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Abstract Although sulfonation plays crucial roles in various biological processes and is frequently uti-

lized in medicinal chemistry to improve water solubility and chemical diversity of drug leads, it is rare

and underexplored in ribosomally synthesized and post-translationally modified peptides (RiPPs).

Biosynthesis of RiPPs typically entails modification of hydrophilic residues, which substantially in-

creases their chemical stability and bioactivity, albeit at the expense of reducing water solubility. To

explore sulfonated RiPPs that may have improved solubility, we conducted co-occurrence analysis of

RiPP class-defining enzymes and sulfotransferase (ST), and discovered two distinctive biosynthetic gene

clusters (BGCs) encoding both lanthipeptide synthetase (LanM) and ST. Upon expressing these BGCs,

we characterized the structures of novel sulfonated lanthipeptides and determined the catalytic details

of LanM and ST. We demonstrate that SslST-catalyzed sulfonation is leader-independent but relies on

the presence of A ring formed by LanM. Both LanM and ST are promiscuous towards residues in the

A ring, but ST displays strict regioselectivity toward Tyr5. The recognition of cyclic peptide by ST

was further discussed. Bioactivity evaluation underscores the significance of the ST-catalyzed sulfona-

tion. This study sets up the starting point to engineering the novel lanthipeptide STs as biocatalysts

for hydrophobic lanthipeptides improvement.
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1. Introduction

Over the course of a century of development, peptide therapeutics
have emerged as promising drug candidates, occupying a
distinctive pharmaceutical niche between small-molecule drugs
and biologics1, as evidenced through numerous examples in
clinical applications. Particularly appealing targets for pharma-
ceutical research include cyclic peptides and those containing
disulfide bonds2. Lanthipeptides, a type of macrocyclic peptide,
are characterized by post-translational modifications (PTM)
involving lanthionine (Lan) and methyllanthionine (MeLan) cross-
links (Scheme 1A)3. They represent the most abundant family of
ribosomally synthesized and post-translationally modified pep-
tides (RiPPs) to date. Lanthipeptides exhibit a diverse array of
bioactivities, including anti-bacterial, anti-viral, and anti-fungal
activities, among others4. A notable example undergoing clinical
evaluation is microbisporicin, which has demonstrated exceptional
antimicrobial activity against various major Gram-positive path-
ogens5. The formation of these macrocyclic PTMs is usually
leader-dependent3. Furthermore, a range of structurally diverse
Scheme 1 (A) Schematic depiction of Lan and MeLan formation.

(B) General ST-catalyzed sulfonation with PAPS as the sulfuryl group

donor. CysCDN are PAPS biosynthetic enzymes. (C) Schematic dia-

grams of the RaxST- and SslST-catalyzed sulfonation. RaxST mod-

ifies the linear peptide before removal of the leader, whereas SslST is

leader-independent and sulfonates cyclic peptide. Blue curves repre-

sent leader peptide.
secondary tailoring PTMs have been identified and character-
ized3,4,6. Notably, most of these PTMs consist of decoration of
hydrophilic residues3,4,6, which lead to increased hydrophobicity,
improved chemical stability and enhanced bioactivity. However,
these PTMs also result in decreased solubility3, which poses a
challenge for the clinical development of lanthipeptides7-9.

Sulfotransferases (STs) catalyze the sulfonation or sulfur-
ylation of biological molecules in living organisms and fulfill
several essential roles in physiological processes, including
detoxification, hormone regulation, drug metabolism, and patho-
genicity10. STs transfer a sulfuryl group (SO3) from an activated
donor molecule, usually 30-phosphoadenosine-50-phosphosulfo-
nate (PAPS), to a wide range of acceptor substrates with hydroxy
or amine groups as nucleophiles (Scheme 1B). These substrates
include both large biomolecules such as carbohydrates and pro-
teins, and endogenous and exogenous small molecules such as
steroids, bioamines, phenols, drugs, and various xenobiotic
agents10,11.

However, sulfonation is relatively rare and underexplored in
secondary metabolism, especially in peptidyl natural products.
Only a few members from the superfamily of RiPPs have been
discovered to have sulfuryl decoration as a PTM (Supporting
Information Fig. S1), such as the scarce cases in sulfonatyro-
tides12, methanobactins13,14, and conopeptides15. Sulfonatyrotide
RaxX was isolated from the Gram-negative pathogen Xanthomo-
nas oryzae pv. Oryzae (Xoo) and was found to be a robust acti-
vator of the eukaryotic host immune receptor6,12,16-17. The class-
defining Tyr sulfonation in RaxX is catalyzed by RaxST, which
works on a Tyr residue embedded in a linear peptide before
removal of the leader (Scheme 1C)12. Methanobactins are copper-
chelating RiPPs produced by methane-oxidizing bacteria Meth-
ylocystis spp. A small set of methanobactins are post-
translationally modified with Thr sulfonation to increase their
affinity to copper. However, the putative STs encoded in the
biosynthetic gene clusters (BGCs) of methanobactins are yet to be
characterized. In addition, the biosynthetic path of sulfotyrosines
of conopeptides produced by cone snails remains unknown4,6,18.
Collectively, peptidyl STs have rarely been characterized, not to
mention the mechanistic details of their peptide recognition6.

Sulfonation also stands out as a prevalent strategy in medicinal
chemistry, employed to derivatize drug-like molecules with the
aim of enhancing their water solubility and chemical di-
versity19,20. A noteworthy illustration of the efficacy of this
approach is observed in minoxidil, an anti-hypertensive and hair
growth-stimulating drug, where the sulfonated metabolite is
attributed to its biological activity21. Intriguingly, despite the
widespread application of sulfonation in various drug develop-
ment contexts, this strategy has not yet been explored in lanthi-
peptides. Thus, we sought to explore novel sulfonated RiPPs and
characterize their corresponding STs. To this end, we identified
two potential sulfonated lanthipeptide BGCs by genome mining
and co-occurrence analysis. Through in vivo reconstitution studies
and in vitro enzymatic transformations, we found that the lanthi-
peptide STs preferably recognize thioether and disulfide-
containing cyclic peptides instead of their linear counterparts as
the substrate. We also demonstrated that these STs have a broad
tolerance of amino acid variations adjacent to the target Tyr.
Additionally, these STs catalyze sulfonation in a leader-
independent manner. These properties can considerably facilitate
the application of STs in combinatorial biosynthesis for the
structure diversity expansion of RiPPs. Moreover, the corre-
sponding sulfonated lanthipeptides were structurally characterized
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and exhibited improved anti-inflammatory activities compared to
those not sulfonated. These data highlight the significance of ST-
catalyzed sulfonation in medicinal chemistry. Collectively, our
work not only expands the structural diversity of the RiPP su-
perfamily but also adds a new type of biocatalyst to the enzyme
toolbox for the derivatization of various cyclic peptides.

2. Results and discussion

2.1. Co-occurrence analysis identifies putative sulfonated
lanthipeptide BGCs

Our initial genome mining efforts using either the RaxST12 or the
putative methanobactin ST13,14 as the query sequence did not
yield any novel RiPP BGCs with STs, as all cognate BGCs were
closely related (Supporting Information Fig. S2). Therefore, we
conducted a bioinformatic analysis of various class-defining
biosynthetic enzymes, such as lanthipeptide synthetases (LanB,
LanM, LanKC, LanL, and LanY)6, aiming to identify their po-
tential co-occurrence with putative STs. Notably, only the analysis
of the class II lanthipeptide synthetase LanM yielded positive
results. A sequence similarity network (SSN)22,23 was constructed
for LanMs using a 40% sequence identity criterion to separate
clusters (Supporting Information Fig. S3). This SSN was then
utilized to generate a genome neighborhood network (GNN) in
order to query neighboring genes for each LanM sequence22,23.

