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Discovery of a family of menaquinone-
targeting cyclic lipodepsipeptides for
multidrug-resistant Gram-positive
pathogens
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Menaquinone (MK) in bacterial membrane is an attractive target for the development of novel
therapeutic agents. Mining the untapped chemical diversity encoded by Gram-negative bacteria
presents an opportunity to identify additional MK-binding antibiotics (MBAs). By MK-binding motif
searching of bioinformatically predicted linear non-ribosomal peptides from 14,298 sequenced
genomes of 45 underexplored Gram-negative bacterial genera, here we identify a novel MBA
structural family, including silvmeb and pseudomeb, using structure prediction-guided chemical
synthesis. Both MBAs show rapid bacteriolysis by MK-dependent membrane depolarization to
achieve their potent activities against a panel of Gram-positive pathogens. Furthermore, both MBAs
are proven to be effective against methicillin-resistant Staphylococcus aureus in a murine peritonitis-
sepsismodel. Our findings suggest thatMBAs are a kind of structurally diverse and still underexplored
antibacterial lipodepsipeptide class. The interrogation of underexplored bacterial taxa using synthetic
bioinformatic natural product methods is an appealing strategy for discovering novel biomedically
relevant agents to confront the crisis of antimicrobial resistance.

Antimicrobial resistance infections present a growing public healthcare
problem1,2. Novel antibiotics whose modes of action (MOAs) are distinct
from those of clinically used drugs, are urgently needed to combat
antibiotic-resistant pathogens3–5. Menaquinone (MK), as the electron
acceptor in the bacterial membrane, is essential to the normal electrical
transport in themajority ofGram-positivepathogens6. Interestingly, human
cells could not produceMK,making it an appealingmolecular target for the
development of mechanistically novel antibiotics to circumvent existing
resistance mechanisms7,8. Previously, three closely cyclic lipodepsipeptides,
including lysocin E, WAP-8294A2, and WBP-29479A1, have been identi-
fied to bind directly to MK, thus resulting in rapid lysis of multidrug-
resistant (MDR) Gram-positive pathogens9–12. Particularly, WAP-8294A2
has been progressed to phase I clinical trials, indicating that menaquinone-
binding antibiotics (MBAs) exhibit great potential for the development of
novel anti-infective small molecule drugs13.

Twoyears ago,we combined two (meta)genomicmining approaches to
identify a few novel MBAs that could rapidly kill methicillin-resistant

Streptococcus aureus (MRSA) and MDR Mycobacterium tuberculosis14.
Interestingly,we found that althoughMBAsare a kindof structurally diverse
cyclic lipodepsipeptides, a conserved MK-binding motif (GXLXXXW) in
MBAs was identified14. Particularly, considering most sequenced BGCs are
not or lowly expressed in laboratory fermentation studies, a synthetic
bioinformatic natural product (synBNP) method instead of the traditional
fermentation strategywasused to rapidly accessMBAsona large scale14. The
synBNP method could be done by firstly bioinformatically predicting the
encoded structure inspired by the primary sequence of a BGC and then
chemically synthesizing the predicted structure15–17. To facilitate the suc-
cessful therapeutic development of this mechanistically interesting class of
antibiotics, additional chemical entities of MBAs with novel structures
should be further explored from untapped microbial sources. In this study,
we accessed 14,298 genomes of 45 underexplored Gram-negative bacterial
genera by combining the motif search-guided large-scale genome mining
with the synBNPmethod, and successfully identified anovelMBAstructural
family with potent in vivo anti-MRSA activity.
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Results
Identification of potential MBABGCs fromunderexplored Gram-
negative bacteria
To discover more novel MBAs, we first summarized the sources of all
identifiedMBABGCs. Besides the three knownMBABGCs (MBAs 1–3)
are from soil microbiomes, the other known MBA BGCs (i.e., Lysocin E
and WBP-29479A1) are from underexplored Gram-negative bacterial
genera, including Dyella, Lysobacter and Paracoccus (Table S1)9,10,12,14.
These results suggest that Gram-negative bacteria are rich under-
explored sources of MBA BGCs, which should be further exploited.
Previously, we developed a general approach by motif searching a
bioinformatically predicted database of natural products (i.e., non-
ribosomal peptides) to identify BGCs that encode molecules with spe-
cific desired features14. Using themotif search-guided chemical synthesis
approach, we rapidly identified three MBAs (MBAs 4-6) inspired by
primary sequences from ~10,000 Gram-positive and Gram-negative
bacterial genomes downloaded from the antiSMASH database14.

