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Iterative catalysis is a unique characteristic of the biosynthesis of ribosomally synthesized and post-
translationally modified peptides (RiPPs) to boost structural and biological diversity. Lasso peptides are an
abundant class of RiPPs featuring lariat knot structures, which pose obstacles to iterative post-
translational modifications (PTMs) after macrocyclization. Here, we present a unique glycotransferase
(GT), IgtG, that iteratively glycosylates a Ser residue up to four times within a mature lasso peptide, as the
final biosynthetic step of davasins. Such iterative catalysis diverges from classical iterative modifications
on linear peptides. Bioinformatic analysis reveals 24 IgtG-like GTs that are potentially involved in the
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discovery of PTM enzymes functioning on mature lasso peptides showcases the divergent biosynthetic

DOI: 10.1039/d5sc00605h strategies of RiPPs and provides valuable enzymatic tools for diversification of lasso peptides through
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Introduction

Glycosylation, a universal modification found across all
domains of life, leads to the formation of diverse glyco-
conjugates.” Glycoproteins, which are conjugates of protein
molecules with one or more sugar units, exhibit remarkable
structural and functional diversity and play pivotal roles in
numerous biological processes.” Similarly, ribosomally synthe-
sized and post-translationally modified peptide (RiPP) natural
products are derived from ribosomally produced precursor
peptides. These RiPPs undergo maturation through enzyme-
catalyzed post-translational modifications (PTMs), facilitated
by specific interactions between PTM enzymes and the leader
and/or core regions of the precursor peptides.® In contrast to the
widespread occurrence of glycoproteins, glycosylation in RiPP
biosynthesis is relatively rare.*

Among RiPPs, glycocins are the only class defined by glyco-
sylation as their hallmark PTM, with 13 experimentally char-
acterized members.? Additionally, a few other RiPP members,
including nine thiopeptides (across four series),*** two
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lanthipeptides,'** and two homologous lasso peptides,'® have
been reported to feature glycosylation.* Compared to glycosy-
lated RiPP natural products, the glycosyltransferases (GTs)
responsible for RiPP glycosylation are even less characterized.
Most characterized RiPP GTs originate from glycocin biosyn-
thetic pathways,*>* which are predicted to belong to the GT2
family.>'”*® A defining feature of glycocin GTs is their ability to
catalyze S-linked glycosylation at specific Cys residues within
precursor peptides (Fig. 1A).>'®

A few glycocins, such as thurandacin and glycocin F, exhibit
both S- and O-glycosylation (at Ser or Thr), catalyzed by a single
GT with broad chemoselectivity.>**?* These GTs demonstrate
iterative glycosylation activity, with the S-glycosylation occur-
ring first and more rapidly than the subsequent O-glycosyla-
tion.>*** Generally, glycocin GTs act on linear precursor
peptides as the first step in glycocin biosynthesis.

Three GTs (AfFGT3, SrGT822, and PerS4) have been found to
attach r-thamnose or p-glucose to the 3-hydroxypyridine moiety
of nosiheptide (Fig. 1B).”** Notably, SrGT822 was not found
within a thiopeptide biosynthetic gene cluster (BGC) but was
identified through biotransformation of nosiheptide using
Streptomyces sp. 147326 and subsequent bioinformatic and
enzymatic analysis.™

The class III lanthipeptide NAI-112 is modified with a rare
deoxyhexose group attached to the N-1 of a Trp residue,
alongside labionin and methyllabionin motifs.** The GT AplG
was shown to perform single Trp-glycosylation after the
formation of intact ring structures during NAI-112 biosynthesis,
as demonstrated through in vivo co-expression studies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic depiction of representative glycosylated RiPPs and associated GTs. (A) Glycocin GTs catalyze glycosylation on linear precursor
peptides. (B) Three GTs mediate glycosylation of the 3-hydroxypyridine moiety in nosiheptide. (C) AplG catalyzes N-glycosylation of a Trp during
NAI-112 biosynthesis. (D) The structure of cacaoidin features diglycosylation on a Tyr. (E) Pseudomycoidin exhibits diglycosylation on a phos-
phate group (Ph). (F) The biosynthesis of davasins involves the iterative action of GT IgtG on mature lasso peptides.