As a result of the GNN analysis (Supporting Information
Fig. S4), two unprecedented BGCs were identified in Strepto-
myces cinnamoneus DSM 41675 (ssl ) and Streptomyces sp.
CB02923 (ssc). Each BGC encodes a putative LanM, a ST, a
Figure 1 Reconstitution of the sulfonated lanthipeptide BGC. (A) B

(B) Sequence alignment of SslA and SscAwith the numbering and conserv

indicates the boundary between the leader and the core peptides. (C) Th

indicated co-expression. (i) co-expression of sslA and sslM; (ii) co-expressi

peaks of sulfonated products that undergo desulfonation during ionization i

with the theoretical unmodified SslAGluC (grey) and 2 (red), respectively.
group of PAPS biosynthetic enzymes (CysCDN), and transporters
(Fig. 1A and Supporting Information Table S1). Neither of the two
BGCs has peptidase gene, indicating that leader removal may be
achieved by a peptidase located outside the BGC, which is
commonly observed in lanthipeptide biosynthesis24-26. The un-
usual co-occurrence of LanM, ST, and CysCDN genes led us to
hypothesize that these BGCs encode the production of unprece-
dented sulfonated lanthipeptides. A sequence alignment of the two
putative precursor peptides, SslA and SscA, also indicated that
they are likely to be the substrates for LanMs and STs. SslA and
SscA share 80.0% sequence identity and show high sequence
conservation from Phe17 to Cys13, including two Ser, three Thr,
three Cys residues (Fig. 1B), which can presumably be modified
by their cognate LanMs (Scheme 1A). In addition, the notable
Tyr5 residue can potentially be a sulfonation site3.

2.2. Reconstitution of ssl BGC produces sulfonated
lanthipeptides

To characterize the products of these novel BGCs, we first
cultured DSM 41675 strain in a panel of media, and analyzed the
extracts by liquid-chromatography high-resolution mass spec-
trometry (LC‒HRMS). Two mass peaks, exhibiting identical
masses, were noted, indicative of the presence of two constitu-
tional isomers. This observation aligns with the outcomes of
following co-expression experiments. The molecular ion peaks
correspond to peptides derived from Ile1 to Arg16 of SslA with 5-
fold dehydration (Supporting Information Fig. S5), providing
clues for the boundary between the leader and the core peptides.
Furthermore, the bioinformatic analysis, conducted through the
GCs of Streptomyces-derived sulfonated lanthipeptides, ssl and ssc.

ation of residues labeled on top and bottom, respectively. The grey line

e extracted ion chromatograms (EICs, less than 5 ppm deviation) of

on of sslA, sslM, and sslST. TIC, total ion chromatogram. *Denotes the

n LC‒HRMS analysis. (D) Comparison of HRMS spectra of 1 (black)
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antiSMASH online server27,28, predicted the leader-core boundary
as our hypothesis. This convergence of results substantiates our
proposed model with Ile1 as the start of the core peptide.

Because of the low yield of the native producing strain, we
determined to clone and express the biosynthetic genes in
Escherichia coli using codon optimized sequences. The precursor
peptides were fused with His6-maltose-binding protein (His6-
MBP) at the N-terminus. The M and ST proteins were tagged with
His6 (Supporting Information Table S2). His6-MBP-SslA, His6-
SslM, and His6-SslST were successfully purified from the soluble
fractions (Supporting Information Fig. S6), whereas His6-SscM
and His6-SscST were only found in the inclusion bodies. There-
fore, the ssl BGC was prioritized for reconstitution.

A co-expression system using a pair of compatible vectors,
pRSF-Duet and pCDF-Duet, was established to allow simultaneous
expression of MBP-SslA, SslM, and SslST (Supporting Information
Table S3). First, the co-expression of pRSF-MBP-SslA/SslM was
attempted. The modified MBP-SslA was isolated by Ni-affinity
chromatography and was subsequently treated with tobacco etch
virus (TEV) protease for LC‒HRMS analysis. MS data indicated
the presence of two products with molecular ion peaks corre-
sponding to 5-fold dehydration, namely SslAM

Major and SslA
M

Minor

(Supporting Information Figs. S7 and S8). Further digestion using
the commercial protease GluC revealed the same dehydration pat-
terns, and the two constitutional isomers were named as 1a (major
product, SslAM/GluC

Major) and 1b (minor product, SslAM/GluC
Minor)

(Supporting Information Fig. 1Cei, and D, top panel). Production
of constitutional isomers were also observed in previous lanthi-
peptide studies29,30. The presence of five dehydrations indicated
that all the Ser and Thr residues in the core peptide underwent
dehydration (Fig. 1B and Scheme 1A). Incubation with thiol-
reactive alkylating reagent N-ethylmaleimide (NEM) did not pro-
duce any alkylated adduct, indicating that all three Cys were
involved in the formation of Lan/MeLan. This finding was
consistent with the results from b-mercaptoethanol (bME) assays,
which resulted in the formation of up to 2-fold bME adduct and
established the existence of two dehydro-residues and three Lan/
MeLan (Supporting Information Fig. S9). Next, we incorporated
pCDF-SslST into the co-expression strain of pRSF-MBP-SslA/
SslM to investigate the function of SslST. Following similar puri-
fication and treatment procedures, we observed two new peaks with
molecular ion corresponding to sulfonated 1, which were desig-
nated as 2a (SslAM/ST/GluC

Major) and 2b (SslAM/ST/GluC
Minor)

(Fig. 1Ceii, and D, bottom panel). These findings confirm that the
ssl BGC is capable of producing sulfonated lanthipeptide. Given
that SslA and SscA share extremely similar core sequences with
same numbers of Ser, Thr, Cys residues (Fig. 1B), we used pCDF-
SscST to co-express with pRSF-MBP-SslA/SslM, which resulted in
the production of 2a and 2b as well (Supporting Information
Fig. S10). As all Ser, Thr, Cys residues are modified, we pro-
posed that the sulfonation occurred at the hydroxy group of the Tyr5
side chain.

2.3. Structural characterization of sulfonated lanthipeptides

The HRMS/MS analysis of 1a suggested the formation of Dha2
and one Lan between Cys7 and Dha3 (A ring), as well as two
indistinguishable MeLan involving Cys13, Cys15, Dhb8, and
Dhb10 or Dhb11 (Fig. 2A and Supporting Information Fig. S11).
The tandem mass data of 1b supported the assignment of A ring
between Cys7 and Dha2 (Supporting Information Fig. S12). The
difference between 1a and 1b was not due to the configuration of
the Lan or MeLans, which was confirmed later. However, the
HRMS/MS spectrum of sulfonated lanthipeptide 2a resembled
that of 1a and did not provide any decisive fragmentation ions for
the localization of the SO3 group (Supporting Information
Fig. S13), because of the lability of the SO3 group during ioni-
zation17. To confirm our hypothesis that Tyr5 was sulfonated in 2,
a Y5F variant of SslA was constructed. Co-expression of MBP-
SslA-Y5F with both SslM and SslST yielded products with 5-
fold dehydration that were analogous to 1a and 1b (Supporting
Information Fig. S14), whereas no sulfonated peptide was able
to be detected. These data supported the proposed sulfonation site
at the hydroxy group of Tyr5.

