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ABSTRACT: DUF692 multinuclear iron oxygenases (MNIOs) HNM@®)
are an emerging family of tailoring enzymes involved in the
biosynthesis of ribosomally synthesized and post-translationally
modified peptides (RiPPs). Three members, MbnB, TglH, and
ChrH, have been characterized to date and shown to catalyze
unusual and complex transformations. Using a co-occurrence-
based bioinformatic search strategy, we recently generated a
sequence similarity network of MNIO-RiPP operons that encode
one or more MNIOs adjacent to a transporter. The network
revealed >1000 unique gene clusters, evidence of an unexplored biosynthetic landscape. Herein, we assess an MNIO-RiPP cluster
from this network that is encoded in Proteobacteria and Actinobacteria. The cluster, which we have termed mov (for methanobactin-
like operon in Vibrio), encodes a 23-residue precursor peptide, two MNIOs, a RiPP recognition element, and a transporter. Using
both in vivo and in vitro methods, we show that one MNIO, homologous to MbnB, installs an oxazolone-thioamide at a Thr-Cys
dyad in the precursor. Subsequently, the second MNIO catalyzes N—Ca bond cleavage of the penultimate Asn to generate a C-
terminally amidated peptide. This transformation expands the reaction scope of the enzyme family, marks the first example of an
MNIO-catalyzed modification that does not involve Cys, and sets the stage for future exploration of other MNIO-RiPPs.

Bl INTRODUCTION be characterized. A common theme among the characterized
MNIOs is that they modify Cys-rich precursors via four-
electron oxidative rearrangements in the absence of reductant,
leading to heterocycle/macrocycle formation or p-carbon

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are structurally diverse natural products
with a range of biological activities.' > Because the biosyn-

thesis of all RiPPs begins with a precursor peptide containing excision.'”***" Specifically, MbnB in conjunction with its
the canonical 20 amino acids, the diversity in this natural partner protein MbnC,”’ which acts as a scaffold for peptide
product family is generated by tailoring enzymes, which install binding, installs an oxazolone-thioamide at two Cys residues,
modifications onto the core region of the precursor, often thus generating the key motif that chelates copper in
leadin% to a variety of alterations that can blur their ribosomal methanobactin (Figures 1A and S1A). Genes coding for
origin.”* A convenient means of categorizing RiPPs is, MbnB, MbnC, and the precursor peptide MbnA have been
therefore, by the modifications and the corresponding tailoring found in several divergent BGCs, which have been categorized
enzymes involved in their biosynthesis. The ever-growing in Groups I-V (Figure S1).*> Those in Group V contain an
repository of bacterial genomes has especially benefitted the additional MNIO, MbnX,* with yet unknown function. The
study of RiPPs through genome mining and prioritization of second MNIO to be characterized, TglH, converts a terminal
biosynthetic gene clusters (BGCs) that are predicted to Cys residue to 2-mercaptoglycine, releasing the original Cys-
produce novel chemotypes.”™” Application of genome mining Cp as formic acid for a net four-electron oxidation (Figure
to RiPPs has expanded the compound family and revealed 1A). The pearlin pathway is the first to utilize the precursor
numerous novel transformations, notably those catalyzed by peptide catalytically, incorporating a Cys residue to be

metalloenzymes, such as radical S-adenosylmethionine modified by TglH and then cleaving it to liberate the mature

9—1 16,17
(SAM), s cytochrome P450, or copper-dependent amino acid product.zz’23 Finally, ChrH is the first SAM-
enzymes.

Especially intriguing among RiPPs are those synthesized by -
the emerging family of multinuclear iron oxygenases (MNIOs), Recfnved: October 25, 2023
previously known as DUF692 enzymes. Three MNIOs have Revised:  January 30, 2024
been studied thus far, MbnB,'*~*' TglH,”>** and ChrH** from AccePted: February 22, 2024
the methanobactin, pearlin, and chryseobasin biosynthetic Published: March 7, 2024
pathways, respectively. The products of the former two are
known, whereas the chryseobasin mature product remains to
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Figure 1. Sequence similarity network (SSN) of MNIO-RiPPs and the mov BGC. (A) SSN of RiPP BGCs that encode an MNIO and an adjacent
transporter. Each node marks an individual MNIO enzyme, and lines connecting them indicate sequence similarity. Nodes are colored based on
phyla: Proteobacteria (red), Actinobacteria (green), Firmicutes (yellow), Bacteroidetes (purple), and other phyla (blue). MNIO-RiPP families
investigated in this work (MovX, MovB), related ones in Actinobacteria (MoaX, MoaB), and previously characterized ones (MbnB, TglH, and
ChrH) are highlighted; reactions are shown for the latter. (B) The mov BGC from Vibrio fluvialis encodes a precursor peptide (MovA), two
MNIOs (MovX and MovB), a discrete RRE (MovC), and a transporter (MovT). Genes are color-coded; the sequence of the precursor peptide is

shown.