TodiscovermoreMBAswithnovel structural families, in this study,we
systematically collected 14,298 genomes from 45 underexplored Gram-
negative bacterial genera, which belong to five phyla, including Bacter-
oidetes, Chloroflexi, Firmicutes, Tectomicrobia, and Proteobacteria18–20.
Furthermore, BGCs from these genomes were analyzed by the antiSMASH
pipeline, and the A-domain substrate binding pockets from NRPS BGCs
were compared to amanually curated list of A-domain signature sequences
from characterized BGCs that we developed previously14,21. Based on
A-domain substrate prediction, we generated a database of linear predicted
peptides that contains 2818 NRPs with at least five building blocks
(Fig. 1a)22. To decrease the noisewhenmotif searching, wemanually deleted
the predicted peptides encoded by the knownMBABGCs in our developed
predicted NRP database (G− version). Then, considering that these NRPS
BGCs are often truncated in assembled genomes using short-read sequence
data, we used the full MK-binding motif (GXLXXXW) as well as its two
partial motifs (GXL and LXXXW) to search our database.

For the full motif search, we identified a novel BGC from the genome
of Eleftheria terrae P9846-PB, suggesting that it might encode a potential
MBA (Fig. 1a)23. By further bioinformatic analysis, as shown in Fig. S1, the
newly identifiedBGC is likely to encode the knownMBA,MBA114. For the
partial motif search, LXXXWwas only found in the potentialMBA1 BGC
fromE. terraeP9846-PB.Notably, besides the abovepotentialMBA1BGC
in the GXL motif search, we identified two truncated BGCs from Dyella
silvatica GDMCC 1.1900 and Lysobacter capsici NF87-2, whose encoded
peptides shared partial amino acids with known MBAs (Fig. 1a)24. To
access the complete peptide sequence encoded by the partial MBA7 BGC
fromD. silvaticaGDMCC 1.1900, we re-sequenced the complete genome
of this strain (Fig. 1b). The A-domain analysis of re-sequenced MBA7
BGC predicted it would encode the MK-binding motif GXLXXXW
containing peptides thatmight representMBA (Fig. S2 and Table S2). On
the other side, considering the strain L. capsici NF87-2 is unavailable, we
tried to identify similar BGCs to the potential MBA8 BGC from L. capsici
NF87-2 in the GenBank database. Fortunately, a new NRP BGC from
Pseudomonas sp. CGJS7 was found to be likely to encode the potential
MBA8 (Figs. 1b, S3, 4 and Tables S3, 4). Our findings suggest that MBA
BGCs were from more diverse genera of Gram-negative bacteria,
including Eleftheria and Pseudomonas, besides the three above genera
Dyella, Lysobacter, and Paracoccus. Notably, all three genera described
above are from Alphaproteobacteria or Gammaproteobacteria, but
Eleftheria is a rare genus of Betaproteobacteria that have not traditionally
been part of microbial natural product discovery programs (Table S1)18.
The genus Eleftheria was only first described in 2015, and until now, E.
terrae P9846-PB is the only identified strain in this genus23. Finally, we
aligned the known MBA peptide sequences and the two novel peptides
predicted by the potential MBA7 and MBA8 BGCs to generate a phylo-
genetic tree. As shown in Fig. 2a. the MBA7 and MBA8 BGCs-predicted
peptides formed a distinct clade, which suggests that their products are
likely to make up a novel MBA structural family.

Structural prediction and chemical synthesis ofMBA7andMBA8
BGC products
With the increasing accuracy of bioinformatic algorithms for predicting
natural product (i.e., non-ribosomal peptides) structures, total chemical
synthesis (i.e., solid-phase peptides synthesis (SPPS)) of the bioinformati-
cally predicted BGC product (that is, a synthetic bioinformatic natural
product (synBNP)) provides an alternative and potentially more straight-
forward means for accessing small molecules encoded by completely
sequenced BGCs14–17. The structural prediction-guided chemical synthesis
strategy not only overcomes a lack of BGC expression but also skips the
time-consuming process of isolating and structurally characterizing com-
pounds frommicrobial fermentation broths14–17. Indeed, we tried to culture
the strain D. silvatica GDMCC 1.1900 in three different liquid media but
failed to detect the MBA7 BGC-encoded products.

As shown in the Figs. S2–4, theMBA7 andMBA8BGCs consist of two
large NRPS genes in which a condensation starter domain encoded by the
first NRPS gene is predicted to initiate NRPS biosynthesis with a fatty acid,
such asR-3-hydroxy-octanoic acid found in the two knownMBAs (lysocins
and WAP-8294A)9,10. Distinct from many other cyclic lipodepsipeptides25,
changes in the fatty acid tail of known MBAs did not result in substantial
differences in antimicrobial activity9,10.

