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Abstract

Methanobactins (Mbns) are a growing family of ribosomally produced, post-translationally 

modified natural products. Characteristic nitrogen-containing heterocycles and neighboring 

thioamides allow these compounds to bind copper with high affinity. Genome mining has enabled 

the identification of Mbn operons in bacterial genomes and the prediction of diverse Mbn 

structures from operon content and precursor peptide sequence. Here we report the 

characterization of Mbn from Methylosinus (Ms.) species (sp.) LW4. The peptide backbone is 

distinct from all previously characterized Mbns, and the post-translational modifications 

correspond precisely to those predicted on the basis of the Ms. sp. LW4 Mbn operon. Thus, 

prediction based on genome analysis combined with isolation and structural characterization 

represents a phylogenetic approach to finding diverse Mbns and elucidating their biosynthetic 

pathways.

Methane is the sole carbon source for most methanotrophic bacteria, and the primary 

methane-oxidizing enzyme is the copper enzyme particulate methane monooxygenase 

(pMMO).1 pMMO can comprise up to a quarter of the cellular protein mass in these 

bacteria, and their need for copper is correspondingly large. Methanotrophs have thus 

evolved several different copper acquisition systems, one of which uses siderophore-like 

natural products (“chalkophores”, from the Greek chalco- “copper”) to import copper.2 

These compounds are the ribosomally produced, post-translationally modified natural 

products (RiPPs)3 known as methanobactins (Mbns).4

Five Mbns have been structurally characterized to date, three via X-ray crystallography,5 one 

via NMR,6 and one using both techniques (Figure S1).7,8 All five have post-translational 

modifications consisting of nitrogen-containing heterocycles with neighboring thioamide 

groups; these moieties comprise the copper-binding ligands. Additional modifications, 

including N-terminal transamination and threonine sulfonation, are present in some Mbns,5,8 

but are not universal.
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The first characterized Mbn was that from Methylosinus (Ms.) trichosporium OB3b.7,9 Six 

years ago, a small ORF proposed to encode a Mbn precursor peptide was identified in the 

Ms. trichosporium OB3b genome.6 A similar ORF was identified in an unrelated non-

methanotrophic species, Azospirillum species (sp.) B510,6 inspiring a genome-mining study 

that identified putative Mbn precursor peptide-encoding genes, designated mbnA, in 20 

operons in 18 species,10 now 51 complete operons in 47 species.11 Based on the conserved 

genes present in these operons, proteins involved in Mbn transport have been identified11 

and specific roles for biosynthesis enzymes have been suggested, but have not yet been 

experimentally verified. However, if their predicted functions are correct, the precursor 

peptide sequence and the identities of operon-encoded biosynthesis enzymes enable 

prediction of candidate structures for the resulting Mbns (Figure S2.)

As proof of principle, we have characterized the Mbn from Ms. sp. LW4. The genome of 

Ms. sp. LW4 is available, and like other Ms. species, contains an Mbn operon (Figure 1). 

MbnA precursor peptides consist of a leader and a core sequence, the latter of which 

contains one or more conserved C(A/G/S)(C/S/T) sequences identifying modifiable 

cysteines; on the basis of sequence alignments of all known MbnAs, the peptide backbone in 

the final Ms. sp. LW4 compound is predicted to be MCACNPPWCGTC, in which the two 

underlined cysteine residues are post-translationally modified to form nitrogen-containing 

heterocycles and neighboring thioamide groups. This Mbn operon contains only three 

predicted biosynthesis enzymes: the uncharacterized proteins MbnB and MbnC, which are 

proposed to mediate oxazolone and thioamide biosynthesis at conserved C(A/G/S)(C/S/T) 

moieties in the precursor peptide, and MbnN, a PLP-containing transaminase that targets the 

N-terminal primary amine group.10 Additional enzymes are predicted to mediate other post-

translational modifications. For example, MbnF is an FAD-dependent oxidoreductase 

suggested to be involved in pyrazinedione biosynthesis and MbnS is a PAPS-dependent 

sulfotransferase that sulfonates threonines; two additional enzymes remain unstudied.10 

Because Ms. sp. LW4 lacks these additional enzymes, the heterocycles are predicted to be 

oxazolones, as in Ms. trichosporium OB3b Mbn. Generation of the oxazolones and 

thioamides should be accompanied by a transamination reaction mediated by MbnN 

targeting the N-terminal amine, as well as the formation of a disulfide bond between the two 

unaltered cysteines (Figure 1) (also present in Ms. trichosporium OB3b, and believed to 

form post-secretion). These combined modifications yield a predicted mass of 1334.2322 Da 

for Ms. sp. LW4 CuMbn.

