Open Access Article. Published on 16 February 2026. Downloaded on 4/5/2026 5:40:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY

oy
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Radical enzymatic peptide cyclization in natural

’ '.) Check for updates ‘
product biosynthesis

Cite this: Chem. Soc. Rev., 2026,

55,2909 L .
Ziwei Yao and Brandon |. Morinaka = *

Cyclic peptides are privileged scaffolds in natural product biosynthesis and drug discovery, valued for
their structural diversity, metabolic stability, and potent biological activities. Radical-mediated enzymatic
cyclization has emerged as a powerful biosynthetic strategy for constructing structurally complex and
bioactive peptide natural products. This review surveys the growing repertoire of radical enzymes,
including radical S-adenosylmethionine (rSAM) enzymes, cytochrome P450s, BURP-domain oxidases,
and additional enzyme families that catalyze site-selective C-C, C-S, C-N, and C-O bond formation
during peptide macrocyclization. Emphasis is placed on radical-driven cyclization reactions involved in
natural product biosynthesis, covering both RiPPs and NRPS pathways. Examples of cyclic peptide
natural products include vancomycin, arylomicin, telocidin, streptide, and nosiheptide illustrate the
mechanistic and structural diversity of radical peptide cyclases. Key emerging themes include a diverse
array of side-chain crosslinking, 3—4 residue macrocycles, and unique forms of chirality. This review also
Received 28th May 2025 discusses advances in genome mining and mechanistic enzymology that continue to reveal new radical
DOI: 10.1039/d5cs00585;] transformations and unusual enzyme mechanisms. Collectively, these insights highlight the role of
radical enzymology in expanding the structural space of peptide-based natural products and its potential

rsc.li/chem-soc-rev for applications in synthetic biology, drug discovery, and peptide engineering.

These compounds are biosynthesized by various organisms
including microorganisms, plants, and animals. They function

Introduction

Cyclic peptides represent one of the most chemically diverse
and biologically significant classes of molecules in nature.'”
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as tools for communication, signaling, and defense.® The
structural complexity of peptide natural products arise from
the enzymatic machinery that tailor their biosynthesis, yielding
a vast array of scaffolds with unique functional groups and
stereochemical features.”® Beyond their ecological roles, cyclic
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peptides have profoundly influenced drug discovery, providing
templates for antibiotics (e.g., vancomycin), food preservative (e.g.
nisin), anticancer agents (e.g., romidepsin, and immunosuppres-
sants (e.g., cyclosporine).”*® Their unparalleled chemical diver-
sity vs their synthetic variations make cyclic peptide natural
products a continuous source of inspiration for both synthetic
chemists and pharmaceutical researchers.'>?°

The biosynthesis of peptide natural products generally
occurs by two pathways. These include NRPs and RiPPs, both
of which exhibit exceptional structural diversity and biological
activity.>>' In NRP biosynthesis, cyclization typically occurs
during or immediately following peptide elongation, often
catalyzed by specialized thioesterase domains or stand-alone
cyclases that facilitate macrocyclization through ester, amide,
or thioether bond formation.”*” In contrast, RiPP cyclization
generally takes place post-translationally, after the precursor
peptide has been ribosomally produced and recognized by
leader peptide-binding domains. This recognition enables
modification enzymes such as radical S-adenosylmethionine
(rSAM) enzymes, lanthionine synthetases, or P450s to install
diverse intramolecular crosslinks that stabilize the mature core
peptide structure.’**° Among peptide-based natural products,
cyclic peptides are especially notable for their macrocyclic
frameworks, which confer enhanced stability, proteolytic resis-
tance, and precise molecular interactions.”*"*> Clinically
important examples such as vancomycin and daptomycin
underscore their therapeutic relevance, particularly in their
widespread use as antibiotics.” The chemical diversity of cyclic
peptides is further expanded through post-translational mod-
ifications, including cross-links such as C-C, C-S, C-N and C-O
bonds, which are critical for their bioactivity and structural
rigidity.21333%

Two general strategies exist in nature to cyclize peptides,
those that cyclize through paired electron mechanisms such as
the formation of an amide or ester linkages by hydrolytic
enzymes such as ligases or dehydration and cyclization by
lanthionine synthetases. Alternatively, cyclization can occur
by radical based mechanisms and predominantly involve cross-
linking of two sidechains. The formation of side chain cross-
links involve chemistry at unactivated positions and therefore
require higher energy intermediates to overcome the energy of
activation. Unlike N- to C-terminal cyclization mechanisms,
which typically rely on paired electron mechanisms, radical-
mediated cyclization employs highly reactive radical intermedi-
ates to form new bonds.?***” These intermediates, characterized
by unpaired electrons, are transient and inherently unstable,
requiring precise enzymatic control to direct their reactivity.>
Enzymes catalyzing radical-mediated peptide cyclization have
evolved to stabilize and guide these reactive intermediates,
enabling the formation of structurally complex and chemically
diverse cyclic peptides that are often challenging to access by
chemical synthesis.

Radical-mediated cyclization offers several distinct advan-
tages over conventional enzymatic pathways. It enables the
formation of unique chemical linkages that contribute to the
structural novelty and functional diversity of cyclic peptides.
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The creation of unconventional macrocyclic architectures are
the basis for new drugs with new modes of action. Interesting
topologies including bridged and polycyclic systems have con-
tinued to be identified.*® Additionally, radical cyclization path-
ways promote stereochemical diversity, generating chiral centers
and unconventional types of chirality that are difficult to achieve
synthetically.>” The remarkable transformations achieved by
radical enzymes are driven by finely evolved catalytic mechan-
isms. These enzymes often utilize cofactors to generate and
stabilize radical intermediates, while their active sites are pre-
cisely designed to guide the radical species toward specific
substrates, minimizing side reactions and ensuring regio- and
stereoselectivity.*>*° The discovery and mechanistic understand-
ing of the enzymes have not only expanded our understanding of
radical chemistry in biological systems but also underscored their
critical role in diversifying natural product scaffolds.

This review examines radical-mediated cyclization in pep-
tides, focusing specifically on pathways where new covalent
bonds form between amino acid residues, including backbone-
to-backbone, backbone-to-side chain, and side chain-to-side
chain linkages (Fig. 1). Cyclizations involving non-amino acid
moieties or chemically modified side chains are excluded. We
have also excluded examples of cyclization on a single residue
although several examples have been reported.*'~** We highlight
the broad landscape of radical peptide cyclization enzymes,
which include bacterial rSAM enzymes, microbial cytochrome
P450s, plant BURP-domain proteins, and fungal DUF-domain
oxidases. Unraveling how these enzymes orchestrate radical-
mediated transformations will allow us to harness their potential
for the rational engineering of cyclic peptides, offering exciting
opportunities for drug discovery and synthetic biology. The
unique chemical transformations enabled by radical peptide
cyclization not only enrich the structural diversity of cyclic
peptides but also provide a valuable framework for designing
novel therapeutic agents with enhanced bioactivity and stability.

1. Radical SAM enzymes

Radical S-adenosylmethionine (rSAM) enzymes constitute a
vast and functionally diverse superfamily that catalyzes chemi-
cally challenging transformations across numerous biological
pathways.**™° These enzymes are characterized by a conserved
CX3CX,C motif (rSAM domain) at their active site, which
coordinates a [4Fe-4S] cluster essential for catalysis.*®>! Cata-
lysis is initiated by a single-electron transfer from the [4Fe-4S]
cluster to a bound SAM cofactor, triggering the reductive
cleavage of the 5’ S-C bond. This reaction produces methionine
and a highly reactive 5’-deoxyadenosyl radical (5'-dAdo*®), which
subsequently abstracts a hydrogen atom from the substrate
(Fig. 2).>> This step defines the initiation phase, where the first
radical intermediate is generated. Immediately following
hydrogen abstraction, the 5’-dAdo® is quenched to form 5’
deoxyadenosine (5’-dAdoH), which is a characteristic byproduct
detected in most rSAM reactions and serves as a diagnostic
marker of radical initiation. Recent studies have raised new

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Examples of crosslinks formed by radical enzymes. The new crosslinks are the highlighted blue bonds. The color indicates the new type of bond

formed. (Aqua = C-C, Orange = C-S, Yellow = C-0O, and Green = C-N).
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Fig. 2 Typical reaction mechanism employed by RiPP-rSAM enzymes, highlighting the critical role of the RS cluster (orange/yellow spheres) and SAM in
catalysis. Upon electron isomerization of RS from +2 to +1 overall charge, binding to SAM leads to formation of Q intermediate preceding SAM cleavage
which produces transient 5’dAdo® and L-Met. 5'dAdo® then abstracts hydrogen from the peptide substrate, leading to the formation of a peptide-based

radical within the enzyme active site and eventual maturation into RiPP product.

questions about the initiation mechanism, including the pos-
sibility of organometallic intermediates and their roles in SAM
activation.>®® The resulting substrate-centered radical enters
the propagation phafse, where it undergoes rearrangement,
transfer, or addition to form new covalent bonds, enabling
the construction of structurally complex products.*® During
propagation, the radical often reacts with an electron-rich side

This journal is © The Royal Society of Chemistry 2026

chain, such as an aromatic ring (e.g., Trp in StrB and PqqE), a
thiol (CteB, NxxcB),* an alcohol (TqqB, HghC), or a backbone
amide (HghB), resulting in diverse crosslink types.®"*® In some
cases, radical propagation can proceed through multiple reac-
tive intermediates, increasing pathway complexity and enabling
the evolution of novel enzyme functions.®” Finally, the catalytic
cycle is completed by termination, which restores a closed-shell
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product via oxidation or reduction of the radical intermediate.
Termination can vary significantly across rSAM enzymes, ran-
ging from classic two-electron oxidations to reductive quench-
ing or even the absence of termination when stable radicals are
the final products, such as in glycyl radical activation.®”

The generation and control of 5’-dAdo°® allows rSAM
enzymes to catalyze chemically challenging transformations
that are otherwise thermodynamically or kinetically inaccessi-
ble. To date, more than 100 distinct enzymatic reactions have
been attributed to this superfamily, including over 80 unique
radical-mediated transformations, underscoring their excep-
tional catalytic versatility and evolutionary innovation.">%%”
Through this radical-based mechanism, rSAM enzymes enable
the functionalization of otherwise inert C-H bonds and the
formation of structurally diverse linkages, including C-C, C-S,
and C-N bonds.*®%%:32:68.:69

A notable subset of rSAM enzymes includes those containing
additional structural domains, such as the SPASM or Twitch
family of rSAM enzymes.”® The SPASM domain is named after
four founding rSAM enzymes: the subtilosin A maturating
enzyme AlbA, the PqqE protein involved in PQQ (pyrroloquino-
line quinone) biosynthesis, the anaerobic sulfatase-maturating
enzyme anSME, and the mycofactocin-associated enzyme
MftC.***> This domain coordinates one or two auxiliary
[4Fe-4S] clusters that expand catalytic versatility. The Twitch
domain is a truncated variant that typically binds one auxiliary
cluster.”" Together, these enzymes comprise >100 000 predicted
members and is distinguished by a conserved C-terminal
domain that coordinates one (Twitch) or two (SPASM) auxiliary
[4Fe-48] clusters in addition to the canonical catalytic cluster.”®
These auxiliary clusters are thought to facilitate multi-step
electron transfer and stabilize reactive radical intermediates,
enabling precise control over radical-mediated transformations
and significantly broadening the catalytic repertoire of rSAM
enzymes, particularly in complex or multi-step biosynthetic
pathways.***>7% In some cases, auxiliary clusters may also serve
as direct electron acceptors during oxidative termination, con-
tributing to redox cycling within the enzyme itself.

The catalytic diversity of rSAM enzymes leads to products
with a broad range of biological functions, including cofactor
biosynthesis (e.g., biotin and molybdenum cofactor), DNA and
RNA modifications, tRNA maturation, lipid metabolism, and the
biosynthesis of antibiotics and other secondary metabolites.”> The
last decade has revealed a significant number of rSAM enzymes
involved in modifying RiPPs,>244:45:48:49:69.73,74 1y Ripp biosynth-
esis, rISAM enzymes catalyze a variety of modifications, such as the
formation of thioether bridges in sactipeptides,””® introducing
C~C cross-links in streptides,® or facilitating backbone rearrange-
ments that give rise to unique macrocyclic architectures.”” These
transformations significantly expand the structural and functional
diversity of RiPPs, underscoring the importance of rSAM enzymes
in the maturation of bioactive peptides.

Genome mining has emerged as a powerful tool for unco-
vering novel rSAM enzymes and their associated chemistries,
particularly within RiPP biosynthetic pathways. By leveraging
sequence similarity networks (SSN), genome neighborhood
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analysis, and curated resources such as NCBIL,’® UniProt,”® IMG-
ABC,*® TIGRFAMs,*! and RadicalSAM.org, researchers have iden-
tified diverse rSAM-containing gene clusters that encode precursor
peptides and associated tailoring enzymes. Both enzyme-first and
productfirst strategies, coupled with in vitro reconstitution or
in vivo coexpression studies, have revealed numerous RiPP scaf-
folds, such as subtilosin A,** darobactin,* and triceptides® each
featuring unprecedented radical-mediated modifications. These
efforts continue to expand our understanding of rSAM-catalyzed
transformations and their functional relevance.

1.1. Cyclophane-containing RiPPs

Cyclophane-containing RiPPs represent a distinct and structurally
diverse class of ribosomally synthesized and post-translationally
modified peptides characterized by their rigid, often polycyclic,
macrocyclic frameworks. These architectures arise through site-
selective radical-mediated cyclizations, most notably catalyzed by
SPASM-domain rSAM (rSAM/SPASM) enzymes, that forge C-C,
C-S, C-N, or C-O linkages between unactivated side chains. These
covalent crosslinks not only impart conformational rigidity and
proteolytic resistance but also endow the peptides with potent
biological activity and highly specific molecular recognition
features. Such modifications frequently occur at late stages in
the biosynthetic sequence, following initial leader peptide
recognition and precursor binding, and are often tightly regu-
lated by quorum sensing systems. This section highlights the
growing diversity of cyclophane-containing RiPPs, focusing on
representative families such as streptides, PQQ, triceptides,
darobactins, dynobactins, nosiheptide, aminopyruvatides and
elucidates the timing and enzymatic logic behind their radical-
mediated macrocyclization.

1.1.1. Streptococcus and Bacteroides derived cyclophane-
containing RiPPs

1.1.1.1. Streptide. Streptococcus species, prominent members
of the human microbiome and opportunistic pathogens, harbor
a diverse and underexplored repertoire of RiPP biosynthetic gene
clusters (BGCs).”> These RiPPs are often quorum-sensing (QS)-
regulated, enabling bacterial communication through post-
translationally modified peptides. Bioinformatic surveys identified
over 600 distinct QS-controlled rSAM-modified RiPP gene clusters
in Streptococcal genomes, indicating a remarkable biosynthetic
landscape. These RiPPs exhibit a range of C-C crosslinks, often
catalyzed by rSAM/SPASM proteins, which contribute to structural
rigidity, proteolytic stability, and bioactivity.” Streptococcus-
derived RiPPs can be categorized into several major groups based
on their precursor peptide sequence motifs and crosslinking
chemistry. The streptide, tryglysin, and ryptide families all feature
C-C bond formations between aromatic and C(sp®) carbon centers,
a hallmark of rSAM-dependent modifications.*>”>**** These bio-
synthetic pathways are often found adjacent to transporters and
regulatory genes, reinforcing their role in quorum sensing and
bacterial interaction.

Streptide, a QS-regulated RiPP from Streptococcus thermophilus
culture supernatants, features an unprecedented C-C bond
between Lys2-CB and Trp6-C7.%” This crosslink is installed by
StrB, a SPASM-domain rSAM enzyme, encoded within the str

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Representative Streptococcus-derived rSAM-catalyzed carbon—carbon crosslinking in RiPP biosynthesis. (a) Structures of RiPP natural products
containing rSAM enzyme-catalyzed C—C crosslinks, installed by enzymes from Streptococcus (e.g., StrB, WgkB and RrrB) and Bacteroides (e.g., ItfD) species.
(b) Proposed mechanism of Trp—Lys crosslinking by StrB in streptide biosynthesis. (c) Proposed mechanism for Trp—Ile cross-link formation by ItfD.

cluster, which also includes the precursor peptide StrA and a
peptidase-transporter fusion protein StrC. StrB catalyzes this
transformation through a radical-based mechanism initiated by
reductive cleavage of SAM to generate the 5’-dAdo®, which
abstracts a hydrogen atom from Lys2-CB, generating a lysyl
radical that subsequently attacks the indole C7 of Trp6 to form
the crosslink. The chiral center generated at the CP of Lys was
shown to adopt an R-configuration through total synthesis and
stereochemical comparison of streptide diastereomers (Fig. 3b).°>

SuiB and StrB are orthologous rSAM enzymes encoded in
conserved str-like clusters across different Streptococcus species,

This journal is © The Royal Society of Chemistry 2026

sharing both sequence and functional similarity.*>*” Structural
analysis of SuiB revealed three distinct functional domains: the
rSAM core, a bridging domain, and a C-terminal SPASM
domain that coordinates two auxiliary [4Fe-4S] clusters. The
crystal structure provided key insights into the spatial organi-
zation of these clusters relative to the active site and revealed
features likely involved in peptide substrate recognition and
positioning during catalysis.’® The mechanism underlying Lys-
Trp crosslink formation has been progressively elucidated
through a combination of structural, biochemical, and spectro-
scopic studies. In 2018, Schramma et al. proposed two possible

Chem. Soc. Rev., 2026, 55, 2909-2958 | 2913
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mechanisms: a canonical electrophilic aromatic substitution
(EAS) pathway, involving oxidation of the lysyl radical to form
an o,B-unsaturated intermediate followed by indole addition,
and a radical electrophilic aromatic substitution (rEAS) path-
way, in which the lysyl radical directly adds to the indole ring to
generate a o-radical intermediate (Fig. 3b). In the latter case,
bond formation at the indole C7 position produces a
cyclohexadienyl-type radical in which the addition site is sp’-
hybridized and the aromaticity is disrupted. Although the
unpaired electron is partially delocalized over the remaining n
system, the defining feature is the sp® center created by the new
C-C o bond, which classifies this species as a o-radical.
Through a combination of isotope labeling, substrate analogs,
and site-directed mutagenesis, the EAS pathway was ruled out in
favor of the rEAS model.*®

This mechanistic proposal was later validated by Balo et al.
in 2021, who used freeze-quench EPR spectroscopy to trap and
characterize the Lys-Trp® radical intermediate, directly confirming
its presence as an on-pathway species within the catalytic cycle.®
Further support for the rEAS mechanism came from isotopic
labeling studies: when sidechain-deuterated lysine was incorpo-
rated into the precursor peptide, selective loss of the B-deuteron
and formation of 5'-’H-5'-deoxyadenosine were observed, while
the o-proton remained intact.** These findings are consistent with
site-specific hydrogen atom abstraction from Lys2-Cf. In addition,
the auxiliary [4Fe-4S] cluster AuxI was shown to act as the terminal
oxidant responsible for indole rearomatization (Fig. 3b). Together,
these results provide the first direct evidence for a radical electro-
philic aromatic substitution mechanism for Lys-Trp crosslinking
in RiPP biosynthesis and define the catalytic role of SPASM
auxiliary clusters in the C-C coupling step.®

1.1.1.2. Tryglysin. Tryglysin A, found in Streptococcus ferus
represents a distinct structural class of RiPPs, featuring an
unprecedented tetrahydro[5,6]benzindole macrocycle, installed
by the rSAM enzyme WgkB.** Unlike streptide, which forms a
single crosslink, WgkB introduces a more rigid bicyclic scaffold
through two successive radical-mediated reactions. This enzyme
catalyzes two sequential C-C couplings: Trp-C5 to Lys-Cd (try-
glysin A) and Trp-C6 and Lys-Ca (tryglysin A) (Fig. 3a). Notably,
no single crosslink intermediates have been observed, suggest-
ing that both modifications are introduced in a single catalytic
cycle or that the enzyme exhibits enhanced affinity and/or
specificity for the singly crosslinked products.®®

Beyond its structural novelty, tryglysin A exhibits potent and
selective antimicrobial activity. It effectively inhibits the growth
of Streptococcus pneumoniae, a major human pathogen, with a
minimal inhibitory concentration (MIC) below 100 nM, which is
comparable to that of the broad-spectrum antibiotic ciprofloxacin.®®
In contrast to ciprofloxacin, however, tryglysin A displays a narrow-
spectrum profile, showing no inhibitory effect against 15 other
streptococcal species or common human commensals. This
selectivity highlights its potential as a targeted antimicrobial
agent with reduced impact on the microbiota.’® Tryglysin A also
exerts a self-inhibitory effect on its own producer strain, S. ferus,
in a bacteriostatic rather than bactericidal manner. The absence
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of a dedicated immunity gene within the gene cluster and the
reversible nature of the growth inhibition suggests a possible
regulatory or signaling function. These observations, along with
its species-specific activity, support a model in which tryglysin may
act as both a niche-adapted antimicrobial and a quorum-sensing-
linked ecological signal within streptococcal communities.”