Therefore, based on A-domain substrate specificity analysis
(Tables S2–4), the unmodified linear lipopeptide predicted by each NRPS
gene was used to be the direct precursor to the bioactive cyclic lipopeptide
encoded by the MBA7 or MBA8 BGCs22. The commercially available R-3-
hydroxy-octanoic acid was used in the synthesis of the predicted lipopep-
tides encoded by both MBA7 and MBA8 BGCs. Noteworthy, because the
first amino acid was predicted to contain a nucleophilic side chain (Ser), the
R-3-hydroxy-octanoic acid derivatized linear peptide can either be cyclized
through the β-hydroxyl group of the fatty acid (cyclized through fatty acid,
cFA) or through a nucleophilic amino acid side chain (cyclized through side
chain, cSC). Finally, we generated four syn-BNPs for antimicrobial bioac-
tivity screening, including MBA7-cFA, MBA7-cSC, MBA8-cFA and
MBA8-cSC (Figs. 2b and S5, 6). The identities of the four syn-BNPs that
encode potentialMBAswere then confirmed byHPLC and high-resolution
MS (Figs. S7–10 and Table S5).

Antimicrobial spectrum of synthesized MBA7 and MBA8 BGC
products
MBAshave been proven to have antibacterial activity against diverseGram-
positive bacteria, including Bacillus, Micrococcus, Mycobacterium, and
Staphylococcus spp. because the electrical transport of these strains relies on
MK9−14. To determine whether the four above differentially cyclized struc-
tures (MBA7-cFA, MBA7-cSC, MBA8-cFA, and MBA8-cSC) from single
linear peptides have antibacterial activity, we initially tested them against a
panel of Gram-positive bacteria (Bacillus subtilis, Micrococcus luteus,
Mycobacterium smegmatis, and Staphylococcus aureus).We found that only
MBA7-cFAorMBA8-cFAwith cyclization through the 3-hydroxyof theN-
terminal fatty acid showed potent antibiotic activities against all six tested
strains (Fig. 2c, d). MBA7-cSC or MBA8-cSC with cyclization through the
serine at thefirst position lost antibacterial activities. Therefore,we speculate
that MBA7-cFA and MBA8-cFA are likely the products of the MBA7 and
MBA8 BGCs, respectively.

Then, we systematically tested the antimicrobial activities of MBA7-
cFA andMBA8-cFA against a series of Gram-positive, Gram-negative, and
fungi. As shown in Table 1, bothMBA7-cFA andMBA8-cFA were broadly
active against the tested Gram-positive bacteria besides the three MK-
deficient Enterococcus or Staphylococcus spp. strains26,27. The similar anti-
bacterial spectra against MK-producing and MK-deficient Gram-positive
bacteria were also observed for the known MBAs14. The MBA7-cFA and
MBA8-cFA MICs ranged from 4 to 8 μg/mL against a panel of S. aureus
strains, including methicillin-resistant S. aureus USA300 and penicillin-
resistant S. aureusATCC 6538. Even at the highest concentration we tested
(64 μg/mL),MBA7-cFAorMBA8-cFAdid not show cytotoxicity to the two
human cell lines, including HeLa and H295R (Table 1). Collectively, the
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spectra of bioactivity data provided our first evidence that MBA7-cFA and
MBA8-cFA were likely MBAs, which were renamed as silvmeb (Dyella
silvatica menaquinone-binding antibiotic) and pseudomeb (Pseudomonas
sp. CGJS7menaquinone-binding antibiotic), respectively. The structures of
silvmeb and pseudomeb were further confirmed using one- and two-
dimensional nuclear magnetic resonance (NMR) data (Figs. S11–22 and
Tables S6, 7).

Mode of action studies of silvmeb and pseudomeb
According to previous studies, the known MBAs could cause rapid bac-
teriolysis due toMK-dependentmembrane depolarization9,14. Therefore,we
first evaluated silvmeb and pseudomeb for their abilities to lyse S. aureus
USA300. 4x theMIC of silvmeb or pseudomeb antibiotics were added to S.
aureus cultures and vancomycinwas used as the negative control. As shown
in Fig. 3a, silvmeb or pseudomeb caused a significant and rapid decrease in
the number of viable bacterial cells. Furthermore, the 3,3′-dipropylthiadi-
carboncyanine iodide [DiSC3(5)] fluorescence assay was used to confirm
that both silvmeb and pseudomeb could causemembrane depolarization of
S. aureus (Fig. 3b). Then, to examine the relevance ofMK to the antibacterial
activities of silvmeb and pseudomeb, the MK feeding assay was performed
for its ability to suppress the antibacterial activity of silvmeb or pseudomeb.
We found that, different from the negative control vancomycin, theMICs of
silvmeb or pseudomeb against S. aureus increased in a dose-dependent
manner when MK was added to the assay medium. Ubiquinone (UQ), a

related structure ofMK, had no effect on the antibiotic activity of silvmeb or
pseudomeb (Fig. 3c).

