MbnE in its apo form.40 The
structure revealed two major domains, between which is a cavity measuring ~ 15 x 30 A.
Docking models generated with the crystal structures of CuMbns from Ms. trichosporium
OB3b and Mc. sp. M indicate that this cavity is sufficiently spacious to accommodate both
types of CuMbn. Me. parvus OBBP MbnE is structurally similar to the oligopeptide binding
SBP AppA from Bacillus subtilis, which was crystallized with a nonapeptide bound to its
cavity,53 and a comparison of the apo MbnE structure with that of substrate-bound AppA
suggests structural rearrangements that might occur upon binding of CuMbn.40

Export by MbnM

Most Mbn operons also include a gene encoding a multidrug and toxic compound extrusion
(MATE) efflux pump, MbnM.37 MATE proteins are inner membrane exporters that couple
H* or Na* transport to extrusion of cationic, xenobiotic substrates, including multiple
antibiotics.54-56 Export of a natively produced natural product has not been reported for a
MATE transporter, but very few of these proteins have been studied, and their conservation
even in the divergent Group VV Mbn operons is suggestive of a role in Mbn export.

Release of copper from Mbn

While aspects of CuMbn uptake have been elucidated, it is not known how copper is
released from Mbn once inside the cell. Some siderophores are degraded,>” but it is perhaps
more likely that Mbn is recycled, as are similarly complex siderophores such as
pyoverdine,®8 carboxymycobactin,®® and ferrichrome.5% One way to release the metal ion
without Mbn degradation would be oxidation of Cu' to Cu!!,18: 23 similar to the alteration of
Fe oxidation state for iron release, which is observed in some siderophores.®! The calculated
binding affinity of Mbn for Cu'! is significantly lower than that measured for Cu', and the
identity of at least one N-terminal group influences the binding affinity of some Mbns for
Cu'".Z3 The high binding affinity is reflective of reduction potentials (&) that range from
483 mV to 750 mV (against the normal hydrogen electrode). Also notable is the observation
that the presence of C-terminal residues in Mbn can impact the £, values.23 Therefore, it is
conceivable that oxidation of the Cu' could facilitate release?3 and transfer to a protein or
ligand with greater Cu'! affinity. Possible transfer candidates include the periplasmic
proteins CopC®2: 63 and DUF461,%4 which are coregulated with pMMO in Ms,
trichosporium OB3b.3 It is not obvious how CuMbn might be oxidized, but most Mbn
operons identified to date include genes encoding a periplasmic diheme cytochrome ¢
peroxidase, MbnH, and its periplasmic partner protein, MbnP (Fig. 2A), which has no
domains of known function and is not homologous to any characterized proteins. Both genes
are commonly associated with mbnT genes (whether in the context of an Mbn operon or
not), potentially supporting functions related to Mbn internalization and/or processing. Some
methanotrophs that lack Mbn operons also have copper binding proteins (MopE,

CorA),%%: 66 paired with a diheme cytochrome ¢ peroxidases, but there is no clear relation
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between these proteins and MbnP (beyond the presence of highly conserved tryptophans and
genomic proximity to MauG homologues), and MopE is secreted from the cell, while there
is no evidence of this for MbnP.3” Nevertheless, a role for MbnH and MbnP in electron
transfer and release of copper from Mbn is conceivable.

It is also not known how copper released from Mbn traverses the inner membrane. One
possibility is that ABC transporters are involved in CuMbn transport, perhaps with the
involvement of MbnE, although no obvious candidates have been identified.3>: 37 Another
potential player has been identified from studies of the mutant strain Ms. trichosporium
OB3b PP358, which constitutively produces SMMO and Mbn, even at high concentrations of
copper, and does not accumulate intracellular copper.67- 68 These phenotypes are supported
by recent gRT-PCR data showing that the PP358 mmoand mbn operons are not
downregulated in response to copper.3> The genome of PP358 has been sequenced, and
contains a frameshift deletion in the copD gene, located adjacent to the pmo operon in a-
proteobacterial methanotrophs (Fig. 3A), and also mildly upregulated by copper in wt Ms.
trichosporium OB3b.3% CopDs are integral inner membrane proteins postulated to mediate
cytoplasmic copper uptake in bacteria.59-72 Unlike most CopD sequences, which include 8
transmembrane helices, Ms. trichosporium OB3b CopD is predicted to have 10
transmembrane helices and a C-terminal periplasmic domain. In PP358, the deletion in copD
eliminates the last transmembrane helix and the periplasmic domain. If CopD is a copper
importer, whether it acquires copper directly from Mbn-related periplasmic machinery or
from the broader pool of periplasmic copper, its dysfunction would affect the cytoplasmic
machinery for copper sensing, potentially explaining the disruption of the copper switch.
Moreover, copper accumulation in the periplasm could lead to increased expression of efflux
systems, which would account for the lower copper content of PP358 cells.58