1.1.1.3. Ryptides. The rrr BGC, originally identified in Strep-
tococcus suis LSS38_2, consists of the shp/rgg system, a pre-
cursor peptide (RrrA), an rSAM enzyme (RrrB), and a transporter
(RrrC). RirB catalyzes the formation of a C-C bond between the
Arg40-Cd to Tyr42-C3 within the C-terminal RRY motif of the
precursor, resulting in a three-residue cyclophane, termed
Ryptide.”® Further studies revealed that this system exhibits
substrate promiscuity, as the leader peptide is dispensable. How-
ever, any modifications to the core sequence were not tolerated.”*
The catalytic mechanism of RrrB is proposed to follow the
canonical rSAM radical pathway, where SAM cleavage produces
5’-dAdo®, which abstracts a hydrogen from Arg-C3, generating an
arginyl radical. This radical then undergoes nucleophilic attack on
Tyr-C3, forming a stable C-C linkage.”* The presence of additional
[4Fe-4S] clusters in RrrB likely contributes to the stabilization of
the reactive intermediate, preventing side reactions and ensuring
selective macrocyclization.

1.1.1.4. Trp crosslinked RiPP from Bacteroides. By employing a
co-occurrence search strategy that links rSAM enzymes with
transporters, Bushin et al. mapped approximately 15 500 rSAM-
RiPP BGCs across various microbial genomes, classifying them
into 800 subfamilies.®*®® Through this approach, they identified
a specific gene cluster from Bacteroides thetaiotaomicron, a
prominent member of the human gut microbiome, encoding a
YcaO enzyme (ItfB) and a rSAM/SPASM enzyme (ItfD), which
catalyze two novel modifications: the installation of a backbone
amidine and an unprecedented C-C crosslink between the Ile55-
Cd1 and Trp53-C7, forming a three-residue macrocycle
(Fig. 3¢).®* These findings were confirmed through in vivo and
in vitro biochemical assays, including NMR and HR-MS/MS
analysis, which provided mechanistic insights into these
modifications.®* In particular, incorporation of uniformly deut-
erated Ile (*Hyo-Ile) at the crosslinking site led to a —4 Da mass
shift in the product and generation of deuterated 5’-dAdo,
implicating Ile55 as the site of hydrogen atom abstraction and
supporting a radical-based mechanism for crosslink formation.
The study not only expands the known enzymatic repertoire of
RaS enzymes but also establishes a robust bioinformatic frame-
work for the discovery of new RiPP natural products.

1.1.2. Pyrroloquinoline quinone (PQQ). Pyrroloquinoline
quinone (PQQ) is a redox-active RiPP cofactor with a unique
biosynthetic pathway that exemplifies rSAM-catalyzed modifi-
cations.”®** Unlike quorum-sensing-associated Streptococcus-
derived RiPPs, which primarily function in microbial commu-
nication, PQQ serves as a catalytic cofactor in bacterial dehy-
drogenases, playing a critical role in redox metabolism.’* The
biosynthesis of PQQ is encoded by a conserved six-gene operon
(pg9A-pqqF/G), with the rSAM enzyme PqqE catalyzing the key

This journal is © The Royal Society of Chemistry 2026
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C-C bond formation between a glutamate and tyrosine residue
within the precursor peptide PqqA. Studies in Methylobacterium
extorquens AM1, a model methylotrophic bacterium, have elu-
cidated key mechanistic features of this pathway, including the
incorporation of a deuterium atom into 5’-dAdo during cata-
lysis, which provides direct evidence for hydrogen atom
abstraction from the precursor peptide.®™?>%>

PqqE, a member of the SPASM-domain rSAM enzyme family,
initiates PQQ biosynthesis through the reductive cleavage of
SAM, generating a 5’-dAdo® (Fig. 4). This step was supported by
isotope-labeling experiments using a PqqA variant with deuterium
at the B-position of glutamate, which showed a significant deuter-
ium kinetic isotope effect on 5’-deoxyadenosine (5'-dAdoH) for-
mation, indicating that the 5-dAdo® abstracts the B-hydrogen
from glutamate. The resulting peptide-centered radical then
undergoes regioselective coupling with the ortho-position of the
tyrosine ring, yielding the core structure of PQQ.”* Unlike many
RiPP-modifying rSAM enzymes, which directly recognize their
precursor peptides via a leader sequence, PqqE requires PqqgD,
a specialized chaperone, to facilitate substrate positioning.”®°”
Structural studies have revealed that PqqD forms a ternary
complex with PqqA and PqqE, stabilizing the precursor and
ensuring proper orientation of the reactive residues within the
active site. This chaperone-assisted mechanism represents a
distinct strategy in RiPP biosynthesis, analogous to the role of
leader peptides in other rSAM-modified natural products. Follow-
ing the PqqE-catalyzed C-C bond formation, the crosslinked
PqqA-derived intermediate undergoes downstream processing
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steps involving proteolytic trimming and further maturation
mediated by PqqB, before final conversion to PQQ through the
oxygen-dependent oxidation catalyzed by PqqC. Biochemical and
structural studies have identified PqqB as an Fe**-dependent
hydroxylase that catalyzes oxygen-insertion reactions on PqqA-
derived intermediates, providing a missing link in the PQQ
biosynthetic pathway, although the precise sequence and scope
of these transformations in vivo remain under investigation.®

Beyond its primary [4Fe-4S] cluster for SAM cleavage, PqqE
contains two auxiliary iron-sulfur clusters, characteristic of
SPASM-domain enzymes, which are essential for radical stabili-
zation and electron transfer during catalysis. The presence and
nature of these clusters were elucidated through a multifaceted
approach. X-ray crystallographic analysis of Methylorubrum
extorquens PqqE revealed two Fe-S cluster-binding motifs in
the C-terminal SPASM domain: AuxI and AuxIL."®® While AuxII
was shown to coordinate a canonical [4Fe-4S] cluster via three
cysteines and a unique aspartate ligand (Asp319), AuxI exhib-
ited a [2Fe-2S] configuration in the crystal structure.'® To
complement the structural data, EPR spectroscopy using PqqE
variants with mutated ligands enabled deconvolution of over-
lapping signals and assignment of distinct g-tensors corres-
ponding to the RS, AuxI, and AuxIl clusters.'" The AuxIl
[4Fe-4S] cluster was confirmed by its redox behavior and
spin-relaxation properties, whereas low-potential reductants such
as Ti(u) citrate or Eu(u)-DTPA were required to reduce the [4Fe-4S]
state in Auxl, which otherwise adopts a [2Fe-2S] configuration
under standard conditions. Further corroboration came from

[4Fe-4S]?*
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Fig. 4 Proposed biosynthesis of PQQ. In complex with the peptide chaperone PqgD, the SPASM-domain rSAM enzyme PqgE catalyzes C-C bond
formation between the y-carbon of a conserved Glu and the aromatic ring of a conserved Tyr in PqgA via SAM cleavage and 5'-dAdo® -initiated H-atom
abstraction. The resulting crosslinked intermediate undergoes proteolytic processing and further maturation involving PqqgB, a proposed hydroxylase or
oxidative maturation enzyme, although its precise chemical role remains incompletely defined. The advanced intermediate is finally converted to mature

PQQ through an O,-dependent multistep oxidation catalyzed by PqqC.
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Mdssbauer spectroscopy, which distinguished three separate
F-S environments, and native mass spectrometry, which quan-
tified metal-sulfur content and confirmed the coexistence of
PqqE species harboring two [4Fe-4S] and one [2Fe-2S] cluster,
as well as minor populations containing three [4Fe-4S]
clusters.'®” Site-directed mutagenesis of ligating residues (e.g.,
Cys — Ala, Asp — His) selectively disrupted cluster assembly,
and reconstitution assays demonstrated that all three Fe-S
clusters are essential for productive crosslinking activity, high-
lighting their functional relevance in radical initiation and
stabilization.®* These additional clusters fine-tune the reaction
specificity, guiding the radical-mediated crosslinking with high
regio- and stereoselectivity.'®® Spectroscopic and mutagenesis
studies have demonstrated their critical role in modulating the
reaction pathway and preventing side reactions that could lead
to off-target modifications.®"'°°™°> Mechanistic studies have
provided further insights into cooperative interactions within
the biosynthetic complex. Hydrogen-deuterium exchange mass
spectrometry (HDX-MS) has revealed dynamic conformational
changes in the PqqA-PqqD-PqqE assembly, indicating that
substrate binding induces long-range structural rearrangements
that regulate catalytic efficiency.®’ This cooperative allosteric
control highlights a broader theme in RiPP biosynthesis, where
structural scaffolds and auxiliary domains work in concert to
direct enzymatic modifications with high precision.

As one of the few known RiPP-derived redox cofactors, PQQ
biosynthesis expands the functional repertoire of rSAM-
modified natural products. The combination of radical-
mediated C-C bond formation, chaperone-assisted substrate
recognition, and the involvement of auxiliary Fe-S clusters
exemplify the remarkable versatility of rSAM enzymes in con-
structing complex molecular architectures. Understanding this
biosynthetic logic provides new avenues for engineering bioin-
spired cofactors and leveraging rSAM chemistry to design
synthetic RiPPs with tailored catalytic properties. The interplay
between peptide-derived redox scaffolds and enzymatic radical
chemistry continues to shape our understanding of both nat-
ural and engineered biochemical transformations.

1.1.3. Triceptides. Triceptides represent a distinct class of
RiPPs characterized by three-residue cyclophane macrocycles,
in which an aromatic residue undergoes regioselective C(sp?)-
C(sp®) crosslinking with the B-carbon of various amino acids.
This transformation is catalyzed by rSAM/SPASM enzymes,
collectively termed three-residue cyclophane-forming enzymes
(3-CyFEs).>*> The maturase systems used to define this family
were initially classified in the TIGRFAMs database and exhib-
ited sequence similarity to rSAM/SPASM enzymes, anaerobic
sulfatase maturases.®*'%*71% Additionally, although triceptide
synthases are proposed to share a unified catalytic mechanism,
they lack the characteristic cysteine residues in the SPASM
domain, which are responsible for binding Aux I. However,
based on their overall sequence identity, these enzymes still
belong to the rSAM/SPASM protein family.'**'°® The three found-
ing members of triceptide synthases are the Xye, Grr and FxS
maturases, each associated with a characteristic precursor
sequence and found from unique bacterial sources (Fig. 5). Since
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triceptides have been identified by genome mining and most of
their products remain uncharacterized they have been classified
into families which are defined by a unique feature of the
precursor peptide and host bacteria of the BGCs.

1.1.3.1. XYE Maturase system (xenorceptides). The Xye matur-
ase system is named after the Xenorhabdus, Yersinia and Erwinia
bacterial genera where the system is found.*® This system is
usually composed of a precursor peptide (XyeA), rSAM/SPASM
maturase XyeB responsible for crosslinking, an aspartic acid
protease XyeC for peptide processing, a HlyD-type transporter
(XyeD) for secretion, and a fused protease-transporter (XyeE). The
precursor peptide XyeA contains approximately 60 residues, with
a Gly-Gly motif separating the leader and core region, and a
distinctive WxxxF/YxxWxxxx sequence at its C-terminus, which
serves as the scaffold for radical-mediated crosslinking.>> The
catalytic activity of XncB, an rSAM maturase from Xenorhabdus
nematophila, was validated through heterologous expression with
its cognate precursor XncA in E. coli. Functional characterization
confirmed that XncB introduces three independent cyclophane
crosslinks, linking Trp1-C6 to Asn3-Cp, Phe5-C4 to Asn7-Cf, and
Trp8-C6 to Argl0-CB, forming a rigid macrocyclic framework
(Fig. 5, top).*’Interestingly, Han et al. conducted in vitro studies
on PauB, a homologous maturase from Photorhabdus australis
revealed these crosslinks occur independent and sequentially,
with bond formation initiating at the N-terminal position, fol-
lowed by the C-terminal, and finally the central crosslink.'”’
While a more recent study by Phan et al. further investigation
into the biosynthetic flexibility of XncB revealed unexpected
oxygen incorporation into the modified product, raising questions
about alternative reaction pathways and enzymatic promiscuity
within the Xye maturase system.'® Full-cluster expression studies
of Hise-SUMO-xncA + xncBCDE led to the detection of a minor
+12 Da mass shift, which was localized via MS/MS analysis to
Asn7, suggesting the presence of an oxygenated derivative.
This modification was absent in non-aromatic X3 variants
(N7R/K/S/A), indicating that oxygen incorporation may be linked
to specific substrate properties or radical stability. The precise
origin of this oxygen remains unclear. Potential mechanisms
include hydroperoxide-mediated oxidation, radical rearrangement,
or water addition via a dehydro amino acid intermediate.'® These
findings highlight a previously unrecognized divergence in rSAM
enzymology, where certain maturases, like XncB, may exhibit
latent oxidative potential that extends beyond conventional C-C
bond formation.

Mass spectrometry also revealed that XncB modifies cyclo-
phanes in an unexpected order, differing from PauB. Instead of
an N —» C — central sequence, XncB modifies the C-terminal
motif first, followed by the N-terminal, and finally the central
ring.'”'°® The underlying reason for this shift in reaction order
between homologous enzymes remains an open question,
though it may be attributed to differences in active site archi-
tecture, substrate positioning, or the influence of auxiliary Fe-S
clusters on radical stabilization. These insights underscore the
functional divergence of triceptide maturases, suggesting that
fine-tuned enzymatic engineering could be leveraged to control

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Representative cyclophane-containing products formed by different classes of triceptide maturases. Top: Xye maturase (XncB) from Xenor-
habdus nematophila modifying conserved WIN, FGN and WER motifs in xenorceptide Al. Middle left: FxS maturase (e.g., MscB-375, YxdB, HaaB) catalyze
cyclizations on core motifs containing Phe, Tyr, or His at the Q1 position. Middle right: Htk maturase, HtkB from catalyzes a C—C crosslink between His1-
C2 and Lys3-CB in HTK motifs, forming planar chiral tricyclic macrocycles. Bottom left: The Grr maturase OscB modifies extended glycine-rich
precursors (e.g., OscA2), with multiple interspersed Q1-X2-X3 motifs (e.g., WGN, FIN), forming tricyclic structures across nearly all motifs. Bottom right:
The Amc maturase FwwB catalyzes multi-site cyclizations on long precursors FwwaA.

modification order and expand the chemical space of RiPP-
derived macrocycles.

1.1.3.2. Gly-rich repeat maturase systems. The Gly-rich repeat
(Grr) maturase systems are primarily found in cyanobacteria, and
encode a precursor peptide GrrA, a rSAM/SPASM enzyme GrrM,
and an ABC transporter substrate-binding protein GrrP. These
BGCs, such as those from Oscillatoriales cyanobacterium (osc),
Lyngbya sp. PCC 8106 (Isc), and Geminocystis sp. NIES-3709 (gsc),
direct the synthesis of precursor peptides ranging from 100 to
200 residues. Approximately half of each precursor corresponds
to a C-terminal core region that is glycine-rich and interspersed
with multiple Q1-X2-X3 motifs, which serve as recognition sites
for enzymatic modification (Fig. 5, bottom left).**

Unlike the Xye maturase system, which modifies compact
precursors at specific sites, Grr-type maturases exhibit broad
substrate promiscuity, catalyzing modifications at nearly all
available motifs."® Coexpression of Hisg-tagged precursors
(native or engineered with trypsin cleavage sites) with their
cognate maturases in E. coli led to —2 Da mass shifts detectable
by LC-MS in almost every Q1-X2-X3 motif, indicating wide-
spread crosslinking activity.>* Detailed structural elucidation
using a minimal OscA2 precursor containing two motifs (WGN

This journal is © The Royal Society of Chemistry 2026

and FIN) confirmed that OscB catalyzes the formation of a Trp-
C7 to Asn-Cf cyclophane as well as a Phe-C4 to X3-Cp linkages
(Fig. 5, bottom left).>> Substitutional flexibility at the X2 and X3
positions and tolerance for varied motif spacing further highlight
the relaxed sequence specificity of OscB.'® Further functional
studies revealed that OscB accepts a wide range of amino acids at
the X2 position, including small, polar, and hydrophobic resi-
dues, while being more selective at X3—tolerating some substitu-
tions but with reduced efficiency. Critically, only tryptophan and
phenylalanine were accepted at the Q1 position, underscoring the
enzyme’s specificity for aromatic radical initiation.'®® In-depth
mutational analysis also identified a key recognition region
within the leader peptide, essential for OscB’s catalytic activity.
Notably, the enzyme demonstrated robust activity on substrates
with significant variation in the number and spacing of Q1-X2-
X3 motifs, efficiently processing precursor peptides with C-
terminal cores up to 47 residues and even engineered chimeric
precursors extending to 80 residues. Despite this structural
complexity, OscB consistently formed 3-residue cyclophanes,
indicating precise control over ring topology and size.'®
NMR-based conformational studies demonstrated that Trp-
C7-modified products exhibit planar chirality, with the indole
ring adopting an orientation comparable to the Cé6-modified
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Trp in xenorceptide. Specifically, in the Trp-C7-Asn-Cf linkage,
Trp-C7a is the highest priority carbon, and the pilot atom is
Asn-Ca, corresponding to a 7M or 7Sp stereochemical configu-
ration. These findings raise important questions regarding
whether the observed stereocontrol arises from substrate pre-
organization or enzyme-imposed constraints via the active site
or auxiliary Fe-S cluster interactions. The physiological role of
the extracellular substrate-binding protein (GrrP) and the fate
of these highly modified peptides remain unknown.'®

1.1.3.3. FxS Maturase systems. The FXS maturase systems are
triceptide BGCs found in actinobacteria. These systems are
characterized by a precursor peptide (FxsA) containing a C-
terminal FxSxx motif, an rSAM/SPASM maturase (FxsB), and
additional accessory proteins such as a tetratricopeptide repeat
protein and mod_HExxH domain-containing protein.?>*%*1°
Initial studies on the maturase, MscB-375 from Micromonospora
sp. demonstrated the enzymatic formation of a Phe-C4 to Ser-Cf
cross-link within this motif, highlighting the canonical reaction
catalyzed by this family. Subsequent investigations into the FxS
maturase system have expanded its known substrate scope and
reaction diversity. The enzyme SjiB-399, exhibited notable cataly-
tic promiscuity, forming not only canonical cyclophane products
in vivo but also noncanonical oxidative modifications yielding
formylglycine (FGly) and aminomalonate (Ama) in vitro.'*® These
findings suggest that certain FxS-type maturases may operate
through mechanistically distinct pathways depending on reac-
tion conditions. Additional studies using SjiB-375 have shown
potential to incorporate aldehyde tags as an alternate strategy to
formyl-Gly generating enzyme."'"'"*> This unique ability to cata-
lyze oxidative side-chain modifications sets certain Fxs maturases
apart from Xye and Grr systems, which predominantly form C-C
cross-links. The discovery of YxdB, HaaB, WnsB and related
maturases expanded the reactivity of FxsB-like enzymes to
include all aromatic amino acids at the Q1 position (Fig. 5,
middle left).'***3

Additional substrate mutagenesis experiments showed that
certain maturases exhibit relaxed specificity at the X3 position,
allowing for the incorporation of alternative residues, which
could influence regioselectivity of the crosslinking.'** The FxS
and related maturases are a functionally diverse and evolutio-
narily distinct branch of radical-mediated RiPP maturation,
expanding the known chemical space of triceptides. Under-
standing the enzymatic mechanism of triceptide biosynthesis
provides a framework for engineering bioactive macrocyclic
peptides, particularly in the development of structurally rigid
and protease-resistant scaffolds with pharmaceutical relevance.
By leveraging the inherent stereochemical control and regios-
electivity of triceptide maturases, it may be possible to rationally
design novel peptide-based therapeutics that exploit the unique
binding properties and metabolic stability of cyclophane-
containing RiPPs. The continued exploration of triceptide bio-
synthetic pathways, particularly in uncharacterized bacterial
strains, is likely to uncover additional maturase subfamilies
with novel enzymatic capabilities, further broadening the land-
scape of peptide-based natural product discovery.
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1.1.3.4. Actinobacterial multiple cyclophane (Amc) maturase
systems. Actinobacterial multiple cyclophane (Amc) maturases
represent a distinct class of rSAM/SPASM enzymes involved in
triceptide biosynthesis. Predominantly found in Actinobacteria,
these enzymes catalyze multiple C(sp®)-CB(sp®) bond forma-
tions within a single precursor peptide, generating complex
cyclophane architectures. Sequence similarity network (SSN)
analyses revealed that Amc-type maturases are enriched in
actinobacterial genomes, particularly in Streptomyces and Micro-
monospora, supporting their classification as a unique maturase
subfamily.'**

Bioinformatic profiling revealed over 500 unique Amec-
associated precursors, many containing tandem or repetitive
Q1-X2-X3 motifs. These motifs frequently featured Trp or Phe
as the aromatic crosslinking residue, arranged in clustered
patterns that distinguish Amc precursors from those of Xye,
Grr, or Fxs systems.'* Five major precursor families were identi-
fied, with some encoding up to 7-8 potential crosslinking
sites."™ This suggested an unusually high macrocyclization
potential encoded within a single gene product. The Fww system
from Actinospira robinae served as a model for functional valida-
tion. Coexpression of the FwwB maturase with its precursor peptide
FwwA in E. coli confirmed enzymatic formation of multiple cyclo-
phanes, as evidenced by LC-MS/MS and NMR."™* Crosslinks were
identified between Trp-C7 and either Asn-C} or Lys-Cf in specific
WDN and WSK motifs, with NMR analysis confirming planar chiral
macrocycles analogous to those produced by OscB (Fig. 5, bottom
right).>>""* Importantly, engineered variants revealed that FwwB
modifies these sites in a partially processive and motif-selective
manner, generally initiating at C-terminal motifs before proceeding
upstream. Substrate mutagenesis showed that FwwB is relatively
specific for Trp at the Q1 position and tolerant of limited variation
at X3, though certain changes can disrupt activity. Unlike some
triceptide enzymes, FwwB does not require Aux I binding cysteines,
suggesting it operates with a single auxiliary [4Fe-4S] cluster.""*
Mutation of Glu280, a conserved active site residue, reduced
catalytic activity and altered the number of rings formed, high-
lighting its role in tuning reactivity."**

Although the natural end-products of Amc BGCs have not
been isolated, the functional capacity of FwwB demonstrates
the potential of these enzymes to install multiple, stereoche-
mically defined crosslinks in peptide scaffolds. Amc maturases
therefore expand the diversity and biosynthetic logic of tricep-
tide biosynthesis and represent a promising avenue for further
exploration of these pathways.