Meanwhile, we also tried to raise S. aureusmutants when adding 4x the
MICs of silvmeb or pseudomeb to the solid LB medium. Two and one
resistant mutants were obtained for silvmeb and pseudomeb at a frequency
of 2.90 × 10−6 and 1.45 × 10−6, respectively (Fig. 3d). We further sequenced
the genomes of the three mutants as well as the wild-type strain. For the
silvmeb-generated mutant S1, there was a point mutation in the MK bio-
synthesis gene menH, in which a stop code inside this gene was generated.
For the silvmeb-generated mutant S2, there was an in-frame deletion in the
MK biosynthesis gene menA. For the pseudomeb-generated mutant P1,
there was a missense variant in the MK biosynthesis gene aroC. There were
no other point mutations in all three mutants. In all cases, the MICs of
silvmeb or pseudomeb against the two mutants were more than 64 μg/mL
compared to against the wild type with 4 μg/mL (Fig. 3d). Collectively, these
results suggest that both silvmeb and pseudomeb are a kind of MBAs and
could cause rapid lysis of S. aureus USA300 cells by MK-dependent mem-
brane depolarization.

Activity of silvmeb and pseudomeb in a murine peritonitis-
sepsis model
The in vivo efficacy of silvmeb and pseudomeb against multidrug-resistant
S. aureus was further examined in a mouse peritonitis-sepsis model using
vancomycin as the positive control (Fig. 4a). We found that, compared to

Fig. 1 | Motif search-driven targeted discovery of BGCs predicted to encode newMBAs from underexplored Gram-negative (G−) bacteria. aMK-binding motif search
pipeline. NRP non-ribosomal peptide, p-NRP predicted NRP. b Four potential MBA BGCs from the four genera Dyella, Eleftheria, Lysobacter, and Pseudomonas.
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the treatment of a methicillin-resistant S. aureus USA300 strain infection
with vehicle alone (30% solutol), treatment with silvmeb or pseudomeb
(10, 25, and 50mg/kg) the mortality of significantly decreased infected ICR
mice. A minimal dose of 25mg/kg for silvmeb or pseudomeb was required
for 100% mice survival (Fig. 4b, c). Therefore, our identified novel MBA
family with a unique structural scaffold and mode of action, including
silvmeb and pseudomeb, could be a valuable drug lead for the development
of therapeutics for treating multidrug-resistant S. aureus infections.

Discussion
In this study, we assessed the large chemical space of underexplored Gram-
negative bacteria using motif search of bioinformatically generated natural
product structures for the discovery of novel MBA structural families based
on our newly developed database (G− version). This motif search-guided
chemical synthesis approach represents an alternative general platform to
screen sequenced BGCs for the potential production of bioactive natural
products with specific desired features, such as calcium-dependent anti-
biotics with calcium-bindingmotif and cationic antimicrobial peptides with
at least two positively charged amino acids28,29.

Beyond the conserved minimal MK-binding sequence (GXLXXXW),
both silvmeb and pseudomeb contain a distinct L-Pro-5 and three to four
Asn residues (Fig. 2d). The hydrophobic lipid tail and hydrophobic glycine
and leucine residues seen in both silvmeb and pseudomeb are likely

important for interacting with either the lipid biolayer or the hydrophobic
polyprenyl tail of MK in bacterial membranes. The L-Pro-5 was only found
in the third MBA family (including MBA3 and MBA4), and proposed to
introduce discrete conformations into cyclic peptides, which was also
observed for N-methylated amino acids30. Additionally, either silvmeb or
pseudomeb contains at least five different building blocks from the known
MBAs. These structural features make silvmeb and pseudomeb become a
unique and novelMBA structural family (Fig. 2a). Finally, both silvmeb and
pseudomeb were proven to be effective at treating MRSA infections in a
murine peritonitis-sepsis model. In the next step, gram-scale synthesis of
silvmeb or pseudomeb would be required for their preclinical studies.
Considering both silvmeb and pseudomeb are a kind of common cyclo-
peptide structures, their scale-up synthesis could be done by properly
optimizing peptide synthesis and purification methods31,32.