dependent MNIO and has been shown to introduce a complex
set of alterations onto its precursor including thioether
macrocyclization, imidazolidinedione heterocycle formation,
and thiomethylation.”* Over 10,000 MNIOs can be seen in
microbial genomes, with the vast majority uncharacterized,
evidence of new chemical space that can be charted by
focusing on this enzyme family.

Motivated by the biosynthetic promise of MNIOs, we

recently generated a sequence similarity network (SSN)*® of

DUF692 enzymes in RiPP biosynthesis, using the near-
ubiquitous feature of transporters in RiPP BGCs as a
bioinformatic hook in a co-occurrence search.”” After
accounting for newly deposited sequences, the updated SSN
consists of 1382 unique MNIO-RiPP BGCs, arranged in a
network of 43 families with at least two homologous members
and 57 singletons (Figure 1A). Notably, the three charac-
terized MNIOs, MbnB, TglH, and ChrH, populate distinct
families, affirming the validity of the network. Scanning the
network also shows that MNIOs co-occur with various other
biosynthetic enzymes, suggesting that complex and new
modifications remain to be uncovered from MNIO-RiPPs. In
the present work, we tackle an MNIO-RiPP BGC that is found
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in both proteobacterial and actinobacterial genomes and codes
for two MNIOs, one that is homologous to MbnB and a
divergent one with an extended domain, previously termed
MbnX.”® We show that the MbnB homologue installs an
oxazolone-thioamide motif, much like the modification in
methanobactin, while the other MNIO subsequently cleaves
the N—Ca bond of the penultimate Asn to generate a C-
terminally amidated peptide, a new reaction for a MNIO
enzyme. Our results point to a plausible mechanism for N—Ca
bond cleavage and expand the overall scope and catalytic
versatility of this emerging enzyme family in RiPP biogenesis.

B RESULTS

The mov BGC from Vibrio fluvialis. To begin exploring
the network of MNIO-RiPPs, we focused on an operon that
encodes two MNIOs, an MbnB homologue, and a distantly
related and uncharacterized MNIO, previously termed
MbnX.”> We selected the cluster from the commercially
available strain V. fluvialis 33809 (Table S1). As the precursor
peptide is divergent from MbnA in Methylosinus trichosporium
OB3b and the cluster does not encode methanobactin, we have
termed it mov (for methanobactin-like operon in Vibrio). The
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Figure 2. HR-MS and HR-MS/MS analyses of the heterologous expression constructs. Shown are data for trypsin-cleaved MovA after coexpression
with no enzymes as control (A), MovBC (B), and MovX (C). The construct is shown above each HR-MS profile, which is zoomed in on the [M
+H]" ion of the trypsin-cleaved product, consisting of 9mer (A,B) or 7mer (C) peptides. Coexpression of MovA with MovBC and MovX gives
products that are 4.0313 and 243.1219 Da lighter than the linear 9mer, respectively. The HR-MS/MS fragmentation pattern of the MovBC product
is consistent with an oxazolone-thioamide motif. HR-MS/MS analysis of the MovX product reveals that the peptide is devoid of the C-terminal
Asn-Lys dipeptide; while b-ions are unaffected, all observed y-ions exhibit a —0.9840 Da shift relative to the unmodified 7mer peptide.

BGC encodes a precursor peptide (MovA), the two MNIOs
(MovX and MovB), a discrete RiPP recognition element
(RRE, MovC),28 and a transporter (MovT) (Figure 1B).
Compared to MbnAs from Groups I-IV, which contain two
conserved Cys residues, Group V precursors contain only one
Cys that is conserved in a TCG motif (Figures SIC and S2,
Table S2). Assuming that the Cys residue is modified by
MovBC, MovX likely performs a new transformation on an
unprecedented residue for MNIOs. Sequence alignment of the
Group V precursors reveals a conserved Tyr-Asn dipeptide
motif that may constitute the site of MovX catalysis (Figure
S2).