To further characterize the structures of the new sulfonated
lanthipeptides by NMR, we removed all the leader peptide prior to
NMR data acquisition to simplfy the spectra. To bypass the
inaccessibility of the cognate peptidase, we constructed H-2R and
M-1R variants of SslA to introduce Arg-1 or Arg-2 residue at the
end of the leader peptide to be recognized by the commercial
trypsin protease. Co-expression of MBP-SslA-H-2R with SslM
and SslST produced only a small amount of protein. However, the
yield of MBP-SslA-M-1R co-expression was comparable to that
of wild type MBP-SslA, although only 4-fold dehydration was
detected, which might result from the effect of the SslA M-1R
mutation. The co-expression products after trypsin digestion (3
and 4) were purified by HPLC and subjected to tandem mass
analysis and bME assays (Supporting Information Fig. S15),
which supported the assignment that they were analogous to 1b
containing all three Lan/MeLan rings and an unmodified Ser3
(Fig. 2B). The 1H NMR spectra of 3 and 4 showed substantial
differences at the downfield region (Fig. 2C and Supporting
Information Fig. S16). Compound 3 displayed two doublet sig-
nals at 6.61 ppm (H2-6,8) and 6.89 ppm (H2-5,9) for the side chain
phenyl group and one singlet peak at 9.26 ppm for the hydroxy
proton of Tyr5, whereas 4 only showed one broad signal for the
four protons of phenyl group of Tyr5 at 7.01 ppm (H2-5,6,8,9) and
lacked the peak for the hydroxy group, supporting the hydroxy
group of Tyr5 as the sulfonation site. Finally, analysis of the
1He1H TOCSY and ROESY and 1He13C HMBC spectra of 3 and
4 was carried out to determine the Lan/MeLan rings as shown in
Fig. 2D (Supporting Information Figs. S17‒S27), including the
Lan (A ring) between Dha2 and Cys7 and two MeLan rings be-
tween Dhb8 and Cys13 (B ring) and between Dhb10 and Cys15 (C
ring). Analogously, the structures of those related compounds
were assigned (Fig. 2A and B).

To determine the absolute configurations of all residues, expe-
cially the Lan and MeLan, in the newly discovered lanthipeptides,
compounds 1a, 1b, 2a, 2b, 3, and 4 were hydrolyzed for advanced
Marfey’s analysis31,32. The hydrolysates were derivatized with
Marfey’s reagents, L-FDLA (Na-(5-fluoro-2,4-dinitrophenyl)-L-
leucinamide). LC‒MS analysis of the products and the derivatives
of standards (synthetic LL-Lan, DL-Lan, L-allo-L-MeLan, and D-allo-
L-MeLan, and nisin A hydrolysates containing DL-Lan and DL-
MeLan) revealed that all obtained lanthipeptides contained DL-Lan
(Fig. 2E and Supporting Information Fig. S28) and DL-MeLan
(Fig. 2F and Fig. S28), and that all other residues are proteinogenic
L-residues (Supporting Information Fig. S29).

2.4. Biosynthetic order of three Lan/MeLan rings and leader-
dependency of SslM

To gain more insight into the catalytic characteristics of SslM in
the new sulfonated lanthipeptide, the dehydration/cyclization



Figure 2 Structural characterization of the sulfonated lanthipeptides. (A) Schematic structures of 1a and 2a and the HRMS/MS analysis of 1a.

(B) Schematic structures of 3 and 4. The HRMS/MS spectra of 1a, 1b, 2a, and 3 are shown in Supporting Information Figs. S11‒S13, and S15.

(C) Comparison of 1H NMR spectra (6.5e9.5 ppm) of 3 (bottom) and 4 (top). (D) 2D NMR analysis of 3. Detailed NMR data of 3 and 4 are listed

in Supporting Information Tables S4 and S5. Advanced Marfey’s analysis of 1a, 1b, and 3 in comparison with nisin A hydrolysates and synthetic

standards for determination of the absolute configuration of Lan (E) and MeLan (F). Compound hydrolysates and synthetic standards are

derivatized with L-FDLA.
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patterns and the leader sequence dependency of SslM were stud-
ied. A series of single-site Ala variants for each Ser, Thr, and Cys
residues in SslA core region were constructed and co-expressed
with SslM, which were then subjected to protease treatments,
LC‒HRMS analysis, and NEM assay. The SslM-modified prod-
ucts of SslA-C7A, SslA-C13A, and SslA-C15A variants diaplayed
5-fold dehydration and were not added with any NEM molecule,
indicating that mutation of any one Cys had no effect on the
formation of the other two rings. These results were further sup-
ported by HRMS/MS analysis of each product (Supporting
Information Figs. S30‒S32).

Products from the variants SslA-S2A and SslA-S3A showed
mass peaks consistent with 4-fold dehydration. Tandem mass
spectra and NEM assays supported that both products featured
with three rings that were analogous to 1a and 1b, respectively
(Supporting Information Figs. S33 and S34). Co-expression using
the variant SslA-T10A produced 4-fold dehydrated product, which
was added with one NEM. Tandem mass data of this product
indicated a comparable structure with that of SslA-C15A
(Supporting Information Fig. S35). The SslA-T8A and SslA-
T11A variants only yielded a minimum amount of MBP-fused
peptide and hence was not further investigated. These muta-
tional studies agreed with the elucidated lanthipeptide structures,
and also demonstrated the biosynthetic features of SslM-catalyzed
Lan/MeLan formation, including (1) the dehydration reactions are
not impacted by the mutation of any of the Ser, Thr, or Cys res-
idues, and (2) the formation of three rings is independent to each
other.

The leader-guided biosynthetic strategy is a unique feature of
RiPP biosynthesis, in which PTM enzymes interact with leaders
but catalyze PTMs on their cognate cores. To assess the essenti-
ality of different leader regions in the biosynthesis of the new
sulfonated lanthipeptide, we co-expressed various SslA variants
with both SslM and SslST. We analyzed the resulting product
profiles using LC‒HRMS (Supporting Information Figs. S36‒
S42) and summarized the findings in Fig. 3A and B. The yields
of products for each variant were compared to those obtained from
wild-type SslA co-expression.

As illustrated in the sequence alignment (Fig. 1B), the
N-terminal region of the leaders of SslA and SscA is less conserved,
suggesting that it may not be critical for binding. To confirm this,
we tested three truncation variants of SslA, in which the first 4, 9,
and 14 residues were removed, respectively. These variants, named
as 64SslA, 69SslA, and 614SslA (Fig. 3A), underwent com-
parable dehydration and sulfonation to wild-type SslA, with even
higher yields. The 619SslA variant produced similar product



Figure 3 (A) SslA variants with leader mutations. (B) Summarization of product profiles from co-expressions of SslA leader variants with SslM

and SslST. (C) Summarization of in vitro reactions of SslST. EICs of SslST in vitro reactions using (D) SslA-C7M, (E) 3, (F) and 6 as substrates.

