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Materials and methods

Materials
Unless otherwise specified, chemicals were purchased from MilliporeSigma (Darmstadt,
Germany).

Bioinformatic analyses

Genes encoding MbnA, MbnB and MbnC were identified in the NCBI and JGI/IMG
databases using the appropriate PFAM or TIGRFAM hidden Markov models (PF05114 for
DUF692 proteins and TIGR04159 for MbnBs, although the current version matches only half the
mbnB gene, TIGR04160 and TIGR04061 for MbnC and related Pseudomonas genes,
respectively) or via tBLASTn, or via manual annotation for some MbnA sequences (as described
previously) (/5). Phylogenetic tree construction was carried out as previously described (/5).
Sequences were primarily aligned using MAFFT (42), and alignments were visualized in Jalview
(43, 44). The larger families to which MbnB and MbnC belong were further investigated via
protein sequence similarity networks (Files S1-6) constructed with the EFI Enzyme Similarity
Tool (EFI-EST) (45) using the sequences obtained from the JGI/IMG and the NCBI databases.
Sequences with greater than 95% identity were collapsed into a single node, and expectation
values were chosen as described previously (46) to 45 (DUF692/MbnB) and 25 (MbnC).
Metadata were obtained from NCBI or JGI/IMG along with protein sequences, and in some
cases manually supplemented. Networks were visualized via Cytoscape 3.1.1 (47).

Gene cloning, protein (co-)expression, and protein purification

Initial constructs in the vectors pPR-IBA1 and pPR-IBA2 for separate expression of N- and
C-terminally Strep-II-tagged MbnB and MbnC from Ms. trichosporium OB3b failed to provide
significant amounts of either protein. Instead, Duet vectors (MilliporeSigma, Darmstadt,
Germany) were used for co-expression of codon-optimized versions of the two biosynthetic
genes. For Ms. trichosporium OB3b, vector pACY CDuet-1 was used. In CDS-1, mbnC genes
were preceded by an N-terminal Hise tag and a tobacco etch virus (TEV) cleavage site. In CDS-2,
a C-terminal Strep-II or S-tag was added to mbnB genes. The two coding regions were
synthesized as a single piece of DNA and cloned into pACYCDuet-1 via Ncol and Xhol
restriction sites (Genscript, Piscatawy, NJ). Similarly designed codon-optimized constructs were
produced in the Duet vector pCDFDuet-1 for MbnBC pairs from other species, including
Methylosinus sp. LW3, Methylocystis hirsuta CSC1, Comamonas composti DSM 21721,
Pseudomonas sp. ST29, Gluconacetobacter sp. SXCC-1, Vibrio caribbenthicus BAA-2122, and
Streptomyces katrae ISP-5550 (Table S2, File S7). Several additional co-expression constructs
were tested for Ms. trichosporium OB3b, including constructs encoding Hisc-MbnB/MbnC-
Strep-11, Hise-MbnB/MbnC, and Hise-MbnC/MbnB; metal loading, activity, and oligomeric state
were similar to the construct used in this paper (data not shown.) Separately, at the
Macromolecular Therapeutics Development Facility (MTDF) at Albert Einstein College of
Medicine, twelve MbnA sequences were PCR amplified from gDNA (prepared by G.E.K. using
the MasterPure kit as directed (Epicentre, Madison, WI) or purchased from the Deutsche
Sammlung von Mikrooganismen und Zellkulturen (DSMZ, Braunschweig, Germany)), and
subcloned into pSGC-His and pNYCOMPS vectors. The resulting pSGC-His construct contains
22 additional amino acids and has an N-terminal Hise-tag and a TEV cleavage site. The resulting
pPNYCOMPS construct contains an additional 18 amino acids and has a C-terminal His;o-tag and




a TEV cleavage site. Vectors pNYCOMPS and pSGC-His, along with their sequence
information, are publicly available at the PSI Materials Repository (http://psimr.asu.edu/)

Mutagenesis of MbnB in Ms. trichosporium OB3b MbnBC co-expression constructs was
carried out using a QuikChange Lightning kit (Agilent) as directed, except for transformation
post-mutagenesis into Top10 cells (Thermo Fisher Scientific, Waltham, MA) to accommodate
the chloramphenicol-resistant pACY CDuet-1 plasmid (Tables S2, S3). All MbnB genes were
sequenced using the DuetUP2 and T7 terminator primers (ACGT Inc., Germantown, MD)

Plasmids were transformed or co-transformed into the BL21-derived NiCo21(DE3) (New
England Biolabs, Ipswitch, MA) or LOBSTR-RIL(DE3) (Kerafast, Boston, MA) strains for
protein expression. During the transformation process and the initial switch to liquid medium for
an overnight starter culture, LB medium supplemented with appropriate antibiotics was used. For
protein expression, instead of LB medium, 6-12 liters of auto-induction medium (48)
(supplemented with 250-500 puM freshly prepared ferrous ammonium sulfate or °'Fe (Isoflex,
San Francisco, CA), anaerobically dissolved under heat in sulfuric acid), were used. Growth was
initiated at 37 °C and 180 rpm in baffled flasks, followed by a cold shift to 18 °C at 4 h (near the
beginning of the auto-induction process). Cells were harvested after overnight growth via
centrifugation at 6000 x g for 10 min.