4. Mbn and the copper switch

The MmoD hypothesis

Mbn itself has been ruled out as the sole mediator of the copper switch because SMMO and
pPMMO expression in response to copper are similar for wt and AmbnA Ms. trichosporium
OB3hb.34 This is not surprising since most methanotrophs that can produce both sMMO and
pMMO do not possess Mbn operons (Fig. 3B), and yet robust evidence for the copper switch
in species such as Mcc. capsulatus (Bath) has existed for more than thirty years.”3 Instead,
Mbn has recently been proposed to work in concert with a protein called MmoD to modulate
the copper switch.34 This hypothesis is based on the observation that deletion of almost the
entire mmo operon through the first three residues of mmoC (AmmoXYBZDC;_3, or the
“SMDM mutant”’4) alters copper-responsive gene regulation. In particular, MbnA is not
downregulated with increasing copper concentrations, and pMMO expression, as monitored
by the pmoA gene, is actually upregulated under copper starvation conditions. Based on
these findings, the MmoD protein, the only component of the deleted SMMO operon without
an assigned functional role, was suggested to play an essential role in the copper switch.34
MmoD is not essential for sSMMO-mediated methane oxidation, although it has it been
shown to interact with the MMOH complex and to inhibit its activity in vitro.”®
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In the MmoD model, MmoD represses expression of pMMO at low copper concentrations
and also upregulates the SMMO and Mbn operons. When more copper is available, MmoD
is proposed to bind copper and no longer affect expression of the three operons. Apo and
CuMbn are suggested to participate in this model as well, although the mode of regulation
(binding DNA, mRNA, or other) has not been elaborated.34 On the basis of BindN sequence
analysis of the Ms. trichosporium OB3b derivative strain used in this study (which must be
distinct from the type strain based on the low (82%) amino acid sequence identity between
its MmoD and that of the type strain), DNA binding regions were suggested,®: 34 but the
relevant residues are poorly conserved in MmoD sequences from other methanotrophs. In
addition, gRT-PCR data indicate the MmoD does not exhibit the same copper-responsive
expression as other regulatory genes (vide infra); it is coregulated with the rest of the
enzymatic SMMO genes,3® consistent with the previously reported protein-protein
interaction and contrary to unpublished data mentioned in a recent review which claim that
mmoD is constitutively expressed.® Moreover, purified MmoD does not bind copper and
does not bind to a heparin column, suggesting that it is not a DNA binding protein.3>

The MbnIR hypothesis

Another model for regulation involves the Mbnl and MbnR proteins encoded by the Group |
Mbn operons (Figs. 2A, 4).37 In the related FeclRA system, binding of the ferric citrate
substrate to the outer membrane TBDT FecA triggers interaction across the periplasm with
the anti-sigma factor FecR via the N-terminal extension, and FecR in turn activates the ECF
sigma factor Fecl to regulate iron acquisition.*4-46 By analogy, CuMbn binding to MbnT
could transmit a signal to Mbnl via MbnR, regulating some portion of the genes from the
mbn operon.3” In support of this model, the genes encoding Mbnl and MbnR, along with
genes believed to play a role in SMMO regulation (/mmoR, mmoG)8 are downregulated
within 15 minutes of copper addition to Ms. trichosporium OB3b cells, whereas expression
levels for the rest of the Mbn and SMMO operons decrease over a much longer time frame.
This finding suggests that each operon has an internal copper-responsive regulator,
downregulation of which results in a slower decline in expression for the core operons.
Moreover, Mbnl binds to a heparin column, consistent with it being an ECF sigma factor.3°