Our discovery of the two above novel in vivo MRSA active MBAs
suggests thatMBAs are a kind of structurally diverse and still underexplored
antimicrobial lipodepsipeptide class. Although our newly identified MBAs
in this study have similar anti-MRSA activity to these previously reported
MBAs (i.e., lysocins andWAP-8294A) in vitro and in vivo9−12,14, we did not
further compare their differences in pharmacokinetics (PK) and pharma-
codynamics (PD)properties.Nevertheless, both silvmeb andpseudomeb, as
novel MBA chemical entities, provide more possibilities to facilitate the
successful therapeutic development of this mechanistically interesting class

Fig. 2 | Phylogenetic analysis, predicted structures, and antibacterial bioactivities
of MBA7 and MBA8. aMBA7 and MBA8 are predicted to make up a novel MBA
structural family. b (R)-3-hydroxy-octanoic acid derivatized linear peptides that are
predicted to be encoded by MBA7 or MBA8 BGCs were cyclized through either the
hydroxyl group of the fatty acid (cFA) or through a serine side chain (cSC).
c Antibacterial activities of MBA7-cFA, MBA7-cSC, MBA8-cFA, and MBA8-cSC.

Vancomycin (Van) and methicillin (Met) were used as the controls. d Chemical
structures of MBA7-cFA (silvmeb) and MBA8-cFA (pesudomeb). Besides the
conservedMK-binding motif colored in blue, both silvmeb and pseudomeb contain
the unique building block L-Pro-5 colored in green and three to four Asn residues
colored in yellow.
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of antibiotics. Collectively, our findings suggest that MBAs show large
chemical diversity, which would significantly facilitate the druggability
studies of this kind of cyclic lipopeptides. Identification of silvmeb and
pseudomeb adds to the arsenal of NP-inspired structures that are available
to explore in the effort to develop novel MBA-based therapeutics.

Methods
Chemical reagents, consumables, and instruments
Reagents for solid-phase peptide synthesis (SPPS), including DCM
(dichloromethane), DIPEA (N,N-diisopropylethylamine), DMAP (4-
dimethylaminopyridine), DMF (N,N-dimethylformamide), HATU (O-(7-
azabenzotriazol-1-yl)-N,N,N, N’-tetramethyluronium hexafluoropho-
sphate), HFIP (hex-afluoroisopropanol), PyAOP ((7-azabenzotriazol-1-
yloxy) tripyrrolidinophosphonium hexafluorophosphate) and TFA (tri-
fluoroacetic acid), were purchased Shanghai Titan (Shanghai, CN).
2-chlorotrityl resin, standard N-Fmoc amino acid, and Fmoc-N-Me-Val-
OHbuilding blockswere purchased fromGLBiochem(Shanghai, CN). (R)-
3-hydroxy-octanic acidwas purchased fromWuxiAppTec (Chengdu,CN).
All solvents used for chromatography were HPLC grade or higher. Type II
mucin from the porcine stomach was purchased from Shanghai Titan. The
fluorescent dye DiSC3(5) (3,3′-dipropylthiadicarbocyanine Iodide) was
purchased fromRHAWNChem(Shanghai, CN), and the assay results were
recordedusing aTecan Spark 10MMultimode plate reader.Menaquinone-
7 (MK) and ubiquinone-10 (UQ) were purchased from Beijing InnoChem
(Beijing, China) and Bide Pharmatech (Shanghai, China), respectively. For
HPLC, solvent A =H2O (0.1% v/v formic acid) and solvent B = CH3CN
(0.1%v/v formic acid). LC-MSdatawere acquired on anAgilent 1290 Series
HPLC coupled to a 6546 SeriesQTOFmass spectrometer, equippedwith an
XBridge Prep C18 130 Å column (4.6 × 150mm, 4.6 µm). Peptide pur-
ification was performed using an Agilent 1260 Series HPLC with UV
detection and equipped with an XBridge Prep C18 130 Å column
(10 × 150mm, 5 μm). 1H, 13C, DEPT135°, COSY,HSQC, andHMBCNMR

spectra were acquired on a Bruker Avance DMX 700MHz spectrometer
equippedwith cryogenic probes (Shanghai JiaoTongUniversity, Shanghai).
All spectra were recorded at 25 °C in DMSO-d6. Chemical shift values are
reported in parts inmillion (ppm) and referenced to residual solvent signals:
2.50 ppm (1H) and 39.52 ppm (13C).