When grown under conditions of copper starvation, Ms. sp. LW4 cultures take on a 

yellowish cast. Initial purification of mildly hydrophobic compounds from copper-stabilized 

spent medium using a Diaion HP-20 column12 results in the elution of a yellow-brown 

compound. The UV-visible spectrum (Figure 2A) of the apo compound is very similar to 

those of previously isolated Mbns.5-7 Major features can be assigned to the tryptophan and 

thioamides (overlapping, center at 273 nm), oxazolones B (342 nm) and A (395 nm).

Positive mode mass spectrometry (MS) analysis indicates the presence of a compound with 

a single charge and m/z 1335.2330. The detected ion species has an m/z within 1 ppm of the 

predicted [M+H+Cu]+ ion and a distinct isotopic distribution consistent with the presence of 

copper, as observed for other Mbns (Figure 2B).5-7 Present in the tandem MS spectrum of 
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this ion species is a short sequence tag representing a diproline moiety (Figure S3A) as well 

as several fragment ions associated with tryptophan-containing peptides (m/z 130.6, 159.09, 

and 170.60; Figure S3B). Both a diproline moiety and a tryptophan are present in the 

predicted Ms. sp LW4 Mbn structure (Figures 1, S2, S3). Thus, the isolated compound has a 

mass that exactly matches the predicted mass, and contains elements of the predicted Ms. sp 

LW4 Mbn backbone. The presence of copper was confirmed by ICP-MS, and no other metal 

ions were detected above background.

To assess the oxidation state of bound copper, CuMbn samples were analyzed via electron 

paramagnetic resonance (EPR) spectroscopy (Figure 2C). No signal is initially observed, but 

after incubation with 10% HNO3 a Cu(II) signal appears (Figure 2C). Spin quantitation (244 

μM EPR-active copper) compared to ICP-MS analysis (222 μM total copper) indicates 

quantitative release and oxidation of bound Cu(I), consistent with Mbn binding a single 

Cu(I) ion as previously observed.13 The MS and EPR results strongly suggest that the 

compound isolated from Ms. sp. LW4 is indeed consistent with the structure predicted based 

on MbnA sequence and operon content (Figure 1).

We thus pursued NMR characterization using samples without isotopic enrichment. [1H-1H] 

TOCSY, [1H-1H] ROESY, [1H-13C] HMBC, [1H-13C] HSQC, and [1H-15N] HSQC (Table 

S1) were performed in 10% D2O in 10 mM phosphate buffer pH 6.5; all but [1H-15N] HSQC 

were also performed in 100% D2O. The results are consistent with the proposed structure 

(Figures 3, S4, Table S1). The peaks are sharp, ruling out paramagnetic effects that would be 

caused by Cu(II). In the 1H-15N HSQC experiment, the asparagine primary amine protons 

and eight additional proton signals were detected, accounting for seven backbone amides 

and the secondary amine in the tryptophan ring. No amide proton signals are detectable for 

five residues, including Pro6 and Pro7 (as expected), as well as Met1 (predicted to lose the 

N-terminal primary amine due to the aminotransferase MbnN), Cys2, and Cys9 (the 

modified cysteines). This is consistent with the presence of oxazolone rings8 but not 

imidazolones and not some pyrazinedione tautomers, in which an extra amine is present and 

visible (Figure S1).6 There are proton and carbon signals consistent with side chains for all 

residues except for the modified Cys2 and Cys9 (Figure 3A). TOCSY correlations were 

observed between neighboring residues, and were interrupted by the proton-poor oxazolone/

thioamide moieties; longer-range NOE interactions measured via ROESY support a three-

dimensional structure with Mbn wrapped around the copper ion, like that observed for other 

CuMbns5,7 (Figure 3B). In the 1H-13C HMBC experiments, longer-range carbon-proton 

interactions were also observed for most residues as well as several carbons present in the 

oxazolone/thioamide moieties.

While these data are consistent with the presence of two oxazolone/thioamide moieties, the 

modifications are proton-poor, which hinders conclusive heterocycle identification by NMR. 

However, acid hydrolysis monitored by UV-Vis spectroscopy strongly supports this 

conclusion. Exposure of Ms. sp. LW4 Mbn to 100 mM HCl results in hydrolysis of first the 

C-terminal oxazolone (OxaB) and then the N-terminal oxazolone ring (OxaA) on a timescale 

similar to that observed for Ms. trichosporium OB3b Mbn (Figures 4, S5).6 Notably, barring 

oxazolines,14 acid sensitivity is significantly less in other common RiPP heterocycles, 
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including those in Methylocystis (Mc.) Mbns,6 and the oxazoles/thiazoles in microcins and 

lantibiotics.