1.1.3.5. YxRxHxRHxR-tail maturase system. The YXRXHXRHXR-
tail maturase systems are encoded in diverse bacteria including
cyanobacteria and enterobacteria. The precursor peptides in this
family contain a canonical YXRXHXRHxR sequence in the core
peptide at the C-terminus. Two types of these systems have been
reported. The first type contains a precursor peptide (A), a rSAM/
SPASM enzyme (B), an oKG- and Fe-dependent oxygenase (C), and
in certain cases an oKG-HExxH oxygenase.'**

An example of this type is the yhi BGC from N. lactamica.
In vivo coexpression of the rSAM/SPASM enzyme, YhhB with its

This journal is © The Royal Society of Chemistry 2026
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precursor peptide YhhA in E. coli followed by MS/MS and NMR
analysis identified the formation of three new types of C-C
crosslinks.'® The rSAM/SPASM enzyme YhhB is a triceptide
synthase that forms crosslinks on Tyr and His residues (Tyr1-C3
to Arg3-CB, His5-C2 to Arg7-CPB, and His8-C2 to Arg10-Cp)."%*
Triple expression of precursor peptide (YhhA), rSAM/SPASM
enzyme (YhhB), and the associated oxygenase YhhC further
introduced pB-hydroxylations at the X, residues (Asp2, Asné6,
and Asn9), as evidenced by +16 Da mass shifts, modified spin
systems in NMR, and Marfey’s analysis confirming the r-erythro
configuration (Fig. 6a, top).'**

An example of the second type of YXRXHXRHxR-tail containing
system was reported from Chlorogloeopsis sp. PCC 7702. This
system contains a precursor peptide (ChlA), a fused rSAM/SPASM -
oaKG-HExxH oxygenase (ChIBH), arginase, N-acetyltransferase,
and a protein of unknown function. ChlBH is a bifunctional
enzyme comprising an rSAM/SPASM domain (B) and an aKG-
dependent hydroxylase domain (H) (Fig. 6a, bottom)."*® To
understand the function of the fused protein, the rSAM/SPASM
domain was studied first. Suarez et al characterized that
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cyclophane formation occurs at Tyrl-C3 to Arg3-Cf. These
studies also showed that ChlB was promiscuous and can accept
other amino acids at X2 and X3 positions. Subsequently,
Morishita et al. studied the activity of the full length protein,
ChIBH.""® These studies showed that ChIB catalyzes triceptide
crosslinks on Tyr-C3 to Arg-Cf, His5-C2 to Arg7-Cf, and His8 to
Arg-Cp. The C-terminal HExxH domain which was proposed to
act as a protease was found to catalyze B-hydroxylation at Asp2,
His5, and His6. These studies suggested that modification
begins in the rSAM/SPASM domain and traverses between the
two domains for full modification. An X-ray crystal structure of
the HExxH domain protein shows the core fold most closely
resembles zincin protease but the remaining structure repre-
sents a new fold for «KG- and Fe-dependent oxygenases. These
oxygenases are broadly encoded in triceptide and other RiPP
pathways have been named aKG-HExxH family oxygenases.'*°

Recently, the crystal structure of the rSAM/SPASM domain
ChlB in complex with variants of the precursor peptide (ChlA)
revealed insights into substrate recognition and catalysis.™*°
The precursor peptide docks via its leader region to a helical
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linker connecting the two catalytic domains, allowing the core
region to swing between the rSAM or oxygenase active sites.'’”
Biochemical and structural data revealed that ChIBH likely installs
the modifications in a defined sequence: Cyclophanes are formed
first on the YDR and HNR, followed by p-hydroxylation at Asp2 and
His6, cyclization then occurs at the HHR motif, and finally
B-hydroxylation at His5 (Fig. 6a, bottom)."*> This ordered progres-
sion was confirmed by in vivo and in vitro assays using truncated
ChIB variants (ChIBA375), LC-MS/MS, and mutational analysis of
the substrate peptide.'*®

Crystal structures of ChlBA375 in complex with substrate
analogs showed the precise arrangement of Arg Cf in the active
site for hydrogen abstraction by 5’-dAdo®, and optimal orienta-
tion of the aromatic residue for C-C bond formation. These data
also revealed a salt bridge between the Arg residue and Asp201
of ChiB that likely explains the conserved requirement for Arg at
the X; position in all three QXR motifs.""® Mechanistically, the
rSAM domain initiates catalysis by reductive cleavage of SAM to
generate the 5’-dAdo®, which abstracts a hydrogen atom from
the PB-carbon of the X; Arg residue. The resulting carbon-
centered radical then undergoes regioselective addition to the
ortho-position of the neighboring Tyr or His ring, forming a c-
radical intermediate that is rearomatized via electron transfer
(Fig. 6b).""® Interestingly, ChIB lacks the canonical AuxI [4Fe-4S]
cluster typical of SPASM domains. Instead, it contains only the
[4Fe-4S]*® and AuxlI clusters. Despite the absence of Auxl, the
12.5 A distance between the reactive radical intermediate and
the RS cluster is sufficient to allow direct electron transfer for
radical quenching, circumventing the need for an auxiliary relay
center.'"® The lack of the AuxI cluster for appears to be a general
trend for triceptide synthases.

1.1.3.6. Htk maturase system. The Htk maturase system,
discovered in Pandoraea sp. XY-2, represents a recently char-
acterized subfamily of triceptide synthases that catalyze radical-
mediated C-C bond formation within HTK motifs. The BGC
encodes a precursor peptide (HtkA) and a rSAM/SPASM matur-
ase (HtkB), which together enable the formation of a macro-
cyclic crosslink between the His1-C2 and the Lys3-Cp (Fig. 5,
middle left)."*® This transformation mirrors those catalyzed by
other FxS-like triceptide maturases such as HaaB and YhhB but
is distinguished by its substrate preferences and active site
architecture."®>''® Functional characterization of HtkB was
performed through heterologous expression of the HtkA/B pair
in E. coli, followed by peptide purification, trypsin digestion,
and LC-MS/MS analysis. A —2 Da mass shift localized to the
HTK motif indicated successful macrocyclization. Structural
elucidation by NMR confirmed the crosslink between His1-C2
and Lys3-Cf and revealed the presence of planar chirality in the
resulting cyclophane. The configuration was assigned as °P
based on NOESY correlations and Marfey’s analysis, which
confirmed that all residues retained the L-configuration.™*® This
configuration and substitution pattern resemble the HAA and
HNR cyclophanes formed by other triceptide enzymes. To
probe the substrate scope of HtkB, Hisl was substituted with
Phe and Trp. Coexpression with HtkB yielded detectable
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cyclized products, with the FTK variant forming a significant
amount of product, confirmed by NMR to adopt a para-
cyclophane topology. These results suggest that cyclophane
topology may depend on both the identity of the aromatic
residue and the properties of the flanking residues, with Phe-
containing substrates favoring para- over meta-linkage."'® In
addition, the double variant H1F/K3R retained minimal activ-
ity, indicating potential for broader substrate acceptance albeit
with reduced efficiency.

A key insight from this study was the identification of a
conserved active site residue, Asp214 in HtkB, which governs
substrate specificity at the X; position. Homology modeling and
structural comparison with HaaB, a His1-C2 to Ala3-Cf cyclo-
phane synthase, revealed a positional equivalence between HtkB
Asp214 and HaaB His204.''® Site-directed mutagenesis con-
firmed their roles: substitution of D214H in HtkB enhanced
activity toward an X3 = Ala-containing substrate, while the
reciprocal mutation H204D in HaaB conferred activity on Arg-
and Lys-containing motifs."*® These findings demonstrate that
single-residue changes can invert substrate preference, enabling
rational reprogramming of substrate scope in triceptide
synthases. This highlights the potential of triceptide maturases
as a useful system for tuning rSAM enzyme reactivity and
expanding the diversity of macrocyclic RiPPs.

1.1.4. Wpr maturase system. The Wpr maturase system,
recently reported by Khan et al, expands the scope of rSAM
peptide macrocyclization with a unique crosslinking topology
that distinguishes it from canonical triceptide families.'”” While
WprB catalyzes cyclophane formation at short three-residue
WPR motifs, structurally resembling triceptide systems, the
underlying chemistry and biosynthetic logic are distinct. WprB
is a SPASM-domain rSAM enzyme from that installs a rare C-C
bond between the C5 position of tryptophan and the Cy position
of arginine across three conserved WPR motifs in its precursor
peptide WprA (Fig. 7)."*” This reaction differs fundamentally
from triceptide maturases (e.g., XncB, OscB, FxSB), which med-
iate C(sp®)-CB(sp®) bond formation between aromatic residues
and the B-carbon of aliphatic amino acids such as Asn, Ser, or
Lys.”” In contrast, WprB targets a side-chain methylene carbon
on Arg, forming a C(sp*)-Cy(sp®) linkage that has not been
previously observed among rSAM cyclophane synthases. The
WprC, a RiPP recognition element (RRE)-like chaperone that is
essential for productive modification, likely by facilitating lea-
der peptide binding and substrate positioning."'” In vivo recon-
stitution of the wpr cluster in E. coli led to the production of
three modified peptide fragments, each bearing a —2 Da mass
shift localized to the WPR motifs. Detailed NMR characteriza-
tion confirmed the formation of a regioselective C-C bond
between Trp-C5 and Arg-Cy (Fig. 7).""” While the motif length
and repetitive architecture resemble those of triceptide sub-
strates, WprB exhibits distinct sequence preferences and lower
substrate promiscuity.""” Triceptide maturases typically accept a
broad range of substitutions at X, and X; positions,'®®*%%'13 but
WprB displays stringent specificity for its native WPR motif and
fails to process variants lacking Arg at position X;.""” Altogether,
the wpr system defines a separate class of rSAM cyclophane

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 The wpr BGC from Xenorhabdus sp. psl. WprB is a cyclophane synthase that catalyzes C—C bond formation at WPR motifs.

synthases that, despite utilizing three-residue motifs, catalyze
distinct bond types with stricter sequence constraints. This
work highlights the growing diversity of rSAM enzyme chemistry
and underscores the importance of motif topology in governing
enzymatic reactivity."'®

1.1.5. Darobactins. Darobactins and dynobactins represent
two distinct subclasses of cyclophane rSAM-RiPPs that have
attracted significant attention for their activity against Gram-
negative pathogens.®*'%® Their unique mechanism of action
target the PB-barrel assembly machinery (BAM) complex, an
essential component of outer membrane protein biogenesis
in Gram-negative bacteria.®>"%*"'° Specifically, they bind to the
lateral gate of BamA as competitive inhibitors of the nascent
protein. The structural rigidity required for their function arises

roT—
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from radical-mediated modifications catalyzed by rSAM/SPASM
enzymes, leading to the formation of distinct C-O-C, C-C, and
C-N crosslinks (Fig. 8).%'%

Darobactin, was discovered through a bioactivity-guided
screening of 67 Photorhabdus and Xenorhabdus isolates, aimed
at identifying compounds active against E. coli. While most
isolates failed to inhibit growth, a concentrated extract from
Photorhabdus khanii HGB1456 produced a small zone of inhibi-
tion. Guided by this activity, researchers isolated a novel com-
pound with an m/z of 966.41047, later identified by HR-MS and
NMR as a heptapeptide with an amino acid sequence of W'-N*-
W?-S*-K°-S°-F’ (Fig. 8). NMR studies revealed this heptapeptide
containing two unprecedented macrocyclic crosslinks.®* Genome
mining confirmed a ribosomally synthesized origin from a silent
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Fig. 8 Structures for darobactin A, photorhaptin A and dynobactin A.
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operon encoding a rSAM enzyme (DarE), and deletion of the
operon abolished compound production, validating its biosyn-
thetic role. Darobactin features a heptapeptide scaffold stabi-
lized by a C-O-C ether linkage between the indole of Trp and an
adjacent residue, along with a C-C crosslink between Trp-C7
and Lys-CB.%? Unlike typical RiPP modifications, the ether bond
is not derived from pre-existing functional groups but is post-
translationally installed using molecular oxygen."** This mod-
ification is catalyzed by DarE, an unprecedented oxygen-
utilizing rSAM enzyme, expanding the known reactivity of this
enzyme class.

The mechanism of ether bond formation in darobactin
biosynthesis has been elucidated through two complementary
studies. Guo et al. demonstrated via in vitro reconstitution that
the rSAM enzyme DarE is solely responsible for installing both
the C-O-C and C~C crosslinks in the mature bicyclic scaffold.'®
Initial mechanistic insights suggested that DarE-mediated ether
formation proceeds via hydrogen abstraction from Trp3, fol-
lowed by hydroxylation and subsequent coupling with the
indole ring of Trp1. Notably, isotope labeling studies indicated
that the oxygen atom in the ether linkage may originate from
%% The term, daropeptides, was given to this class of
cyclophane rSAM-RiPPs that contain an ether linkage as the
defining transformation.

However, Nguyen et al. provided more definitive and phy-
siologically relevant evidence that the ether oxygen is derived
from molecular oxygen. In this updated model, DarE employs
O, as a cosubstrate, with the 5-dAdo® radical generated from
SAM cleavage initiating hydrogen abstraction from the peptide
substrate. The resulting peptide radical undergoes oxygen inser-
tion, ultimately leading to ether bond formation (Fig. 9). These
findings firmly establish molecular oxygen, rather than water, as
the true source of the oxygen atom in the darobactin ether
linkage."””® In one plausible mechanism (Mechanism A)
(Fig. 9a), the 5’-dAdo® abstracts the PB-hydrogen from Trp3,
forming a CP radical that reacts directly with O,, yielding a
peroxyl radical. Subsequent electron and proton transfer, likely
involving auxiliary clusters, converts this intermediate into a
hydroperoxide (Fig. 9a). The ether crosslink may then be formed
either by nucleophilic attack of the W1 indole ring onto the
hydroperoxide (path a) or by homolytic O-O bond cleavage to
generate an alkoxy radical that attacks the Trp1 indole (path b),
completing ether formation."® Alternatively, in Mechanism B
(Fig. 9a), oxygen insertion may proceed via direct oxidation of
the Trp1 indole ring by reactive oxygen species (ROS), such as
hydroxyl radicals generated from O, within the DarE active site.
This would yield a 7-hydroxy-Trp1 intermediate, which could
engage in ether bond formation either through radical coupling
with a desaturated Trp3 or through interaction with the AUX1
cluster, similar to mechanisms observed in thioether-forming
RiPP enzymes."?° This route could also explain the formation of
the shunt product, where the Trp3-CP radical forms prior to
successful Trp1 oxidation. However, DarE assays with hydrogen
peroxide and superoxide, potential ROS sources, failed to pro-
duce the ether-linked product. Furthermore, in the absence of
SAM and the resulting lack of 5’-deoxyadenosyl radical, no Trp1l

water.
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oxidation was detected. This indicates that ROS alone are
insufficient to drive the transformation. These observations
make Mechanism B less likely, although it cannot be entirely
excluded.”® Consistent with these findings, data from engi-
neered substrates are consistent with substrate-controlled Cf-
radical lifetimes that favor ether formation for aromatic resi-
dues and C-C coupling for aliphatic residues. Moreover, DarE
can install the ether and C-C macrocycles independently and at
alternative positions, consistent with a substrate-controlled
model for selectivity.'*" Simultaneously, the C-C crosslink
between Trp and Lys follows a canonical radical recombination
mechanism, potentially via initial hydrogen abstraction from
the Lys5-CP, generating a carbon-centered radical that recom-
bines with the indole radical of Trp3. Alternatively, DarE may
catalyze o,B-desaturation of Lys5, forming an electrophilic
Michael acceptor that reacts with the W3 radical to complete
the C-C linkage. The reaction is likely coordinated by the
auxiliary Fe-S clusters of DarE, ensuring tight control over the
radical chemistry and regioselectivity (Fig. 9b).®' These princi-
ples provide practical rules for design: tuning residue-3 electro-
nics and binding pose can redirect DarE between ether and C-C
outcomes without changing the enzyme."*'

A study by Ma et al. on darobactin maturases, including the
DarE ortholog PasB, showed that product outcome is controlled
by the substrate sequence rather than by enzyme specificity
alone.”” In this work, they discovered a new subfamily of
daropeptides, from Photorhabdus asymbiotica, including photo-
rhaptin A, which contain a single ether crosslink and lack C-C
crosslinks typical of darobactin (Fig. 8)."**> Through phylogenetic
analysis and mutagenesis studies, the research demonstrated
that daropeptide maturases exhibit intrinsic multifunctionality,
being capable of catalyzing ether bond formation, C-C cross-
linking, and serine oxidation. Notably, the Q1-X2-Q3 motif
primarily promotes ether crosslink formation, whereas the Q1-
X2-X3 motif facilitates C-C crosslinking.'?* These findings estab-
lish a substrate-controlled model of catalysis that underlies the
structural diversity of daropeptides.

1.1.6.
a hybrid strategy combining computational genome mining
and antibacterial screening aimed at identifying novel antibio-
tics active against Gram-negative pathogens.'®® Using the rSAM
enzyme DarE as a seed, researchers identified a phylogeneti-
cally distinct clade of RiPP-tailoring enzymes, designated DynA,
encoded within Photorhabdus australis. Fermentation and
bioactivity screening of strains harboring dynA-like BGCs led
to the isolation of dynobactin A, a decapeptide featuring two
distinct macrocycles and potent activity against E. coli and
other Gram-negative bacteria. The peptide has the amino acid
sequence W'-N>-S*-N*-V°-H°-8”-Y*-R°-F'® (Fig. 8). Structure
elucidation by cryo-electron microscopy (microED) revealed two
crosslinks: a triceptide-like C-C bond between Trp1-C6 and
Asn4-CB, and an unprecedented C-N bond between the His6-
Ne2 and Tyr8-Cp.

Although structurally distinct from darobactins, dynobac-
tins share a common biosynthetic framework but introduce an
unprecedented His-Tyr C-N crosslink in addition to a C-C

Dynobactins. Dynobactins were discovered through

This journal is © The Royal Society of Chemistry 2026
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123

linkage.'®® The C-N bond formation, catalyzed by the rSAM
enzyme DynA, represents a unique departure from previously
known rSAM-RiPP cyclophane reactions. This transformation is
initiated by Tyr-CP radical formation, facilitated by hydrogen
abstraction via 5’-dAdo®. Unlike conventional radical recombi-
nation pathways, the Tyr radical undergoes oxidation to form a
p-quinone methide intermediate, which then reacts with His-Nt

This journal is © The Royal Society of Chemistry 2026

via nucleophilic addition, completing the crosslink (Fig. 10).
This mechanism diverges from typical radical-mediated crosslinks,
where direct radical-radical recombination dominates. Instead, it
resembles non-enzymatic quinone methide-mediated nucleophilic
substitutions, indicating an expanded catalytic repertoire within
rSAM enzymology. Support for the quinone methide mechanism
comes from multiple experimental observations. Deuterium
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Fig. 10 Proposed C—N bond formation mechanisms in dynobactin A biosynthesis. (a) The first mechanism proceeds via an o, 3-desaturation step of Tyr8
to generate the reactive intermediate. (b) An alternative mechanism involves formation of a para-quinone methide intermediate prior to C-N bond

formation.

labeling at Tyr8 Hp was transferred to 5'-dAdoH, directly implicat-
ing hydrogen abstraction at this position. In contrast, o,p-
desaturation was excluded because no solvent deuterium was
incorporated in D,0O and a-deuterium was retained in the product.
In addition, when His6 was replaced by Ala, DynA enabled neutral
small nucleophiles such as imidazole, cysteamine, and cysteine to
attack Tyr8-Cp, producing covalent adducts that were labile under
MS/MS, behavior consistent with capture of a short-lived quinone
methide. The requirement for a Tyr phenol at position 8 and the
detection of a His-Tyr crosslinked intermediate that precedes the
final C-C bond further reinforce this stepwise pathway.'** Recent
biochemical studies on DynA have demonstrated that the enzyme
catalyzes the C-N crosslink in dynobactin A through a stepwise
mechanism. It was found that the N-C bond between His6 and
Tyr8 forms first, followed by the C-C crosslink between Trp1 and
Asn4.'**

Beyond their biosynthetic novelty, these pathways raise broader
questions about the role of oxygen in rSAM enzyme function.
Traditionally, rSAM enzymes were thought to be strictly anaerobic
due to the oxygen sensitivity of [4Fe-4S] clusters, yet the oxygen-

2924 | Chem. Soc. Rev, 2026, 55, 2909-2958

dependent etherification catalyzed by DarE challenges this para-
digm. The ability of these enzymes to operate in oxidative environ-
ments suggests that some rSAM enzymes may have evolved to
exploit oxygen-derived intermediates, a concept that warrants
further investigation across other RiPP biosynthetic pathways.
Moreover, the structural modularity of these peptides underscores
the bioengineering potential of rSAM enzymes. The ability to
install highly selective C-C, C-O-C, and C-N bonds within con-
strained peptide frameworks offers avenues for designing stable,
protease-resistant macrocyclic peptides with improved pharmaco-
logical properties.