In Vivo Characterization of the mov BGC. To
characterize the transformations performed by each biosyn-
thetic enzyme, we first followed a heterologous coexpression
approach in Escherichia coli. The precursor peptide, MovA, was
expressed with an N-terminal hexaHis maltose-binding protein
(6HMBP) tag and an intervening HRV3C protease cleavage
site. Following coexpression with either no enzyme, MovBC,
or MovX, the 6HMBP-tagged MovA was purified, liberated by
HRV3C proteolysis, and digested with trypsin. The products
were then analyzed via HPLC-coupled high-resolution mass
spectrometry (HR-MS) and tandem HR-MS (HR-MS/MS).

As expected, expression of 6HMBP-MovA alone, followed
by purification and digestion with trypsin, afforded the
unmodified C-terminal 9mer fragment (Figure 2A, Tables S3
and $S4). Upon coexpression with MovBC, we observed a mass
loss of 4.0313 Da accompanied by a shift in retention time
(Figures 2B and S3, Table S3). HR-MS/MS analysis located
the modification to the Thr-Cys dyad, consistent with an
oxazolone-thioamide modification (Figure 2B, Table SS). We
additionally observed side products 13.9793 and 30.0105 Da
heavier than the unmodified substrate, reflecting hydrolysis and
subsequent decarboxylation of the putative oxazolone ring
(Figure S4A,B, Table S6). By contrast, coexpression of
6HMBP-MovA with MovX yielded a C-terminal fragment
that was 243.1219 Da lighter than the unmodified 9mer
peptide, suggesting cleavage of the C-terminal Asn-Lys
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dipeptide in addition to a mass loss of 0.9840 Da, consistent
with an O-to-NH conversion (Figure 2C, Table S3).
Intriguingly, all b-ions generated in the collision-induced
dissociation of the MovX product were either unmodified or
not observed, whereas all observed y-ions displayed a —0.9840
Da shift relative to the unmodified 7mer peptide, indicating the
presence of a C-terminal amide (Figure 2C, Table S7).

Repeated attempts to characterize the combined MovXBC-
modified product failed as E. coli transformants were not viable
unless mutations were introduced in the MovA C-terminus,
suggesting that the coexpression plasmid, and therefore the
MovXBC-modified product, was toxic to E. coli (Table S8).
We thus assessed the products of select mutants that emerged
during E. coli transformation, including two substitutions,
C18S- and C18Y-MovA, as well as a deletion mutant that
obliterated the C-terminal Tyr-Asn dyad of MovA. With both
C18S- and C18Y-MovA, coexpression with MovXBC delivered
C-terminal fragments that were 243.1219 Da lighter than the
respective unmodified peptides, indicating that a reaction with
MovX had occurred (Tables S9—S11). Meanwhile, coex-
pression of the deletion mutant with MovXBC yielded a
fragment that was 4.0313 Da lighter than the unmodified
peptide, indicative of MovBC catalysis (Tables S9 and S12).
Overall, the mutations abolished the function of either MovBC
or MovX, suggesting that the modifications are mutually
exclusive and confirming the discrete sites of post-translational
tailoring by MovBC and MovX. The strong evolutionary
pressure against the synthesis of MovXBC-modified products
possibly provides clues for the biological function of the
mature mov-derived RiPP.