However, mbn/ and mbnR genes are present only in Group | operons or adjacent to genes
encoding MbnT1s, suggesting that the other groups of Mbns are regulated differently. It is
possible that regulation of Mbn biosynthesis in non-Group | operons occur via a mechanism
similar to that of the siderophore pyochelin, which binds directly to a transcriptional
regulator after it is taken up into the cytoplasm, and this then regulates subsequent
biosynthesis and transport.”’="2 A recently revised version of the MmoD hypothesis
includes Mbnl as a regulator of both the Mbn and SMMO operons, but still includes MmoD
as a regulator of Mbn and pMMO expression.® Given the aforementioned issues with MmoD
and the limited presence of MbnIR in Mbn operons, as well as the existence of the copper
switch in methanotrophs that lack Mbn operons, it is likely that regulation is significantly
more complicated and involves other components. In particular, the regulator that represses
mmoRG and mbn/R in response to copper has yet to be identified.
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5. Biosynthesis of Mbn

The core operon: genes encoding MbnA, MbnB, and MbnC

MbnAs are short (23—-35aa) ribosomally produced peptides. Like most RiPP precursor
peptides, they contain an N-terminal leader peptide (not observed in the final natural
product) and a C-terminal core peptide that is the site of any post-translational modifications
(Fig. 2C). Group Il MbnAs are something of an exception, since some appear to be at the C-
terminus of an ORF encoding an ECF sigma factor (not closely related to the predicted Mbn
regulator Mbnl discussed above). It is not known whether this entire ORF is indeed
transcribed and translated, as is thought to be the case in operons where a nitrile hydratase/
Nif11 sequence replaces a smaller leader peptide for the biosynthesis of certain thiazole/
oxazole modified microcins,80 or whether the MbnA sequence is sometimes or always the
only transcript. Regardless, MbnA leader peptide sequences exhibit a certain degree of
conservation, with positively charged lysine and arginine residues surrounding a
hydrophobic patch present prior to the core peptide. Core peptides show comparatively little
conservation, except for the cysteines that are the sites of oxazolone/thioamide formation
and the two residues following these cysteines. Potential modification targeting motifs can
be derived from these sequences: cysteines followed by a small hydrophobic residue (most
commonly glycine or alanine) and then a slightly larger, sometimes more hydrophilic
residue (most commonly alanine or serine). Cysteines not belonging to a modification motif
do not get modified, as observed for the Ms. trichosporium OB3b and Ms. sp. LW4 Mbns, in
which cysteines with the wrong neighbors (CYP and CM or CNP and C respectively)
instead form an intramolecular disulfide bond.

In all genomes with identified Mbn operons, two additional genes are present encoding the
proteins MbnB and MbnC, and in Groups I-1V, they immediately follow the gene encoding
MbnA (Fig. 2A).3” MbnB proteins contain no domains or motifs with known function, and
lack the identifiable leader peptide binding regions observed for some other RiPP families,8!
but on the basis of sequence homology and structural prediction, belong to the TIM barrel
family.82: 83 MbnB proteins are a part of the larger DUF692 family, which is similarly
uncharacterized:; their closest characterized relatives are xylose isomerases84 and
endonuclease IV proteins.85 Although MbnB in Ms. trichosporium OB3b was originally
annotated as two ORFs, this appears to have been the result of a nonsense mutation not seen
in other Ms. trichosporium OB3b lineages3® or, indeed, other Mbn operons. The gene
encoding MbnC is always found adjacent to that encoding MbnB. Like MbnB, MbnC does
not contain any domains or motifs for which there are known functions, but unlike MbnB, it
does not belong to any identifiable family or superfamily. Because these two genes are
present in all complete Mbn operons identified to date, it has been hypothesized that the two
proteins are responsible for the biosynthesis of the heterocycles and thioamides observed in
all characterized Mbns.37