1.1.7. Nosiheptide. Nosiheptide is a structurally complex
thiopeptide anti-Gram-positive antibiotic produced by Streptomyces
actuosus, a soil-dwelling actinomycete known for its potent activity
against Gram-positive pathogens, including Staphylococcus aureus,
Streptococcus pneumoniae, and vancomycin-resistant enterococci.'®
It undergoes extensive post-translational modifications, culmi-
nating in a highly modified macrocyclic scaffold. A defining
feature of nosiheptide is its unique side-ring macrocycle, which
is anchored by a 3, 4-dimethylindolic acid (DMIA) moiety."*

This journal is © The Royal Society of Chemistry 2026
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This moiety is covalently linked via ester and thioester bonds to
Glu6 and Cys8 in the core peptide, forming a distinct macro-
cyclic architecture. Unlike conventional macrocyclization reac-
tions that rely on intramolecular nucleophilic substitutions or
radical-based C-C cross-linking, nosiheptide’s side-ring system
undergoes a radical-mediated methylation and cross-linking
process, orchestrated by the class C rSAM enzyme NosN.'*°
NosN’s catalytic mechanism diverges from typical rSAM
enzymes, which primarily catalyze reductive cleavage of SAM
to generate a 5’-dAdo® for hydrogen abstraction. In the case of
NosN, two molecules of SAM are simultaneously bound in the
active site. One SAM undergoes canonical reductive cleavage to
form the 5’-dAdo®, which specifically abstracts a hydrogen atom
from the methyl group of the second SAM molecule, generating
a methylene radical.'®” This reactive intermediate then adds to
the C4 position of the MIA moiety (3-methyl-2-indolic acid) that
is thioester-linked to Cys8 on the precursor peptide. The
resulting radical intermediate is deprotonated at C4, yielding
a radical anion that undergoes heterolytic C-S bond cleavage,
eliminating 5’-thioadenosine and forming a reactive exocyclic
methylene species. This electrophilic intermediate is subse-
quently trapped by the side-chain carboxylate of Glu6, forming
the ester linkage that completes the side-ring system in nosi-
heptide. The reaction sequence, as outlined in Fig. 11 thus
includes: (1) SAM cleavage — 5’-dAdo®; (2) H-abstraction from
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methyl-SAM — methylene radical; (3) radical addition to MIA-
C4; (4) elimination of 5’-thioadenosine; (5) Glu6 attack — ring
closure (Fig. 11),'%7128

The mechanistic proposal is supported by a comprehensive
set of biochemical and structural studies. In vitro reconstitution
of NosN with synthetic peptide mimics such as MIA-SNAC and
tripeptide conjugates (e.g:, MIA-S-3mer) demonstrated conver-
sion to dimethylated products only in the presence of SAM and a
reducing agent, such as dithionite or titanium(m) citrate."*”
These reactions yielded two key byproducts, 5'-dAdoH and 5'-
methylthioadenosine (MTA), instead of the typical S-adenosyl-
homocysteine (SAH), highlighting an unusual SAM fragmenta-
tion mechanism that is distinct from canonical SN2 methylation.
Time-resolved LC-MS analysis and trapping experiments further
captured SAM-indole adducts, consistent with a radical-based
intermediate that precedes the formation of the exocyclic methy-
lene group.™” Importantly, substrate analogs incapable of form-
ing the side-ring or bearing rigid linkers led to accumulation of
stalled intermediates, reinforcing the sequential nature of C1
transfer and macrocyclization. Complementary studies employ-
ing nosN-knockout mutants revealed the accumulation of a
nosiheptide analogue lacking both the C4 methyl group and
ester linkage, confirming the indispensability of NosN for
complete side-ring assembly.'****® Furthermore, analysis of
substrate timing within the biosynthetic pathway indicated that
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H
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Fig. 11 Structure of nosiheptide and proposed NosN-catalyzed mechanism for side-chain formation.
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NosN acts before NosO-mediated pyridine ring formation and
likely prior to the NosD/E-catalyzed dehydrations, underscoring
its early role in shaping the macrocyclic topology.'?

NosN’s action occurs in a precisely timed sequence, likely
before pyridine ring formation catalyzed by NosO and before the
dehydration of specific amino acids by NosD/E."*>"*° Studies using
peptide mimics have captured reaction-based SAM adducts,
which provide evidence for an intermediate containing a delo-
calized radical species, supporting the proposed radical-based
mechanism.'*® Additionally, NosJ, NosI, and NosK are respon-
sible for the activation and transfer of the MIA moiety to the core
peptide, where NosK serves as an acyltransferase that appends
MIA to Cys8 before NosN’s intervention."” The nosiheptide
biosynthetic pathway exemplifies the divergent strategies
employed by rSAM enzymes to catalyze complex macrocycliza-
tions. The NosN-catalyzed reaction introduces an oxygen-linked
methylation-coupled esterification step, which distinguishes it
from other rSAM-mediated RiPP modifications such as C-C or
C-S bond formation. This unique mode of modification not only
expands the enzymatic repertoire of rSAM chemistry but also
highlights new potential avenues for bioengineering thiopeptide
derivatives with altered pharmacological properties.

1.1.8. Aminopyruvatides. In 2024, Nguyen et al. discovered
a new class of macrocyclic RiPPs, termed aminopyruvatides,
from Burkholderia thailandensis.>* The biosynthetic pathway
involves four metalloenzymes that act in sequence. First, the
B12-dependent rSAM enzyme ApyD installs a B-methyl group on
tyrosine, forming (25,3R)-B-methyltyrosine. Next, the cytochrome
P450 enzyme ApyO catalyzes a biaryl C-C crosslink, generating a
macrocycle with axial chirality. This is followed by the action of the
multinuclear non-heme iron dependent oxidative (MNIO) enzyme
ApyHI, which converts the C-terminal aspartic acid into amino-
pyruvic acid, a rare modification occurring on a non-cysteine
residue. Finally, the methyltransferase ApyS completes the path-
way by forming (S)-3-amino-2-oxobutanoic acid (Fig. 12a)."*!

Recent studies have expanded the catalytic repertoire of B12-
dependent rSAM enzymes beyond classical methylation reac-

tions to include unprecedented carbon-carbon bond-forming
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elucidated in Peribacillus simplex through the characterization of
a BGC pbs that encodes a suite of three metalloenzymes acting
sequentially to modify a ribosomally synthesized peptide.'** These
enzymes include a multinuclear non-heme iron-dependent oxida-
tive enzyme (MNIO, PbsC), an arginase (Pbsk), and a B12-
dependent rSAM enzyme (PbsB) (Fig. 12a). Together, they orches-
trate the stepwise construction of a rigid macrocyclic framework
via an unprecedented C-C bond formation between the €2 posi-
tions of two ortho-hydroxylated aromatic residues derived from
phenylalanine. Genome mining identified a conserved FHAFRF
motif within the precursor peptides genes (pbsA1-A4), which are
co-encoded with pbsCDE and the rSAM gene pbsB. Heterologous
reconstitution of the pathway in Escherichia coli enabled the
purification and structural characterization of key intermediates,
including the bis-hydroxylated product (PbsA3-CD), the deguani-
dinated intermediate (PbsA3-CDE), and the fully cyclized macro-
cycle (PbsA3-BCDE) (Fig. 12a)."*

The biosynthetic sequence begins with PbsC, in cooperation
with its RiPP recognition element (RRE)-containing partner
protein PbsD, catalyzing regioselective ortho-hydroxylation of
Phe8 and Phe10 to yield ortho-tyrosine residues.** This mod-
ification is a prerequisite for subsequent processing by PbsE,
which selectively deguanidinates Arg9 to ornithine but only on
the doubly hydroxylated intermediate.’** The final macrocycli-
zation step is mediated by PbsB, which installs a biaryl C-C
bond via a radical-based mechanism. It is proposed the [4Fe-4S]
cluster of PbsB initiates catalysis by reductive cleavage of SAM to
generate a 5’-dAdo®. This radical abstracts a hydrogen atom
from the phenolic hydroxyl group of one ortho-tyrosine, most
likely at the C31 position. This results in a stabilized tyrosyl-type
radical intermediate. (Fig. 12b)."** NMR and HR-MS/MS analyses
confirm regioselective activation at this site. The resulting tyrosyl
radical displays significant spin density at the Ce2 position,
facilitating intramolecular attack on the Ce2 carbon of the neigh-
boring aromatic ring."** This radical-radical coupling yields a
c-aromatic radical intermediate, which is subsequently rearoma-
tized through electron and proton transfers."** The final oxidation
step is likely mediated by an auxiliary [4Fe-4S] cluster, similar to
those found in other SPASM-domain rSAM enzymes such as StrB.

PbsB
(B12-rSAM) o

HO HO

e A S 'Y
HFAART, aA A,

OOH HOOH

Fig. 12 Biosynthesis and C—-C crosslinking mechanism in the Pbs pathway. (a) Proposed biosynthetic pathway of the PbsA3 core peptide, sequentially
modified by the PbsCD, followed by PbskE and PbsB. (b) Proposed rSAM-mediated C-C bond formation between hydroxylated Phe8 and Phel0 residues,
initiated by hydrogen atom abstraction and formation of a phenolic radical intermediate.
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This radical relay culminates in the formation of a rigid biaryl C-C
bond that covalently links the two aromatic side chains and
defines the macrocyclic architecture (Fig. 12b)."**

Although the exact role of the B12 cofactor remains unre-
solved, given the absence of canonical B12-dependent chemistry
such as methylation or alkyl cation transfer, it may participate as
a redox mediator or serve a structural role in organizing the
active site. Importantly, the requirement for ortho-hydroxylation
prior to crosslinking underscores a dual mechanistic function:
activation of the aromatic ring toward radical formation and
direction of regioselectivity in the ensuing coupling. Notably,
both PbsC and PbsB exhibit moderate substrate plasticity, with
Phe substrates, PbsC-mediated ortho-hydroxylation is required
and enables subsequent PbsE activity, whereas Tyr can be cross-
linked by PbsB even without additional ortho-hydroxylation, with
the Ce2-Ce2 regiochemistry maintained.'®® Collectively, this
pathway exemplifies a previously unrecognized catalytic para-
digm for B12-rSAM enzymes, extending their reactivity to include

(a) Type 1 (thurincin H)

Type 2 (streptosactin)
Sactipeptides

View Article Online

Review Article

aromatic C-C bond formation. The structural novelty of the
resulting biaryl-linked macrocycles and the enzymatic precision
with which they are assembled highlight the potential for lever-
aging such systems in the bioengineering of RiPP-based scaf-
folds with enhanced stability and therapeutic relevance.

1.2. Thioether-containing RiPPs

1.2.1. Sactipeptides. Sactipeptides (Sulfur-to-alpha carbon
thioether cross-linked peptides) are a class of RiPPs distinguished
by Co-S thioether cross-links, which provide structural stability
and bioactivity.”>'**'*> Unlike lanthipeptides, these cross-links
are installed through a radical-mediated mechanism by rSAM
enzymes, which abstract a hydrogen from the Co position of an
amino acid, allowing sulfur from a cysteine residue to form a
covalent bond.”®"*° This structural rigidity enhances the peptides’
stability and antimicrobial properties."*® Several structurally
diverse sactipeptides have been identified, each exhibiting distinct
thioether patterns and biological functions (Fig. 13a).6%7%°71377141
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Fig. 13 Topological classification and biosynthetic mechanism of thioether crosslinks in sactipeptides. (a) Representative core sequences of sactipep-
tides categorized by thioether macrocycle topology. Type 1 (e.g., Thurincin H) features nested thioether linkages; Type 2 (e.g., Streptosactin) exhibits an
unnested bicycle topology; Type 3 (e.g., Ruminococcin C1) displays partially nested rings; and Type 4 (e.g.. Enteropeptin) contains a minimal
thiomorpholine motif. Cysteine (donor) and acceptor residues are highlighted in red and blue, respectively. (b) Structure of subtilosin A and other
thioether network in type 1 sactipeptides. Thioether bridges, disulfide bridges, and head-to-tail cyclization are indicated by blue, pink and black lines,
respectively (c) Proposed mechanism of thioether bond formation by AlbA.
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The structural and functional diversity of sactipeptides has
prompted a classification system based on the topology of their
thioether macrocycles. While all sactipeptides feature Co-S
thioether bonds installed by rSAM enzymes, variations in the
number, position, and arrangement of these linkages lead to
distinct structural patterns that influence peptide conformation,
stability, and biological activity. Type 1 sactipeptides adopt a
nested topology, in which multiple thioether bridges form over-
lapping macrocycles to create highly constrained scaffolds. Type 2
members display an unnested bicycle topology, comprising two or
more non-overlapping rings, often with alternating donor and
acceptor residues. Type 3 sactipeptides exhibit a partially nested
bicyclic arrangement, where the rings share structural elements
and contribute to compact, protease-resistant folds. Type 4 repre-
sents the simplest configuration, containing a single six-
membered thiomorpholine ring, and often features unique mod-
ifications such as N-methylornithine."*> This classification pro-
vides a structural framework for interpreting the mechanistic
roles of rSAM enzymes in thioether bond formation and high-
lights the relationship between macrocycle topology and biologi-
cal function across the sactipeptide family (Fig. 13a).

1.2.1.1. Type 1: nested topology. Among the four structural
categories, Type 1 sactipeptides are the most extensively stu-
died, particularly with regard to the enzymatic mechanisms
underlying thioether bond formation. A well-characterized repre-
sentative is subtilosin A, a prototypical sactipeptide from Bacillus
subtilis that has served as a model for understanding rSAM-
mediated cyclization. Subtilosin A is a 35-residue cyclic peptide
featuring three Co~S thioether cross-links.®” These bonds occur
between the thiol side chains of cysteine residues and the
a-carbons of phenylalanine and threonine, forming a constrained
macrocyclic scaffold that is critical for its antimicrobial
properties.®” These linkages are installed by AlbA, a rSAM/SPASM
protein harboring three [4Fe-4S] clusters. Anaerobic reconstitu-
tion of AlbA yielded approximately 7.6 mol Fe and 7.7 mol S per
mol of protein, consistent with three [4Fe-4S] centers.®” UV-
visible spectra showed absorption features at 325 and 410 nm,
characteristic of [4Fe-4S]| proteins, which diminished upon
chemical reduction.®” EPR spectroscopy further supported this
assignment: reduced AIbA exhibited two distinct g-values (2.03
and 1.92) characteristic of [4Fe-4S]" clusters, and a mutant
lacking the canonical CxxxCxxC motif retained one of these
signals, indicating an auxiliary cluster.*” Comparative structural
modeling and sequence alignment identified seven conserved
cysteines in AlbA’s C-terminal domain, consistent with the
coordination of two auxiliary clusters.®> Catalysis occurs at the
[4Fe-4S]RS site. Reductive cleavage of SAM generats the 5'-
deoxyadenosyl radical that abstracts a hydrogen atom from the
Co position of the acceptor amino acid, forming a carbon-
centered radical. Rather than recombining directly with the
donor thiol, this radical is oxidized via electron transfer to an
auxiliary [4Fe-4S] cluster in the SPASM domain to give a ketoi-
mine intermediate. The thioether bond is then formed through
nucleophilic attack of a cysteine thiolate on this intermediate,
completing the Cu-S linkage (Fig. 13b).**'** This radical-
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initiated, polar-terminated pathway is consistent with mechan-
isms proposed for rSAM enzymes that contain SPASM auxiliary
clusters, in which the SPASM domain functions as a redox relay
and structural scaffold rather than the catalytic center.

Notably, AIbA catalyzes installation of three thioether bonds
(Cys4 — Phe31, Cys7 — Thr28, Cys13 — Phe22) and acts
sequentially, although the precise site order is not fully estab-
lished (Fig. 13b)."** This consecutive behavior appears to be
structurally enforced: thioether formation is leader-peptide
dependent, and a C-terminal SPASM domain harboring an
auxiliary [4Fe-4S] cluster carries out catalysis. The leader
requirement and interaction of the precursor with the auxiliary
cluster suggest substrate positioning during modification. This
organization is consistent with vectorial, consecutive engage-
ment of the core peptide, guiding sequential modification.®*
This organization is consistent with vectorial, consecutive
engagement of the core peptide, guiding sequential modifica-
tion. This model is strongly supported by deuterium labeling
experiments, which demonstrated that AlbA abstracts the Ca
hydrogen from Phe31 during the cyclization step forming the
Cys4-Phe31 bond.*” When peptides containing deuterated
Phe31 were used as substrates, LC-MS analysis detected incor-
poration of deuterium into the 5’-dAdoH product, with labeling
efficiency increasing from ~20% under dithionite reduction to
~50% under a physiological reducing system. In contrast, no
labeling was observed when deuterium was introduced at the
donor cysteine, ruling out hydrogen transfer between residues.
These results support that AlbA directly targets the Ca-H of
Phe31 and that Ca-H abstraction is rate-limiting for this bond-
forming step (Fig. 13c).%>'*?

Additional examples of Type 1 sactipeptides underscore the
structural and functional diversity enabled by this nested topol-
ogy. SkfA, a 26-residue peptide from Bacillus subtilis, exemplifies
a minimal scaffold containing a single Co-S thioether bond and
an intramolecular disulfide linkage (Fig. 13b).»** These features
confer a compact, conformationally constrained architecture
essential for its role in sporulation-associated cannibalism,
where SkfA selectively lyses sibling cells to release nutrients.
The Co-S linkage is installed by the rSAM enzyme SkfB through
Co-H abstraction, as demonstrated by deuterium-labeled sub-
strate studies that confirmed hydrogen transfer to 5’-dAdoH."*"
In contrast, Thurincin H, produced by Bacillus thuringiensis
SF361, adopts a rigid helical hairpin structure stabilized by four
Co-S thioether bridges. Rather than disrupting membranes, it
induces dramatic morphological changes in Gram-positive bac-
teria such as Listeria monocytogenes, and has been evaluated as a
potential food preservative due to its selective antimicrobial
activity and exceptional physicochemical stability."*” Another
nested sactipeptide system is thuricin CD from B. thuringiensis
DPC6431, which comprises two synergistic peptides, Trn-o. and
Trn-B. Each peptide is approximately 30 residues long and
contains three internal thioether cross-links that generate over-
lapping macrocyclic constraints.”*® While individually only
weakly active, the peptides function cooperatively to potently
inhibit Clostridium difficile with remarkable specificity, sparing
most commensal gut microbiota. The highly selective bioactivity
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and dual-component mechanism of thuricin CD exemplify the
potential of nested sactipeptides as microbiome-sparing
antibiotics."*’

1.2.1.2. Type 2: unnested bicycle topology. Streptosactin, the
first sactipeptide identified from Streptococcus thermophilus, exem-
plifies a novel Type 2 topology, defined by two non-overlapping
Co-S thioether macrocycles arranged in an unnested, sequential
manner (Fig. 14a)."** Unlike Type 1 sactipeptides, which feature
nested or interleaved crosslinks, the donor (Cys) and acceptor
residues in Streptosactin alternate along the linear precursor,
generating two discrete four-residue sactionine rings. This dis-
tinct architecture expands the topological diversity of sactipep-
tides and is encoded by the ggg BGC, prevalent in S. thermophilus
and other streptococci in the human microbiome.'** Biosynthesis
of streptosactin is catalyzed by GggB, a SPASM-domain rSAM
enzyme. Heterologously expressed and anaerobically reconsti-
tuted GggB displayed spectroscopic features characteristic of
rSAM enzymes: UV-vis absorbance at 325 and 410 nm consistent
with at least one [4Fe-4S]** cluster, and EPR of the reduced
protein showing signals for multiple [4Fe-4S]" clusters with a
minor [3Fe-4S]" component.'** Quantitative analysis revealed ~9
Fe and ~8 S atoms per monomer, supporting the presence of a
canonical rSAM cluster and two auxiliary clusters in the SPASM
domain. HR-MS/MS localized Ser28 and Gly34 as the acceptor
residues, with upstream conserved Cys25 and Cys31 as donors.
Site-specific "*C-labeled peptide variants coupled with 1D and 2D
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NMR spectroscopy confirmed the formation of Ca-S thioether
linkages at both modified sites."** Mechanistic experiments using
deuterated substrates showed that GggB abstracts the Co hydro-
gen to initiate radical-mediated cyclization, transferring deuter-
ium to 5'-dAdoH. N-Methylation of backbone amides inhibited
crosslinking, implicating the amide N-H in the catalytic cycle."**
Following in vitro characterization, the mature 14-residue product,
streptosactin, was identified in S. thermophilus culture super-
natants, matching the enzymatic product by HR-MS and coelu-
tion. It exhibits narrow-spectrum, fratricidal activity against
strains carrying the same BGC, including the producer itself,
suggesting a quorum-sensing-regulated role in competence-
associated microbial competition.'**

Another representative of Type 2 sactipeptide system is
encoded by the gmp gene cluster from Streptococcus suis YS56,
which comprises the precursor peptide QmpaA, a single SPASM-
domain rSAM enzyme QmpB, and a transporter/protease
QmpC."** In vitro reconstitution of QmpB with synthetic QmpaA,
SAM, and dithionite under anaerobic conditions produced a
major species 2 Da lighter and a minor 4 Da lighter than the
substrate in a ~5:1 ratio, consistent with installation of one
and two thioether linkages, respectively. HR-MS/MS analysis
localized the modifications to N20-C22 and N24-C26, generat-
ing two 9-membered, non-nested macrocycles linked through
a-thioether (sactionine) bridges (Fig. 14a)."*> Comparison with
B-thioether standards confirmed fragmentation behavior char-
acteristic of a-linkages. Using uniformly '*C-labeled Asn at both