The EICs of substrates and products are presented in black and red, respectively. SslA-C7M, SslA-C7M/ST, 3, 4, 6, and 7 are extracted using

[M þ 3H]3þ ions of m/z 1376.6310 and 1403.2832, [M þ 2H]2þ ions of m/z 834.8520 and 874.8304, and [M þ H]þ ions of m/z 873.3634 and

953.3202, respectively, with less than 5 ppm deviation. *Denotes the peak of sulfonated product that undergoes desulfonation during ionization in

LC-HRMS analysis. #Indicates the residues conjugated with glutathione.
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profiles, except for larger amounts of 4-fold and 3-fold dehydration
peptides and their sulfonated analogues. On the contrary, the use of
the 624SslA and 629SslA variants completely abolished the
production of dehydrated and sulfonated peptides (Fig. 3B), indi-
cating that the C-terminal 10 residues of the leader are essential for
SslM or SslST recognition. We then performed alanine scanning of
these 10 residues using two variants, SslA-5A-1 and SslA-5A-2,
replacing five residues with Ala between �10 and �6 and be-
tween �5 and �1, respectively (Fig. 3A). Co-expression of these
two variants with SslM and SslST only yielded minimal amounts of
dehydrated and sulfonated peptides (Fig. 3B), further validating the
necessity of the C-terminal 10 residues of the leader during SslM or
SslST catalysis.

2.5. In vitro characterization reveals that lanthipeptide STs
catalyze sulfonation on thioether cyclic peptides in a leader-
independent manner

The production of the sulfonated lanthipeptides through heterol-
ogous expression raised questions regarding the timing of Lan/
MeLan formation and sulfonation. First, we performed in vitro
reactions by incubating purified MBP-SslA with SslST, TEV, and
CysCDN from E. coli (Scheme 1B and Fig. 1A), and detected only
the intact SslAtrypsin without sulfonation by LC‒HRMS
(Supporting Information Fig. S43). As has been shown that SslM
can directly modify SslA for Lan/MeLan formation, whereas
SslST was not able to sulfonate SslA, we hypothesized that SslST
catalyzes sulfonation after Lan/MeLan formation. To test this
hypothesis, we performed a similar reaction in which SslA was
replaced by SslM-modified SslA (leader-1). Expectedly, sulfo-
nated lanthipeptide (leader-2) was successfully detected (Fig. 3C
and Supporting Information Fig. S44). These data confirmed that
SslST recognizes the ring structure and functions after SslM.
These features are distinct from the STs involved in the biosyn-
thesis of sulfonated proteins10 and sulfonatyrotide6,12,16,17, which
modify linear peptides instead of cyclic peptides.

As there are three Lan/MeLan rings catalyzed by SslM, we
then investigated the importance of each ring in SslST catalysis.
We have identified three SslM-modified SslA variants, i.e., SslA-
C7AM, SslA-C13AM, and SslA-C15AM, which lacks A, B, and C
rings, respectively. Incubation of these variants with SslST would
reveal the significance of each ring in sulfonation. In vitro re-
actions of SslST with each of the variants followed by subsequent
LC‒HRMS analysis showed the production of sulfonated peptides
for SslA-C13AM and SslA-C15AM, whereas no sulfonated product
was observed for SslA-C7AM (Fig. 3C and Fig. S44). Similar
results were obtained from co-expression experiments of these
SslA variants with both SslM and SslST (Supporting Information
Figs. S45‒S47). These observations showed that the A ring plays
a crucial role in SslST catalysis.

To gain further understanding of the role of C-terminal resi-
dues in SslST catalysis, a variant of SslAwas created by removing
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all the residues after Cys7, called SslA-C7. This variant was co-
expressed with SslM, resulting in the production of two-fold
dehydration products, namely SslA-C7M. After treatment with
trypsin, two compounds were detected and identified as 5a and 5b
using HRMS/MS analysis together with bME and NEM assays
(Supporting Information Fig. S48). Incubation of SslA-C7M with
SslST produced the sulfonated product, SslA-C7M/ST (Fig. 3C and
D), although the yield was lower compared to the reaction using
full-length substrate. Co-expression of MBP-SslA-C7 with SslM
and SslST resulted in a similar product profile (Supporting
Information Fig. S49). These results suggested that the
C-terminal residues of the core are not essential for SslST catal-
ysis but can enhance the catalytic efficiency.

Next, we investigated the necessity of the leader peptide for
sulfonation catalyzed by SslST. The in vitro reactions of SslST
using 3 as substrate achieved over 95% turnover to its sulfo-
nated product 4 (Fig. 3C and E). These results unambiguously
demonstrate that the SslST-catalyzed sulfonation is leader-
independent, and that the cooperation of LanM and LanST rep-
resents another example of combinatorial biosynthesis using both
leader-dependent and independent PTM enzymes.

Finally, a peptide with the sequence IACGYFCV was synthe-
sized to further assess the substrate scope of SslST. This linear
peptide was not a substrate of SslST as shown by the in vitro re-
action at same condition (Fig. S44). The linear peptide was then
oxidized to cyclic peptide 6 with a disulfide bond between Cys3
and Cys7. Incubation of 6 with SslST succesfully resulted in the
production of sulfolnated product 7 (Fig. 3C and F). The expan-
sion of substrate scope to include disulfide ring-containing peptide
further underscores the potential of SslST as a promising bio-
catalytic tool for the derivatization of cyclic peptides.
Table 1 Summary of substrate promiscuity of SslM and SslST. Rel

comparing the intensity of dehydration and additional sulfonation produ

‒indicates no detectable peptides observed. The corresponding mass sp

Variants Activity of SslM

‒5H2O ‒4H2O ‒3H2O

SslA þþþ þ e
G4V þþþ e e

G4F þþþ þ e

G4W þþþ þ e
G4K þþþþ þþ e

G4H þþþþ þ e

G4S þþþþ e e

G4N þþþ e e
G4D þþþþ þþþ þ
F6K þ þþþ e

F6V þ þ e

F6D þþ þ þ
F6Y þþþ þ e

Y5F/F6Y þþþþ þ e

F6A þþþ e e
F6H þþþ þ e

F6S þþ þ e

F6N þþþ þ e

F6W þþ e e
2.6. Substrate promiscuity and regioselectivity of SslM and
SslST

Having successfully shown that SslST recognizes and sulfonates
Tyr5 in the A ring, we investigated the substrate promiscuity of
SslM and SslST by testing if Gly4 and Phe6 in the A ring could be
substituted to generate chemical diversity. We mutated Gly4 and
Phe6 to other amino acids of different physicochemical properties
and co-expressed the resulting variants with both SslM and SslST.
The products were digested with TEV and analyzed by LC‒
HRMS (Table 1 and Supporting Information Figs. S50‒S67). The
substitution of Gly4 with hydrophobic residues (G4V, G4F, and
G4W) resulted in less sulfonation, whereas the dehydration was
not affected. The G4K variant yielded increased amount of 5-fold
dehydration product, but a smaller amount of sulfonated product
with 4-fold dehydration. The SslA-G4H, G4S, G4N, and G4D
variants resulted in comparable or even higher yields of sulfonated
species. Substituting Phe6 with Lys reduced the activity of SslM,
resulting in a major product with 4-fold dehydration. The F6D and
F6V variants produced decreased yields of both dehydration and
sulfonation products. By replacing Phe6 with Tyr, the SslA-F6Y
variant with two Tyr residues was generated, which produced a
lower amount of mono-sulfonated product and no di-sulfonated
product. Co-expressing the SslA-Y5F-F6Y variant, which
exchanged Tyr5 and Phe6, completely eliminated sulfonated
product production. SslA variants with replacement of Phe6 by
Ala, His, Ser, Asn, or Trp were well modified to produce signif-
icant amount of sulfonated peptides. Overall, most substitutions at
both positions were well tolerated by both SslM and SslST, with
varying yields, and SslST was demonstrated to have strict regio-
selectivity toward the position of Tyr in the A ring.
ative activities of SslM and SslST were quantitively estimated by

cts. þ stands for the successful detection of the specified products;

ectra are shown in Supporting Information Figs. S8 and S50‒S67.