Whether and how MbnB and MbnC generate the Mbn heterocycles remains a major
question. Oxazolones and pyrazinediones are exceedingly uncommon post-translational
modifications, and no existing RiPP pathways are known to produce these moieties.
However, other heterocycles, including (methyl)oxazoles/thiazoles and (methyl)oxazolines/
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thiazolines are widespread among RiPP subfamilies, including cyanobactins, microcins,
streptolysins, and thiopeptides.8® In these systems, an (N)TP-dependent cyclodehydratase
complex is responsible for the initial cyclization of cysteine, serine, or threonine, followed in
some cases by oxidation via an FMN-dependent dehydratase.8” It has even been
hypothesized that in thioviridamide, a thioamide is produced via homologues of the
cyclodehydratase enzymes.88 However, neither MbnB nor MbnC has a recognizable
nucelotide-binding motif, and cyclodehydratase homologues are not present in the genomes
of many Mbn-producing organisms. A recently proposed mechanism for oxazolone/
thioamide biosynthesis involves disulfide formation between a target cysteine in MbnA and
a cysteine from a biosynthetic protein,® but neither MbnB nor MbnC contains a strictly
conserved cysteine residue, and it is unclear how MbnB’s classification as a DUF692 protein
related to xylose isomerases and endonuclease IV proteins fits into this mechanism;
similarly, the biochemical relevance of the FAD-dependent monooxygenase MbnF, which is
most closely related to RebC, an enzyme involved in rebeccamycin biosynthesis,8 to the
proposed pyrazinedione generation pathway is unclear.

Additional biosynthetic genes

Besides MbnB and MbnC, Mbn operons contain a range of other genes encoding proteins
with likely biosynthetic functions (Fig. 2A, 3).37- 40 A gene encoding an aminotransferase,
MbnN, is found in two Group | operons (Ms. trichosporium OB3b, Ms. sp. LW4), and
aminotransferases are also present in the four Group 1V Mbn operons. It is likely that MbnN
catalyzes the insertion of the “N-terminal” carbonyl group in Ms. trichosporium OB3b Mbn,
and plays a similar role in other species that have its gene. In either case, and particularly for
the hisC-like aminotransferase®0 MbnN, the substrate is large and unusual. Group lla
operons contain a gene encoding a sulfotransferase, MbnS, which likely is responsible for
the threonine sulfonation observed in the structurally characterized Mc. Mbns;23: 28
threonine sulfonation has been observed in some proteins,® but not previously in natural
products. Another putative biosynthetic protein encoded by many, but not all, Group | and Il
operons is MbnF, which is annotated as a member of the FAD-dependent monooxygenase
superfamily.92 Its role in Mbn biosynthesis is unclear, but it could catalyze a hydroxylation
reaction as part of the formation of the pyrazinedione present in some Mc. Mbns?3 or
perform some broader transformation from oxazolone to pyrazinedione.

More mysterious are MbnD, a predicted dioxygenase whose gene immediately follows
mbnFin Group I1b operons, and MbnX, a DUF692 homologue not belonging to the MbnB
subfamily; its gene is found between mbnA and mbnB in both Gram-negative and Gram-
positive Group V Mbn operons. One gene is conspicuously absent from Mbn operons: most
RiPP families have a protease present within their operons that is responsible for leader
peptide cleavage, or in some cases proteolysis of the leader peptide is coupled with export.
Mbn operons do not encode the former, and the latter is unlikely due to the need for N-
terminal modification of the core peptide in all Mbns characterized to date, which would
require cytoplasmic leader peptide loss. Thus, it is unclear whether leader peptide removal is
carried out by one of the uncharacterized genes in the Mbn operon or whether it is the result
of some other unidentified process. Finally, the diheme cytochrome ¢ peroxidase MbnH and
its partner protein MbnP are present in Group I-1V operons; while MbnH has been suggested
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to play a role in heterocycle biosynthesis,® homologues of these two proteins are also found
in methanotrophs that lack Mbn operons and appear to be most commonly associated with
genes encoding MbnTs,3” which may suggest a more general role in copper acquisition
(vide supra).