(Fig. 1C).** Cacaoidin, a class V lanthipeptide, features several
unique PTMs, including diglycosylation on a Tyr residue, N,N-
dimethyl lanthionine, aminobutyric acid, dehydroalanine, and
aminovinyl-methyl-cysteine (Fig. 1D)."* The BGC of cacaoidin,
identified and verified through bioinformatics and heterolo-
gous expression, encodes three GTs that are believed to coop-
eratively catalyze the attachment of two sugar moieties.'>?*

Glycosylated lasso peptides, pseudomycoidins, have been
characterized as containing one or two hexose residues attached
to a phosphate group linked to the C-terminal Ser (Fig. 1E).** In
the corresponding BGC, no obvious GT gene was identified.
Instead, a nucleotidyltransferase, PsmN, was shown to be
essential for mono- and diglycosylation, as demonstrated by
heterologous expression of the psm genes in E. coli.'® However,
the lack of observed in vitro catalytic activity raises questions
about its true substrate—whether it acts on the phosphorylated
linear peptide or the phosphorylated lasso peptide.*

Notably, only two classes of PTM enzymes have been proven
to act on mature lasso peptides rather than their linear
precursor peptides.**>® The first class includes protein r-iso-
aspartyl methyltransferase (PIMT) homologues,>* which
exclusively catalyze aspartimide formation within the mature
lasso structure. The second class involves GCN5-related N-ace-
tyltransferases (GNATs), which iteratively and consecutively
acylate two Lys residues within the loop and ring motifs of lasso
peptides.*

In this study, we report the discovery of a novel group of Ser-
polyglycosylated lasso peptides from S. davaonensis JCM 4913.
The corresponding igt BGC and a single GT, IgtG, responsible

© 2025 The Author(s). Published by the Royal Society of Chemistry

for polyglycosylation, were identified through gene knockout
and heterologous expression. In vitro assays using IgtG-
expressing microsomes revealed an unprecedented catalytic
function of IgtG, which iteratively glycosylates mature lasso
peptides instead of their linear counterparts (Fig. 1F). This
iterative glycosylation at a single residue of a lasso peptide
represents a unique PTM, thereby expanding the catalytic
diversity of the widely distributed GT enzyme superfamily.

Results and discussion

Discovery and characterization of polyglycosylated lasso
peptides

To discover novel RiPPs, which often have larger molecular
weights than other natural product families, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) screening was performed on metabolites from
in-house actinomycete cultures. The screening focused on
a mass range between m/z 1000 and 2500. For the whole extract
of S. davaonensis JCM 4913 grown in PTM medium, three
prominent mass peaks were observed at m/z 1638.9, 1800.8, and
1963.2 (Fig. S1t). Similar peaks were also detected in samples
from MB medium but were absent in samples from TSB, MD,
YEME, or ISP2 media.

The PTM medium extract of S. davaonensis JCM 4913 was
further analyzed by liquid chromatography high-resolution
mass spectroscopy (LC-HRMS) (Fig. 2A). This analysis revealed
a series of related mass peaks with [M + 2H]** ions at 819.9677,
900.9941, 982.0209, 1063.0479, and 1144.0726 (Fig. 2B and S21).

Chem. Sci., 2025, 16, 6480-6487 | 6481
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Fig. 2 Discovery and characterization of glycosylated lasso peptides. (A) LC-HRMS analysis of the S. davaonensis JCM 4913 extract. (B) HRMS
spectra of 1-3. (C—E) HRMS/MS analysis of 1-3. Corresponding spectra are shown in Fig. S3—S5.1 (F) HRMS spectrum of the adduct of 1 and 3-
bromophenylglyoxal. (G) Key COSY and HMBC NMR correlations of the Ser-disaccharide region of 1. (H) Key NOESY NMR correlations between
residues in the tail and ring regions of 1. The NMR spectra are shown in Fig. S6-S16.1

The successive differences of 162.05 Da between these peaks
suggested the presence of homologous metabolites with varying
glycosylation states.

The three most intense peaks, corresponding to compounds
1, 2, and 3 (designated as davasins A, B, and C), were subjected
to tandem mass fragmentation analysis (Fig. 2C-E and S3-S57).
The MS/MS spectra revealed shared large fragment ions (ag and
bg), indicative of a stable fragment structure, such as a peptidyl
macrocycle. Detailed analysis of the by and bg ion differences in
the three spectra suggested the presence of a citrulline (Cit)
residue at this position. Cit-containing lasso peptides have been
previously reported,**** and their formation has been shown to
result from the action of distally encoded peptidyl arginine
deiminases that catalyze Arg deimination.** Further analysis of

6482 | Chem. Sci,, 2025, 16, 6480-6487

the MS/MS spectra identified mono- and diglycosylation modi-
fications, both localized to a Ser residue.