Structural characterization of CuMbns is not always straightforward. The crystal structure of 

the original CuMbn from Ms. trichosporium OB3b was revised via NMR to correctly 

identify the heterocycles and other products of post-translational modifications.7,8 In 

addition, the NMR structure of CuMbn from Mc. sp. SB2 may be incorrect; the first 

heterocycle is proposed to be a 5-membered imidazolone ring,6 but the crystal structures of 

CuMbn from closely related Mc. species have a 6-membered pyrazinedione in that location.5 

Mc. rosea SV97 and Mc. sp. SB2 have identical MbnAs, and MbnB and MbnC sequences 

that differ by 3 and 1 residues, respectively; MbnB and MbnC are proposed to form the 

initial heterocycles.10 Two closely related Mc. species, Mc. hirsuta CSC1 and Mc. sp. M 

also produce Mbns with a pyrazinedione and not an imidazolone at that position.5 Other Mc. 
Mbn biosynthesis genes are also well-conserved, including the FAD-dependent 

monooxygenase MbnF (proposed to be involved in pyrazinedione biosynthesis) and the 

sulfotransferase MbnS (86-99% and 93-99%).10 Genomic and bioinformatic data thus 

strongly suggest that Mbns produced by the two species should be identical.

One potential explanation for this discrepancy would be the presence of the hydroxy-oxo 

tautomer and a protonated secondary amine rather than the untautomerized pyrazinedione 

ring, which is doubly hydroxylated and has a tertiary amine (Figure S6). Importantly, the 

secondary amine present in this tautomer could produce [1H-13C-HMBC] and [1H-15N]-

HMBC NMR signals quite similar to those observed for the ring assigned as an imidazolone 

in Mc. sp. SB2 CuMbn. The presence of this tautomer is in fact suggested by the Mc. sp. M 

CuMbn electron density map,5 in which the amine appears protonated (Figure S6).

For Ms. sp. LW4 CuMbn, several lines of evidence support the correct assignment of both 

rings as oxazolones, including the susceptibility of the nitrogen-containing heterocycles to 

acid hydrolysis, a mass shift consistent with glycine formation after acid hydrolysis (Figures 

S5, S7), and the lack of additional nitrogen signals in the 1H-15N HSQC spectra. In addition, 

the Ms. sp. LW4 Mbn operon contains only the uncharacterized biosynthesis proteins MbnB 

and MbnC and the transaminase MbnN, with no other biosynthesis genes.

Taken together, these data identify a novel Mbn structurally distinct from both the originally 

characterized Ms. trichosporium OB3b Mbn and the group of related Mc. Mbns. Most 

important, the proposed Ms. sp. LW4 Mbn structure perfectly matches the predicted 

structure and is completely consistent with the assignment of biosynthetic roles to the 

proteins MbnB, MbnC, and MbnN. Such correlations between MbnA sequences, operon 

contents, and experimentally determined structures provide a complementary and alternative 

strategy towards characterization of previously uninvestigated protein families involved in 

Mbn biosynthesis, and can be extended to uncharacterized Mbns and Mbn-like natural 

products from a range of bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Predicted structure for Mbn from Ms. sp. LW4 (top) along with its Mbn operon (middle) and 

MbnA sequence (bottom, leader peptide in gray and core peptide in black). Biosynthesis 

genes encode the precursor peptide (MbnA), the uncharacterized proteins MbnB and MbnC, 

and the aminotransferase MbnN. Other genes are related to regulation (MbnI, MbnR) or 

transport (MbnT, MbnM).
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Figure 2. 
Spectroscopic characterization of Ms. sp. LW4 Mbn. (A) UV-vis spectrum of ~45μM apo 

Ms. sp. LW4 Mbn. Peaks at 342 and 394 nm correspond to the two oxazolone rings; 

enhanced absorbance below 300 nm is likely due to the presence of a tryptophan. (B) 

Positive ion mode LC-MS spectrum of Ms. sp. LW4 CuMbn. The copper isotopic signature 

is visible. (C) EPR spectrum of 222 μM Ms. sp. LW4 CuMbn (black). After nitric acid 

treatment (red), the signal (g∥= 2.400, g⊥= 2.08, and A∥ = 132 G) resembles type 2 copper 

(blue) and is consistent with copper release and oxidation by nitric acid.
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Figure 3. 
NMR support for the proposed structure of Ms. sp. LW4 CuMbn. (A) Proton-proton 

correlations observed via [1H-1H] TOCSY. (B) Multibond proton-carbon coupling observed 

via [1H-13C]-HMBC. (C) Inter-residue Nuclear Overhauser Effect (NOE) interactions 

observed via [1H-1H]-ROESY.
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Figure 4. 
Acid hydrolysis of ~40 μM Ms. sp. LW4 Mbn. Inset: decrease in OxaB at 342nm (red) and 

OxaA at 395nm (blue) over 96 h.

Kenney et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