During aerobic purification, cells were resuspended in Buffer A (25 mM MOPS pH 7.2, 250
mM NacCl, 10 mM imidazole, 10% trace metal grade glycerol), thawed in the presence of EDTA-
free cOmplete protease inhibitors (Roche Life Sciences, Indianapolis, IN) and DNase
(MilliporeSigma, Darmstadt, Germany), and disrupted via sonication on ice for 15 min at 4°C (1
s:3 s) using a sonic dismembrator (Thermo Fisher Scientific). This lysate was clarified via
centrifugation at 125,000 x g for 45 min at 4 °C, and for His6-tagged proteins and peptides, the
supernatant was applied to a Ni-loaded 5 mL HiTrap Chelating Column (GE Healthcare Life
Sciences, Chicago, IL). After washing in Buffer A, the protein was eluted via a gradient over 15
column volumes from 0-50% Buffer B (identical to Buffer A, but with 500 mM imidazole),
followed by 2 column volumes of 100% Buffer B. Sufficient levels of soluble and stable protein
were obtained under these conditions for constructs from all species except Ms. sp. LW3 and St.
katrae ISP-5550. Concentration and buffer exchange into Buffer A was performed using Amicon
Ultra-15 concentrators (MilliporeSigma, Darmstadt, Germany) with appropriate molecular
weight cutoffs (3 kDa for singly- or co-expressed tagged MbnAs, 10 kDa for MbnB or MbnC
produced alone, 30 kDa for co-expressed MbnBC). Aerobic TEV cleavage was not possible for
MbnBC due to precipitation in aerobic TEV cleavage buffer. Further aerobic purification was
performed using Superdex gel-filtration columns (GE Healthcare Life Sciences, Chicago, IL)
pre-equilibrated with Buffer A, including a 120 mL Superdex 75 column for MbnBC, and a 24
mL Superdex Peptide column for tagged MbnAs.

During the anaerobic purification of MbnBC, all steps were performed in an anaerobic
glove box (M. Braun, Garching, Germany) maintained at < 0.1 ppm oxygen. MbnBC cell paste
was resuspended in lysis buffer (5 mL/g cell paste) containing 50 mM HEPES, pH 7.5, 300 mM
KCl, 10% glycerol, 2 mM imidazole, and 10 mM 2-mercaptoethanol. Cells were cooled in an ice
bath while being subjected to sixty 10-second pulses from a sonic dismembrator (Thermo Fisher
Scientific, Waltham, MA), for a total of 10 min of sonic disruption (80% output). The lysate was



then centrifuged at 15,000 x g at 4°C. The resulting supernatant was loaded onto a column
containing Ni-sepharose excel resin (GE Healthcare Life Sciences, Chicago, IL) equilibrated in
lysis buffer. After loading, the column was washed with 20 column volumes of lysis buffer, and
eluted with 2 column volumes of elution buffer, composed of lysis buffer with the addition of
500 mM imidazole. Protein-containing fractions were collected and loaded onto a HiPrep 16/60
Sephacryl S-200 size exclusion column (GE Healthcare Life Sciences, Chicago, IL) pre-
equilibrated in 50 mM HEPES, pH 7.5, 150 mM KCL, 5% glycerol, and 5 mM DTT. The
resulting fractions were pooled and concentrated with an Amicon centrifugal filter unit (10 kDa
molecular weight cut-off) (MilliporeSigma, Darmstadt, Germany).

In all cases, protein purity was assessed after the initial purification and after the additional
gel-filtration step using SDS-PAGE, either a standard 15% polyacrylamide gel with a standard
tris-glycine buffer system (Hoefer, Holliston, MA) or in samples containing tagged or untagged
MbnA, a precast 16% or 4-20% Novex tris-tricine gel (Thermo Fisher Scientific, Waltham, MA).
Protein concentrations were determined using the calculated extinction coefficient and the
absorbance at 280 nm (MbnA) or the Pierce 660 assay (Thermo Fisher Scientific, Waltham, MA)
for MbnBC. Visualization of Western blots was performed using an anti-Strep-II HRP conjugate
(IBA Lifesciences, Gottingen, Germany), an anti-S-tag HRP conjugate (MilliporeSigma,
Darmstadt, Germany) or an anti-His6 HRP conjugate (Thermo Fischer Scientific, Waltham, MA)
in combination with a Pierce CN/DAB Susbtrate kit for chromogenic detection (Thermo Fisher
Scientific, Waltham, MA.)

Analysis of metal concentration

All inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) measurements were carried out at the Quantitative
Bio-element Imaging Center at Northwestern University. All samples and standards were
prepared in 3% trace metal grade nitric acid (MilliporeSigma, Darmstadt, Germany).

ICP-OES experiments were performed on an iCAP 7600 ICP-OES (Thermo Fisher
Scientific, Waltham, MA) using multi-element standards (NWU-1, Inorganic Ventures,
Christiansburg, VA) containing 0.1-200 ppm As, Cd, Ca, Cr, Co, Cu, Fe, Mg, Mn, Mo, Ni, K, Se,
V, and Zn. ICP-MS experiments were performed on an iCap Qc ICP-MS (Thermo Fisher
Scientific, Waltham, MA). Samples were prepared as for ICP-OES; standards used the same
multi-element solution, but a standard curve was generated using an ESI SC-2DX
autosampler/autodilution system, and in-line internal standardization was performed using 1 ng/g
of a multi-element solution (IV-ICPMS-71D, Inorganic Ventures, Christiansburg, VA) and the
use of KED mode (with H; as the collision gas) for accurate quantification of *°Fe and *’Fe. Data
analysis was carried out using QTEGRA software v. 2.6 (Thermo Fisher Scientific, Waltham,
MA) (Table S1).

Madssbauer spectroscopy

Maossbauer spectra were recorded on constant acceleration Mdssbauer spectrometers (SEE
Co., Edina, MN) equipped either with a Janis SVT-400 variable-temperature cryostat (weak-
field) or a Janis STMOSS-OM-12SVT variable-temperature cryostat (strong-field) (Janis,
Woburn, MA). All isomer shifts are quoted relative to the centroid of the spectrum of a-iron
metal at room temperature. Simulations of Mossbauer spectra were carried out with the program




WMOSS (SEE Co., Edina, MN). Some of the simulations are based on the spin Hamiltonian
formalism (see equation below), in which the first term describes the electron Zeeman effect, the
second and third terms describe the axial and rhombic zero-field splitting of the total electron
spin ground state, the fourth term represents the interaction between the electric field gradient
and the nuclear quadrupole moment, the fifth term describes the magnetic hyperfine interactions
of the >’Fe nucleus with respect to the total electron spin ground state, and the last term
represents the nuclear Zeeman interactions of °’Fe. All symbols have their usual meaning (49).
Spectra were calculated in the slow relaxation limit.
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Electron paramagnetic resonance spectroscopy

Measurements were performed on an ESP 300 spectrometer (Bruker, Billerica, MA)
equipped with an ER 041 MR microwave bridge and an ER 4116DM resonator. Additional
methodological details are described in the legend of Fig. S27.