Activity of SslST

‒5H2OþSO3 ‒4H2OþSO3 ‒3H2OþSO3

þþ e e
þ e e

þ e e

þ e e
e þ e

þþ e e

þþþ þ e

þþ e e
þþ þ e

þ þþ þ
þ e e

þ e e
þ e e

e e e

þþ þ e
þþþ þ e

þþþ þ e

þþ þ e

þþ e e
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2.7. Insights into the molecular basis for the recognition of
cyclic peptide by SslST

As the biochemical characterization demonstrated the distinct
substrate preference of SslST, the molecular basis for the recog-
nition of cyclic thioether peptide without leader peptide by the
lanthipeptide sulfotransferase was investigated. Neither SslST nor
SscST exhibits detectable sequence similarity to the characterized
RaxST, which sulfonates a linear peptide before removal of the
leader12, or to the putative methanobactin STs13. To investigate the
prevalence of the newly discovered STs, an SSN was built for
SslST and SscST. Surprisingly, they were found at the outlier of
the largest cluster when 60% sequence identity threshold was
applied (Supporting Information Fig. S68). The corresponding
GNN revealed that SslST and SscST are the only two members of
their class co-localized with LanM. To provide an overall under-
standing of the relationship between lanthipeptide sulfo-
transferases and the other isozymes, a phylogenetic tree was built
for SslST, SscST, and other characterized STs involved in natural
product biosynthesis, including RaxST12, MbnS13-14, TotS33,
SulN34, CcSULT20, StaL35, CurM-St36, Cpz8, Cpz437, as well as
two human tyrosylprotein STs38, TPST1 and TPST2. Not sur-
prisingly, SslST and SscST were located in a distinct clade
(Supporting Information Fig. S69), which is in complete agree-
ment with their undetectable sequence similarity and disparate
substrate selectivity.

To visualize the binding mode of SslST and 3 or 4, we
attempted crystallization of SslST in the absence or presence of
PAP, Mg2þ, and 3 or 4. Unfortunately, no diffractable crystal was
able to be obtained. Instead, an AlphaFold model of SslST was
established (UniProt identifier, AF-A0A2G1XES1-F1; Fig. 4A)
39,40. Comparison of SslST with other enzymes in the protein data
bank (PDB) via the Dali server41 reveals that the closest structural
relative to SslST is the TPST1 involved in post-translational
tyrosine sulfonation of proteins in complex with PAP and
gastrin peptide (PDB, 5wrj; Supporting Information Fig. S70).
Figure 4 Characterization of the putative binding site of lanthipeptide in

of TPST1 with PAP and gastrin peptide. The PAPS binding doamin and PB

cyan, yellow, and green, respectively. (B) Chemical structure of 8. (C)

(D) Representative key residues (green sticks) involved in PAP binding. T

complex structure. (E) In vitro transformation of 3 to 4 catalyzed by Ss

4. (F) Identified key residues surrounding the putative cyclic peptide (pur
They shared conserved domains for PAPS binding, whereas the
peptide binding domains (PBDs) were completely non-
superimposable (Fig. 4A), reflecting their different substrate
preference, cyclic peptide for SslST and linear peptide for TPST1.

The minimal substrate containing only the A ring of 3,
designated as 8 (Fig. 4B), was modeled into the PBD of SslST to
provide an overall picture. The structure of 8 was embedded into
the cavity that was formed by two helix bundles with one ranging
from His187 to Ala241 and the other comprising Glu33 to Asp143
(Fig. 4C and Supporting Information Fig. S71). The sidechain
phenol of Tyr5 pointed towards and was in closest proximity to the
superimposed 50-phosphate group of PAP for sulfonation to occur.

The conserved residues of SslST involved in PAPS interaction
were individually mutated to Ala and the resultant variants were
evaluated for the sulfonation activity in vitro using 3 as substrate
(Fig. 3C). The R12A mutation completely abolished the activity of
SslST, and SslST-T16A and S183A variants only retained minimal
efficacies (Fig. 4D and E, and Supporting Information Fig. S72),
supporting the reliability of the SslST model. Next, we investi-
gated the significance of residues that surrounded the putative
peptide binding cavity (Fig. 4E and F). In the dock model, side
chains of SslST Glu33 and Phe190 pointed to the Tyr5 of 8, and
their involvement in substrate recognition was demonstrated by
in vitro reactions of the four corresponding variants SslST-E33A,
E33W, F190A, and F190W, which were shown to be inactive.
Glu76 and Tyr153 of SslST packed on the side of the Tyr5 of 8,
and E76A and Y153W variants had no effect on the yield of 4,
whereas E76W variant was dead and Y153A variant showed
reduced activity (Supporting Information Fig. S73). Gly189 and
Ile193 resided at the left side of the cavity, and when they were
mutated to Trp, the variants completely lost the sulfonation ac-
tivity. On the other side of the pocket, Asn36 was identified and
mutated to Trp, and the resulted N36W variant could not produce
4. Similarly, mutation of Ala64 at the back of the cavity to Trp
resulted in a dead variant (Supporting Information Fig. S74). We
further mutated two residues at the edge of the cavity, Gly40 and
SslST. (A) Superimposition of the SslST model and complex structure

D of SslST, TPST1, PAP, and gastrin peptide are showed in pink, tan,

The dock model of 8 in PBD of SslST shown in surface model.

he PAP structure was obtained from the superimposition with TPST1

lST and variants. The heights of the red bars represent the yields of

ple sticks and surface) binding cavity.
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Lys156 to Trp, and the resulted variants showed comparable ac-
tivities with the wild type SslST (Fig. 3C and Supporting
Information Fig. S75). Altogether, these results delineate a po-
tential binding pocket in SslST for the lanthipeptide to be
sulfonated.

2.8. Bioactivity evaluation indicates the significance of the
sulfonation

Following characterization of the biosynthetic details, we evalu-
ated the biological activity of purified lanthipeptides 3 and 4 to
gain insights into the significance of sulfonation. Neither 3 nor 4
exhibited inhibition activity at 50 mmol/L against a panel of
bacteria, or at 20 mmol/L against tumor cell lines HepG2 and
LoVo. We also evaluated their anti-inflammatory activities by
measuring their inhibitory effects on lipopolysaccharide-induced
NO release in RAW264.7 macrophages. At a concentration of
40 mmol/L, 4 displayed an inhibition rate of about 51%, whereas 3
showed no activity with an obvious inhibition rate of about �2.3%
(Supporting Information Fig. S76). Comparison of the inhibition
rates and the chemical structures suggested that the sulfonate
group enhanced the anti-inflammatory activity.

3. Conclusions

Due to the crucial role of macrocyclization of peptides and sul-
fonation in medicinal chemistry, we have identified the first BGCs
of sulfonated lanthipeptide and characterized their encoded
products, the biosynthetic order, the catalytic features, and the
substrate tolerance of the PTM enzymes. Heterologous expression
of the core biosynthetic genes confirmed our co-occurrence
analysis that BGCs containing both LanM and ST genes would
encode sulfonated lanthipeptides. Structure elucidation experi-
ments revealed the positions of three Lan/MeLan rings (A, B, and
C), and the sulfonation site at Tyr5 of the resulted lanthipeptides.
The characteristics of SslM-catalyzed Lan/MeLan ring formation
was explored through site-specific mutagenesis of key residues in
the core peptide. Our in vitro enzymatic reactions unambiguously
supported that SslST catalyzes sulfonation in a leader-independent
and thioether or disulfide ring-dependent manner. Conversely, the
activities of LanM rely on the C-terminal 10 residues of the leader.
In addition, we found that both LanM and ST are promiscuous
towards the substitution of residues in A ring, and that SslST
sulfonation is highly regioselective toward Tyr5. Moreover,
SslST is also able to sulfonate the analogous disulfide ring-
containing peptide. Our bioactivity evaluation highlighted the
positive effect of the sulfonate group. Considering these biosyn-
thetic features and the bioactivity enhancement associated with
the sulfonate group, our findings provide a foundational platform
for the biocatalytic sulfonation of various cyclic peptides in drug
development.