In Vitro Characterization of MovBC and MovX. To
access the MovXBC-modified product and further characterize
the MovX reaction, we turned to in vitro enzymatic assays.
MovX was expressed recombinantly as a hexaHis-tagged
construct in E. coli and purified by metal affinity chromatog-
raphy (Figure SS). Despite previous reports showing that
MbnB and MbnC copurify as a heterodimeric complex,"” ™" in
our hands MovB purified as a discrete protein when
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Figure 3. HR-MS and HR-MS/MS analyses of MovBC and MovX products. (A) Enzymatic activity assays of MovBC using MovA as a substrate.
Shown are extracted ion chromatograms for the —4.0313 Da product of MovBC relative to the linear 23mer MovA. Product is not observed when
MovB, MovBC, or substrate is omitted from the reaction, while the addition of ascorbate increases turnover. (B) Enzymatic activity assays of MovX
using MovBC-modified MovA, generated through coexpression of 6HMBP-MovA and MovBC in E. coli, as a substrate. Shown are extracted ion
chromatograms for the —247.1532 Da product of MovXBC, which corresponds to the loss of the Asn-Lys dyad and the introduction of a C-
terminal amide. Product is not observed when MovX or the substrate is omitted from the reaction, while the addition of ascorbate increases
turnover. In panels (A) and (B), traces are offset in both axes for clarity and color-coded as indicated. (C) Substrate preference of MovBC (red)
and MovX (blue), as assessed by monitoring conversion of MovA substrate variants by HPLC-coupled HR-MS. MovBC converts both unmodified
and MovX-modified MovA to the same extent, while MovX displays a clear preference for MovBC-modified MovA, followed by hydrolyzed
MovBC-modified MovA, and unmodified MovA. (D,E) HR-MS/MS analyses of MovBC (D) and MovXBC (E) products. Mass shifts relative to
the linear MovA are shown. (F) Ultraviolet—visible spectra of unmodified, MovBC-, and MovXBC-modified MovA. Unmodified MovA solely
absorbs at 278 nm, while MovBC- and MovXBC-modified MovA exhibit additional absorption features at 264 and 302 nm.

coexpressed with MovC. We therefore expressed and purified reflecting hydrolysis and subsequent decarboxylation of the
MovC separately. MovB and MovX were coexpressed with the oxazolone ring, in agreement with the heterologous expression
GroEL/ES chaperone system and purified anaerobically. The data (Figure S4C). Similar results were obtained with MovX-
use of molecular chaperones was required for obtaining soluble modified MovA (Figure 3C, Table S15), indicating that
MovX, likely because it harbors an additional domain with a MovBC can install its modification on both MovA and MovX-
winged helix-turn-helix (WHTH) topology that is predicted to reacted MovA. This result is consistent with a recent crystal

serve as an RRE (Figure S6A).”" Iron quantification revealed structure of MbnABC from V. caribbenthicus BAA-2122 (PDB
that MovB and MovX contain 0.7 + 0.1 and 1.2 + 0.1 iron 7DZ9), which shows that the MbnA C-terminus extends out of
atoms per protomer, respectively, reflecting partial incorpo- the MbnB active site and minimally interacts with MbnBC.*’
ration of the metal cofactor (Table S13). As substrates for In contrast to MovB, MovX displayed a clear preference for
enzymatic assays, we generated MovA by solid-phase peptide MovBC-reacted MovA, followed by hydrolyzed MovBC-
synthesis (SPPS, Figure S7, Table S14), and acquired the modified MovA, and finally unmodified MovA (Figure 3C,

MovBC- and MovX-modified variants via coexpression in E. Tables S15, S17, and S18). Upon incubation of MovX with
coli. MovBC-modified MovA under aerobic conditions, we
Upon incubation of synthetic MovA with MovBC under observed time-dependent formation of a —243.1219 Da
aerobic conditions, we observed the time-dependent formation species relative to the substrate (Figures 3B and S8B), a
of a —4.0313 Da product (Figures 3A and S8A, Table S15). product that was not observed in the absence of MovX;
This species was not observed in the absence of MovBC; ascorbate again enhanced product yields. HR-MS/MS analysis
incubation with ascorbate increased turnover, as reported indicated an intact oxazolone-thioamide moiety, cleavage of
previously with MbnB.”' HR-MS/MS results located the the C-terminal Asn-Lys dipeptide, and presence of a C-terminal
modification to the Thr-Cys dyad, once again in line with the amide (Table S17). Finally, one-pot incubation of synthetic
presence of the oxazolone-thioamide motif (Figure 3D, Table MovA with MovXBC under aerobic conditions yielded a
$16). The MovBC product displayed sharp absorption features product with an overall mass loss of 247.1532 Da and an
at 264 and 302 nm, diagnostic of a conjugated system (Figure analogous HR-MS/MS fragmentation pattern as observed for
3F). We also observed side products that were 13.9793 Da the product of MovX and MovBC-modified MovA (Figure 3E,
heavier and 30.0105 Da lighter than the unmodified substrate, Tables S15 and S19). Relative to those of the MovBC product,
7316 https://doi.org/10.1021/jacs.3¢c11740
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Figure 4. Structural elucidation of the MovBC and MovXBC products by 2D NMR and "N labeling studies. (A—D) Comparative analysis of 2D
NMR spectra of unmodified (green), MovBC-modified (red), and MovXBC-modified (blue) MovA. If present, impurity signals are shown in gray.
All observed cross-peaks are labeled, and those that drop out post-modification are underlined. (A) HSQC spectra focusing on the Ha region.
Compared to unmodified MovA, Cys-Ha is missing from the MovBC-modified product, and Thr-Ha is significantly downshifted. Moreover,
MovXBC-modified MovA is devoid of Asn-Ha and Lys-Ha. (B) HSQC spectra focusing on the Hf region. Compared to unmodified MovA, Cys-
Hf is missing from the MovBC-modified product. In addition, MovXBC-modified MovA lacks Asn-Hf and Lys-Hf. (C) HMBC spectra
highlighting cross-peaks between Gly-Ha and Gly-C/Cys-CB. Compared to unmodified MovA, Cys-Cf shifts upfield in both MovBC- and
MovXBC-modified products, while Gly-C remains unchanged. (D) HMBC spectra highlighting cross-peaks between Tyr-Ha and Tyr-C and Ser-C.
Compared to unmodified and MovBC-modified MovA, Tyr-C is downshifted in the product, while Ser-C remains unchanged. (E) Relevant NMR
correlations used to solve the structure of MovXBC-modified MovA. (F) Reactions of MovX and MovXBC with unlabeled MovA and *N,-Asn-
MovA. HR-MS focusing on the [M+3H]** ion of each peptide. Reactions with '*N,-Asn-MovA yielded products 0.9970 Da heavier than the
respective MovA products, indicating the incorporation of a single '*N label. (G,H) HR-MS/MS analyses of trypsin-cleaved '*N-labeled MovX (G)
and MovXBC (H) products after reaction with '*N,-Asn-MovA. The observed fragmentation patterns indicate "N incorporation at the modified
C-terminus.