Construction of an in-house predicted linear non-ribosomal
peptide (p-NRP) database from underexplored Gram-negative
(G−) bacteria14

TheGenBank files of 14,298 complete bacterial genome assemblies from 45
genera of underexplored Gram-negative bacteria were downloaded from
GenBank. Then, the unique p-NRP database (G- Version) was constructed
that contains 2818 linear predicted NRPs with at least five building blocks.
To identify potential MBA BGCs, the resulting p-NRP database was sear-
ched using the full GXLXXXWMK-binding motif and two partial motifs:
GXL and LXXXW. For the GXLXXXW motif search, a novel BGC was
identified from Eleftheria terrae P9846-PB, which encodes potentialMBA1.
For the GXL motif search, the potential MBA7 and MBA8 BGCs were
identified from Dyella silvatica GDMCC 1.1900 and Lysobacter capsici
NF87-2, respectively. To access the complete peptide sequence encoded by
MBA7 BGC, we re-sequenced the genomes of D. silvaticaGDMCC 1.1900
using PacBio single-molecule long-read sequencing technology. The
A-domain analysis of re-sequenced MBA7 BGC predicted it would encode
GXLXXXWcontaining peptide thatmight represent a novelMBA (Fig. S2).
Because the strain L. capsici NF87-2 is unavailable, we tried to identify
similar BGCs to the potential MBA8 BGC from L. capsici NF87-2 in the
GenBank database. Fortunately, a new NRP BGC from Pseudomonas sp.
CGJS7 was found to be likely to encode the potential MBA8 (Fig. 1).

Solid-phase peptide synthesis
MBA7-cFA, MBA7-cSC, MBA8-cFA, and MBA8-cSC were synthesized
using standard Fmoc-based solid-phase peptide synthesis methods on

Table 1 | Activities of silvmeb and pseudomeb against microorganisms and human cells (MIC: μg/mL)

Type Organism Strain Silvmeb Pseudomeb Vancomycin Methicillin

Gram-positive bacteria Bacillus subtilis ATCC 6633 8 8 1 <0.125

ATCC 23857 4 8 0.25 <0.125

JWH 4 4 0.25 <0.125

Staphylococcus aureus ATCC 25923 8 4 1 8

ATCC 29213 4 8 0.5 0.5

ATCC 6538 4 4 1 1

N315 8 4 1 1

Newman 4 8 0.5 1

RN4220 4 4 0.5 0.5

USA300 4 4 1 16

Micrococcus luteus ATCC 4698 4 8 0.25 <0.125

Mycobacterium smegmatis mc2 155 32 32 >64 >64

Enterococcus faecalis ATCC 51299 >64 >64 2 16

Enterococcus faecium ATCC 35682 >64 >64 >64 >64

Streptococcus pyogenes ATCC 19615 >64 >64 0.5 <0.125

Gram-negative bacteria Escherichia coli DH5α >64 >64 >64 >64

Acinetobacter baumannii ATCC 19606 >64 >64 >64 >64

Klebsiella pneumoniae ATCC 13883 >64 >64 >64 >64

Pseudomonas aeruginosa ATCC 9027 >64 >64 >64 >64

Fungi Candida albicans ATCC 10231 >64 >64 >64 >64

Saccharomyces cerevisiae BY4741 >64 >64 >64 >64

Human cell HeLa >64 >64 >64 >64

H295R >64 >64 >64 >64
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2-chlorotrityl chloride resin using commercially available Fmoc-
protected amino acids14. Peptide synthesis started from the Leu build-
ing block at the sixth position of MBA7-cFA or MBA8-cFA, which was
loaded on 2-cholorotrityl resin (0.3 g, 0.552mmol/g) and was swollen in
DCM for 20min, drained as well as washed with DMF (3mL, 3x).
Peptide synthesis started from the Arg or Asn building block at the ninth
position of MBA7-cSC or MBA8-cSC, respectively, which was loaded on
2-cholorotrityl resin (0.3 g, 0.552mmol/g) and was swollen in DCM for
20min, drained as well as washed with DMF (3mL, 3x). Coupling of
individual amino acids was carried out by using Fmoc-protected amino
acids (2 equiv., relative to resin loading) mixed with HATU (2 equiv.)
and DIPEA (2 equiv.) in DMF (5mL). Coupling reactions were carried
out for 1 h with occasional swirling, then washed with DMF (3mL, 3x).
Fmoc-deprotection was done using 20% piperidine in DMF (3mL) for
7 min and repeated twice. The resin was washed with DMF (3mL, 5x)
and then coupled with a subsequent amino acid. Then, ester bonds were
formed either between the hydroxyl group on theN-terminal fatty acid or