4. Experimental

4.1. General materials and methods

The genes and primers were synthesized by Xi’an Qingke
Biotechnology Co., Ltd. and General Biosystems Co., Ltd.,
respectively. Restriction endonucleases, and Ready-to-Use
Seamless Cloning Kits were purchased from Sangon Biotech
(Shanghai) Co., Ltd. Phanta Max Super-Fidelity DNA Polymerase
was purchased from Nanjing Vazyme Biotech Co., Ltd. E. coli
DH5a and E. coli BL21 (DE3) were used for plasmid maintenance
and protein overproduction, respectively. Chemical reagents were
purchased from Sangon Biotech (Shanghai) Co., Ltd. The
IACGYFCV peptide was purchased from Nanjing Yuanpeptide
Biotech Co., Ltd. (Nanjing, China). DNA sequencing was per-
formed by Xi’an Qingke Biotechnology Co., Ltd. pRSFDuet and
pCDFDuet vectors were purchased from Sigma‒Aldrich. pET
N-terminal His6 TEV LIC and pET His6 MBP TEV LIC vectors
were gifts from Scott Gradia (Addgene plasmid #29666 and
#29656, respectively). All co-expression and in vitro enzymatic
reactions were repeated at least three times. Cell Counting Kit-8
(CCK8) was purchased from Apexbio Technology LLC.

4.2. Molecular biology techniques

The DNA fragments of target genes were PCR-amplified using the
E. coli BL21 (DE3) gDNA or codon-optimized and synthesized
DNA as template by high fidelity Phanta Max Super-Fidelity DNA
Polymerase. Amplification products were confirmed by 1.2%
agarose gel electrophoresis, and purified using spin columns. The
selected vectors were digested with selected restriction enzymes
for 3 h at 37 �C using a water bath. The resulting DNA products
and linearized vectors were assembled with Ready-to-Use Seam-
less Cloning Kit. E. coli DH5a cells were transformed with 5 mL
of the assembled products by heat shock, and cells were plated on
LB agar plates supplemented with appropriate antibiotics and
grown for overnight at 37 �C. Several colonies were picked and
used to inoculate separate 5 mL cultures of LB medium. The
cultures were grown at 37 �C for 16 h before plasmids extraction.
The sequences of the genes in the resulting plasmids were
confirmed by DNA sequencing. The protein sequences and IDs
were shown in Table S1. Primers used in this study were listed in
Table S2. All plasmids used in this study were listed in Table S3.

4.3. Bioinformatics

The target sequence was used as seed for SSN construction using
the “Sequence BLAST” option of the EFI-EST tools (UniProt
Version: 2022_04)23,42,43. Then alignment scores corresponding
to 35% sequence identity were used for final SSN generation. The
100% representative node network was opened and analyzed by
Cytoscape44, and 55%, 41%, 40%, and 60% sequence identity
were applied to separate the clusters of SSN for RaxST, ST from
Methylocystis rosea SV97, LanM, and SslST, respectively. Nodes
were shown in different colors based on the size of each cluster.
All ST sequences were inputted to Mega11 to construct the
Maximum-likelihood tree4.

4.4. Cultivation of S. cinnamoneus DSM 41675

The strain was purchased from the CGMCC (4.3578) strain collec-
tion, whereas S. sp. CB02923 was not available. The freeze-dried
powder of the strain was inoculated into TSB media (5.95 g tryp-
tone, 1.05 g peptone, 0.875 g glucose, 1.75 g NaCl, 0.875 g K2HPO4,
350 mL deionized water, pH 7.3), which was cultivated for approx-
imately 3 days at 220 rpm and 30 �C. Then the obtained seed cultures
were evenly used to inoculate four different freshly prepared media,
including PTM (14 g dextrin, 14 g lactose, 1.75 g yeast extract, 0.7 g
CaCO3, 350 mL deionized water, pH 7.3), M15 (10.5 g glucose,
0.35 g peptone, 1.75 g beef extract, 1.75 g NaCl, 0.875 g CaCO3,
350 mL trace elements, 350 mL deionized water, pH 7.3), MB (0.7 g
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tryptone, 3.5 g glucose, 1.75 g soluble starch, 0.7 g yeast extract, 1.4 g
NaCl, 0.175 gK2HPO4, 0.175 gMgSO4$7H2O,0.7 gCaCO3, 350mL
deionized water, pH 7.3), and MD (3.5 g glucose, 1.75 g tryptone,
1.75 g yeast extract, 3.5 g glycerol, 1.05 g CaCO3, 350 mL deionized
water, pH7.3).After 7 days of cultivation, the cultureswere harvested
by centrifugation, and the supernatants were extracted by n-butanol
(v/v, 1:1). The resulted crude extracts were dried and re-dissolved in
methanol of 15-fold less volume for LC‒HRMS analysis.

4.5. Protein expression and purification

The plasmids with constructs of interest were transformed into E.
coli BL21 (DE3) cells for protein expression. Cells were grown
for 24 h on Luria-Bertani (LB) agar plates containing corre-
sponding antibiotics at 37 �C. Single colonies were picked to
inoculate 10 mL of LB containing corresponding antibiotics and
grown at 37 �C for 16e18 h. This culture was used to inoculate
1 L of LB containing appropriate antibiotics and grown to an
optical density at 600 nm (OD600) of 0.6e0.8 and then placed on
ice for 20 min. Isopropyl b-D-1-thiogalactopyranoside (IPTG) was
then added to a final concentration of 0.5 mmol/L, followed by an
induction period at 18 �C for 18 h. Notably, induction was pro-
ceeded at 30 �C for 18 h for the co-expression experiments,
leading to higher titer of the modified peptides. Cells were har-
vested via centrifugation at 6000 � g for 20 min and resuspended
in 30 mL suspension buffer [500 mmol/L NaCl, 20 mmol/L Tris
pH 8.0, 10% glycerol (v/v)]. Cells were lysed by sonication (1 s
on, 2 s off) at 50% amplitude in ice water. Insoluble cell material
was removed by centrifugation at 12,000 � g for 30 min at 4 �C.
The resultant supernatant was loaded onto a pre-equilibrated
NiNTA-HisTalon mSphere column (Wuxi Tianyan Biotechnology
Co., Ltd.). The column was washed with 40 mL wash buffer
containing 1 mol/L NaCl, 20 mmol/L Tris pH 8.0, and 30 mmol/L
imidazole. Then the column was eluted with 40 mL elution buffer
containing 1 mol/L NaCl, 20 mmol/L Tris pH 8.0, and 250 mmol/
L imidazole with 5 mL each fraction. The resultant fractions were
examined visually by Coomassie-stained sodium dodecyl sulfo-
nate polyacrylamide gel electrophoresis (SDS-PAGE) gel. A
buffer exchange with protein storage buffer [20 mmol/L Tris, pH
8.0, 300 mmol/L NaCl, 10% glycerol (v/v)] was performed prior
to concentration. The exchanged solution was concentrated using
a 10 kDa molecular weight cut-off (MWCO) Amicon Ultra cen-
trifugal filter. Protein concentrations were determined using
280 nm absorbance (theoretical extinction coefficients were
calculated using the ExPASy ProtParam tool; http://web.expasy.
org/protparam/). Purity was visually inspected by Coomassie-
stained SDS-PAGE gel.