the absorption properties of the MovXBC product were largely conducted a large-scale MovX reaction using MovBC-modified
unchanged (Figure 3F). MovA as a substrate. The trypsin-cleaved MovXBC-modified
Structural Elucidation of the MovXBC Product. To 7mer peptide was isolated and analyzed by 1D/2D nuclear
definitively elucidate the product of the mov BGC, we magnetic resonance (NMR) spectroscopy; trypsin-cleaved
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Figure 5. Proposed mechanisms for N—C bond cleavage catalyzed by MovX. (A) Heterolytic mechanism, in which succinimide formation is
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hydrolysis of an imine intermediate. (C) Alternative homolytic mechanism involving O, activation, hydroxylation at Cf followed by f-scission, and
hydroxylation at Ca followed by cleavage of the N—Ca bond. See text for further details.

MovBC-modified and unmodified 9mer peptides were used for
comparison (Figures S9—S11, Table $20).'H—'*C hetero-
nuclear single quantum coherence (HSQC) spectrum of the
MovBC product revealed the disappearance of both Cys-Ha
and Cys-Hf along with a sizeable downfield shift of Thr-Ha
from 4.37 to 4.93 ppm (Figure 4A,B). A heteronuclear
multiple bond correlation (HMBC) from Gly-Ha to Cys-Cpf,
which experienced a significant downshift from 25.7 to 165.6
ppm, provided further evidence for the presence of the
oxazolone-thioamide motif (Figure 4C). Equivalent correla-
tions were observed for the MovXBC product, indicating that
the modification installed by MovBC remained intact (Figure
4A—C). The HSQC spectrum of the MovXBC product was
further devoid of peaks associated with Asn and Lys, indicating
the cleavage of these C-terminal residues (Figure 4A,B). An
HMBC correlation from Tyr-Ha to the carbonyl carbon of the
same residue, which displayed a downshift from 172.8 to 175.5
ppm relative to unmodified and MovBC-modified peptides,
marked the new amidated C-terminus (Figure 4D). Collec-
tively, the data are consistent with the structure shown in
Figure 4E, and they point to a new reaction for the MNIO
MovX.