Operon-based Mbn structure prediction

The combination of precursor peptide sequence and the identities of these putative
biosynthetic enzymes can be used to predict structures of uncharacterized Mbns (Fig. 5). For
example, the Group | operons from Ms. sp. LW4 and Ms. sp. LW3 differ in the presence of
MbnN, the putative aminotransferase, in Ms. sp. LW4, and MbnF, the putative FAD-
dependent monooxygenase, in Ms. sp. LW3. Although the peptide backbone is different, Ms.
sp. LW4 Mbn was predicted to have a similar set of post-translational modifications to Ms.
trichosporium OB3b Mbn, whereas the presence of an MbnF gene in the Ms. sp. LW3
operon suggests that the N-terminal oxazolone may undergo further modification,
potentially to produce a pyrazinedione. As proof-of-concept, the recently characterized Ms.
sp. LW4 structure matches its predicted structure exactly (Figs. 1F, 5A).2° Notably, Ms. sp
LW3 also has a Group I1b Mbn operon. Characterization of both its Mbns could help
understand what reaction(s) MbnF as well as the dioxygenase MbnD catalyze, and would
confirm or refute our current understanding of the modification targeting motif: the second
cysteine in Group I1b MbnA core peptides is followed by a tryptophan and a glycine, which
do not conform to the motif, and thus is not currently predicted to be subject to coupled
oxazolone and thioamide formation. Mbn structure can also be used to predict operons in the
absence of genomic information. For example, given the structure of Mc. sp. strain M Mbn
(Fig. 1E) and the core peptide sequences of related species,23 the core peptide is predicted to
have the sequence RCASTCAMTNG, and the operon should contain at least mbnABCMFS.

Similar predictions can be made for non-methanotrophic Mbns. Group 11 Mbn operons
encode no predicted biosynthesis-related proteins other than MbnA, MbnB, and MbnC. In
addition, like Group | MbnAs, Group |11 precursor peptides contain four cysteines, of which
two belong to typical Mbn modification motifs (Fig. 2C). These Mbns are thus likely to
contain two oxazolone/thioamide pairs, with two unaltered cysteine sidechains forming an
intramolecular disulfide bond; no additional post-translational modifications are predicted in
this group (Fig. 5B). Group IV Mbns, generated from MbnA sequences with only two
cysteines which are both predicted to be post-translationally modified to form oxazolone/
thioamide pairs, should lack the disulfide bond but may be modified at the N-terminus (Fig.
5C, or possibly on the primary amine present in the sidechain of the conserved N-terminal
glutamine by the bioA-like aminotransferase?3: % present in the operon. Group V Mbn
operons and MbnA sequences are significantly divergent, and the absence of a second
cysteine modification motif as well as the presence of a gene encoding the uncharacterized
DUF692 protein MbnX between the MbnA and MbnB genes suggests that the resulting
Mbns are just as divergent. It may be that these compounds are not copper chelators, but are
evolutionarily related natural products that now have a completely different function.
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6. Conclusions

A combination of genome mining, bioinformatic, genetic, and biochemical studies has led to
major advances in our understanding of Mbn. Specific transporters have been identified and
predicted, including MbnT and MbnM, and the first direct protein-Mbn interactions have
been reported for MbnT and MbnE. The question of how copper is released from Mbn
remains open, as does the possible involvement of Mbn and the operon proteins Mbnl and
MbnR in the methanotroph copper switch. Predictions based on MbnA precursor peptide
sequence and operon content provide a roadmap to understanding Mbn biosynthesis and to
characterizing additional Mbns. It is likely that further work in this area will lead to the
identification of novel enzymes and biosynthetic mechanisms involved in the production of
Mbn’s unusual set of post-translational modifications. Finally, the roles that these natural
products play in non-methanotrophic bacteria remain completely unexplored. While some
methanotrophs likely evolved Mbns to fulfill their unusually high copper requirement, there
are no obvious patterns in environment or metabolism identifiable for the non-
methanotrophic bacteria with Mbn operons. Thus, whether there is a link between Mbn
production and specific ecosystems remains unresolved.