4.6. N-Ethylmaleimide (NEM) assays

A 100 mL aliquot of the reaction solution contained 200 mmol/L
peptide, 10 mmol/LTCEP, 10 mmol/L NEM, and 50 mmol/LTris-
HCl (pH 7.5), which was incubated in 30 �C water bath for 1 h in
dark. The reactions were further analyzed by LC‒HRMS.

4.7. b-Mercaptoethanol (bME) assays

A 100 mL aliquot of the reaction solution contained 200 mmol/L
peptide, 500 mmol/L NaCl, 1 mmol/L TCEP, 50 mmol/L bME,
and 50 mmol/L Tris-HCl (pH 9.0), which was incubated in 30 �C
water bath for 3 h in dark. The reactions were further analyzed by
LC‒HRMS.
4.8. In vitro enzymatic activity assays of SslST

The IACGYFCV peptide was stirred at room temperature for
overnight with a concentration of 2 mmol/L. The resultant mixture
was purified by HPLC and the disulfide-containing peptide was
combined based on the HRMS data. A 200 mL aliquot of the re-
action solution contained 200 mmol/L peptide, 5 mmol/L MgSO4,
5 mmol/L ATP, 100 mmol/L K2HPO4, 50 mmol/L HEPES (PH
8.0), 0.5 U/mL inorganic pyrophosphatase, 10 U/mL pyruvate
kinase, 75 mmol/L phosphoenolpyruvate, 10 mmol/L E. coli
CysCDN, 10 mmol/L TEV (when MBP fused peptides were used),
and 10 mmol/L SslST, which was incubated in 30 �C water bath
for 12 h. The reactions were quenched by addition of equivalent
volume of acetonitrile with 0.1% TFA, and the supernatant was
obtained after centrifugation for lyophilization. The samples were
dissolved in 200 mL of chromatography-grade methanol for
analyzation by LC‒HRMS.
4.9. Peptide expression and purification

The cysCDN genes were cloned into pCDFDuet-sslST and
pACYCDuet vectors for co-expression with sslAMST. This co-
expression strategy yielded sulfonated lanthipeptides with com-
parable yields to the system without additional cysCDN genes.
MBP-SslA and variants co-expressed with SslM and/or SslST
were purified following the similar protocol for protein expres-
sion and purification, except the removal of glycerol from the
storage buffer. The obtained MBP-peptide solution was treated
with TEV for 5 h at 37 �C water bath to cleave peptide from MBP,
which was precipitated by addition of acetonitrile with 0.1%
formic acid (1:1, v/v). Then, the supernatant was obtained by
centrifugation and dried by lyophilization, and the resultant ma-
terial was redissolved in enzymatic reaction buffer with GluC or
trypsin for leader digestion. The protein was precipitated and the
supernatant was harvested for further analysis by LC‒HRMS or
purification by HPLC. Compounds 3 and 4 were obtained from the
co-expression of MBP-SslA-M-1R with SslM and SslST, and the
product was treated with trypsin after TEV cleavage, which was
purified by HPLC (Shimadzu, LC-20A) equipped with a C18
reversed phase column (Shimadzu, Shim-pack GIST C18, 5 mm,
100 Å, 4.6 mm � 250 mm) using a gradient from 40% methanol
with 0.1% formic acid to 100% methanol with 0.1% formic acid
over 25 min. Compounds 3 and 4 were eluted at 16.0 and 17.4 min
with the yield of 9.0 and 7.8 mg from 24 L cultures, respectively.
4.10. HRMS data acquisition

LC‒HRMS data was recorded on a ThermoFisher Scientific, Q
Exactive mass spectrometer. Separation was performed on an
AcclaimTM 120 C18 3 mm 120 Å (3 mm � 150 mm) column
running at 0.3 mL/min. Mobile phases were solvent A (0.1% for-
mic acid in water) and solvent B (0.1% formic acid in methanol).
For detection of TEV-cleaved peptides, the following gradient was
used unless specified otherwise: 50%e100% B over 10 min. When
the peptides were further digested with GluC or trypsin, the
gradient was adjusted to 40%e100% B over 10 min. For mass
spectrometry, the instrument was set to run in positive mode with
mass range 200e3000 m/z and the following parameter. Sheath gas
flow rate: 35 mL/min; Aux gas flow rate: 10 mL/min; Sweep gas
flow rate: 1 mL/min; Spray voltage: 4.00 kV; Capillary tempera-
ture: 320 �C; Aux gas heater temperature: 30 �C. For MS/MS, the

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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instrument was set to run Auto MS2 mode and fragmented at
20e30 V collision energy.

4.11. NMR data acquisition of 3 and 4

Compounds were dissolved in 150 mL of DMSO-d6 and trans-
ferred into heavy wall NMR tubes. All NMR spectra were ac-
quired using a Bruker AVANCE NEO 600 spectrometer. The 1H,
1He1H COSY, 1He1H TOCSY, 1He13C HSQC, 1He13C HMBC,
and 1He1H NOESY spectra of 3 were acquired using 240, 26, 28,
180, 320, and 32 scans, and those of 4 were acquired using 240,
26, 28, 180, 280, and 32 scans.

4.12. Antibacterial activity of 3 and 4

Antibacterial activity of 3 and 4 were evaluated using disc diffu-
sion method following the published protocols45. A panel of
bacterial strains were used, including E. coli K12, E. coli
MG1655, E. coli ATCC 25922, Acinetobacter baumannii ATCC
19606, Klebsiella pneumoniae ATCC 13883, Staphylococcus
aureus Newman, S. aureus ATCC 29213, Staphylococcus cohnii
DKG4, Staphylococcus simulans AKA1, Enterococcus faecalis
ATCC 29212, Enterococcus gallinarum 5F52C, Bacillus subtilis,
Bacillus thuringiensis, Micrococcus luteus, Pseudomonas aeru-
ginosa, Clostridium perfringens FSKP20, Salmonella typhimu-
rium SH138, Salmonella heidelberg SH36, and Proteus mirabilis
SG0508. The strains were cultured in LB overnight at 37 �C
(220 rpm). Subsequently, 20 mL aliquots of the respective seed
cultures were inoculated into 2 mL of fresh LB media, which were
grown at 37 �C (220 rpm) until the OD reached 0.4. Next, 50 mL
of the cultures were added to 100 mL of heated LB agar, which
was cooled to approximately 50 �C, mixed, and poured into
sterilized plates. Sterilized filter paper with a diameter of 5 mm
was placed on the surface of the solid LB agar, and 10 mL of
50 mmol/L test compound solutions in water were added to the
filter paper. The plates were then incubated at 37 �C for 18e24 h
to observe the inhibition zones. Unfortunately, no inhibition zone
was observed for both compounds.