Native mass spectrometry on MbnBC complexes

Samples analyzed by native top down mass spectrometry (n'TDMS) were buffer exchanged
into 150 mM ammonium acetate with a nominal protein concentration of 10-20 uM. A
customized Q Exactive HF mass spectrometer with Extended Mass Range (Thermo Fisher
Scientific, Waltham, MA) was utilized for nTDMS analyses (50). The nTDMS platform employs
direct infusion of sample into a native electrospray ionization (nESI) source held at +2 kV and
coupled to a three-tiered tandem MS process. As reported in Belov et al. (50) and Skinner et al.
(51, 52), the process first includes the analysis of the intact protein complex (MS'), which
provides the total mass (reported as a neutral average mass value). In stage two, the complex is
collisionally activated with nitrogen gas to eject monomers (MS?), thereby liberating the subunits
that comprise each intact complex. In stage three, further vibrational activation of the ejected
subunits via collisions with neutral gas yields backbone fragmentation products from each
monomer (MS?) that were recorded at isotopic resolution (120,000 resolving power at m/z 400).
These fragments were used to characterize the primary sequence of the protein and localize post-
translational modifications or bound cofactors such as metal atoms.

Intact mass values for MbnBC complexes and ejected subunits were determined by
deconvolution to convert data from the m/z to the mass domain using mMass (Www.mmass.org).
Fragmentation data were processed using ProSight Lite (53) or ProSightPC 4.0 (Thermo Fisher
Scientific, Waltham, MA) to assign recorded fragment ions to the primary sequence of the
subunits. Unexplained mass shifts (Am) observed at the MS' and MS? levels for the intact
complex and subunits, respectively, were manually interrogated using the UNIMOD database as
a reference provide candidate modifications. Backbone fragmentation data (MS®) for MbnB or
MbnC with metal ligands were manually annotated using mMass. A detailed illustration of these
analyses is provided in Fig. S6.



Standard and stopped-flow UV-vis spectroscopy for MbnA activity assays and MbnA acid
hydrolysis assays

Standard UV-visible spectroscopic spectra were collected on an Agilent 8453
spectrophotometer at 10 °C (temperature controlled via a Peltier unit) (Agilent, Santa Clara, CA),
using a quartz cuvette. For simple aerobic activity assays, anaerobic stocks of synthetic MbnA
(Bio-Synthesis Inc., Lewisville, TX) in 50% DMF or ACN were thawed in an anaerobic chamber
(Coy), and 200 pL of 100 uM protein was prepared in activity buffer (25 mM MOPS pH 7.2,
250 mM NaCl, 10 mM imidazole, 10% molecular biology-grade glycerol). An amount of MbnA
sufficient for a final reaction concentration of 125 uM peptide was removed from the anaerobic
chamber in a microfuge tube with a screw-on, O-ring cap, and after the peptide was added to the
reaction, full spectra were acquired every 15 s. Reactions were stopped via freezing in liquid
nitrogen. Acid hydrolysis studies of purified peptide were carried out on the same apparatus, as
previously described (24).

Stopped-flow absorption spectroscopy experiments were carried out in an anaerobic
chamber using an SX20 stopped-flow system (Applied Photophysics, Leatherhead, UK).
Reactions included either anaerobically-prepared enzyme and buffer (25 mM MOPS pH 7.2, 250
mM NacCl, 10% glycerol, 10 mM imidazole, O,-saturated unless otherwise noted) in separate
syringes, or anaerobically prepared enzyme in one syringe and substrate peptide mixed with
buffer (O,-saturated unless otherwise noted), prepared for the other syringe immediately prior to
loading. All reactions were carried out at 10 °C and monitored for 300 or 1000 s. Unless
otherwise noted, reactions included 100 uM MbnBC, 125 uM MbnA, and ~0.9 mM O,. Data
were processed by using the data analysis and fitting program Kaleidagraph (Synergy Software,
Reading, PA).

HPLC purification of modified MbnA

Modified MbnA was purified from reactions of MbnA with MbnBC using reversed-phase
C4 columns on an Agilent 1100 series HPLC system equipped with a photodiode array detector
(Agilent, Santa Clara, CA). Analytical runs were carried out on a Grace Vydac reverse-phase C4
column (214TP54, 300A and 5u, 4.6 mm i.d. x 250 mm) (Grace, Columbia, MD) using a 0-
100% gradient of Buffer B (75% ACN, 20% n-PrOH, 1% formic acid) against Buffer A (5%
ACN, 1% formic acid) over 30 min at a flow rate of 0.5 mL/min. Semi-preparative runs were
carried out using a Grace Vydac column (214TP510, 300 A and 5 p, 10 mm i.d. x 250 mm,
runtimes adjusted for the increased diameter and a 5 mL/min flow rate) (Grace, Columbia, MD).

Mass spectrometry on MbnA, modified MbnA, AmbnN Mbn, and acid hydrolysis products

Standard-resolution mass spectrometry experiments were performed on an AmaZonX ion
trap mass spectrometer (Bruker, Billerica, MA) using electrospray injection. Samples containing
proteins (MbnA/MbnBC reactions) were introduced using a 0-100% gradient of Buffer B (75%
ACN, 20% n-PrOH, 1% formic acid) against Buffer A (5% ACN, 1% formic acid) on a Grace
Vydac analytical column (214TP54: 300 A, 5 u, 4.6 mm i.d. x 250 mm, gradient for 30 min at 1
mL/min) or LC-MS column (214TP5405: 300 A, 5 u, 4.6 mm i.d. x 50 mm, runtimes adjusted
for a 0.5 mL/min flowrate and the shorter column length) (Grace, Columbia, MD).