Given the rarity of glycosylated RiPPs, particularly poly-
glycosylated RiPPs (Fig. 1), we aimed to isolate the corre-
sponding compounds by tracing their mass signals through the
purification process. Using continuous chromatography, we
successfully purified two compounds, 1 and 3, with observed
masses of [M + 2H]*" 819.9677 and 982.0209, respectively.

The presence of Cit in 1 was confirmed through derivatiza-
tion with 3-bromophenylglyoxal, which selectively targets
primary ureido groups.** The derivatized product of 1 was
detected, displaying a characteristic isotopic pattern of a Br
atom in the HRMS spectrum (Fig. 2F).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The 1D- and 2D-NMR spectra of 1 and 3 were recorded
(Tables S1-S4 and S6-S167), enabling detailed characterization
of individual residues and, most importantly, the identification
of the linkage between the Ser side chain hydroxy group and the
C1 of the glycosyl group (Fig. 2G and S171). In the structure of 3,
the 1,3-glycosidic linkage between the two glycosyl groups was
further confirmed through methylation analysis,® which
involved derivatisation, hydrolysis of the diglycosylated lasso
peptide, and subsequent GC-MS analysis (Fig. S18%). Acid
hydrolysis followed by derivatisation, HPLC analysis, and
comparison with standard sugars derived by the same process
revealed that the glycosyl groups in 3 consist of a mixture of r-
and p-glucoses in a 1:3 ratio (Fig. S191).* Finally, the lasso
conformation of 1 and 3 was supported by 'H-'H NOESY
signals, which revealed interactions between residues in the
linear and ring motifs (Fig. 2H, S11 and S16%).

Compounds 1 and 3 were then evaluated for antibacterial
and cytotoxic activity; however, no activity was observed up to
a concentration of 50 pM. Further biological screening is
needed to assess the significance of the diglycosyl group.

IgtG is an iterative GT in vivo

Using the antiSMASH online server, a canonical lasso peptide
BGC named igt was identified in the genome of S. davaonensis

View Article Online
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JCM 4913, correlating with the structures of 1-3 (Fig. 3A and
Table S51).>*** The precursor peptide IgtA was predicted to
contain a core peptide sequence that perfectly matched the
mass and NMR data. Alongside the lasso cyclase IgtC, the RiPP
recognition element IgtB1, and the ¢trans-glutaminase (protease)
IgtB2, the igt BGC encodes IgtG, a putative bifunctional poly-
saccharide deacetylase/glycosyltransferase family 2 protein
(domain architecture ID 11679047). IgtG was predicted to be
a membrane protein with four transmembrane helices, as
determined using the DeepTMHMM?™ server (Fig. S20t). The
predicted igt genes align well with the structures of 1-3.

The primary structural difference between the IgtA core
peptide and 1-3 is the substitution of Arg9 in IgtA with Cit9 in
the lasso peptides. A minor component structurally related to 1,
featuring Arg9 instead of Cit9 (compound 4), was detected in
the extract of S. davaonensis JCM 4913 (Fig. 3B), suggesting
a correlation between the igt BGC and 1-3. To confirm the
essential role of the igt BGC in the biosynthesis of 1-3, the igtAC
gene fragment was deleted via homologous double-crossover
using the pZDBlue plasmid.*” The resulting S. davaonensis
AigtAC strains completely lost the ability to produce 1-3
(Fig. S217), confirming a direct link between the igt BGC and
these lasso peptides.

To further investigate the role of IgtG, heterologous expres-
sion experiments were conducted with igtABCD and igtABCDG
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Fig. 3 Correlation of the igt BGC with glycosylated lasso peptides from S. davaonensis JCM 4913. (A) Organization of igt BGC and the sequence
of IgtA. (B) The HRMS spectrum of 4 in the extract of S. davaonensis JCM 4913. (C and D) Heterologous expression of igtABCD (C) and igtABCDG

(D) in S. lividans LJ1018.
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fragments under identical conditions (Fig. 3C and D).*® The
igtABCD fragment was cloned into a pSET-kasO vector under the
control of a strong kasO promoter.***° Downstream of the
igtABCD sequence, an ermEP promoter driving the igtG gene was
inserted. These constructs were individually transformed into E.
coli ET12567 (pUZ8002) and introduced into Streptomyces hosts
via E. coli/Streptomyces conjugation (Tables S6 and 77).
Following extensive screening of host strains and culture
media, successful expression of the igt BGC was achieved in S.
lividans 1LJ1018 and GX28 (ref. 41) using PTM medium. The
resulting metabolites were analyzed via LC-HRMS to detect 1-3
and their derivatives with Arg9 (4-6).