The discovery of new Mbns and Mbn-like molecules may have implications far beyond the
microbial world. Mbns have been pursued recently as therapeutics for human diseases of
copper metabolism,9: 96 with a recent study reporting Mbn-mediated reversion of acute liver
failure in rats with advanced Wilson disease.?’- 98 Additionally, Mbn is one of three
bacterial-derived natural products that possess thioamides,®® which are known to play a role
in antimicrobial activity in at least one natural product.1%0 A detailed understanding of the
Mbn biosynthetic pathway would open up the possibility of generating designer Mbns with
desired metal-binding and antimicrobial properties and even cell-specific targeting
sequences.
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The six characterized Mbns. Light gray C-terminal residues are sometimes lost in
compounds isolated from spent medium; based on genomic information, there may be
additional residues initially present at the C-terminus of some Mc. Mbns. In all but Mc. sp.
M, the five residues following the second heterocycle/thioamide moiety are AATNG (likely
AMTNG in Mc. sp. M). (A) Ms. trichosporium OB3b CuMbn, structurally characterized via
X-ray crystallography and NMR. (B) Mec. hirsuta CSC1 CuMbn, characterized via X-ray
crystallography. (C) Mc. rosea SV97 CuMbn, characterized via X-ray crystallography. (D)
Me. sp. SB2, characterized via NMR. The assignment of the first heterocycle has been called
into question.?? (E) Mc. sp. M CuMbn, characterized via X-ray crystallography. (F) Ms. sp.
LW4 CuMbn, characterized via NMR.
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modified on the basis of the presence of additional biosynthetic genes (resulting in the split
of Group Il into two subgroups and the combination of the Gram-negative and Gram-
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phylogenetic tree of MbnA sequences, constructed using Mega 6 and a MAFFT (L-INS-1)
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all support similar subdivisions of Mbn operons. (C) MAFFT (L-INS-I) alignment of all
available MbnA sequences. Underlined species names highlight sequences for which the
final natural product has been characterized; the known components of the Mc. sp. M MbnA
are included (genomic information is not available). Underlined residues in the sequence
logo highlight modification moieties.
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Operons of interest in Ms. trichosporium OB3b. (A) The extended pMMO operon, the
sSMMO operon, and the Mbn operon, which is down-regulated by copper together with the
SMMO operon. (B) Venn diagram showing the numbers of species that contain one or more
of these operons; for sMMO and pMMO, only operons from genera possessing known
methane monooxygenases are counted. Comparatively few species possess SMMO, pMMO,
and Mbn operons; it is therefore likely that regulatory components for the “copper switch”
are present elsewhere in the genome and not in any of these operons.
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Fig. 4.
Model for Ms. trichosporium OB3b Mbn biosynthesis, regulation, and transport in the

context of the copper switch. OM, IM, and ICM designate outer, inner, and intracytoplasmic
membranes, respectively. Solid lines indicate interactions or functions with experimental
support, dotted lines represent hypothetical interactions or functions, and intermittent lines
represent proposed cross-periplasm protein-protein interactions. Many aspects of this model
remain unclear: the dynamics of the various periplasmic copper binding proteins and their
relationship to pMMO copper loading are unknown, as is the fate of any cytoplasmic
CuMbn and the identities of the regulatory proteins that govern the “copper switch.”
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predicted on the basis of the operon content and precursor peptide sequence. (C)
Gluconacetobacter sp. SXCC-1 Mbn. Structure predicted on the basis of the operon content
and precursor peptide sequence.
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Methanobactin-related genes, their proposed roles, and significant InterPro, TIGRFAM, and PFAM groups to
which they belong. Underlined groups are unique to Mbn operons.

Gene  Proposed role InterProScan 1D TIGRFAM PFAM
name
mbnA  precursor peptide IPR023963 TIGR04071
mbnB  biosynthesis protein | 1IPR026431, IPR007801, TIGR04159  PF05114
IPR013022
mbnC  biosynthesis protein Il ~ IPR023973 TIGR04160,
TIGR04061
mbnD  dioxygenase IPR003819 PF02668
mbnE  periplasmic binding IPR030678, IPR000914 PF00496
protein
mbnF  FAD-dependent IPR023753, IPR002938 PF01494
monooxygenase
mbnH  di-heme cytochromec  1PR023929,IPR026259 TIGR04039  PF03150
peroxidase
mbnl  ECF sigma factor IPR013325, IPR014284, TIGR02937  PF04542,
IPR013324 PF08281
mbnM  MATE exporter IPR002528 TIGR00797  PF01554
mbnN  aminotransferase IPR004839 (1), IPR005814  TIGR01141  PF00155 (1),
(1V), IPRO15424 PF00202 (1V)
mbnP  unknown IPR023977 TIGR04052
mbnR  anti-sigma factor IPR012373, IPR032623, PF04773
IPR006860, IPR032508
mbnS  sulfotransferase IPR000863, IPR027417 PF00685
mbnT  TonB-dependent IPR010105, IPR012910, TIGR01783  PF00593,
transporter IPR000531, IPR011662 (1) PFO7715,
PF07660 (1)
mbnX  biosynthesis protein [l IPR007801, IPR013022 PF05114
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