High-resolution mass spectrometry and tandem mass spectrometry experiments




If necessary, samples were prepared by incubating with 2.5 mM dithiothreitol in 50 mM
ammonium bicarbonate pH 7.8 solution at 37 °C for 1 h to reduce disulfides in MbnA. Samples
were then analyzed by high-resolution, tandem mass spectrometry (MS/MS) using a Thermo Q-
Exactive (Thermo Fisher Scientific, Waltham, MA) in line with an electrospray source and an
Agilent 1200 series HPLC stack including a binary pump, degasser, and autosampler (Agilent,
Santa Clara, CA), outfitted with a column (Grace Vydac 214tp54 C4 250 x 4.6 mm 5 p particle
size with matching guard) (Grace, Columbia, MD). Mobile phase A was 5% acetonitrile:1%
formic acid:94% water; B was 75% acetonitrile:20% n-propanol:1% formic acid:4% water. The
gradient was as follows: at 0 min, 100% A; 60 min, 100% B; with a flow rate of 500 pL/min. A
1:4 split was used to transfer 20% of the eluting sample from the column to the electrospray
source, decreasing the flow rate into the electrospray ionization source to 100 pL/min. The
capillary of the ESI source was set to 275 °C, with sheath gas at 10 arbitrary units, the auxiliary
gas at 5 arbitrary units and the spray voltage at 4.0 kV. In positive polarity mode, MS' data was
collected at a resolving power of 70,000 (at m/z 200). The precursor ion was subsequently
fragmented using higher energy collisional dissociation (HCD) set to 22% normalized collision
energy in MS? at a resolving power of 35,000. Data analysis was performed using QualBrowser
and visualized using ProSight Lite (53).

Methanotroph growth conditions

Ms. trichosporium OB3b cells (both wild-type and mutant strains) were grown as
previously described (54). Cells and spent medium were harvested at late-exponential phase
growth. Small-scale 50 mL cultures were grown at 30 °C and 200 rpm in 250 mL flasks, sealed
with rubber septa and under a 1:3 methane:air ratio. Medium-scale cultures were grown in 1 L
spinner flasks (Chemglass Life Sciences, Vineland, NJ) or a 2.5 L bioreactor (Chemglass Life
Sciences, Vineland, NJ) at 30 °C with stirring at 200 and 300 rpm, respectively, and constant
sparging with a gas mix containing a 1:3 ratio of methane to air. Large-scale cultures were grown
as previously described in a BioFlo 510 fermenter (Eppendorf, Hamburg, Germany) (24).
Gentamicin (2.5 pg/mL) was added only to small-scale growths of cultures containing mutant
strains.

Ms. trichosporium OB3b mbnN knockout construction

The Ms. trichosporium OB3b AmbnN mutant was generated by chromosomal gene
disruption using methods previously described (55). The middle of the mbnN encoding gene was
disrupted by introduction of a gentamicin resistance gene through homologous recombination
(Fig. S28). DNA regions 550 bps upstream and downstream of the middle of the mbnN gene
were amplified to flank a gentamicin resistance gene (Table S3). The PCR products were
assembled into the mobilization vector pK18mobsacB using Gibson assembly and transformed
into E. coli S17-1 ATCC 47055 (American Type Culture Collection, Manassas, VA) to produce
plasmid pSYR13. This gene disrupting plasmid was introduced into Ms. trichosporium OB3b
through conjugation. E. coli S17-1 and Ms. trichosporium OB3Db cells were plated together onto
NMS mating plates supplemented with LB. After two days, the cells were plated onto NMS
selection plates containing kanamycin (25 wg/mL) and nalidixic acid (10 ug/mL).
Transconjugants were plated onto NMS plates containing gentamicin (10 ug/mL) and 2.5%
sucrose for counter selection to ensure double homologous recombination. Colonies were
screened by PCR for the correct mutant genotype and were grown at 30 °C in 50 mL NMS




medium with gentamicin (5 ug/mL), no copper, and a gas mix containing a 1:3 methane-to-air
ratio.

Mbn isolation, purification, and characterization

Mbn-producing wild-type and mutant AmbnN Ms. trichosporium OB3b cells were grown in
a 12 L fermenter (Eppendorf, Hamburg, Germany) in medium containing 0.1 uM CuSOy as
described previously (24). Clarification of spent medium, initial purification on a Diaion HP-20
column (MilliporeSigma, Darmstadt, Germany), and further purification on preparative reverse-
phase C18 columns were performed as described previously (24). UV-visible spectroscopic
analysis, acid hydrolysis, and ESI-LC-MS experiments were also carried out as described
previously (24).

Supplemental Text

Comments on the Mdssbauer and EPR spectra of MbnBC complexes

We have studied MbnBC complexes from three different organisms, Ms. trichosporium
OB3b, Co. composti DSM 21721, and Ps. sp. ST29, by a combination of Mdssbauer and EPR
spectroscopies. In general, samples of MbnBC complexes from these three organisms are
heterogeneous and contain multiple species. The analysis presented below suggests that the two
principal components are an antiferromagnetically coupled dinuclear [Fe(III)], cluster with an
Siot = 0 ground state (~35% of total Fe) and an exchange-coupled trinuclear [Fe(III)]; cluster with
an Syt = 5/2 ground state (~55% of total Fe). However, the complexity of the spectral features
and heterogeneity of the samples have thus far precluded a detailed characterization of the
trinuclear cluster. Of the three MbnBC complexes, we have studied Ms. trichosporium OB3b
MbnBC in greatest detail.