To obtain further evidence of the presence of a C-terminal
amide, we performed N labeling studies. Given that Asn
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contains two amino groups, we generated a MovA isotopolog
containing "*N,-Asn at residue 22 by SPPS (Figures S7, S12,
and S13) and assessed the fate of the '*N isotopes after
reaction with MovX or MovXBC by HR-MS and HR-MS/MS.
In both cases, we observed products that were heavier by
0.9970 Da, indicating the incorporation of a single '*N isotope
(Figure 4F, Table S21) and demonstrating that Asn is the
source of the terminal amide nitrogen. The b-ions generated in
the collision-induced dissociation of the '*N-labeled MovX-
modified trypsin fragment were either unmodified or not
observed, while all observed y-ions displayed a —0.0130 Da
shift relative to unmodified 7mer peptide, indicating the
presence of a C-terminal *N-amide (Figure 4G, Table S22).
Similarly, HR-MS/MS analysis of the '"N-labeled MovXBC-
modified fragment located the '°N isotope at the C-terminus,
thus confirming the structure of the MovX-catalyzed
modification (Figure 4H, Table S23).

Toward a Mechanism of MovX. Superposition of an
AlphaFold model of MovX onto the crystal structure of MovB
from V. caribbenthicus BAA-2122 (PDB 7DZ9)*° reveals all
necessary ligands for binding up to three iron atoms (Figure
S6B—D). In the MbnB structure, one of these metal ions is
coordinated by the Cys residue of MbnA,”” directing H-atom
abstraction from the Cys-Cf, a feature that unites the three

https://doi.org/10.1021/jacs.3c11740
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Figure 6. Mechanistic studies performed with MovX. (A) Reactions of MovX and MovXBC with'*Nf-Asn-MovA. HR-MS spectra are zoomed in
on the [M+3H]*" peptide ion. The '*N label is not incorporated in the observed products, indicating that the C-terminal amide originates from the
a-amino group of Asn. (B) Enzymatic activity assays of MovX using MovBC-modified MovA as a substrate in the presence or absence of molecular
oxygen. Shown are extracted ion chromatograms for MovA after reaction with MovXBC. The MovX reaction proceeds only under aerobic
conditions. (C,D) Reaction of MovXBC with MovA (C) and N22G-MovA (D). HR-MS spectra are zoomed in onto the [M+3H]** peptide ions.
The amidated product is observed for the Gly-substituted substrate, suggesting H-atom abstraction from Cf is not required for the MovX reaction.
(E,F) HR-MS and HR-MS/MS analyses of trypsin-cleaved MovXBC products using MovA (E) and N22G-MovA (F) as substrate. The products
are identical, as demonstrated by analogous retention times and fragmentation patterns. The MovBC and MovX modifications, leading to losses of

4.0313 and 0.9840 Da, respectively, are marked.

MNIOs studied to date.'”**** Cys ligation to an active-site
iron cofactor is unlikely for MovX, as enzymatic activity was
retained after substitution of the only Cys in the precursor
peptide with Ser or Tyr (Tables S9—S11). In line with
previous work,”"*” MovX may require at least two iron atoms
for activity: a ferrous iron responsible for dioxygen binding and
catalysis, and a ferric iron that facilitates substrate positioning.
Furthermore, MovX catalysis proceeded without the addition
of external reductant or cosubstrates, in support of earlier
reports in which MNIOs extract all necessary reducing
equivalents from their respective substrates.'”””** However,
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the addition of ascorbate did increase turnover (Figure 3B),
likely by reducing one of the Fe(III) ions to the catalytically
active Fe(Il) species.

We explored three plausible mechanisms for the MovX
reaction: the first involves heterolytic Lewis acid catalysis,
while the second and third entail canonical oxygen activation
and radical chemistry (Figure S). In the heterolytic pathway,
succinimide formation via the Asn22 side chain, a reaction with
precedent in intein splicing,® would set up Lewis acid-
catalyzed activation of water and subsequent hydrolysis of the
succinimide to generate the C-amidated product and an Asp-

https://doi.org/10.1021/jacs.3c11740
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Lys dipeptide (Figure SA). This mechanism would be oxygen-
independent. Alternatively, oxygen binding to Fe(II) could
generate an Fe(III)-O,- species as the oxidant, as previously
proposed for the nonheme diiron enzyme myo-inositol
oxygenase (MIOX) (Figure 5B).”"*” H-atom abstraction
from the Asn-Ca followed by peroxide rebound, as previously
proposed for MIOX, would generate a Ca-hydroperoxo Asn
intermediate, which upon elimination of H,0,, concomitant
with imine formation, and finally hydrolysis would yield
product and an Asn-Lys diketone coproduct. Finally, we
considered H-atom abstraction from Cf, as proposed for the
three MNIOs studied thus far (Figure 5C)."7**** In this case,
H-atom abstraction would generate an Asn Cf-based radical
that upon oxygen rebound would give f-OH-Asn and the
Fe(IV)-oxo species. Hydroxyl radical formation, mediated by
the highly oxidizing Fe(IV)-oxo species, would facilitate -
scission, as observed for 2-hydroxyethylphosphonate dioxyge-
nase (HEPD)?® and proposed for TglH,** giving rise to a Ca-
based radical and 2-oxoacetamide. Another oxygen rebound
would set up N—Ca bond cleavage, yielding product and N-
glyoxalyl-L-Lys.