..TATNFCVNLCQMP
20 22 24 28

BN

Suisactin-QMP

Cy322 Cys26

000
8 ©

®) S i
O} Be® e©° ol
vy ®
(0)
Ala12 HzNOC N
Asn16 Ly542 m@m em . l-/;\FQCM
Ruminococcin C1 HN%\

NH,

Fig. 14 Structural diversity of sactipeptides featuring Ca—S thioether crosslinks. (a) Representative Type 2 sactipeptides, streptosactin and suisactin, each
featuring two non-nested sactionine bridges between cysteine donors and distant acceptor residues. (b) Structure of the Type 3 sactipeptide
ruminococcin C1 (RumCl), characterized by four Ca—S linkages arranged in a complex, partially overlapping topology.
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acceptor sites, DEPT-HSQC spectra revealed diagnostic down-
field shifts of the CB/HP signals (~42.5/3.7 ppm), providing
direct NMR evidence for Co~S bond formation. Substitution of
either cysteine (C22S or C26S) yielded singly cross-linked pep-
tides, indicating that QmpB can cyclize both sites indepen-
dently without strict order—in contrast to the sequential
behavior of the type II sactionine synthase GggB in streptosac-
tin formation. The mature doubly cross-linked product was
proposed to be named suisactin. Although its biological activity
remains unknown, the compact 9-membered dual-sactionine
topology of QmpA expands the mechanistic and structural
diversity of type II sactipeptides within the thioether-bond-
forming RiPP superfamily.™*

1.2.1.3. Type 3: bicyclic nested topology. Ruminococcin C1
(RumC1) (Fig. 14b), produced by Ruminococcus gnavus, exempli-
fies a structurally dense Type 3 sactipeptide characterized by a
unique bicyclic nested topology.**®'*” Unlike the simpler nested
or unnested macrocycles seen in earlier sactipeptides, RumC1
adopts a compact double-hairpin fold stabilized by four Co-S
thioether crosslinks, forming two interlocked macrocyclic
domains. This intricate topology not only imparts structural
rigidity but also contributes significantly to its potent biological
activity. Its gene cluster encodes multiple precursor peptides
(RumC1-C5), all yielding active products."*®'**"**° The mature
RumC1 peptide contains four site-specific thioether bridges
between Cys3-Asn16, Cys5-Alal2, Cys22-Lys42, and Cys26-
Arg34. These crosslinks organize the peptide into two macro-
cyclic loops—an N-terminal domain linked through Cys3 and
Cys5, and a C-terminal domain linked through Cys22 and
Cys26—with overlapping regions that result in a nested configu-
ration (Fig. 14b). Multidimensional NMR analysis confirmed the
presence of these thioether bonds, revealing downfield shifts in
a-carbon resonances and characteristic NOE contacts between
cysteine B-protons and acceptor residue amide protons, consis-
tent with Co~S bond formation.*®

The enzymatic installation of these crosslinks is catalyzed by
the rSAM enzymes RumMc1 and RumMc2, both of which contain
the canonical CxxxCxxC motif and a C-terminal SPASM domain
housing auxiliary [4Fe-4S] clusters.'*® Spectroscopic characteriza-
tions, including UV-vis and EPR analyses, together with iron and
sulfide quantification, confirmed that holo-RumMcl -carries
three [4Fe-4S] clusters, one serving as the SAM-binding RS cluster
and the other two likely involved in substrate binding or electron
transfer.'*® Deuterium-labeling experiments provided direct
mechanistic evidence for a radical-mediated process. Synthetic
peptide substrates with Ca-deuterated alanine residues (e.g,
Ala61-d,) demonstrated that RumMc2 initiates thioether bond
formation via Co-H abstraction, generating a Ca-centered radical
that is subsequently quenched by a cysteine thiol."*® Mass
spectrometry confirmed deuterium loss from the Co, and con-
comitant production of 5-dAdoH further supported SAM clea-
vage via the classical radical pathway.'*® These findings are
consistent with prior observations in other sactisynthases such
as AlbA, reinforcing the mechanistic conservation across this
enzyme family.
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Functionally, RumC1 displays potent and selective bacter-
icidal activity against Gram-positive pathogens, including
multidrug-resistant Clostridium perfringens.**>**° Notably, it
shows no toxicity toward human cell lines or intestinal tissues,
highlighting its therapeutic potential. It’s structural features
confer RumC1 with high in vivo stability, therapeutic bioactiv-
ity, and selective bacterial targeting, making it a clinically
promising RiPP."**

1.2.1.4. Type 4: thiomorpholine (minimal sactionine). Enteropep-
tins, a newly characterized family of sactipeptides from Enterococ-
cus cecorum, have been proposed to represent Type 4 sactipeptides,
featuring a minimal thioether macrocycle embedded within a
largely unstructured peptide framework.'*> Unlike previously
described sactipeptides, which often contain multiple overlapping
macrocycles, enteropeptins adopt a structurally simplified scaffold
defined by a single six-membered Co-S linkage forming a thio-
morpholine ring. This distinctive architecture reflects a stream-
lined biosynthetic strategy while retaining biologically relevant
activity. The BGC encodes a precursor peptide (KgrA) and three
maturation enzymes: the rSAM enzyme KgrC, the Mn-dependent
arginase homolog KgrD and an Fe-S-dependent methyltransferase
KgrB. Of these, KgrC has been shown to catalyze the defining
thioether crosslink, catalyzing a Ca-S bond between between a
conserved arginine residue and the adjacent cysteine in the core
peptide (Fig. 15)."**> In vitro reconstitution showed that KgrC alone
converts KgrA to a product 2 Da lighter, consistent with thiomor-
pholine formation, and HR-MS/MS localized this modification to
the conserved Arg residue and its adjacent Cys. The formation of
this thiomorpholine macrocycle was confirmed by HR-MS/MS
analysis, which pinpointed the crosslink to the o-carbon of
Arg41 and the sulfur of Cys42."** The downstream deguanidina-
tion and N-methylation steps were supported by HR-MS/MS
together with detailed NMR analysis, corroborating both the o-
thioether linkage and the presence of N-methylornithine in the
enzymatic produc.’*® Consistent with this assignment, KgrB-
catalyzed methyl transfer was validated using S-(methyl-d;)-SAM,
yielding the expected +3 Da mass shift and MS/MS localization of
the deuterated methyl group to the ornithine side chain, ultimately
leading to the mature enteropeptin A scaffold.'**

Time-course assays monitoring the formation of 5’-dAdoH
confirmed that Co-H abstraction by 5’-dAdo® initiates the
crosslinking reaction."*? The accumulation of 5-dAdoH in the
presence of SAM and dithionite, but not in control reactions
lacking KgrB or reducing agent, confirmed that Co~-H abstrac-
tion by 5’-dAdo® initiates the crosslinking reaction."** Addi-
tional substrate mutagenesis and analog testing further
demonstrated the strict requirement for the reactive cysteine
and a-carbon-bearing arginine for efficient cyclization, consis-
tent with a radical-mediated mechanism. The proposed mecha-
nism mirrors that of other sactipeptide synthases, wherein 5’
dAdo® abstracts a hydrogen from the a-carbon of the acceptor
residue, forming a carbon-centered radical that is trapped by a
nearby cysteine thiol to yield the thioether crosslink."*> Biolo-
gically, enteropeptin A inhibits the growth of Enterococcus
faecalis, a close relative of its producer, suggesting a role in

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00585j

Open Access Article. Published on 16 February 2026. Downloaded on 4/5/2026 5:40:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

NH,
\SWO HOL HO
HN_ NH. [¢]
Leader Follower J\\/\/ 2 h
METALEEIKLIEKVEEMERKTEILEIVPTSVSEIVDS-MKGRCPPS-ISGLVEIEQDL o) NH O, Oi/
1 4142 NH O O 3
S
S N—
Enteropeptin A Q
KgrC (rSAM) NH
’ KgrE (Transporter)
HN Arg42
HoN NH HoN \NH
o KgrD (Arginase) o KgrB (Methyltransferase)
B — O,
(o] NH O O (¢} NH O O
H H o NH O O
R LX)~ e W i )~
LY N's N—( 'Y N''s N—( ¢ {NJLN s e
Cys42

Fig. 15 Biosynthetic pathway for enteropeptin.

interspecies competition within microbial communities. This
narrow-spectrum activity is quorum sensing-regulated and
dependent on the presence of the thiomorpholine ring, as
analogs lacking the Co-S bond showed no antibacterial
effect."*” Though structurally minimal, enteropeptins illustrate
the functional and mechanistic versatility of rSAM enzymes in
catalyzing peptide cyclization within reduced frameworks.

1.2.2. Ranthipeptides

1.2.2.1. NxxC product. The unbiased nature of the genome
mining from the Streptococcus rSAM-RiPPs by the Seyedsayamdost
group also led novel types of thioether containing macrocycles.
The NxxC system, originally identified from Streptococcus orisratti
and Streptococcus porci, represents a unique subclass of rSAM-
catalyzed thioether bond formation, in which a radical-mediated
mechanism introduces a $-thioether cross-link between a Cys thiol
and the upstream Asn-Cp residue.®® This distinct type of modifica-
tion led to the classification of these peptides as ranthipeptides,
which are mechanistically and structurally differentiated from
sactipeptides, which install o-thioether bonds termed sactionine
bridges.”>"**'*> Unlike sactipeptides, the Nxxc maturase
(NxxcB) catalyzes pB-thioetherification. While B-thioether lin-
kages are a characteristic feature of lanthipeptides, where they
are introduced heterolytically via an ATP-dependent dehydra-
tion step, forming dehydroalanine (Dha) or dehydrobutyrine
(Dhb), followed by a Michael addition by Cys. Consequently,
B-thioether bonds in lanthipeptide occur specifically at Ser/Thr
residues and are chemically and mechanistically distinct from
those in ranthipeptides.”"'>*

In contrast, NxxcB catalyzes radical-mediated p-thioetherification
in its native precursor peptide, NxxcA, where Asn serves as the
B-thioether acceptor, though alternative residues such as Ala,
Gln, and Asp can also be accommodated.®® Functional charac-
terization of NxxcB from Streptococcus orisratti and Streptococcus
porci revealed its reliance on multiple auxiliary [4Fe-4S] clusters
for radical generation and electron transfer. A proposed mecha-
nistic model suggests that NxxcB functions similarly to sacti-
synthases by activating the cysteine thiol through chelation to
an Fe-S cluster, a process supported by UV-vis absorption shifts
upon incubation with NxxcA.®® Catalysis begins with the for-
mation of a 5-dAdo®, which abstracts the B-hydrogen of Asn,

This journal is © The Royal Society of Chemistry 2026

generating a high-energy radical that subsequently recombines
with the Fe-S-activated cysteine thiol, forming the C-S bond while
reducing the Fe-S cluster (Fig. 16¢).°* High-resolution MS and NMR
analyses confirmed that NxxcB exclusively catalyzes CB-S bond
formation, with no detectable o-thioether linkages, distinguishing
it mechanistically from AlbA and other sactisynthases.®®®*7%%>
Despite its broad acceptor tolerance, NxxcB does not process Ser
or Thr in place of Cys. This restriction remains unexplained and
has also been observed in other sactisynthases. Mutagenesis
further demonstrated moderate substrate flexibility, allowing mod-
ifications at the acceptor site and expanding its potential biocata-
Iytic applications.

1.2.2.2. SCIFF peptides. SCIFF peptides (Six Cysteines in
Forty-Five Residues), originally proposed by Haft and Basu in
2011, were initially classified as sactipeptides due to the
presence of conserved cysteine-rich motifs and their genomic
association with rSAM enzymes.*® However, early attempts to
isolate mature SCIFF products were unsuccessful. In vitro recon-
stitution experiments yielded only partially modified peptides,
likely due to the presence of multiple unreacted cysteines and
the limited efficiency or specificity of the modifying enzymes
under the assay conditions. These technical challenges hin-
dered full structural elucidation and left their chemical nature
ambiguous for several years. Subsequent mechanistic and
structural studies revealed that SCIFF peptides form thioether
linkages at B or v carbon positions, rather than at the o carbon
as seen in canonical sactionine crosslinks."**'** This structural
distinction prompted their reclassification as ranthipeptides. A
representative member is the Tte1186a peptide from Caldanaer-
obacter subterraneus, modified by the SPASM-domain rSAM
enzyme Tte1186.% Despite containing six cysteines, mass spec-
trometry and in vitro reconstitution demonstrated the selective
formation of a single thioether bridge between Cys14 and Thr19
(Fig. 16a), indicative of strict site control. Mechanistic studies
supported a radical initiation via SAM cleavage and a potential
ketoimine intermediate, highlighting a polar-terminated
mechanism facilitated by auxiliary [4Fe-4S] clusters.®*

Building upon this foundational work, a closely related system
was later identified in Clostridium thermocellum, providing a direct
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structural and mechanistic link between SCIFF peptides and the
emerging ranthipeptide family. In this system, the precursor
peptide CteA and its cognate rSAM enzyme CteB share high
sequence similarity with Tte1186/Tte1186B and install a thioether
cross-link at the conserved Cys14-Thr19 position.”®">* The mature
peptide, known as thermocellin, is now classified as a ranthipep-
tide rather than a sactipeptide, due to its distinct S-Cy thioether
bond between a cysteine sulfur and the y-carbon of threonine,
which contrasts with the typical S-Co. linkages of sactipeptides.*>*
Structural characterization of CteB revealed a canonical (B/o)s
TIM barrel rSAM fold and a C-terminal SPASM domain contain-
ing two auxiliary [4Fe-4S] clusters, one of which presents an open
coordination site that facilitates cysteine binding during
catalysis.”® Co-crystal structures of CteB with SAM and a CteA-
derived peptide fragment provided direct insights into the
thioether bond formation mechanism: SAM cleavage generates
a 5’-dAdo®, which abstracts a hydrogen atom from the threonine
v-carbon to form a carbon-centered radical, which then couples
with the pre-positioned cysteine thiol to form the S-Cy linkage.”®
These studies further emphasized that site-specific modification

2932 | Chem. Soc. Rev., 2026, 55, 2909-2958

in ranthipeptides is dictated not by the number of cysteines, but
by precise enzyme-substrate interactions and structural preorga-
nization. Thermocellin thus represents a mechanistically and
structurally distinct member of the ranthipeptide family, and
preliminary assays have demonstrated antimicrobial activity
against Gram-positive bacteria.’*® While its detailed bioactivity
profile remains to be fully elucidated, the unique thioether topol-
ogy and conformational rigidity likely contribute to its chemical
robustness and potential as a bioactive scaffold, in line with the
functional roles proposed for other rSAM-modified RiPPs.

1.2.2.3. PapB family (CXXXD/E motif). The rSAM enzyme
PapB, discovered in Paenibacillus polymyxa, defines a distinct
class of thioether-forming maturases that install Cf-S bonds
between Cys and Asp/Glu residues within the precursor peptide
PapA, giving rise to the characteristic CXXXD/E motif
(Fig. 17).>° Belonging to the SPASM-domain subfamily of rSAM
enzymes, PapB harbors three [4Fe-4S] clusters: the canonical RS
cluster, responsible for SAM cleavage and radical initiation; an
auxiliary cluster AC1, which binds and activates the cysteine

This journal is © The Royal Society of Chemistry 2026
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Fig. 17 Proposed catalytic mechanism of PapB-catalyzed CB-S thioether bond formation.

thiol of the substrate; and a distal AC2, newly recognized as a
conduit for electron transfer.'>® Mechanistically, the reduced RS
cluster generates a 5’-deoxyadenosyl radical that abstracts a
hydrogen atom from the B-carbon of Asp or Glu, producing a
substrate radical that couples to the cysteine thiolate bound at
AC1 to form the CB-S linkage (Fig. 17)."*® This transformation
leaves one electron stored on AC1, which must be returned to
the RS cluster to complete the catalytic cycle. Contrary to
previous intramolecular models, recent studies revealed that
PapB regenerates its active state through intermolecular elec-
tron transfer, in which the electron migrates from AC1 through
AC2 to an external redox partner such as another PapB mole-
cule, a flavin cofactor, or an unrelated rSAM enzyme, before
returning to the RS cluster. This process constitutes an iso-
mechanism redox isomerization, establishing a new paradigm
for rSAM turnover and explaining how PapB can operate effi-
ciently under mild FMN/NADPH reducing conditions without
dedicated flavodoxin/reductase systems.">®

Beyond its mechanistic novelty, PapB displays extraordinary
substrate promiscuity. Beyond the native CXXXD motif, it
accepts Glu as an alternative acceptor to form the corresponding
Cys—Cy linkage, tolerates wide spacing and diverse sequence con-
texts, and can process p-amino acids at or between the donor and
acceptor positions. It catalyzes thioether formation even when the
thiol or carboxylate side chains are extended, as in homocysteine or
homoglutamate, and when the carboxylate is replaced by a tetra-
zole bioisostere. Selenocysteine can also serve as an effective
donor.®”**® These conclusions are supported by systematic LC-
MS/MS analyses that reveal the characteristic —2 Da mass shift, the
absence of iodoacetamide alkylation, and fragmentation patterns
diagnostic of a Cys-Asp/Glu or isosteric thioether cross-link.”®” In
parallel, PapB exhibits leader-independent catalysis: it efficiently
cross-links substrates containing noncognate or truncated leaders
and even those completely lacking leader sequences.'*® Remark-
ably, the enzyme also macrocyclizes C-terminal CSANDA motifs
appended to GLP-1-pathway therapeutics such as semaglutide,
tirzepatide, and retatrutide, producing fully converted, alkylation-
resistant thioether macrocycles. These features establish PapB as a
versatile late-stage enzymatic tool for peptide macrocyclization in
medicinal chemistry.">®

1.2.3. Unsaturated thioether. The SycC (AviCamCys) sys-
tem represents a unique class of rSAM-dependent modifica-
tions, in which a radical-mediated mechanism and flavoprotein

This journal is © The Royal Society of Chemistry 2026

activity work together to introduce an unsaturated thioether
residue at the C-terminal region of a ribosomally synthesized
peptide."® This system, identified in the syc gene cluster from
Streptomyces  ureilyticus YC419, SycD, a LanD
flavoprotein,'®>*®* which catalyzes the oxidative decarboxyla-
tion of a C-terminal cysteine, forming a highly reactive enethiol
intermediate. This enethiol subsequently undergoes radical-
mediated coupling by SycC, an rSAM enzyme, to the pB-carbon
of an upstream asparagine residue, resulting in the formation of
S-[2-aminovinyl]-3-carbamoylcysteine  (AviCamCys).'*®*  This
transformation generates a 13-membered macrocyclic ring,
which is structurally distinct from previously characterized
rSAM-mediated C-S bond formations (Fig. 18). Similar to NxxcB,
SycC catalyzes this modification by utilizing its SPASM-domain
[4Fe-4S] clusters to facilitate electron transfer and radical gen-
eration. Following homolytic cleavage of SAM, the 5-dAdo®
abstracts a hydrogen atom from the B-carbon of the asparagine
residue, generating a reactive radical intermediate.*® This radi-
cal then reacts with the C-terminal enethiol, either directly via
radical recombination or through an oxidative deprotonation
and Michael-type addition, leading to the formation of the
unsaturated thioether AviCamCys (Fig. 18)."%*

Structural analysis of purified AviCamCys-containing pep-
tides has confirmed the Z-geometry of the newly formed double
bond, further highlighting the stereochemical control of the
enzyme. Unlike other rSAM enzymes that process free cysteine
thiols to generate thioether cross-links, SycC acts only after SycD
(a LanD-like protein) mediated oxidative decarboxylation,
demonstrating a sequential biosynthetic strategy involving both
radical and flavoprotein chemistry.'>® In the absence of SycC,
the intermediate undergoes hydration-coupled dethiolation to
form the shunt aldehyde. This two-step enzymatic process
expands the functional landscape of rSAM-dependent RiPP
modifications, providing a new mechanism for peptide macro-
cyclization at the C-terminal region."”® Given the widespread
distribution of LanD-rSAM fusion systems in Actinobacteria
and Firmicutes, it is likely that similar pathways remain undis-
covered, further broadening the biosynthetic and functional
diversity of thioether-modified RiPPs.>%"%*

involves

1.3. Ether crosslinked peptides

The ether bond formation catalyzed by TqqB in the ¢gq biosynthetic
pathway represents a novel rSAM-dependent C-O crosslinking
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reaction.®® The formation of diverse five-membered ring azoles,
such as thiazoles and oxazoles, and their corresponding azolines
(thiazolines and oxazolines), is well-documented across biosyn-
thetic pathways. However, six-membered ring heterocycles in RiPPs
are comparatively rare, with notable examples including pyridine-
containing thiopeptides, the oxidized quinoline in PQQ, and the
bicyclic structure in pantocin A,>831637165

The tqq cluster initially identified in Streptococcus suis,'®® is
not exclusive to streptococcal bacteria. Bioinformatic analysis
revealed at least six homologous clusters, each encoding a
precursor peptide (TqqA) with a conserved threonine residue,
suggesting the existence of additional ether-linked RiPPs. This
emerging family of RiPPs has been named rotapeptides (radical
oxygen-to-alpha-carbon-linked peptides), defined by a unique
aliphatic ether linkage between the hydroxyl group of threonine
and the a-carbon of an adjacent amino acid, typically
glutamine.® The first characterized subgroup within the rota-
peptides is the threoglucins, a set of 22 congeners discovered in
S. suis, including Threoglucin A-R and four oxo-threoglucins,
all sharing a central 1,3-oxazinane heterocycle.”®