The 160 K/zero-field Mdssbauer spectrum of aerobically isolated Ms. trichosporium OB3b
MbnBC (Fig. S5A, vertical bars) displays a broad quadrupole doublet with parameters (isomer
shift (6) of 0.47 mm/s and quadrupole splitting parameter (AEq) of 0.85 mm/s), Fig. S5A, black
line) that are typical of high-spin Fe(IIl) (49). These parameters are also consistent with a low-
spin Fe(II) configuration, but we disfavor this assignment because the proposed Fe ligands (side
chains of MbnBC-derived Glu/Asp and His residues and solvent-derived water and/or
hydroxide) are weak-field ligands; strong-field ligands capable of stabilizing low-spin Fe(II)
configuration, like carbon monoxide and cyanide, are observed in only a few biological systems,
such as hydrogenases (56). The weak absorption at ~2.8 mm/s (indicated by an arrow) is at a
position typical for the high-energy line of high-spin Fe(Il) and reveals that the sample contains
less than ~5% of high-spin Fe(II).

The 4.2 K/53 mT spectrum of that sample (Fig. S5B, vertical bars) displays a lesser amount
of the quadrupole doublet, while the remainder of the spectrum displays broad, paramagnetically
split features that emanate from one (or more) Fe species. The observation of a quadrupole
doublet with parameters of high-spin Fe(III) suggests the presence of an antiferromagnetically
coupled [Fe(III)], cluster with S« = 0 ground state. This assumption is confirmed in spectra
collected in externally applied fields (see below). Further support for a dinuclear cluster is
obtained by EPR spectroscopy, which reveals a weak signal for a complex with Sy = 1/2 with g,,
<2, as expected for an antiferromagnetically coupled high-spin [Fe(II)/Fe(I1I)] complex (Fig.



S27A). Identical Mdssbauer-spectroscopic features would be expected for clusters of higher
nuclearity containing an even number of high-spin Fe(III) centers. For example, tetranuclear
clusters with [Fe(ITl)4(u3-0)2]*" and [Fe(Il)4(u2-O)2(n2-OH)s]* core structures exhibit Sy = 0
ground states (57-59). However, a tetranuclear Fe(III)4 cluster is inconsistent with other data on
MbnBC complexes, and so we disfavor this possibility.

The broad magnetically split features are typically observed for complexes with a half-
integer electron spin ground state (49, 60). The presence of one (or more) species with Syt = 5/2
ground state is supported by the EPR spectrum, which displays the hallmark signal at g.¢r = 4.3
that is indicative of a complex with S, = 5/2 in the rhombic limit (E/D ~ 1/3; Fig. S27B). The
broadness and lack of resolution of the magnetically split features in the 4.2 K/53 mT Mdossbauer
spectrum suggests that the fluctuation rate of the electron spin of the corresponding Fe species is
comparable to the time scale of the Mdssbauer experiment (viz the spectrum is in the so-called
intermediate relaxation regime). Indeed, the 2 K/53 mT spectrum of this sample (Fig. S5C,
vertical bars) is markedly different and displays sharper and better resolved magnetically split
features. The spectrum is almost completely independent of the orientation of the externally
applied magnetic field relative to the propagation direction of the y beam (see solid line in Fig.
S5C for 2 K/53 mT spectrum collected with external field oriented perpendicular to the y beam),
consistent with the highly anisotropic spin expectation value, (S), of the ground Kramers doublet
of a Siot = 5/2 system with E/D ~ 1/3.

Further insight into the electronic structure of the two main components is obtained from
Mossbauer spectra collected in strong externally applied magnetic fields oriented parallel to the
y-beam. Importantly, the features of the paramagnetic complex(es) are reasonably well resolved
in these spectra and allow us to draw some important conclusions. Comparison of the outermost
features of the variable-field spectra (Fig. S5D) reveals that the separation of some of the outer
lines decreases with increasing external field (solid arrows in Fig. S5D). This behavior is typical
for Fe sites with a half-integer electron spin ground state. Conversely, for some lines, separation
increases with an increasing external field (dashed arrows in Fig. S5D). This behavior is
typically observed for an Fe site of an exchange-coupled cluster with a half-integer spin ground
state, for which the local spin of Fe site is oriented antiparallel to the total spin, i.e. for Fe sites
that have a negative spin projection factor (49, 60). Increased splitting of the spectra with
increasing external field can also be observed for paramagnetic Fe complexes with an integer-
spin ground state. We disfavor this possibility both because such complexes would require an
even number of high-spin Fe(III) sites and those high-spin Fe(Ill) complexes have generally a
Siot = 0 ground state, and because the experimentally observed increase of the splitting would
require a linear increase of the spin expectation value with increasing field. The parameters
required to simulate this behavior are not physically meaningful.

The position of the lines as a function of the external field is consistent with the presence of
an exchange-coupled trinuclear cluster with three spectroscopically distinct high-spin Fe(III)
sites, of which the local spins of two sites, Fes and Feg, are oriented parallel to the total electron
spin ground state, while the local spin of the remaining site, Fec, is oriented antiparallel to the
total electron spin ground state. Because the EPR spectrum of an identical sample indicates the
presence of a complex with a near-rhombic S, = 5/2 ground state, we have analyzed the high-
field spectra using the commonly used spin Hamiltonian formalism in the frame of the Sio; = 5/2



total electron spin ground state with three high-spin Fe(III) subsites. To minimize the number of
parameters, we allowed the values of 8 and AEq to deviate less than 0.05 mm/s compared to the
values of the 160 K/zero-field spectrum. Furthermore, we initially kept the three Fe(III)
hyperfine tensors, Are, isotropic, because high-spin Fe(III) sites typically exhibit generally
isotropic A, tensors. In order to match the shape and position of the lines better, we have then
allowed the three principal components of all three Ar. tensors to vary slightly (within ~5%). In
addition, the portion of the spectrum associated with the putative [Fe(III)], cluster can be
simulated with the parameters of the quadrupole doublet subspectrum of the 2 K/53 mT spectrum
(6 = 0.48 mm/s and AEq = 0.85 mm/s) and assuming a diamagnetic (Si,; = 0) ground state. The
combined simulations are depicted as solid blue lines in Figs. SSE-H, while those of the
individual Fe sites are shown color coded (Figs. S5E-H, red, orange, and green lines for the three
Fe sites of the [Fe(Ill)]; cluster and black lines for the two indistinguishable Fe sites of the
[Fe(IIT)], cluster using parameters given in the legend of Fig. S5.