As a first step toward differentiating between the heterolytic
and homolytic mechanisms, we conducted experiments with a
MovA isotopolog containing'*N/3-Asn at residue 22, which was
accessed by SPPS (Figures S7, S14, and S15). Reaction with
MovX or MovXBC, however, only yielded products lacking the
SN isotope (Figure 6A, Table S21). Moreover, no product was
observed when the reaction was carried out anaerobically
(Figure 6B). Together, these results rule out Mechanism A
(Figure SA) and show that the nitrogen in the product is
derived from the a-amino group of Asn (see above). To
differentiate between Mechanisms B and C, we attempted to
detect the reaction coproduct(s). However, repeated attempts
using several detection methods, including HPLC-coupled
HR-MS with several columns and elution conditions, as well as
"N isotope tracing, were unsuccessful, likely due to stability
issues. Moreover, efforts to trap the coproduct(s) in situ using
fluorescein-$-thiosemicarbazide,” which conjugates to both
ketones and aldehydes, were also unsuccessful. A key feature of
Mechanism B is the formation of H,0,. Assays with a
horseradish peroxidase-based H,0, detection system indeed
showed enzyme concentration-dependent H,0, formation
with kinetics similar to that observed for the product (Figure
S16). However, it is possible that the second intermediate
shown in Mechanism C (Figure SC), the Fe(III)-hydroperoxo
species, uncouples to deliver H,O,.

Another key differentiator between Mechanisms B and C is
that the catalytic cycle begins with the abstraction of a f-
proton in the latter, as is the case with all MNIOs studied thus
far.'”?*** In Mechanism B, however, H-atom abstraction
occurs only at the a-carbon. We therefore conducted assays
with an Asn-to-Gly substitution in MovA, reasoning that MovX
would be inactive if Mechanism C is operative, while it could
retain enzymatic activity if Mechanism B is the pertinent
pathway. Upon reaction of N22G-MovA with MovXBC, we
detected robust product formation, as determined by retention
time analysis, HR-MS, and HR-MS/MS (Figure 6C—F, Table
S24). Reaction with MovA and N22G-MovA delivered
identical products, as the two C-terminal residues are excised
by MovX (Figure 6EJF, Tables $S24—S26). These results
strongly favor Mechanism B for MovX. Presteady-state
spectroscopic assays may be conducted in the future to further
corroborate this conclusion.
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Attempts To Identify the Mature Product and
Bioactivity Assays. To identify the mature product of the
mov cluster, we examined culture supernatants and cell pellets
of V. fluvialis by targeted and untargeted HPLC-coupled HR-
MS and HR-MS/MS using established methods.”>™*” How-
ever, we were unable to identify fragments that matched those
of the MovA peptide. Supplementing the growth medium with
copper, a strate%y commonly employed for the isolation of
methanobactins,” also proved unsuccessful, implying that the
mov BGC is not responsive to this treatment and perhaps that
the mature RiPP lacks copper-chelating properties. We,
therefore, resorted to Xenorhabdus beddingii and Kitasatospora
viridis, two additional strains that encode orthologous mov
clusters, but were similarly unsuccessful in identifying the
corresponding products. Mature RiPP products are often
difficult to identify due to low expression levels of biosynthetic
genes in laboratory culture or inappropriate detection
methods.” ™ To explore if this is the case for the mov
cluster, we carried out gene expression analysis of V. fluvialis
using reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) of movX and movM in comparison to
the actively expressed nonribosomal peptide synthetase
(NRPS) gene in the fluvibactin cluster.”> Our results showed
that movX and movM are expressed at significantly lower levels.
For example, 5.2 h post inoculation, the fluvibactin nrps copy
number was 18-fold and 16-fold higher than those of movX and
movM, respectively (Figure S17, Table S27). These results
indicate that the mov cluster is transcriptionally silent or
sparingly expressed under standard growth conditions and that
more sophisticated methods, such as ribosome engineering or
high-throughput elicitor screening, will be necessary to
enhance its expression.