Cultures expressing only the igtABCD genes in LJ1018 and
GX28 produced 4, but not 5 and 6 (Fig. 3C and S22Af). In
contrast, strains expressing igtABCDG produced both 4 and the
glycosylated lasso peptides 5 and 6 (Fig. 3D and S22B¥). These
results strongly indicate that IgtG functions as a biocatalyst for
iterative glycosylation in lasso peptide biosynthesis, a role not
previously reported for GTs.

The C-terminal GT domain of IgtG contains a conserved DXD
motif (DAD at positions 418-420), commonly associated with
catalytic activity in various GTs, potentially by facilitating
binding of sugar donors such as UDP-glucose.** To evaluate the
functional importance of this motif, site-directed mutations
were introduced to replace the Asp residues (D418A, D420A, and
D18A/D420A) in heterologous expression systems. LC-HRMS
analysis revealed that all mutant strains (LJ1018-igtABCDG and
GX28-igtABCDG) produced only 4 without glycosylation
(Fig. S231), demonstrating the essential role of the DXD motif in
IgtG-mediated glycosylation.

IgtG is an iterative GT on the lasso peptide in vitro

Heterologous expression experiments could not exclude the
possibility that IgtG acts on linear IgtA as a substrate to produce
mono-, di- or polyglycosylated peptides, which subsequently
undergo lasso structure formation. To investigate whether IgtG
recognizes the leader peptide of IgtA, AlphaFold-Multimer* was
utilized to model the IgtG-IgtA complex structure and explore
their potential binding interactions (Fig. S241). The resulting
model positioned the DAD motif within a deep cavity of the GT
domain, while IgtA was mapped to the surface of the GT
domain. The significant spatial separation between IgtA and the
catalytic motif of IgtG contradicted the hypothesis that IgtA
serves as the glycosylation substrate for IgtG.

Given the nature of IgtG as a membrane protein (Fig. S207),
its two soluble domains, excluding transmembrane helices,
were initially cloned into various expression vectors with
different fusion tags for protein production and purification in
E. coli. However, no soluble protein was obtained under any
tested conditions for in vitro enzymatic reconstitution. Conse-
quently, full-length IgtG was expressed in S. lividans GX28 using
the pSET-kasO vector. Microsomes containing IgtG were iso-
lated and incubated with various peptides and sugar donors.
When IgtG microsomes were incubated with IgtA, UDP-p-
glucose, CaCl,, and other necessary cofactors, the resulting
mass spectra revealed no glycosylated peptides (Fig. 4A). These

6484 | Chem. Sci., 2025, 16, 6480-6487
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findings excluded linear IgtA as a substrate for IgtG, supporting
the hypothesis that IgtG acts on lasso peptide 1 during the late
stage of the biosynthesis of 3.

To confirm this, similar in vitro reactions were performed
using lasso peptide 1 as the substrate instead of IgtA. LC-HRMS
analysis of these reactions revealed a new peak corresponding
to a product with a yield of 20.2%, determined by the EIC pear
area, with a mass identical to 3 (Fig. 4B). Control reactions using
GX28 microsomes did not produce 3. These successful in vitro
results demonstrate that IgtG catalyzes iterative glycosylation of
the mature lasso peptide rather than the linear precursor.

The substrate preferences of IgtG for sugar donors and metal
ions were subsequently evaluated (Fig. S251). Reactions with
UDP-L.-thamnose, GDP-a-p-mannose, or UDP-o-p-N-acetylglu-
cosamine as sugar donors in place of UDP-p-glucose resulted in
either undetectable levels or yields of less than 1.0% for 3.
Additionally, replacing Ca** with Mn>*, Zn**, or Mg*" ions led to
reduced production of 3, with turnover rates of 9.7%, 7.6%, and
near 0%, respectively. These findings indicate that IgtG prefer-
entially utilizes glucose as the sugar donor and Ca®" as the
metal ion cofactor.

A glyco- diglyco-
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EIC [M+5H]°* 864.4844 896.8950 929.3055
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Fig. 4 In vitro reconstitution of IgtG. LC-HRMS analysis of IgtG

reactions using linear precursor peptide IgtA (A) or lasso peptide 1 (B)
as substrates.
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IgtG-like GTs are distinct from known RiPP GTs

Given the unique role of IgtG in iterative glycosylation of lasso
peptides, a sequence similarity network (SSN) using the IgtG
sequence as the query was constructed via the Enzyme Function
Initiative Enzyme Similarity Tool (EFI-EST).**** A 72% sequence
identity threshold was applied to the SSN to separate IgtG-
containing cluster from others (Fig. S261). The network was
further analyzed with the EFI Genome Neighborhood Tool (EFI-
GNT) to retrieve co-occurring genes associated with each IgtG-
like sequence.