an amino acid-associated hydroxyl group and the C-terminal carboxyl
group of the peptide. The resin was mixed with amino acid (20 equiv.),
DIPEA (40 equiv.), benzoyl chloride (20 equiv.), and DMAP (0.8 equiv.)
in 10mL DCM and gently shaken for 72–96 h. After the ester bond
formation, the remaining amino acids were coupled as described above.
Furthermore, peptides were cleaved from the resin by treatment with
20% HFIP in DCM for 2 h. After air drying overnight, the cleaved linear
peptide was cyclized without purification using PyAOP (8 equiv.) and
DIPEA (30 equiv.) in DMF (50mL). After 2 h, DCM (100mL) was added
and washed repeatedly with 1% (v/v) formic acid in water (5mL, 10x).
The extracted cyclic peptide was air-dried overnight. Finally, air-dried
cyclic peptide was dissolved in 3mL cleavage cocktail (95% (v/v) TFA,
2.5% (v/v) triisopropylsilane and 2.5% (v/v) H2O) for 1.5 h. A cold
mixture of diethyl ether:hexane (1:1) was then added and kept at−20 °C
for 10min to precipitate the peptide. Peptide pellets were harvested by
centrifuging (2500×g) for 5 min, re-dissolved in 5mL methanol, and
dried under vacuum overnight.

Fig. 3 | Bactericidal effects and mode-of-action analysis of silvmeb and pseudo-
meb. a Bactericidal activities of silvmeb and pseudomeb against S. aureus USA300.
Cultures were incubated with each antibiotic at 4×its MIC. The number of viable
cells was counted (n = 3). Vancomycin (Van)was used as the control. bThe effects of
silvmeb and pseudomeb on S. aureus membrane potential were measured using
DiSC3(5). Vancomycin and gramicidin (Gra) were used as the controls, respectively.
cThe S. aureus antibacterial activities of silvmeb and pseudomebwere determined in

the presence of different concentrations of MK (blue) or UQ (orange) (n = 2).
Vancomycin was used as the control. d The MICs (μg/mL) of silvmeb and pseu-
domeb against S. aureus USA300 mutants deficient in MK biosynthesis (n = 2).
Vancomycin and methicillin (Met) were used as the controls. The corresponding
resistance frequencies and the mutated genes in silvmeb or pseudomeb resistant S.
aureus strains were shown.
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Peptide purification and identification
CrudeMBA7-cFA,MBA7-cSC,MBA8-cFA, andMBA8-cSCpeptides were
purified on anXbridge Prep C18HPLC column using a dual solvent system
(A/B: water/acetonitrile). All peptides were eluted using a linear gradient
from20 to 50% gradient of B. The identities of purifiedMBA7-cFA,MBA7-
cSC, MBA8-cFA, and MBA8-cSC were confirmed by HPLC and HRMS.
Finally, 1H, 13C, DEPT135°, COSY, HSQC, and HMBC NMR spectra were
recorded for both silvmeb and pseudomeb.

Antimicrobial assays against Gram-positive bacteria, Gram-
negative bacteria, and yeast pathogens
All antimicrobial assays were run in 96-well microtiter plates using a broth
micro-dilution method14. Overnight cultures were diluted 1000- and
10,000-fold in LB broth for Enterococcus faecalis and S. aureus, respectively.
For yeast strains, overnight cultures were diluted 2000-fold in YPD broth.
For other bacteria, overnight cultures were diluted 5000-fold in LB broth.
About 100 µL of each diluted culture was mixed with 100 μL of LB broth
containing each peptide at twofold serial dilutions across a 96-well micro-
titer plate row.Thefinal concentrationof each compound ranged from64 to
0.125 μg/mL. Plates were incubated at 37 °C (bacteria) or 30 °C (yeast) for
16 h. The lowest concentration that inhibited visible microbial growth was
recorded as the minimum inhibition concentration (MIC). All MIC assays
were done in duplicate (n = 2).

Antibacterial assay againstMycobacterium smegmatismc2 155
M. smegmatismc2 155 was shaken (200 rpm) at 37 °C for 48 h in 7H9 broth
with 0.2% glucose, 0.2% glycerol, and 0.05% tyloxapol. Then, the bacterial

culture was diluted to anOD600 of 0.005, and 100 μLwas added to 100 μL of
7H9 broth containing each peptide at twofold serial dilutions. The final
concentration of each compound ranged from 64 to 0.125 μg/mL. All MIC
assays were done in duplicate (n = 2).

Cytotoxicity assessment
Hela (ATCC, CCL-2) andH295R (ATCC, CRL-2128) human cell lines
were grown at 37 °C in a 5% CO2 atmosphere in Dulbecco’s modified
Eagle medium (DMEM). Hela or H295R cells were seeded into 96-well
flat-bottom microtiter plates and incubated in DMEM at 37 °C for
24 h. The DMEM medium was removed by aspiration and replaced
with 100 μL of fresh DMEMmedium containing each antibiotic at ten
serially diluted concentrations ranging from 64 to 0.125 μg/mL.
After 48 h at 37 °C, 10 μL of a CCK-8 solution was added to each well.
After 2 h at 37 °C, the absorbance at 450 nm for each well was detected
for measuring the cytotoxicity of each synthetic peptide using a
microplate reader. Taxol and DMSO were used as the positive and
negative controls for the measurement of IC50 of each synthetic pep-
tide against HeLa or H295R, respectively.