Importantly, because the local (intrinsic) ar. tensors of high-spin Fe(III) sites have values of
~-20T to ~-22T (49), the observed Ar. tensors with respect to the total electron spin ground state
allow the spin projection factors, ¢; i=1-3, of the three sites to be investigated. Their values are
~+0.96, ~+0.87, and ~-0.64. These values are similar to those expected for a trinuclear [Fe(I1I)]3
cluster, in which one Fe(III) site (Fec) is antiferromagnetically coupled to the other two Fe(III)
sites (Fea and Fep), while the exchange coupling between Fea and Feg is smaller. For Jac = Jpc
[=J] and J45/J < 0.5 such a spin system exhibits a ground state with Syt = 5/2, S = 5 and spin
projection coefficients ca = cg = +6/7 (0.86) and cc =-5/7 (-0.71) (61). These values are in
reasonably good agreement with the experimentally determined values, when considering the
simplicity of the model. The experimentally observed difference of cx and cg can be rationalized
by the fact that Jac and Jpc are likely not identical, leading to different values of ca and cg.
Importantly, the putative spatial arrangement of the trinuclear cluster of MbnBC (Fig. S21) is
consistent with the electronic structure deduced by Mdssbauer and EPR spectroscopies.

In addition to these two components, there is a minor amount (~15% of total Fe) of one or
more not-yet identified paramagnetic Fe(III) complex(es). The fact that the remaining features
are also associated with high-spin Fe(III), exhibit a paramagnetic ground state, but with a
diminished splitting (compared to the [Fe(IIl)]; complex with Sy = 5/2), might suggest that these
have a Siot = 1/2 and/or St = 3/2 ground state. For 0.5 < J45/J < 0.8, the ground state has Si,; =
3/2 and Sap = 4 and for 0.8 <J,p/J < 1, the ground state has Si,; = 1/2 and Sap = 3.

Maossbauer spectra of aerobically isolated Co. composti DSM 21721 MbnBC (Figs. S5I-M,
blue solid lines) and Ps. sp. ST29 MbnBC (Figs. S5N, O) are similar to those of aerobically
isolated Ms. trichosporium OB3b MbnBC and also exhibit the above described features
associated with the diamagnetic (Si = 0) [Fe(IIl)],, paramagnetic (Sit = 5/2) [Fe(IlI)]s, and
unidentified paramagnetic Fe(IIl) complex(es), although in slightly different relative amounts
(19 and 36% diamagnetic [Fe(Il)], cluster, ~55 and ~52% paramagnetic St = 5/2 [Fe(I1D)];
cluster, and ~26 and ~12% not-yet identified Fe(IIl) complex(es) in Co. composti DSM 21721
and Ps. sp. ST29 MbnBC, respectively (spectra of Ms. trichosporium OB3b MbnBC recorded
under identical conditions are shown in Figs. S51-O and are depicted with solid lines for
comparison). We note that the quantification of species for Ps. sp. ST29 MbnBC is less certain



than quantification of species present in Ms. trichosporium OB3b and Co. composti DSM 21721
since fewer field-dependent spectra were collected.

In addition, we have studied a sample of anaerobically isolated Ps. sp. ST29 MbnBC (Fig.
S5P, Q, vertical bars). Comparison of the spectra of anaerobically isolated to those of aerobically
isolated Ps. sp. ST29 MbnBC suggests the presence of a similar amount of the paramagnetic
species, but a lesser amount of the [Fe(III)], cluster with Sy, = 0 in the spectrum of anaerobically
isolated Ps. sp. ST29 MbnBC. Conversely, the spectrum of anaerobically isolated Ps. sp. ST29
MbnBC contains a larger amount of high-spin Fe(II) (or [Fe(II)],) species.

Ongoing studies aim at a more detailed characterization of the various Fe-containing species
in MbnBC complexes from various sources and the identification of the active form.
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Fig. S1. Structures of characterized Mbns.

Residues shown in gray are sometimes absent in significant portions of the natural product as
recovered from the spent medium. Based on the sequences of the precursor peptides, there are
likely additional residues lost for all Mc. Mbns (the five residues following the second

oxazolone/thioamide are AATNG for all Mc. species except Mc. sp. M, where they are AMTNG).

(A) Ms. trichosporium OB3b CuMbn contains two oxazolone-thioamide moieties. (B) Ms. sp.
LW4 CuMbn contains two oxazolone-thioamide moieties. (C) Mc. hirsuta CSC1 CuMbn
contains two heterocycle-thioamide moieties, but the first heterocycle is a pyrazinediol (or a
(hydroxy)pyrazin(edi)one tautomer), as identified via mass spectrometry and X-ray
crystallography. (D) Mc. rosea SV97 CuMbn and (E) Mc. sp. M CuMbn similarly have a

pyrazinediol (or a (hydroxy)pyrazin(edi)one tautomer) in the first heterocycle-thioamide position.

(F) Mc. sp. SB2 CuMbn additionally has a non-oxazolone heterocycle in the first position.
Although it has been described as an imidazolone on the basis of NMR data, the absence of a
crystal structure and the exceedingly high identity between the Mc. rosea SV97 and Mc. str. SB2
operons raises the question of whether the heterocycle in both species is in fact a
(hydroxy)pyrazin(edi)one tautomer.
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The total number of operons in each group is listed to the left of the operon, and a color-coded
list of genes is shown below the operons. Representatives of the various operon families
discussed in this paper include Ms. trichosporium OB3b (1), Mc. hirsuta CSC1 (Ila), Mc. sp.
LW3 (IIb), Co. composti DSM21721 (III), Ps. sp. ST29 (III), GL. Sp. SXCC-1 (IV), Vi.
caribbenthicus BAA-2122 (V), and St. katrae ISP-5550 (V).
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Fig. S3. Polyacrylamide gel electrophoresis supports the formation of a heterodimeric
MbnBC and a 1:1:1 MbnABC complex.