TqqB catalyzes the formation of an aliphatic ether bond
between the hydroxyl group of a threonine residue and the
a-carbon of an adjacent glutamine, leading to the formation of a
4-keto-1,3-tetrahydro-oxazine  heterocycle.®> Two potential
mechanisms have been proposed for this transformation:
radical-mediated direct etherification and an iminium/oxazine
route. In the first proposed mechanism, TqqB reductively cleaves
SAM, generating a 5’-dAdo® that abstracts a hydrogen atom from
GIn-Co, producing a carbon-centered radical intermediate. This

2934 | Chem. Soc. Rev, 2026, 55, 2909-2958

radical then undergoes direct recombination with the hydroxyl
group of threonine, forming a C-O bond through a radical
coupling event (Fig. 19a).*® This mechanism is analogous to
rSAM-catalyzed C-C bond formation but instead involves a
nucleophilic oxygen species, highlighting the enzyme’s ability
to control regioselective radical recombination.®® Alternatively,
the Gln-Ca radical is deprotonated at the amide nitrogen to an
iminium, Thr-Oy adds to form a 1,3-oxazine intermediate, and
oxidation/rearrangement furnishes the same ether product
(Fig. 19b).°> The product is a 4-keto-1,3-tetrahydro-oxazine
linkage between Thr-Oy and GIn-Co..®

Both proposed mechanisms underscore the unique reactiv-
ity of rSAM enzymes in RiPP biosynthesis. The catalytic activity
of TqqB expands Nature’s strategies for incorporating hetero-
cyclic motifs into peptides, marking a significant addition to
enzymatic macrocyclization pathways. The resulting threoglu-
cins, characterized by their 1,3-oxazinane heterocycle, exhibit
highly specific bioactivity against S. suis. Structure-activity
studies reveal that both the heterocycle and a C-terminal Trp-
Tyr dyad are essential for function.”® At low concentrations
(0.5-4 pM), threoglucins induce bacteriostatic dormancy,
enhancing bacterial survival under antibiotic stress, while
higher doses (30 puM) are bactericidal, reducing viability to
<1%. This dual role suggests they act as ecological mediators.
They may promote persistence in harsh conditions or eliminate
competitors when resources are abundant. Notably, their activ-
ity is exquisitely narrow-spectrum, with no effects on other
streptococci or human cells, highlighting their potential as
species-specific antimicrobials.”® Moreover, the identification

This journal is © The Royal Society of Chemistry 2026
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of TqqB’s ether bond-forming capability suggests that other
uncharacterized rSAM enzymes may catalyze similar oxidative
rearrangements, further broadening the functional landscape of
radical-based transformations in natural product biosynthesis.®®

1.4. C-N crosslinked peptides

Bicyclostreptins represent a subclass of rSAM-RiPPs, character-
ized by a unique macrocyclic B-ether linkage and an unprece-
dented C-N crosslink.®® These modifications are catalyzed by
two rSAM enzymes, HghB and HghC, encoded in the sgh BGC
identified in Streptococcus thermophilus and related species.®®
Unlike typical RiPP macrocyclization strategies that target

This journal is © The Royal Society of Chemistry 2026

amino acid side chains, bicyclostreptin biosynthesis involves
activation of a backbone amide nitrogen, marking the first
known instance of radical chemistry facilitating an amide bond
crosslink (Fig. 20).°® In the biosynthetic sequence, HghC first
catalyzes the formation of a B-ether crosslink between a serine
hydroxyl and a histidine CB, generating a 13-membered macro-
cycle. This intermediate is then further modified by HghB,
which installs a C-N bond between the backbone amide nitro-
gen and an adjacent a-carbon, resulting in an imidazolidine-4-
one heterocycle. This reaction fundamentally differs from typi-
cal radical-mediated crosslinking, as it necessitates the activa-
tion of an inherently stable amide bond, such a transformation
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has not been previously observed in RiPP biosynthesis.’>®*'®” This
transformation is mechanistically unprecedented in RiPP biosynth-
esis, as it involves the enzymatic activation of an amide N-H bond
to form a covalent crosslink.®® The study have demonstrated that
the bicyclostreptin pathway is tightly regulated by quorum sensing
(QS) elements, suggesting that these modified peptides may func-
tion as bacterial signaling molecules or growth regulators.®® The
mature bicyclostreptin peptides were found to exhibit selective
bacteriostatic activity against S. thermophilus, implicating them in
intra-species competition or population control. Given that bicy-
clostreptins are produced in nanomolar concentrations, their
biological role may extend beyond direct antimicrobial activity to
include regulatory interactions within microbial communities.

2. Cytochrome P450 enzymes

Cytochromes P450 enzymes (P450s) constitute a vast superfamily
of heme-thiolate monooxygenases, playing a significant role in
diverse oxidative biochemical transformations.*>'*®'® These
enzymes derive their name from their characteristic spectroscopic
shift, displaying an absorption maximum between 420 and
450 nm when complexed with carbon monoxide in their ferrous
state.’®'”® The radical-generating capability of cytochrome P450
enzymes originates from their conserved heme-thiolate prosthetic
group, which cycles to Compound I (Fe(v)—0, porphyrin mt-cation
radical). P450 enzymes have been characterized from diverse
biosynthetic pathways. More recently, P450s have emerged as
versatile biocatalysts capable of mediating complex radical-based
cyclization reactions in RiPP biosynthesis. Through their unique
heme-dependent catalytic cycle, these enzymes generate high-
valent oxo-ferryl intermediates that abstract hydrogen atoms from
peptide substrates, creating radical species capable of undergoing
controlled intramolecular crosslinking reactions."”*

2936 | Chem. Soc. Rev., 2026, 55, 2909-2958

Most P450s depend on electron transfer from redox partners
to drive their catalytic cycle. In eukaryotic systems, this role is
fulfilled by NADPH-cytochrome P450 oxidoreductase (CPR),
whereas bacterial and mitochondrial P450s employ a ferredoxin
reductase (FdR)/ferredoxin (Fdx) system.'’>"’* The catalytic
cycle begins with substrate binding, which triggers the displa-
cement of a coordinated water molecule from the resting ferric
(Fe’") heme iron, facilitating a shift to a high-spin state that
primes the enzyme for reduction. A single electron transfer
then reduces the heme iron from ferric (Fe*") to ferrous (Fe*"),
enabling molecular oxygen binding. A second electron transfer
reduces the oxygen-bound ferrous intermediate, forming a
ferric peroxo species that, upon protonation, generates the
ferric hydroperoxo intermediate (commonly referred to as
Compound 0).30’168'169’171'172’175_179

The cleavage of the O-O bond in Compound 0 leads to the
formation of the highly reactive iron-oxo species, known as
Compound I. This potent oxidant abstracts a hydrogen atom
from the substrate, creating an iron(iv)-hydroxyl radical (Com-
pound II) (Fig. 21). The resulting substrate radical undergoes a
rapid oxygen rebound reaction, leading to hydroxylation or
other oxidative modifications, thereby completing the catalytic
cycle.>>10%17L172 Thig remarkable catalytic versatility enables
P450s to participate in a wide range of biochemical pathways.
Despite this broadly accepted framework, several intermedi-
ates, particularly Compound 0 and Compound II, have
remained difficult to characterize experimentally, and alterna-
tive “shunt” pathways also exist under specific conditions. This
remarkable catalytic versatility underpins the ability of P450s to
participate in a wide range of biochemical pathways, catalyzing
reactions that are often challenging to achieve through classical
synthetic chemistry.*®'73174

Here, we focus on the role of P450 enzymes in radical-
mediated cyclization within two major classes of natural peptides:
NRPs and RiPPs. In peptide cyclization contexts, the substrate

This journal is © The Royal Society of Chemistry 2026
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radical undergoes intramolecular recombination before the oxygen
rebound step, diverting the canonical hydroxylation pathway
toward bond-forming reactions.’>'®® The spatial arrangement of
reactive residues within the enzyme active site dictates the cou-
pling geometry, enabling selective formation of biaryl ether (C-O),
biaryl (C-C), or heteroatom-linked crosslinks.*® Recent structural
studies of P450-peptide complexes reveal how substrate anchoring
motifs position specific amino acid side chains near the heme
center for sequential radical generation and coupling.'®!

2.1. P450 enzymes involved in NRPS biosynthesis

2.1.1. Glycopeptide antibiotic - vancomycin. Glycopeptide
antibiotics (GPAs) represent an important class of antimicrobial
agents, with clinically relevant examples including vancomycin
and teicoplanin. Among them, vancomycin serves as a well-
studied model for understanding GPA biosynthesis (Fig. 22a). It
is produced through a highly coordinated oxidative crosslinking
process catalyzed by cytochrome P450 enzymes (OxyB, OxyA, and
OxyC) (Fig. 22a)."®*'%® These enzymes play a crucial role in
transforming the linear heptapeptide precursor, assembled by a
nonribosomal peptide synthetase (NRPS), into its rigid, bioactive
conformation via a sequence of regioselective oxidative coupling
reactions.

The oxidative cyclization of vancomycin begins with OxyB,
which catalyzes the formation of a C-O bond between the
phenolic rings of the C and D residues. This reaction is
initiated by Compound I (Fig. 22b), an iron(v)-oxo species that
abstracts a hydrogen atom from the C-ring, generating a
stabilized radical."®»'®> A second oxidation event at the D-ring
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produces a phenoxy diradical, which recombines to form the
first biaryl ether linkage. Nguy et al. have provided direct
spectroscopic and kinetic evidence for the formation and func-
tional relevance of Compound I in this transformation."®> Using
a peroxide shunt strategy, OxyB was shown to form Compound I
upon treatment with m-chloroperbenzoic acid (mCPBA), with its
characteristic features at A = 695 nm confirmed by stopped-flow
UV-vis and freeze-quench EPR spectroscopy.'®> This revealed
the characteristic signal of an iron(iv)-oxo species coupled to a
porphyrin radical. Furthermore, the reactivity of this transient
intermediate was tested via sequential-mix stopped-flow
kinetics, in which the decay rate of Compound I was directly
proportional to peptide substrate concentration. The identity of
the crosslinked monocyclic product was subsequently con-
firmed by HPLC-QToF-MS, establishing a direct link between
Compound I decay and catalytic turnover.'®®> These results not
only confirm the catalytic competence of Compound I in phenol
coupling but also highlight the mechanistic departure from
canonical oxygen rebound pathways. Following this, OxyA cat-
alyzes a similar radical-mediated reaction, forming a second
biaryl ether bond between the D and E rings, further rigidifying
the heptapeptide structure.

Finally, OxyC catalyzes the ring A and ring B crosslink via a C-C
coupling reaction, distinct from the previous etherifications.'®®
This step involves direct radical-radical coupling between aromatic
carbons, creating the rigid polycyclic framework critical for vanco-
mycin’s antibacterial activity. The catalytic cycle of OxyC is
proposed to initiate with the formation of Compound I, the
canonical iron(iv)-oxo m-cation radical intermediate common
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Fig. 22 Oxidative crosslinking in glycopeptide and lipopeptide antibiotics. (a) Representative structures of glycopeptide antibiotics vancomycin and
teicoplanin, the GPA-related product complestatin, and the lipopeptide arylomycin A2. Enzymes responsible for crosslink formation are indicated: OxyB,
OxyA, and OxyC for vancomycin; ComJ and Coml for complestatin; and AryC for arylomycin A2. (b) Proposed mechanism of OxyA/B-catalyzed C-O
bond formation via phenolic radical coupling. (c) Proposed mechanism of OxyC-catalyzed C-C bond formation through radical-mediated aromatic

crosslinking.

to cytochrome P450 enzymes. This high-valent species abstracts
a hydrogen atom from the phenolic hydroxyl group of the Hpg
residue (ring A), yielding a phenoxy radical and generating
Compound II (Fe(wv)-OH). The radical on Hpg delocalizes to
the ortho position, which then undergoes radical phenol cou-
pling with the Dpg ring (ring B), forming a direct biaryl C-C
bond. Rearomatization of the resulting intermediate occurs
through deprotonation, which is likely mediated by Compound
II or an active-site base. This is followed by electron transfer that
restores the heme iron to its ferric resting state, thereby com-
pleting the catalytic cycle (Fig. 22¢)."®°

This mechanistic model is strongly supported by a compre-
hensive suite of in vitro experiments. Reconstitution of OxyC

2938 | Chem. Soc. Rev., 2026, 55, 2909-2958

activity using synthetic heptapeptide substrates tethered to an
X-domain carrier protein enabled the complete chemoenzy-
matic synthesis of vancomycin aglycone.'®® Sequential enzy-
matic treatment with OxyB, OxyA, and OxyC yielded reaction
products that exhibited cumulative mass losses consistent with
the installation of the C-O and C-C crosslinks. High-resolution
tandem mass spectrometry (HR-MS/MS) confirmed the expected
structural changes, including the disappearance of diagnostic b-
and y-type ions upon formation of the tricyclic scaffold. More-
over, isotopic labeling with deuterated Hpg provided critical
mechanistic insight.'®® OxyC-mediated crosslinking resulted in
a characteristic 7 Da mass loss, corresponding to the abstraction
of both a hydrogen and a deuteron.'®® This observation is

This journal is © The Royal Society of Chemistry 2026
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consistent with a phenol oxidation-initiated process rather than
a classical diradical coupling. These results validate the catalytic
role of Compound I and provide strong evidence for a refined
mechanism involving electrophilic aromatic substitution.

In the glycopeptide-related natural product complestatin, a
similar oxidative macrocyclization strategy is employed.'®” Two
P450 enzymes, ComlI and Com], catalyze sequential crosslinks.
The first is a biaryl C-C bond between 4-hydroxyphenylglycine
(Hpg) and tryptophan, and the second is a C-O ether linkage.
Together, these modifications construct a rigid bicyclic scaffold
(Fig. 22a)."®®'% As in vancomycin, these reactions likely pro-
ceed via iron(iv)-oxo-mediated generation of phenoxy radicals,
which undergo regioselective ortho-ortho coupling.'®® Struc-
tural studies and reconstitution experiments confirm that
Com] exhibits substrate flexibility and operates on peptides
still tethered to the NRPS, with the crosslinks essential for
binding bacterial peptidoglycan and inhibiting cell wall remo-
deling enzymes, offering activity even against vancomycin-
resistant strains.'®® Notably, complestatin also exhibits a broad
range of pharmacological activities, including inhibition of HIV
2p120-CD4 binding, anti-apoptotic and neuroprotective effects,
and potent antibacterial activity against methicillin-resistant
Staphylococcus aureus (MRSA), with a reported MIC of 2 g
mL71.188,189

2.1.2 Lipopeptide antibiotic - arylomycin. Arylomycins are
macrocyclic lipopeptide antibiotics that inhibit bacterial type I
signal peptidase (SPase I), an essential membrane-bound serine
protease involved in the cleavage of signal peptides from
preproteins during secretion.'”*® SPase 1 is highly conserved
and indispensable for bacterial viability, making it an attractive
antibiotic target. The biosynthesis of arylomycins is directed by a
nonribosomal peptide synthetase (NRPS) assembly line encoded
by aryA, aryB, and aryD genes in Streptomyces roseosporus.”*® The
resulting hexapeptide contains a distinctive N-methyl-p-serine and
hydroxyphenylglycine, both of which are involved in post-
assembly modifications. Macrocyclization is mediated by AryC, a
cytochrome P450 monooxygenase that catalyzes an oxidative biaryl
C-C bond between Hpg and Tyr residues, forming a rigid
14-membered ring scaffold critical for SPase binding
(Fig. 22a)."°° Uniquely, AryC does not require peptidyl carrier
protein (PCP)-tethered substrates, which are commonly
necessary in glycopeptide biosynthesis. Instead, it can act on
free linear lipopeptides.'®* Structural studies revealed that this
unusual PCP-independence stems from a deep, hydrophobic
substrate channel in AryC, which accommodates untethered
peptide precursors and facilitates direct oxidative coupling.'®*

While early arylomycins showed potent activity against
Gram-positive bacteria including Staphylococcus aureus and
Staphylococcus epidermidis,'®® their efficacy against Gram-
negative pathogens was limited due to outer membrane perme-
ability barriers and reduced SPase binding affinity.'®> However,
structure-guided optimization led to derivatives such as G0775,
which not only penetrates the Gram-negative envelope but also
forms a covalent adduct with the SPase active site via a novel
oxadiazole warhead, effectively overcoming preexisting resis-
tance mechanisms.'®® G0775 exhibits potent in vitro and in vivo

This journal is © The Royal Society of Chemistry 2026
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activity against multidrug-resistant ESKAPE pathogens, posi-
tioning arylomycin analogs as promising leads for new Gram-
negative antibiotics.

2.1.3. Teleocidins. Teleocidins are a class of indole alka-
loids discovered in 1960 from Streptomyces mediocidicus as toxic
compounds active against fish.'”” Subsequent studies identified
structurally related derivatives from Streptomyces spp. and the
marine cyanobacterium Moorea producens.'*®>°* These natural
products are characterized by an indole-fused nine-membered
lactam core, biosynthesized through a unique P450-catalyzed
C-N bond formation.”*>°® This transformation, catalyzed by
enzymes such as TleB and LtxB, plays a critical role in assembling
the indolactam scaffold, which is a key structural feature of
teleocidins, indolactam V, and lyngbyatoxin A (Fig. 23a).>%” ">

The formation of the C4-N13 bond in teleocidins is
proposed to follow a diradical coupling mechanism, facilitated
by iron-oxo intermediates. The reaction is initiated by Compound
I, an iron(wv)-oxo species, which abstracts a hydrogen atom from
the N1 position of the indole ring, generating a stabilized indole
radical. This is followed by a conformational shift in the substrate,
bringing the amide N13 position closer to the iron center.>'**'* A
second hydrogen abstraction from the N13 amide nitrogen by
Compound II (FeIV-OH species) results in the formation of a
nitrogen-centered radical. The final C-N bond is established
through diradical recombination between the C4 and N13 radicals,
forming the fused indolactam ring system (Fig. 23b).>'° This
mechanism was elucidated through in vitro enzymatic assays using
TleB and its homologue HinD.*'**'* Radical clock experiments
using an N13-cyclopropyl-substituted analogue resulted in ring-
opened products, confirming the formation of a radical at N13.
Substrates lacking the N1-hydrogen failed to undergo cyclization,
highlighting the necessity of initial hydrogen abstraction at N1.
Furthermore, X-ray crystal structures of TleB and HinD revealed
that while N1 is ideally positioned (~2.7-3.1 A) for iron-mediated
H-abstraction, N13 initially resides too far from the heme. How-
ever, a flipped substrate conformation observed in the HinD-
substrate complex repositioned N13 within ~3.1 A of the heme
iron, enabling the second abstraction and bond formation.*"?
These combined structural and biochemical insights strongly
support a stepwise diradical mechanism underlying indolactam
formation in teleocidin biosynthesis. Similar mechanisms have
been proposed for LtxB in lyngbyatoxin biosynthesis and MpnC in
pendolmycin biosynthesis, where P450 enzymes catalyze oxidative
cyclization via radical intermediates.>"> However, while TleB and
LtxB are well-characterized, the mechanistic details of MpnC
remain underexplored beyond bioinformatic predictions.

2.2. P450 enzymes involved in RiPP biosynthesis

Early Foundations in rSAM and RiPP Biosynthesis studies
explored radical-mediated bond formations in RiPP pathways
catalyzed by rSAM/SPASM enzymes, highlighting unique peptide
cyclizations.?”"'**17%1¢ These works set a precedent for studying
unconventional bond formations in peptide biosynthesis
(Fig. 24). While the broader roles of P450s in secondary metabo-
lism have been studied for decades, their specific involvement in
RiPP pathways represents a more recent area of investigation.
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The role of P450s in RiPPs began to gain systematic attention
in the mid-to-late 2010s, with isolated reports on oxidative cross-
linking, heterocyclization, and tailoring modifications in specific
RiPP families. Several reviews published prior to and during the
early 2020s have discussed the emerging functions of P450s in
RiPP biosynthesis, helping to consolidate early discoveries and
mechanistic insights.**'>"176179:180.217221 The p450 catalytic
cycle facilitates RiPP cyclization through precisely controlled
radical recombination events."”® Upon substrate binding, the
heme iron undergoes sequential reduction and oxygen activation
to form the high-valent Compound 1 (Fe**=0 n-cation radical)
species. In RiPP-modifying P450s, Compound I abstracts hydro-
gen atoms from aromatic amino acid side chains (typically
tyrosine or tryptophan), generating delocalized substrate radicals
that undergo intramolecular coupling rather than oxygen
rebound.**"**'®° This radical termination pathway enables: (1)
biaryl bond formation: C(sp®)-C(sp®) crosslinks between aromatic
residues via radical recombination. (2) Heteroatom linkages:
Formation of C-O or C-N bonds through oxygen/nitrogen-
centered radical coupling. (3) Macrocycle size control: Precise
positioning of reactive residues by the enzyme’s architecture
dictates ring sizes, typically ranging from 12 to 20 atoms. Notably,

2940 | Chem. Soc. Rev, 2026, 55, 2909-2958

these reactions proceed without requiring peptidyl carrier protein
(PCP) tethering. This requirement is a critical distinction from
non-ribosomal peptide (NRP) cyclization systems and enables
direct modification of ribosomally-synthesized precursor pep-
tides and synthetic peptide substrates.'”®

2.2.1. Atropitides and bitryptides. Atropitides are a sub-
class of RiPPs distinguished by their unusual non-canonical
atropisomerism. Unlike typical stereoisomers that differ due to
chiral centers or double-bond geometry, atropisomers are
stable conformational isomers arising from restricted rotation
about a single bond or multiple bonds.>*>*?* In atropitides,
multiple covalent cross-links in the peptide create a rigid three-
dimensional shape, preventing free bond rotation and yielding
two stable configurations with identical connectivity.>** The
first known member of this peptide family, tryptorubin A, was
discovered from a Streptomyces sp. CLI2509 isolated from the
bracket fungus Hymenochaete rubiginosa.*** Tryptorubin A is a
hexapeptide that features multiple intramolecular cross-links
between aromatic amino acid side chains: Trp-indole-C to Trp-
indole-C, Tyr-phenol-C to Trp-indole-N, Trp-indole-C to back-
bone amide-N crosslinks (Fig. 24). One of the most intriguing
aspects of tryptorubin A is its atropisomerism, the ability to

This journal is © The Royal Society of Chemistry 2026
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exist as two distinct conformational isomers despite identical
connectivity. Total synthesis of tryptorubin A revealed that it
can adopt two non-canonical atropisomeric configurations.**®
Heterologous expression of the ¢rp BGC resulted in the produc-
tion of tryptorubin A with the bridge above the isomer as the
major product and the single P450 enzyme (TrpB) responsible
for installing all three crosslinks.