Membrane depolarization
Membrane depolarization assays were done in 384-well black micro-
titer plates14. An overnight culture of S. aureus USA300 was collected
by centrifugation and resuspended in PBS to give an OD600 of 0.5.
About 100 μL of this cell suspension and 20 μMDiSC3(5) (50 μL) were
added to 300 μL of PBS, and then incubated in the dark at room
temperature for 15 min. KCl (2 M, 50 μL) was then added and incu-
bated for another 15 min. The fluorescence intensity of the mixture
was recorded continually at 2 s intervals (Ex/Em 643/675 nm). When
the signal stabilized the appropriate amount of silvmeb or pesudomeb
(6.4 mg/mL DMSO stock solutions) to give 2x its MIC was added and
immediately mixed by manual pipetting. Vancomycin and gramicidin
were used as the negative and positive controls, respectively. Data were
presented as the relative intensity with respect to the average fluor-
escence signal prior to the addition of silvmeb or pseudomeb. All
assays were done in duplicate (n = 2).

Silvmeb or pseudomeb resistant mutant selection14

Asingle S. aureusUSA300 colonywas picked into LBmediumand grown at
37 °Covernight. Then, a portionof the overnight culture containing109 cells
was diluted (1/100x or 1/40x) into LB containing silvmeb or pseudomeb at
4x itsMIC. Themixtures were distributed intomicrotiter plates at 10 μL per
well.After incubating at 37 °Covernight, appeared colonieswere transferred
into an LB medium. The MICs of three to five individual colonies were
determined. Then, genomic DNA was extracted from cultures of colonies
that showed an elevated MIC relative to the wildtype. Finally, single-
nucleotide polymorphisms (SNPs) for silvmeb or pseudomeb were identi-
fiedbymappinggenomicDNAsequencing reads to the referencegenomeof
S. aureus USA300.

Mouse peritonitis-sepsis model
Six-week-old female ICR mice were used in all experiments14. The
housing room for mice was on a twelve-hour light cycle with a tem-
perature of 20 °C and a relative humidity of 30%. S. aureus USA300
was cultured in LB Broth at 37 °C overnight and diluted with 7% type II
porcine stomach mucin with 0.2 mM FeNH4-citrate. Cultures were
diluted to provide a challenge inoculum of 2.5 × 108 CFU in 0.5 mL.
About 0.2 mL of the challenge inoculum was administered via intra-
peritoneal injection. 25 mice were randomly grouped into five per
cohort (n = 5), and each cohort was given a single dose of either vehicle
(30% solutol), silvmeb, or pesudomeb at 10, 25, or 50 mg/kg and
vancomycin at 50 mg/kg 1 h after infection via subcutaneous injection.
Mice were observed twice daily for mortality and morbidity and for
possible signs of acute toxicity. Abnormal clinical signs were recorded
if observed.

Fig. 4 | Both silvmeb and pseudomeb were effective against S. aureus infections
inmice. Silvmeb (a, b) or pesudomeb (a, c) was injected subcutaneously for 1 h after
intraperitoneal administration of S. aureus USA300 into mice (n = 5). 30% solutol
was used as the vehicle and vancomycin was used as the positive control.
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Ethics statement
Shanghai Public Health Clinical Center Animal Care and Use Committee
approved all animal procedures under the protocol 2024-A002-02.Wehave
complied with all relevant ethical regulations for animal use.

Statistics and reproducibility
Unless stated otherwise, three independent biological replicates (n = 3)were
used for each experiment.Nodatawere excluded from the analyses anddata
were shown as mean values ± s.e.m. No specific statistical method was used
to predetermine sample size. Besides the mouse experiments, other
experiments were not randomized.

Data availability
The data underlying this study are available in the published article and its
Supplemental Information. The MBA7 (silvmeb) BGC from D. silvatica
GDMCC 1.1900, the potential MBA1 BGC from E. terrae P9846-PB, the
MBA8BGC fromL. capsiciNF87-2 and theMBA8 (pseudomeb)BGC from
Pseudomonas sp. CGJS7 have been deposited in the NCBI database under
the deposition numbers PP372680, PP372681, PP768666, and PP768667,
respectively. The source data behind the graphs in the paper can be found in
Supplementary Data 1–2.
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