4.13. Cytotoxic activity of 3 and 4

They were assessed for cytotoxicity against HepG2, LoVo, and
RAW264.7 macrophage cells by the CCK8 assay. 100 mL of
different cells were plated in a 96-well flat bottom tissue culture
plate at a density of 3 � 104 cells/mL (for HepG2 and LoVo) or
8 � 105 cells/mL (for RAW264.7) in medium containing 10%
fetal bovine serum and allowed to adhere overnight at 37 �C in 5%
CO2. DMEM medium was used for HepG2 and RAW264.7, and
RPMI-1640 medium was used for LoVo. The cells were treated by
adding 100 mL of compound solution to reach the final concen-
tration of 20 mmol/L. All compounds were dissolved in DMSO
(0.1%), and DMSO (0.1%) was used as negative control. After
24 h, the cell viability assay (CCK8 assay) was carried out. 10 mL
of CCK8 was added to each well, and cells were incubated for
additional 1 h at 37 �C. Then optical density (OD) was measured
at wavelength of 450 nm using a multimode microplate reader
(BioTek Synergy Neo2).

4.14. Measurement of nitric oxide content

NO production was determined by the level of nitrite in the culture
medium using the Griess assay46. Briefly, RAW264.7 macrophage
cells were seeded in 96-well plates (8 � 105 cells/mL, 100 mL) for
12 h and pretreated with the test compounds for 2 h. LPS
(10 mg/mL) was then added, and L-NMMA (Sigma) was used
as the positive control. After 24 h, 80 mL of the supernatant
from incubates was then added to 100 mL of an equal volume of
mixed Griess reagent A and Griess reagent B (Beyotime
Biotechnology, China) and cultured 10 min at 37 �C under dark
conditions. The absorbance was measured at 540 nm by a multi-
mode microplate reader (BioTek Synergy Neo2).

4.15. Synthesis of standard Lan and MeLan

Synthesis of LL-Lan, DL-Lan, L-allo-L-MeLan, and D-allo-L-MeLan
was performed by a procedure similar to a previous report
(Supporting Information Schemes S1eS3)47. Briefly, acetyl
chloride (1.8 mL, 25.2 mmol, 3.0 equiv) was slowly added to
MeOH (12 mL) at 0 �C. The solution was stirred for 15 min,
followed by addition of L-serine, D-serine, L-threonine, D-threo-
nine, L-allo-threonine, D-allo-threonine (1.0 g, 8.4 mmol, 1.0
equiv). After refluxing for 3 h, the solution was cooled to room
temperature, and evaporated under reduced pressure to yield
methyl esters.

Each of the methyl esters was resolved in water (5 mL), and
the solution was then adjusted to pH 7.0 by saturated aqueous
NaHCO3, followed by addition of K2CO3 (1.1 g, 8.0 mmol, 1.0
equiv). After addition of the solution of Boc2O (2.1 mL, 9.6 mmol,
1.2 equiv) in tetrahydrofuran (5 mL), the mixture was stirred for
16 h. THF was evaporated and the aqueous solution was extracted
with ethyl acetate (3 � 10 mL). The organic fraction was washed
with water and brine, dried over MgSO4, filtered and evaporated
under reduced pressure to yield L-Lan-2, D-Lan-2, L-MeLan-2, L-
allo-MeLan-2, D-MeLan-2, and D-allo-MeLan-2.

SOCl2 (1.4 mL, 18.8 mmol) was added to degassed CH3CN
(10 mL) in a dry round bottom flask under nitrogen. The solution
was cooled to �42 �C. Boc-serine ester or boc-threonine ester
(7.5 mmol) in degassed CH3CN (10 mL) was added dropwise in
30 min. After the addition of pyridine (3.0 mL, 37.5 mmol) in
15 min, the yellow mixture was stirred for 2 h at �42 �C. Ice was
added to quench the reaction. The solution was acidified with
aqueous 10% NaHSO4. The aqueous layer was extracted with
CH2Cl2 (3 � 20 mL). The organic fraction was washed with
water, saturated NaHCO3 and brine, dried over MgSO4, filtered
and evaporated under reduced pressure, and the residue was dis-
solved in 10 mL CH3CN. RuCl3$xH2O (10 mg), NaIO4 (1.8 g,
8.3 mmol), H2O (10 mL) were added to the solution at 0 �C. The
solution was stirred for 15 min at 0 �C and returned to room
temperature for 4 h. After the addition of Et2O (10 mL) and brine
(10 mL), the solution was extracted with Et2O (3 � 20 mL). The
organic fraction was washed with water, saturated NaHCO3 and
brine. The organic layer was dried over MgSO4, filtered and
evaporated under reduced pressure to yield L-Lan-3, D-Lan-3, L-
MeLan-3, L-allo-MeLan-3, D-MeLan-3, and D-allo-MeLan-3.

Five mLTFAwas added to the solution of L-Lan-3, D-Lan-3, L-
MeLan-3, L-allo-MeLan-3, D-MeLan-3, and D-allo-MeLan-3 in
5 mL CH2Cl2. After refluxing for 30 min, the volatiles were
removed in vacuo to obtain L-Lan-4, D-Lan-4, L-MeLan-4, L-allo-
MeLan-4, D-MeLan-4, and D-allo-MeLan-4.

L-Cysteine (0.7 g, 6 mmol) was added to the degassed solu-
tion of KHCO3 (1.8 g, 18 mmol) in water (10 mL) followed by
addition of L-Lan-4, D-Lan-4, L-MeLan-4, L-allo-MeLan-4, D-
MeLan-4, and D-allo-MeLan-4. The solution was stirred for 16 h
at rt. under nitrogen prior to addition of concentrated HCl
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(10 mL, 100 mmol), and the resulted solution was heated under
nitrogen at 70 �C for 5 h. The volatiles were removed in vacuo,
and the resultant products were used without any further
purification.

4.16. Advanced Marfey’s analysis

Identification of amino acid residue chirality in peptides was
performed using the methods described previously31. For lanthi-
peptides, 0.6 mg of each sample was hydrolyzed at 115 �C for
10 h in 600 mL of 6 mol/L HCl. The solution was lyophilized,
which was redissolved in 500 mL water and lyophilized to remove
HCl from the system. The hydrolysate was divided into two
portions, which were incubated with 1 mol/L NaHCO3 (150 mL)
and 10 mg/mL L-FDLA (150 mL) at 37 �C for 90 min. After re-
action, the solution was quenched with 2 mol/L HCl (150 mL) and
diluted with MeCN (150 mL), and the resultant solutions were
analyzed by LC‒HRMS (Thermo Scientific, AcclaimTM 120 C18,
3 mm, 120 Å, 3 mm � 150 mm; 20%e100% CH3CN in H2O with
0.1% formic acid for 55 min; 0.3 mL/min).

Two portions of each commercial standard L-amino acid so-
lution (50 mL, 50 mmol/L) were treated with 1 mol/L NaHCO3

(20 mL) and 10 mg/mL L-FDLA (50 mL) at 37 �C for 90 min. After
reaction, the solution was quenched with 2 mol/L HCl (10 mL) and
diluted with MeCN (810 mL), which were analyzed by LC‒
HRMS using the same column and condition as above. The
configuration of standard amino acids in lanthipeptides was
determined by comparing the retention time of their DLA de-
rivatives of with amino acid standards.

4.17. AlphaFold model of SslST and docking of 8

The AlphaFold model of SslST was built using the online
ColabFold server39,40, and the resulted model was identical with
the one from the UniProt database (UniProt identifier, AF-
A0A2G1XES1-F1). Automated docking of 8 onto the SslST
model were carried out using the Autodock Vina Chimera plu-
gin48,49. Ligand coordinates were obtained using the “Build
Structure” plugin of Chimera by inputting the SMILES string of 8.
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