Cihunamides, recently isolated from a Streptomyces sp. derived
from a volcanic island, share highly homologous biosynthetic
genes encoding a precursor peptide and a P450 enzyme, the
P450-installed C-N crosslink between Trp1-C7 and Trp2-N1 and
lack atropisomerism.>*® An et al. proposed that Trp-Trp crosslinks
should serve as the primary classification criterion, rather than
final chemical structure. This led to the suggestion that atropitides
should be merged into an expanded bitryptide family, where the
presence of P450-catalyzed Trp-Trp linkages was the defining
characteristic.”®® This perspective was based on genomic simila-
rities between tryptorubins and cihunamides, which shared highly
homologous BGCs, including a precursor peptide and a dedicated
P450 enzyme. The argument was that their biosynthetic common-
alities outweighed structural differences such as atropisomerism,
supporting a broader classification under bitryptides.*”

However, a more recent study identified that bitryptides
exhibit a conserved Trp-Trp crosslink motif (xWxxWx), which
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distinguishes them from other RiPP subclasses. Instead of view-
ing bitryptides as an overarching category, the authors proposed
that bitryptides should be recognized as a specific subgroup
within the larger Atropopeptide family. Atropopeptides, in this
refined definition, are characterized not just by P450 modifica-
tions but also by conserved sequence motifs (such as KSLK in
leader peptides) and distinct core peptide patterns, making them
a broader RiPP class that includes bitryptides as a subset. The
study revealed that Atropopeptide BGCs are distributed across
different bacterial genera, primarily in Streptomyces and Xantho-
178222 Biermann et al also successfully heterologously
expressed several Atropopeptide BGCs and elucidated their struc-
tures, including: Scabrirubin, Varsorubin B, and Laurentirubin B
which is the most complex atropopeptide discovered to date.?*?

2.2.2. Biarylitides. Biarylitides are a class of tripeptide
RiPPs characterized by side-chain crosslinks between aromatic
residues, specifically C-C or C-N bonds, catalyzed by cyto-
chrome P450 enzymes. These P450s act on minimal peptide
substrates with motifs such as MxYxH, and install linkages
such as Tyr-Cé to His-C5 (Fig. 24).>*® The earliest identified
members of this family, the N-acetylated tripeptides YYH and
YFH, were discovered from Planomonospora species through
genome mining of ultra-short open reading frames (ORFs)
encoding pentapeptides like MRYYH.*** The corresponding
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Fig. 24 Representative RiPP macrocycles formed by cytochrome P450-catalyzed oxidative coupling. Shown are examples featuring C-C, C-N, and
C-0 linkages, including myxarylin, biarylitide, chinunamide A, cittilin A, tryptorubin A, and nocapeptin A. Newly formed crosslinks are highlighted.
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BGC includes the minimal bytA gene, which encodes the
pentapeptide precursor, and bytO, a P450 enzyme gene respon-
sible for macrocyclization. The MR dipeptide at the N-terminus
is proposed to function as a leader sequence, and although no
dedicated protease is encoded in the BGC, cleavage is believed
to be carried out by endogenous host proteases. After cycliza-
tion, the newly exposed N-terminus is N-acetylated, yielding the
mature tripeptide natural product.?*

Experimental validation through heterologous expression of
bytAO in Streptomyces coelicolor confirmed production of YYH,
which contains a biaryl C-C linkage between the Tyr and His
side chains. Following these findings, the first biarylitide from
myxobacteria, termed myxarylin, was identified from Pyxidicoc-
cus fallax.>*® Myxarylin differs from Planomonospora-derived
biarylitides in two key aspects: it incorporates an N-methyl
group in place of N-acetylation, and it forms a C-N linkage
between Tyr and His, reflecting distinct enzymatic processing
and regioselectivity. This structural divergence highlights the
catalytic flexibility of P450s and suggests evolutionary diver-
gence in biarylitide biosynthesis across bacterial phyla.

Further mechanistic insights were obtained from studies on
P450g);, a BytO-like enzyme from Micromonospora sp. MW-13.
This enzyme exhibits broad substrate tolerance and ability to
catalyze Tyr-phenol-C to His-imidazole-N crosslinks, similar to
myxarylin (Fig. 25a).>*° Mutational analysis of its pentapeptide
substrate (MRLYH) revealed that Met-1 and Arg-2 are critical for
cyclization, while modifications at position 4 affected efficiency.
Structural and computational studies further clarified P450g’s
regioselectivity.”®" Recent work has expanded the utility of these
P450 enzymes as biocatalysts through protein engineering. In a
study by Treisman et al., active-site residues of P450BIt (A231,
H234, and E238) were mutated to alter the substrate binding and
cyclization profile. Engineered variants such as Blt-M1 (A231V-
H234L) and Blt-M3 (H234L-E238N) enabled the efficient cycliza-
tion of alternative substrates like MRHLY and MRYLY, producing
novel tripeptides with His-Tyr or Tyr-Tyr crosslinks (Fig. 25a).>*>
These engineered P450s achieved up to 85% conversion, and
structural elucidation confirmed the formation of unconven-
tional C-O linkages (e.g., Tyr-C3-Tyr-O), distinct from the natural
C-C or C-N biaryl bonds.***> This work highlights the catalytic
plasticity of biarylitide-type P450s and their potential for generat-
ing new macrocyclic peptide scaffolds with tailored properties.
Genome mining has since uncovered diverse biarylitide BGCs,
leading to the discovery of novel peptides like roseovertin (Trp-
C7' to His-Nt), rubrin (Trp-C7’ to Tyr-C6), and lapparbin (Tyr-C6
to Trp-N1’), with unique crosslinking chemistries (Fig. 25b)."”
Large-scale bioinformatics screening further identified newly
crosslinked peptides from multiple P450 subclasses, many fea-
turing N-terminal acylation or methylation, underscoring the
expanding biochemical diversity of this RiPP family. These find-
ings highlight the biocatalytic potential of P450 enzymes for
engineering novel macrocyclic peptides.

2.2.3. Cittilins. Cittilins are a class of biaryl-containing
tetrapeptide RiPPs characterized by both C-C and aryl C-O-C
linkages, setting them apart from biarylitides, which primarily
feature C-C and C-N crosslinks. First identified in Myxococcus
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xanthus DK1622, cittilins consist of three tyrosine residues and
one isoleucine, forming a rigid bicyclic scaffold reminiscent of
non-ribosomal peptide antibiotics like vancomycin and teicopla-
nin (Fig. 22).** The biosynthesis of cittilins is mediated by a
minimal BGC composed of citA, citB, and citC, which encode a
precursor peptide, a cytochrome P450 enzyme, and a methyltrans-
ferase, respectively.””® Unlike other RiPP biosynthetic systems,
cittilins require an additional prolyl endopeptidase located outside
of the BGC for precursor cleavage. Functional studies confirmed
that CitB is solely responsible for catalyzing both C-C and C-O
crosslinks, marking it as a highly versatile P450 enzyme, CitB
defines the cittilin subclass. Deletion of citB completely abolished
cittilin production, while the absence of citC resulted in an
unmethylated variant, cittilin B, retaining the core crosslinks.?*?
These findings suggest that CitB first mediates the C-C and C-O
cross-coupling reactions, after which the precursor undergoes
proteolytic cleavage, followed by methylation by CitC, completing
cittilin biosynthesis.>*® Shortly after, another study identified a
similar catalytic pattern in the P450 enzymes SanB and SyrB,
derived from Saccharopolyspora shandongensis CGMCC 4.3530
and Saccharothrix syringae NRRL B-16468, respectively.'”® Unlike
previously characterized biaryl crosslinking P450s, SanB and SyrB
catalyze the formation of a Trp-to-Tyr ether (C-O) bond, as
observed in shandoamide and syrinamides."”® Interestingly, these
enzymes exhibit bifunctionality, as they also mediate C-C cross-
linking between two tyrosine residues, further expanding the
functional scope of P450s in RiPP biosynthesis (Fig. 24).>**

2.2.4. Nocapeptin. Lasso peptides are a unique subclass of
RiPPs characterized by a distinctive lariat topology.>****° Their
defining feature is a macrolactam ring formed between the N-
terminal amino group of the core peptide and a side-chain
carboxylate from an aspartate or glutamate residue. The remain-
ing C-terminal tail threads through this ring, creating a steri-
cally locked structure that provides exceptional stability against
proteolysis and thermal degradation (Fig. 24).>*° A recent dis-
covery has expanded the structural and enzymatic diversity of
lasso peptides with the identification of nocapeptins, a novel
subclass featuring P450-catalyzed C-N biaryl crosslinks. These
peptides were identified through genome mining of Nocardia
terpenica IFM 0406, where a lasso peptide BGC nop was found to
encode a cytochrome P450 enzyme (NopF), an unusual feature
among known RiPP pathways. A related gene cluster (lop) was
later discovered in Longimycelium tulufanense, containing homo-
logues of NopF and an additional enzyme (LopG), suggesting
further diversification within this peptide class.

Nocapeptin A, the major product from Nocardia terpenica,
contains a C-N biaryl linkage formed between Trp2-N1 and Tyr3-
C3. This modification is installed by NopF and was validated
using stable isotope labeling, 2D NMR spectroscopy, and LC-MS/
MS.>*® The resulting product displays a rigid bicyclic architecture
that extends beyond the classical macrolactam ring. In contrast,
longipeptin A from L. tulufanense contains a Trp-Trp crosslink at
analogous positions and undergoes additional tailoring reac-
tions, including tryptophan hydroxylation and methionine S-
methylation.”® The latter forms a sulfonium moiety, which
represents the first example of this type of modification in

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00585j

Open Access Article. Published on 16 February 2026. Downloaded on 4/5/2026 5:40:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(a) =N
/=N [~
OH N ) OH N
COOH COOH
HN P450g, HN
o ):o Q ):O
N /< N /<
H

HO HO
COOH H N\ COOH
N HN
0] ):o
e
NH

K((L ):/( et

N
N
EY

(o] N COOH — HN COOH

—NH HN —NH HN

View Article Online

Review Article

(b)

Lapparbin

Fig. 25 Catalytic diversity of P450 enzymes in biarylitide biosynthesis. (a) Wild-type and engineered P450g, variants generate distinct crosslinks in
tripeptides, including C—N and C-O bonds. (b) Representative natural biarylitides with varied crosslinking patterns, demonstrating the versatility of P450-

catalyzed macrocyclization.

RiPPs.”*® Functionally, nocapeptin A displays modest antimicro-
bial activity against Micrococcus luteus with a minimum inhibitory
concentration (MIC) of 16 pg mL . It does not exhibit cytotoxi-
city in the NCI-60 cancer cell line panel.>*® Its structural rigidity,
attributed to both the lasso conformation and the P450-mediated
crosslink, contributes to its high resistance to heat and protease
degradation. The identification of nocapeptins illustrates how
P450 enzymes expand the chemical capabilities of RiPP biosyn-
thetic pathways. This discovery suggests that additional lasso
peptides containing diverse oxidative crosslinks are likely to be
found through continued genome mining and biochemical

exploration.'*'
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2.2.5. Aminopyruvatides. The aminopyruvatide pathway
from Burkholderia thailandensis exemplifies the use of a cyto-
chrome P450 enzyme to catalyze oxidative biaryl C-C cross-
linking between aromatic residues, yielding a rigid macrocycle
with axial chirality."®" In this pathway, the P450 enzyme ApyO
couples aromatic side chains (Tyr/p-methyltyrosine) to form
the macrocycle. This reaction is preceded by a unique
B-methylation of tyrosine catalyzed by the B12-dependent
rSAM enzyme ApyD (giving (2S,3R)-B-methyltyrosine), and fol-
lowed by MNIO- and methyltransferase-catalyzed tailoring at
the C-terminus, producing a rare (S)-3-amino-2-oxobutanoic
acid (Fig. 26)."*'

ApyHI (MNIO)

OH OH

N N
H H

H o H Q ApyS (Methyl-transferase) O Q
N\)J\WOH o
s H H
o o * o f\N N N .,,,”/N
H o 0o

Fig. 26 Proposed biosynthetic pathway for the apy BGC from B. thailandensis E264.
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Spectroscopic and MicroED studies confirmed the axial R
chirality of the macrocyclic biaryl linkage, highlighting ApyO’s
ability to perform regio- and stereoselective radical phenol
coupling. While this architecture mirrors that of arylomycin,
it shares structural similarity with the macrocyclic product of
the pbs system from Peribacillus simplex (see Section 2.1.8 and
Fig. 12). In the pbs pathway from Peribacillus simplex, biaryl
macrocyclization is not mediated by a P450, but by PbsB, a B12-
dependent rSAM enzyme that operates via a 5'-deoxyadenosyl-
radical-initiated pathway, yielding an ortho-ortho’ C-C bond
between two ortho-hydroxylated Phe/Tyr residues after PbsC/
D-mediated hydroxylation and PbsE-mediated deguanidination.'*?
While both ApyO and PbsB achieve a similar aromatic C-C bond,
their catalytic strategies diverge fundamentally: ApyO proceeds
through heme-mediated oxygen activation and phenoxyl radical
coupling, whereas PbsB initiates via rSAM-mediated hydrogen
abstraction and spin-delocalized radical attack."*" This compar-
ison underscores a broader theme in RiPP biosynthesis: nature
employs orthogonal enzymatic strategies to converge on similar
structural outcomes. Both P450 and B12-rSAM enzymes can forge
biaryl macrocycles, but they do so via distinct catalytic logics,
cofactors, and substrate scopes. In the pbs pathway, biaryl macro-
cyclization is executed by PbsB, a B12-dependent rSAM enzyme, as
demonstrated by biochemical reconstitution and mechanistic

analysis. This juxtaposition with P450-mediated phenolic

OH

Tyré

Pro7

Micitide 982 (MciB)
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couplings highlights how orthogonal enzyme classes can converge
on similar macrocyclic outcomes, underscoring nature’s versatility
in RiPP construction and the value of integrating biochemical and
structural evidence when assigning enzyme function.

2.2.6. P450-catalyzed O-insertion macrocyclization. Using a
rule-based genome-mining strategy that integrated co-conservation
analysis with AlphaFold-Multimer modeling, He et al. identified
four previously uncharacterized P450 enzymes from actinobac-
teria, designated KstB, MciB, ScnB, and SgrB.>** Heterologous
expression of their BGCs, followed by UPLC-HRMS and NMR
characterization, revealed that these enzymes catalyze diverse
oxidative macrocyclizations involving three to four aromatic
residues within short precursor peptides. KstB produced kitasa-
tides 1017 and 1019 featuring Trp-Trp-Tyr linkages formed
through one C-C and two C-N bonds, MciB generated micitide
982 containing a Tyr-Trp biaryl C-C bond, and ScnB yielded
strecintide 839 with a Trp-Trp C-N linkage (Fig. 27).**

The most remarkable transformation was observed for SgrB,
which formed gristide 834 bearing a His-His ether linkage
generated by direct oxygen insertion. This modification was
confirmed by a +16 Da mass increase and by diagnostic HMBC
and NOESY correlations that established a C-O bridge between
the imidazole rings of two histidine residues. Isotopic labeling
and spectroscopic data showed that the inserted oxygen atom
originates from molecular oxygen and is introduced through

H
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o0 6
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Fig. 27 Structures of P450-catalyzed RiPP macrocycles. KstB, MciB, ScnB, and SgrB catalyze oxidative macrocyclizations forming Trp—Tyr (C-C/C-N),
Tyr=Trp (C-C), Trp—Trp (C—N), and His—His (C-0O) linkages to yield kitasatide 1017, micitide 982, strecintide 839, and gristide 834, respectively. Newly

formed bonds are highlighted.
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the canonical P450 catalytic cycle involving a high-valent
Fe(iv)=0 (Compound I) species. The reaction thus represents
the first example of a heme-dependent oxygen-insertion macro-
cyclization in RiPP biosynthesis. Mechanistically, this process
differs fundamentally from the radical relay employed by the
rSAM enzyme DarE, which mediates O-insertion in darobactin
formation via Fe-S—cluster activation rather than a heme-oxo
intermediate.®>*2%?** Although their catalytic architectures dif-
fer, SgrB and DarE both achieve ether crosslink formation
through molecular oxygen incorporation, representing conver-
gent enzymatic solutions for C-O bond formation in RiPP
macrocyclization.”** The discovery of these P450 enzymes
expands the oxidative repertoire of RiPP biosynthesis beyond
C-C and C-N couplings and establishes oxygen insertion as a
new dimension of heme-dependent peptide diversification.

3. BURP domain proteins

The BURP-domain peptide cyclases (BpCs) form a lineage of post-
translational peptide-modifying enzymes that generate macrocyclic
products known as burpitides.”*® Phylogenetic analyses reveal four
subfamilies: USP (Unknown Seed Protein), RD22 (Responsive to
Desiccation 22), PG1p (Polygalacturonase-Inhibiting Protein 1),
and BNM2 (Brassica napus Meristem 2), each distinguished by
domain architecture and core peptide localization.”****** These
BURP domains share a conserved CHX;,CHXj5—,7CHX55—cCH
motif that organizes two opposing 2 x CH modules. Structural
analyses have revealed a His,~Cu coordination typical of type II
copper proteins on one side of the motif, with a potential second
site located within 7 A; whether both are simultaneously occupied
and cooperate in O, activation remains under investigation. This
His-ligated copper environment, stabilized by nearby disulfide
“staples,” represents an unusual feature among peptide-modifying
metalloenzymes.>****> BURP domain proteins typically consist of
multiple modules, including an N-terminal hydrophobic domain
signal peptide, a conserved segment, an optional repeat domain,
and the C-terminal BURP domain itself.

From a structural perspective, BURP-derived macrocycles
encompass lyciumin-type C-N linkages, cyclopeptide alkaloids
bearing Tyr-O-C ether bonds, stephanotic acid-type Trp-C-C
scaffolds, and hibispeptin-type Tyr-C-C frameworks.>*?
Although these classes differ in ring topology and crosslink
chemistry, they are all installed by only two mechanistically
distinct enzyme families: fused and split burpitide cyclases,
which form the basis of the discussion below.

Building on this classification, several representative molecules
illustrate the breadth of BURP-installed side-chain macrocycliza-
tion. Moroidin from Celosia argentea contains both a Leu-Trp C-C
and a Trp-His C-N linkage; hibispeptin B from Hibiscus syriacus
features a Tyr-Leu C-C bond; and arabipeptin A from Coffea
arabica carries a Leu-Tyr C-O ether crosslink catalyzed by a split
BURP enzyme (Fig. 28).>**>"" Despite their shared reliance on
radical-mediated copper chemistry, BpCs display diverse expres-
sion patterns and biological roles: BNM2 is associated with
microspore embryogenesis in Brassica, RD22 is induced by

This journal is © The Royal Society of Chemistry 2026
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drought stress in Arabidopsis, and BURP domains frequently
localize to the cell wall matrix, where they may contribute to
intermolecular peptide crosslinking and structural stabilization.

3.1. Fused burpitide cyclases

A subset of BURP enzymes are encoded as fusion proteins that
include both the modifying domain and the precursor peptide
in the same polypeptide chain, enabling intramolecular proces-
sing. Recent structural and biochemical studies established
that these fused BURP enzymes operate by a copper- and
oxygen-dependent radical mechanism that is distinct from
previously characterized RiPP cyclases. The crystal structure
of Arachis hypogaea AhyBURP (a USP-type enzyme) uncovered
an unprecedented BURP-domain fold, comprising a discontin-
uous B-barrel and B-sheet that enclose the core peptide above a
His,—Cu site and a second potential Cu-binding module posi-
tioned less than 7 A away in the structural model.?** Each active
site contains a pair of His ligands stabilized by a Cys-Cys
disulfide “‘staple”, forming two type II Cu sites per monomer.
The enzyme functions as a homodimer, but each subunit acts
autonomously on its own tethered core peptide, thus, to our
knowledge, establishing AhyBURP as the first verified intra-
molecular (in cis) RiPP macrocyclase.**?