In the absence of the mature product, we nonetheless
explored the biological activity of the modified 7mer (Figure
6E) but did not observe any growth-inhibitory activity against
the nine bacteria tested and the HCT116 colon cancer cell line
(Table S28). Because C-amidated 4peptides have been shown to
harbor anti-inflammatory activity,”*~*® we examined the ability
of the modified 7mer to suppress inflammation by monitoring
nitric oxide (NO) levels upon addition of lipopolysaccharide, a
pro-inflammatory factor. The 7mer reduced NO levels to the
background even at low concentrations of 1.25 ug/mL (1.6
uM, Figure S18). While these initial results are intriguing, we
emphasize that the assays were conducted with the enzymatic
product and need to be repeated with the mature RiPP along
with more in-depth bioactivity studies.

B DISCUSSION

The increasing availability of microbial genome sequences and
bioinformatic tools has brought about a renaissance in natural
product research.” Tapping into the biosynthetic potential of
underexplored enzyme families using these tools is paramount
to expanding our repertoire of enzyme-catalyzed reactions.
With this in mind, we recently generated an SSN of MNIO
(DUF692) enzymes present in RiPP BGCs.”” Herein, we have
examined a previously uncharacterized MNIO from our
network and elucidated a new transformation, thus expanding
the reaction scope of this emerging enzyme family and paving
the way for future work on other MNIO-RiPP BGC:s. It is fair
to assume that exciting new reactions will be discovered by
exploring MNIO-RiPPs in the future.

All previously studied MNIOs modify Cys residues by
oxidative rearrangements that commence with H-atom
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abstraction from the Cys-Cf.'”**** MovX is the first example
of an MNIO that does not modify a Cys residue but instead
catalyzes cleavage of the N—Ca bond of an Asn residue to
deliver a C-terminally amidated peptide, a reaction that is likely
initiated by H-atom abstraction from the Asn-Ca. The MovX
reaction resembles that catalyzed by the peptidylglycine a-
amidating monooxygenase (PAM), a mammalian bifunctional
enzyme involved in the biosynthesis of physiologically
important hormones and neurotransmitters, which a-amidates
Gly-extended peptides liberating glyoxylate in the process.*’~*
While both PAM and MovX require dioxygen, PAM utilizes a
copper- and ascorbate-dependent hydroxylating domain and a
zinc-dependent lyase domain for catalysis,””*” whereas MovX
harbors a singular catalytic domain that presumably binds only
iron. PAM hydroxylates the a-carbon of the terminal Gly
residue, setting up N—Ca bond cleavage of the resulting
hemiaminal.** Our proposed pathway involves similar
chemistry (Figure SB), putatively generating the hydroperoxo
rebound intermediate, from which H,O, can be eliminated to
deliver a hydrolytically labile imine product. Aside from
providing an additional route for metal-catalyzed amidation,
future studies could also uncover the coproduct(s), which
remained elusive in our work.

Our findings provide a biosynthetic scheme for the putative
mature RiPP from the mov BGC. Upon ribosomal synthesis of
MovA, MovBC introduces an oxazolone-thioamide motif at
Cysl8 (Figure 7). Cleavage of the N—Ca bond of the
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Figure 7. Proposed biosynthesis of RiPP produced by the mov cluster.
Upon ribosomal synthesis of the MovA precursor peptide, MovBC
catalyzes the formation of the oxazolone-thioamide. MovX then
cleaves the N—Ca bond of the penultimate Asn to deliver a C-
terminally amidated peptide. Following possible leader peptide
processing, MovT likely exports the mature RiPP.

penultimate Asn by MovX then delivers a C-terminally
amidated peptide. This modification likely protects from
proteolytic degradation and increases the hydrophobicity of
the peptide by masking the negative charge of the C-terminus,
which could facilitate transport across cellular membranes
and/or interaction with a molecular target.” Possible leader
peptide processing completes the pathway, followed by the
export of the mature RiPP via MovT. Despite repeated
attempts, we were unable to identify the mature product of the
mov BGC in three different bacterial strains. In V. fluvialis, the
mov cluster is at best sparingly expressed. Future work will be
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directed toward identifying the mature RiPP through induction
of the mov BGC and further exploring its biological activity.
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