(A) Blue native-PAGE and (B) denaturing SDS-PAGE for Mbn(A)BC from Ms. trichosporium
OB3b.
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Fig. S4. MbnBC constructs (consisting of Hisc-MbnC and either MbnB-strep or MbnB-
Setag) for a range of species containing Mbn operons.

(A) Denaturing SDS-PAGE gel for constructs from 1) Ms. trichosporium OB3b (Group 1), 2) Mc.
hirsuta CSC1 (Group Ila), 3) Co. composti DSM 27171 (Group III), 4) Ps. Sp. ST29 (Group III),
5) GL. Sp. SXCC-1 (Group IV), and 6) Vi. caribbenthicus BAA-2122 (Group V). (B)
Chromatograms for the preparative purification of all constructs on a Superdex 75 gel filtration
column. After the elution of higher order oligomers in the void volume (the first peak observed

in all chromatograms), all constructs eluted as a heterodimer except for the G/. sp. SXCC-1
construct, which was purified on Superdex 75 column with a decreased bed volume (shown to

the right along with the Ms. trichosporium OB3b construct for comparison); the earlier elution
point is potentially consistent with a dimer of dimers, though it is not clear whether this is
physiologically relevant. Masses for each complex were confirmed by nTDMS.
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Fig. S5. Field-dependent Mossbauer spectra of the MbnBC complex.

Mossbauer spectra (black vertical bars) of aerobically-isolated Ms. trichosporium OB3b MbnBC,
collected at 160 (A), 4.2 (B) and 2.2 (C) K in the presence of a 53 mT applied magnetic field
oriented parallel to the propagation of the y beam. A spectrum collected at 2.2 K with the field
applied perpendicular to the y beam is overlaid (C, blue solid line). (D) Spectra of Ms.
trichosporium OB3b MbnBC, collected in the presence of varying applied magnetic fields (4, 6,
and 8 T; black, red, and blue solid lines, respectively) at 4.2 K. Lines that move outward with
increasing applied magnetic field are highlighted by dashed arrows, whereas those moving
inward are highlighted by solid arrows. (E-H) Field-dependent Mdssbauer spectra (black vertical
bars) of Ms. trichosporium OB3b MbnBC collected with applied magnetic fields of 2.0 T (E),
40T (F),6.0T(G),and 8.0 T (H). A four-component simulation is overlaid (blue solid lines),
comprising a diamagnetic component (black solid line) and three additional components (red,
green, and orange solid lines) consistent with three unique sites in a triferric cluster with overall
spin Syt = 5/2. The diferric cluster was simulated with 6 = 0.49 mm/s, AEq = 0.80 mm/s, and n =
0.8, comprising 32% of total iron. The triferric cluster was simulated with three components
having & = 0.52, 0.44, and 0.55 mm/s, respectively; AEq = 0.80, 0.90, 0.80 mm/s, respectively; 1
=-0.8, -1.8, and -2.1, respectively; and hyperfine tensors [-21.9, -21.3, -20.0], [-18.0, -19.4, -
18.0], and [+14.7, +14.1, +16.0] T, respectively, comprising 59% of the total iron. (I-M) Overlay
of the Mossbauer spectra of Ms. trichosporium OB3b (black vertical bars) and Co. composti
DSM 21721 (blue solid line) MbnBC collected with varying applied magnetic fields; difference
spectra obtained by subtracting the Co. composti DSM 21721 MbnBC spectrum from the Ms.
trichosporium OB3b MbnBC spectrum at each applied magnetic field (red solid line). (N-Q)
Comparison of aerobically- and anaerobically-isolated Ps. sp. ST29 MbnBC Maéssbauer spectra,
collected at 4.2 K in the presence of 0.053 T (N) and 8 T (P) applied magnetic field. Aerobically-
isolated spectra (black vertical bars) are overlaid with anaerobically-isolated spectra (black solid
lines). Difference spectra (O and Q, black vertical bars) were obtained by subtracting the
spectrum of the anaerobically-isolated sample from the spectrum of the aerobically-isolated



sample (100% intensity). Diamagnetic spin Hamiltonian simulations are overlaid (blue solid
lines, 20% intensity); the difference spectra obtained by subtracting the simulations from the
experimental spectra are also overlaid (red solid lines).
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Fig. S6. Native top down mass spectrometry (nTDMS) performed on MbnBC from Ms.
trichosporium OB3Db localizes metal loading to MbnB.

The nTDMS platform employed includes the analysis of the intact protein complex (MS', top
panel), which provides the total mass (reported as a neutral average mass value). The theoretical
and observed molecular weights for MbnBC containing three Fe(Ill) ions are indicated in orange.

The theoretical molecular weight of apo MbnBC is indicated in gray and denoted on the
spectrum with a dotted blue line. In stage two, the complex is collisionally activated with
nitrogen gas to eject monomers (MS?, middle panel), as shown by the blue arrow in step 1,
thereby liberating the subunits that comprise each intact complex. In stage three, further
vibrational activation of the ejected subunits via collisions with neutral gas, as shown by the
arrow in step 2, yields backbone fragmentation products from each monomer (MS?, bottom
panel). These fragment ions are depicted as blue flags in the graphical fragment maps of the
lower panel, indicating which regions of the protein sequence are accounted for in mass by
fragmentation. Blue dots denote unidentified proteins or contaminants in the sample.
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Fig. S7. MS' measurements of MbnBC complexes from various species consistently localize
metal loading to MbnB.