Mechanistically, AhyBURP catalyzes two sequential oxida-
tions to yield first the monocyclic lyciumin I, followed by the
bicyclic legumenin (Fig. 29). In the first step, a copper site is
proposed to activate molecular oxygen to generate a reactive Cu-
O species (e.g., Cu-superoxo and/or dicopper p-oxyl formula-
tions) that abstracts a hydrogen atom from Gly82-Ca, generating
a carbon-centered radical. This radical couples with the Trp86-
N1 to form the C(sp®)-N bond (lyciumin I).>** Radical-trapping
experiments using CHANT (4-chloro-3,5-dinitrobenzyl hydroxy-
lamine) provided support for transient radical intermediates
localized to the Tyr81-Trp86 region, and isotope-labeling experi-
ments are consistent with O, serving as the terminal oxidant
rather than a donor atom. In the second step, formation of the
additional crosslink to afford legumenin is proposed to proceed
via H-atom abstraction at GIn79, with Tyr84 implicated in this
process based on Gln-ds labeling (loss of a single deuterium)
and the Y84A variant. While alternative mechanistic models
have been proposed for BURP-domain enzymes, the scheme
shown in Fig. 29 summarizes the key experimentally supported
features common to current proposals.>*®>**

Catalytic turnover of fused BURP enzymes requires a mildly
reducing environment; ascorbate or y-glutamyl-cysteinyl-gly-
cine (GSH) can support activity by maintaining the copper
center(s) in a reduced state. An internal Cys104-Cys116 dis-
ulfide has been proposed to participate in electron or proton
transfer during catalysis, although details of O, binding/activa-
tion and the copper oxidation/coordination states throughout
the reaction remain to be fully defined.***> Mutation of any
coordinating histidine or disruption of the key disulfide
abolishes macrocyclization, underscoring the essential roles
of copper coordination and thiol redox dynamics.>**

Building on these mechanistic foundations, recent large-
scale transcriptome analyses across &~8900 plant RNA-seq
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Fig. 28 Representative BURP-derived macrocyclic peptides. Fused BURP products: lyciumin | (C—N) and legumenin (C-O) from Arachis hypogaea;
moroidin and its analog QLLVWRNH (Leu—-Trp C-C; Trp—His C-N); hibispeptin B (Tyr—Leu C-C); mercurialin (Phe-Tyr C-0); and glechomanin (Val-Trp
C-C). Split BURP product: arabipeptin A (Leu-Tyr C-0) from Coffea arabica. Highlighted bonds mark the oxidative side-chain crosslinks installed by

BURP copper enzymes.

datasets revealed extensive diversification of BURP-type macro-
cyclases and their products, including newly characterized
compounds such as glechomanin (Val-Trp C-C) and mercur-
ialin (Phe-Tyr C-0O). These results were reported in subsequent
studies building on the initial structural and mechanistic
insights (Fig. 28).>*® These compounds retain the canonical
Leu-Trp C-C linkage that defines the stephanotic acid scaffold
but introduce novel secondary crosslinks catalyzed by BURP
enzymes with distinct substrate specificities.”*®* Glechomanin
from Glechoma hederacea features an additional Val-Trp C-C
bond, while mercurialin from Mercurialis annua forms a
Phe-Tyr C-O ether linkage, demonstrating that BURP-domain
copper enzymes can mediate both C-C and C-O bond forma-
tions between aliphatic and aromatic side chains (Fig. 28).>*®
In Stellaria aquatica, a newly discovered moroidin variant
(QLLVWRNH) exhibits a Trp-His C-N linkage typical of classic
moroidins but displays enhanced antiproliferative activity
against non-small-cell lung cancer cells (IC5, ~ 1.4 puM),
suggesting functional diversification driven by subtle sequence
changes. Collectively, these findings underscore that BURP-
domain macrocyclases constitute an evolutionarily convergent
platform for oxidative side-chain macrocyclization, generating

2946 | Chem. Soc. Rev., 2026, 55, 2909-2958

diverse scaffolds that span stephanotic acid, moroidin, and
related plant RiPP families.>*®

3.2. Split burpitide cyclases

A second, widespread class of BURP enzymes functions in trans
on separately encoded precursor peptides. These split BURP
systems form conserved biosynthetic cassettes in plant gen-
omes in which short precursor genes lie adjacent to one or
more BURP homologs. In Coffea arabica, the split enzyme
ArbB2 was shown by in vitro reconstitution to install the Leu-
Tyr C-O ether bond of arabipeptin A using the cognate pre-
cursor ArbA2.>*° The reaction requires copper ions for activity,
and the modification is abolished in the presence of a copper
chelator, consistent with a Cu-dependent oxidative mechanism
as observed for other BURP-type cyclases.”** The corresponding
arb locus encodes multiple precursor peptides and several
BURP homologs, constituting a modular ensemble for generat-
ing macrocyclic peptide diversity.

Mechanistic studies on ArbB2, together with structural
analyses of fused BURP macrocyclases, indicate that split
BURPs retain the conserved His-ligated di-copper motif and
O,-dependent oxidative chemistry inferred for fused systems,

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00585j

Open Access Article. Published on 16 February 2026. Downloaded on 4/5/2026 5:40:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

wse e |
T85 HN HNO Y i HN T X
X HN
HN ¥ >_< >_< d
H © H ©
reducing (0]
) agent His i 02 His, 1)
it ) == His
Me Cu(ll) His | Met----Cu(l) / [} Met ”’CLIJ( ) /
His cu(ll ) / .
bz His . "
20HD) ey Met” " ) \"”5
Viet His 2xCH(2) 2xCH(1) 2xCH(2) 2xCH(1)
2xCH(1)
T}
v \ Y, v
HN | |
B ®e ¥ HN % AN HN o BNy
\ < — O—
‘ o -
o] (H O
His i H )
Piss ~——  His § His ~—  Hs 9 His
Met----Cu(ll), v | v 0 /
\O’/ / \His Met----Cu(ll) L Met----Cu(ll)
His ‘ Me H'/ Met”~ \ ) M
OH 1s His His His
2xCH(2) 2xCH(1) 2xCH(2) 2xCH(1) 2xCH(2) 2xCH(1)
Jw
P80
T A T .
HN H)N ¥ HN “‘% /N Y
His . His His H His wee "
o)
m:;—f}Cu(u)/ \Cu(ll)/ vil “‘Q‘W"Cu(ll)/?\c I Vil
N St His
His H / His His’ / His
Met Met Met----Cu(ll) Cu(!l)
2xCH(2) 2xCH(1) 2XCH(2) 2xCH(1) hid i -
Viet IS
2XCH(2) 2xCH(1)
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legumenin. Isotope-labeling data support O, acting as the terminal oxidant without oxygen incorporation into the product, and catalytic turnover is
supported by mild reductants such as ascorbate or glutathione. While alternative mechanistic models have been proposed for BURP-domain enzymes,

the scheme shown highlights the key experimentally supported features common to current proposals.

but act as trans-acting, monomeric enzymes with true catalytic
turnover on multiple peptide substrates.>*® AlphaFold modeling
and docking support a role for an N-terminal leader or recognition
sequence upstream of the core peptide in guiding substrate
binding, positioning aromatic residues from the core into a
hydrophobic pocket adjacent to the copper active site for selective
side-chain oxidation.”*® Reductant-dependence experiments show
that exogenous reducing agents are required to maintain activity
and enable multiple turnovers, consistent with reductive regenera-
tion of Cu(r) during catalysis.>*® Sequential modification assays
further demonstrate that split BURPs can process each core within
multi-core precursors and can act on distinct precursor peptides,
consistent with an expanded substrate scope.*** Comparative
genomics, supported by transcriptome mining, reveals that split
BURPs are broadly distributed across eudicots and are frequently
co-clustered with stand-alone precursor genes encoding cores for
arabipeptins, hibispeptins, cyclopeptide alkaloids, and moroidin-
like burpitides.>*>>***>° Orthologous split systems from Ceanothus
americanus and Ziziphus jujuba are associated with cyclopeptide
alkaloids such as frangulanine and homoamericine, whose 13-14-

This journal is © The Royal Society of Chemistry 2026
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membered macrocycles feature tyrosine-derived C(sp®)-O-phenol
ether crosslinks to f-hydroxy Leu or Ile residues.**>**" These data
define split BURPs as trans-acting, copper- and oxygen-dependent
macrocyclases that operate within a common Cu/O,-dependent
oxidative paradigm proposed to underlie both fused and split
burpitide cyclases, while providing greater catalytic flexibility and
broader product diversity.>*®

Collectively, fused and split BURP macrocyclases illustrate
an emerging Cu/O,-dependent radical strategy for oxidative
side-chain macrocyclization. While fused enzymes such as
AhyBURP act intramolecularly on tethered substrates, split
systems like ArbB2 perform true catalytic turnovers on separate
precursor peptides."”® Despite variations in architecture, both
share the hallmark His-ligated copper site and generate struc-
turally diverse macrocycles.

4. DUF3328 domain proteins

Fungal RiPPs have been identified for their potential therapeutic
applications, including anticancer, antitubulin, antinematode, and
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immunosuppressant activities.”**>**"*>* Despite their importance,
only a limited number of fungal RiPPs have been discovered, with
most belonging to specific groups like cycloamanides, borosins, and
dikaritins.?*"**3"2%8 Cycloamanides are cyclic peptides with thioether
crosslinks formed through oxidative macrocyclization, examples
include o-Amanitin and phallacidin derived from the mushroom
Amanita bisporigera, but the enzymes responsible for their thioether
macrocyclization remain unassigned (Fig. 30a).>°*2°> Borosins
rely on self-processing enzymatic mechanisms for cyclization.>*?

Beyond these families, a recently characterized DUF3328-
associated branch, the asperigimycins A-D from Aspergillus flavus
and A. oryzae, illustrates that multiple DUF3328 oxidases can be
combined to build far more complex scaffolds (Fig. 30b).>** The
apg gene cluster encodes a ribosomal precursor (ApgA) together
with six DUF3328 enzymes (ApgYa-Yf) and an N-terminal gluta-
minyl cyclase (ApgG). Stepwise knockouts map the roles of indivi-
dual DUF3328s in early macrocyclization, hydroxylation, and ether-
ring construction, converging on a benzofuranoindoline core that
is further elaborated into a heptacyclic framework.>*®> Deletion of
apgA abolishes all products, confirming the RiPP origin, while
biochemical assays establish ApgG as the enzyme installing pGlu
at the N-terminus. Selected analogs display anticancer activity, and
N-terminal lipidation enhances potency, underscoring DUF3328
enzyme cascades as a versatile platform for complex macrocycle
assembly and activity tuning.>*®

Dikaritins constitute a growing class supported by extensive
in vivo evidence: gene knockouts and heterologous expression
implicate DUF3328 proteins as central to the biosynthesis of
ustiloxins,>****> phomopsins,*®’ asperipin-2a,>*® victorins>®*
and epichloécyclins®®® (Fig. 30a). These peptides undergo
post-translational oxidative modifications, leading to unique
C-O crosslinks between Tyr/Phe residues and CP of nearby
amino acids. For epichloécyclins, the products are cyclic hep-
tapeptides whose sequences and ring closure are defined by
LC-MS/MS, but detailed crosslink patterns, 3D structures, and
absolute stereochemistry remain to be fully resolved.>®>>%¢

A recent study provided the first in vitro biochemical char-
acterization of AprY, a DUF3328 enzyme from the Aspergillus
flavus asperipin-2a pathway. The study successfully reconsti-
tuted enzymatic function of AprY, demonstrating that it cata-
lyzes two consecutive C-O crosslinking reactions in the core
hexapeptide FYYTGY.?®” This process installs two CB-O ether
crosslinks between tyrosine and adjacent amino acids, enhan-
cing the structural rigidity of the peptide. The first step involves
hydrogen atom abstraction at Tyr3 and Tyr6, generating a
diradical intermediate, which undergoes radical recombination
to form a Tyr3-Tyr6 ether bond. The absence of proton
exchange in deuterium-labeled assays supports a radical recom-
bination mechanism rather than a Michael-type nucleophilic
addition (Fig. 30c).>®” The second crosslinking event involves
Phel and Tyr3, initiated by oxidative desaturation of Phel,
forming an a,B-unsaturated intermediate. This intermediate
undergoes further hydrogen atom abstraction, leading to a
Phel-centered radical, which recombines with Tyr3 to form
the second ether crosslink. Finally, the a-amino group of Phel
is oxidized to an a-ketone, confirmed by "®0 incorporation from
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water, and subsequently stereoselectively reduced by AprR, a short-
chain dehydrogenase/reductase, yielding the final asperipin-2a
structure.”®’

Functional expansion: Copper-dependent halogenation within
DUF3328. Beyond oxidative macrocyclization, DUF3328 enzymes
also mediate copper-dependent C(sp®)-H halogenation: ApnU uses
a binuclear Cu(u) center to iteratively halogenate otherwise inert
aliphatic C-H bonds and, under O,/ascorbate, can also perform
iodination and thiocyanation. Structural and spectroscopic data
support a disulfide-linked homodimer with HXXHC-coordinated
dicopper centers, broadening DUF3328 chemistry from macrocy-
clization to C-H functionalization.”*®

5. Multinuclear non-heme iron
dependent oxidative enzymes (MNIOs)

MNIOs, formerly grouped as DUF692 proteins, are emerging
peptide-tailoring oxidases that use multinuclear non-heme iron
cofactors and molecular oxygen to initiate one-electron chem-
istry via Fe-O-mediated hydrogen-atom transfer. Across this
large and mechanistically versatile family, several distinct
oxidative outcomes have been described. The first involves
cysteine-centered four-electron oxidations that generate local
heterocycles such as oxazolone-thioamide and 5-thiooxazole
units, as exemplified by MbnB/MbnC in methanobactin bio-
synthesis and BufB/BufC in bufferin maturation.”***”* The
second encompasses cysteine P-carbon editing, which remo-
dels a single residue without forming a ring, as seen in TgIH/
Tgll.>”>>"* A third mode features oxidative cascades that cul-
minate in inter-residue macrocyclization, typified by ChrH/
Chrl, which form a thioether-linked macrocycle.>”> Finally,
several MNIOs target acidic residues: MovX-like enzymes cata-
lyze oxidative cleavage of the Asn N-Ca bond to form terminal
amides, while ApyH-type oxidases convert Asp to a-keto acids.
These reactions collectively underscore the capacity of MNIOs
to initiate radical transformations that remodel peptide back-
bones through oxygen-activated iron centers.>®*>"*

Among the characterized members, ChrH, together with its
membrane partner Chrl, converts a linear precursor into chry-
seobasin through a radical initiated, iron dependent redox
program that culminates in inter residue thioether macrocycli-
zation (Fig. 31a).>”> The proposed mechanism begins with
Fe(n)-O, activation at the active site, generating a superoxo-
Fe(u) intermediate that abstracts the Cp-hydrogen from Cyss,
forming a CB-centered radical. This intermediate is thought to
undergo further iron-mediated oxidation to a thioaldehyde,
which may be intercepted intramolecularly by the adjacent
Gly amide nitrogen to yield a transient pf-lactam. A subsequent
iron-catalyzed f-lactam cleavage, plausibly involving a high-
valent Fe(iv)-oxo species, promotes carbonyl migration and
gives rise to an imidazolidinedione core. A second cysteine
residue (Cys5) then attacks the modified backbone to close the
thioether macrocycle, and a final SAM-dependent thiomethyla-
tion completes the transformation (Fig. 31b). Comprehensive
biochemical evidence supports this pathway. Heterologous

This journal is © The Royal Society of Chemistry 2026
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coexpression of ChrH and its membrane partner Chrl in E. coli
produced a +10 Da mass shift only in the presence of both
proteins and iron. Site-directed mutagenesis of conserved cysteines
disrupted product formation, confirming their essential catalytic
roles.””> NMR spectra of the modified peptide (ChrA) showed loss
of specific amide resonances and new cross-peaks consistent with
an imidazolidinedione and a thioether macrocycle. Isotopic label-
ing with "*C-cysteine and "*CD;-SAM identified the rearrangement
of cysteine-derived carbons and the methyl donor source, while
in vitro reconstitution with Fe(u), O,, and SAM fully reproduced the
transformation. Together, these results define ChrH as a multi-
nuclear non-heme iron oxidase that channels radical intermediates
into selective bond rearrangement and inter-residue cyclization—
an archetypal MNIO example of radical enzymatic peptide
cyclization.>”

The MbnB/MbnC complex represents the best-characterized
example of the MNIO family, defining the core oxidative chem-
istry of methanobactin biosynthesis. Acting on the ribosomally
synthesized precursor MbnaA, this heterodimeric enzyme catalyzes
a four-electron oxidation of conserved cysteine residues to gen-
erate the hallmark oxazolone-thioamide motifs that coordinate

View Article Online
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copper in the mature peptide. Biochemical reconstitution estab-
lished that MbnB, a TIM-barrel MNIO, requires MbnC for activity
and that both Fe and O, are essential cofactors.?***”* Structural,
spectroscopic, and biochemical studies collectively indicate that
the active cofactor is a mixed-valent Fe(u)/Fe(m) diiron center,
rather than the previously suggested tri-iron cluster. Within the
MbnB active site, the cysteine thiolate of MbnA directly coordi-
nates the ferric ion, a feature observed crystallographically in
MbnABC complexes and confirmed by electron-nuclear double
resonance spectroscopy.””**”"*”® Upon O, binding to the ferrous
site, a superoxo-Fe(m) intermediate is generated that abstracts a
hydrogen atom from the CP of the cysteine residue, producing a
substrate radical. This intermediate is subsequently oxidized to a
thioaldehyde, which undergoes intramolecular attack by the
adjacent amide nitrogen to yield a transient B-lactam species.
Concurrently, the ferrous site is oxidized to a high-valent
Fe(v)=O (ferryl) species that performs a second hydrogen-atom
abstraction from the B-lactam, promoting its conversion into a
thio-substituted cyclic imide.””®*”" Nucleophilic attack by an
enzyme residue and subsequent substitution or tautomerization
steps lead to the formation of the oxazolone-thioamide moiety
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Fig. 31 Cyclization by the MNIO protein ChrH. (a) ChrH is a non-heme iron-dependent DUF692 enzyme that together with its membrane-bound
partner Chrl transforms a linear peptide into a macrocycle, an imidazolidinedione, and a methylated thioaminal. (b) Proposed mechanisms of the cysteine

modifying MNIO ChrH. Blue asterisks (*) indicate the carbon atoms that

were isotopically labeled in the feeding experiments, corresponding to the

carbonyl carbon of Cys8 and the B-carbon of Cys5. These labels were used to trace the fate of the carbon atoms in the product structure.
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Fig. 32 Proposed mechanism of the cysteine modifying MNIO MbnB.

characteristic of methanobactins (Fig. 32). Together, these find-
ings establish MbnB/MbnC as prototypical MNIOs that remodel
cysteine side chains through Oj-activated radical chemistry,
expanding the oxidative and structural diversity achievable in
ribosomally synthesized peptides.

Collectively, these studies support a mechanism in which
the substrate Cys thiolate ligates the multinuclear iron center,
0, is activated at the site to effect CB-H abstraction and
subsequent multi-electron steps, and intramolecular proces-
sing yields the oxazolone-thioamide unit that underpins high-
affinity copper binding in mature methanobactins. Thus,
MbnB/MbnC serve as prototypical MNIOs that remodel side
chains to build local heterocycles shaping metal-binding sites,
rather than forging new inter-residue rings.””>>”7*"®

Conclusion

The study of radical peptide cyclization enzymes has expanded
significantly, encompassing a broad range of enzymatic systems
including rSAM enzymes, cytochrome P450s, BURP-domain
proteins, and DUF-containing enzymes, all of which contribute
to the chemical complexity and functional diversity of natural
products. These enzymes facilitate a variety of bond-forming
reactions, including C-C, C-S, C-N, and C-O linkages. These
modifications enhance the structural stability, bioactivity, and
pharmacokinetic properties of peptide-based natural products.
A key area of future research lies in deciphering the structural
and mechanistic intricacies of these diverse enzymes. While
much progress has been made in understanding rSAM enzy-
mology, further investigations are required to elucidate the
catalytic potential of P450s, BURP-domain proteins, and DUF-
family enzymes. Techniques such as time-resolved crystallogra-
phy, spectroscopy to detect radicals, and computational predic-
tion and modeling will be instrumental in revealing their
underlying reaction mechanisms and engineering enzymes.

In the context of peptide modification, a common theme
among radical enzymes is their ability to catalyze oxidative
reactions on both single residues as well as cross-linking
reactions. Further exploration of radical enzymes that have
been found to catalyze reactions on single residues may lead
to new crosslinking reactions. Examples of this phenomenon

This journal is © The Royal Society of Chemistry 2026

were observed for MNIO (DUF692) enzymes and B12 dependent
rSAM enzymes. Large superfamilies like «KG and Fe-dependent
enzymes may be a fertile area for further exploration. While this
review was focused on radical cyclization enzymes, these bio-
synthetic pathways also encode unique tailoring enzymes to
functionalize the macrocycle further or to add additional rings
by different enzyme families. Collectively, these paths for
exploration will likely lead to chemically diverse peptide scaf-
folds as a source for next-generation therapeutics.

The discovery of these enzymatic systems has broad implica-
tions for drug discovery, particularly in addressing the urgent need
for novel antibiotics. Many RiPPs, including darobactins, dynobac-
tins have demonstrated activity against Gram-negative pathogens,
making them valuable leads for next-generation antimicrobial
agents. Additionally, the ability of radical peptide cyclization
enzymes to introduce complex post-translational modifications
provides new opportunities for bioengineering stable and func-
tionally diverse therapeutic peptides. Another promising avenue
involves harnessing these enzymes for biocatalysis and industrial
applications. The regio- and stereoselectivity of radical-mediated
transformations offers an innovative approach to peptide engi-
neering, enabling the synthesis of structurally complex molecules
with high efficiency. The integration of enzyme engineering,
artificial intelligence-driven protein design, and genome mining
will further accelerate the discovery of new catalytic functions and
the development of novel biotechnological applications.
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