Analysis revealed that IgtG is the sole GT in the lasso peptide
BGC. Additionally, an IgtG homolog in S. iranensis was found co-
occurring with genes encoding a precursor peptide and RimK
ATP-grasp ligase, which are core biosynthetic genes of another
RiPP class, graspetides.* The BGC, hereafter referred to as sir, also
contained genes for a protein-i-isoaspartate O-methyltransferase
(PIMT) and a FAD-binding monooxygenase. PIMT-containing
graspetide BGCs have been previously bioinformatically identi-
fied* and biochemically characterized.”” A BlastP search of the
RimK ATP-grasp ligase (SirD) identified 24 similar graspetide
BGCs encoding IgtG-like GTs (SirGs) with over 89% sequence
identity (Fig. S27 and Table S8t). A total of 14 non-redundant
precursor peptides were identified from these graspetide BGCs,
which are highly conserved across their entire sequences
(Fig. S28t). The C-terminal region of these SirAs contains 7-8 Glu/
Asp and 6-8 Ser/Thr/Lys residues, which may serve as potential
reaction sites for SirDs. The precursor peptide of fuscimiditide,
ThfA, contains a PDGQ motif, where the Asp residue is modified
into aspartimide by the action of the PIMT ThfM.* A similar PDGN
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Fig. 5 The ML tree of RiPP GTs. The colorful solid circles are used to
indicate GTs with different functions or substrates. The sequences of
GTs are listed in Table S9.7
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motif was observed in these SirAs, suggesting a potential site for
aspartimidation. In addition to Ser/Thr/Lys, two Tyr residues were
also observed, which could serve as potential glycosylation sites.
No Cys residues were observed in these graspetide precursors,
although Cys residues are known to be glycosylation sites in the
biosynthesis of glycocins. The bioinformatic analysis supports the
involvement of SirGs in glycosylated graspetide biosynthesis.

To explore the sequence divergence among RiPP GTs, IgtG
and these putative graspetide GTs were compared with GTs
involved in other known RiPP biosynthetic pathways (Fig. 1A-
D). A maximum likelihood (ML) phylogenetic tree (Fig. 5)
revealed that RiPP GTs generally cluster into distinct clades
corresponding to their substrate classes. For instance, thio-
peptide and glycocin GTs formed separate clusters, while lan-
thipeptide GTs were interspersed. Notably, IgtG-like GTs
formed a distinct clade, separate from other RiPP GTs, sug-
gesting a unique sequence-function space for their iterative
glycosylation roles in lasso peptides and graspetides.

Conclusions

In summary, we discovered and characterized a novel group of
glycosylated lasso peptides, named davasins, which exhibit 0 to
4 glycosylation modifications. Structural elucidation revealed
that the polyglycosylation occurs via 1,3-glycosidic linkages
attached to the side chain hydroxy group of a single Ser residue.

To elucidate the biosynthetic mechanism underlying the
iterative glycosylation of ribosomal peptides, genome mining,
heterologous expression, and in vitro enzymatic assays were
performed. The results demonstrate that the GT IgtG, encoded
within the igt BGC of davasins, specifically modifies the mature
lasso peptide rather than the linear precursor peptide. This
establishes IgtG as the first PTM enzyme known to iteratively
glycosylate mature lasso peptides. In contrast, another type of
iterative PTM enzyme acting on lasso peptides belongs to the
GCNS5-related N-acetyltransferase (GNAT) family, which installs
two acetyl groups on distinct Lys residues, employing a catalytic
pattern distinct from that of IgtG.

Bioinformatic analysis revealed that IgtG is the sole GT co-
occurring with lasso peptide biosynthetic genes. However, 24
IgtG-like GTs were identified in the GCs of graspetides, another
class of macrocyclic RiPPs. Phylogenetic analysis confirmed
that IgtG-like GTs are evolutionarily distinct, consistent with the
unique function of IgtG.

Nature employs a limited set of leader-dependent and leader-
independent PTM enzymes in a coordinated manner during
RiPP biosynthesis, achieving remarkable structural diversity. As
more PTM enzymes capable of directly modifying mature lasso
peptides are characterized, it may soon become feasible to
design and biosynthesize lasso peptides with tailored structural
modifications using combinatorial approaches.
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