All MbnBC complexes were investigated as described in Fig. S6. Although all complexes except
for that of GI. sp. SXCC-1 MbnBC are present as heterodimers based on size exclusion



chromatography, observed oligomers with MbnB components include MbnBC heterodimers (Ms.
trichosporium OB3B, Mc. hirsuta CSC1, and Ps. sp. ST29), MbnB monomers (Vi.
caribbenthicus BAA-2122, Co. composti DSM 21721), and an (MbnBC), tetramer (G/. sp.
SXCC-1) that yield observed mass shifts from the theoretical masses (Am) that are consistent
within <5 Da with the mass shift associated with the presence of three Fe (II) ions (Am of 158.5
Da).
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Fig. S8. Similar reactivity of Ms. trichosporium OB3b MbnBC and Co. composti DSM 21721
MbnBC with Ms. trichosporium OB3b MbnA.

(A) Spectra collected over 250 s following the mixing of 100 uM Ms. trichosporium OB3b
MbnBC, 250 uM Ms. trichosporium OB3b MbnA, and 900 uM O, (also shown in Fig. 3A, but
included here for reference). Inset spectrum is a difference spectrum between the final and initial
timepoints. (B, C) Formation of the 650 nm feature (B) and the 335 nm feature (C) over 250 s at
different concentrations of MbnA. As with reactions carried out under a range of O,
concentrations (Fig. S9C), a notable difference in the shape of the curves at 335 nm is observed
between the addition of 31.25 and 62.5 uM MbnA. This change, which results in a
comparatively linear curve (rather than an exponential curve), can be attributed to steady-state
product formation by MbnBC, and indicates that the concentration of the active metal cofactor
required to achieve steady-state product formation is between 31.25 and 62.5 uM. (D) Spectra



acquired over 250 s following the reaction of 100 uM Co. composti DSM 21721 MbnBC (1.1
equivalents of iron per heterodimer) with 250 uM Ms. trichosporium OB3b MbnA and 900 uM
O;. Inset: Difference spectrum calculated via the subtraction of the initial spectrum from the final
spectrum. The reactivity is very similar to that observed for Ms. trichosporium OB3b reacting
with its cognate substrate. (E) Endpoint spectra of the 650 nm feature at various MbnA
concentrations. Inset: Adjusted maxima for 650 nm feature at different MbnA concentrations
following a dropline correction of the baseline (using values at 640 and 660 nm). The amplitude
of this feature increases with increasing concentrations until MbnA is in excess of MbnBC;
saturation is observed after this point. (F) Endpoint spectra of the 335 nm feature at various
MbnA concentrations. Inset: Maxima for the 335 nm feature at different MbnA concentrations.
As observed for Ms. trichosporium OB3b MbnBC, the amplitude of this feature increases with
increasing amounts of MbnA. (G, H) Kinetic traces reflecting the formation of the 650 nm (G)
and 335 nm (H) features over 250 s at different concentrations of MbnA and excess O,. The 335
nm feature begins to exhibit steady-state behavior between 15.625 and 31.25 uM MbnA,
suggesting that the concentration of the active cofactor in the Co. composti DSM 21721 MbnBC
falls within this range.
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Fig. S9. Reaction of Co. composti DSM 27121 MbnBC and of Ms. trichosporium OB3b
MbnBC with O; and with Ms. trichosporium OB3b MbnA

(A) Formation of a feature at ~350 nm over 250 s after the addition of oxygen-saturated buffer to
100 uM Co. composti DSM 21721 MbnBC containing 1.1 equivalents of iron. Inset: Difference
spectrum obtained by subtracting the final spectrum from the initial spectrum. (B) Reaction of
100 uM Ms. trichosporium OB3b MbnBC with 125 uM Ms. trichosporium OB3b MbnA and
900 uM O,, monitored over 25 s (also shown in Fig. 3A, but included here for reference). (C)
Kinetic traces at 335 nm obtained after a reaction between 100 uM Ms. trichosporium OB3b
MbnBC (1.4 Fe/heterodimer) and 125 uM Ms. trichosporium OB3b MbnA in the presence of
different concentrations of oxygen. These traces reflect the oxygen dependence of the peptide-
associated feature (335 nm). A notable difference in the kinetic traces is observed between 25
and 50 uM O,, which could reflect a crossover from O, consumption in order to generate an

active cofactor and O, consumption to form product (modified MbnA) or from a single substrate
turnover to multiple turnovers.
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Fig. S10. Mass spectrometric analysis of MbnA modified by MbnBC from AMs.
trichosporium OB3b.



(A) Total ion chromatogram of MbnA starting material. The major peak at 26.11 min is
unmodified MbnA (blue, mass spectrum in B), while the shoulder at the earlier retention time
represents an MbnA species 2.014 Da lighter (-2H, in green, mass spectrum in C). (D) Total ion
chromatogram of MbnA modified by MbnBC. Species with a gray background represent signals
from MbnB and MbnC. Species with a multicolored background represent the mixed species of
MbnA present, including unmodified and -2H, as described above, but also -4H (-4.031 Da) in
yellow, and -6H (-6.047 Da) in red. (E) Representative mixed mass spectrum obtained by
averaging scans from 23-28 minutes in D. (F) Fit of the observed mass spectrum in E to a simple
mixture of the 4 species described above. Species are present in an apparent ratio of
0.07:0.37:0.25:0.31 unmodified: -2H: -4H: -6H. (G) Tandem MS fragmentation maps of the 4
species obtained by higher energy collisional dissociation. Colors represent the same species as
noted in D. Fragment ions are noted as “flags” between amino acids with left-pointing angles
above the flag indicating N-terminal ions and right-pointing angles below the flag indicating C-
terminal ions. Cysteines colored in orange report on a -4.031 Da shift applied to that cysteine,
while cysteines colored in gray are posited to be part of a disulfide linkage. Disulfides in the -2H
and -6H species are likely mixed structural isomers involving any of the remaining unmodified
cysteines, based on MS? fragmentation information.
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