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Here we describe bibacillin 1 — a two-component lantibiotic from Bacillus thuringiensis. The peptides
that comprise bibacillin 1 are modified by a class Il lanthipeptide synthetase BiblM producing two
peptides with non-overlapping ring patterns that are reminiscent of cerecidin and the short component
of the enterococcal cytolysin (CylLs”), a virulence factor associated with human disease. Stereochemical
analysis demonstrated that each component contains L.-methyllanthionine and bpL-lanthionine. The
mature bibacillin 1 peptides showed cooperative bactericidal activity against Gram-positive bacteria,
including members of the ESKAPE pathogens, and weak hemolytic activity. Optimal ratio studies suggest
that bibacillin 1 works best when the components are present in a 1:1 ratio, but near optimal activity
was observed at ratios strongly favouring one component over the other, suggesting that the two
peptides may have different but complementary targets. Mechanism of action studies suggest a lipid
ll-independent killing action distinguishing bibacillin 1 from two other two-component lantibiotics
haloduracin and lacticin 3147. One of the two components of bibacillin 1 showed cross reactivity with
the cytolysin regulatory system. These result support the involvement of bibacillin 1 in quorum sensing
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Introduction

Antibiotic resistance continues to pose a global health risk as
morbidity and mortality due to drug resistant bacteria
increases. The economic impact of antibiotic resistance carries
a cost of tens of billions of dollars in the United States of
America each year." A wide variety of challenges must be
overcome to address this problem.> One important step is
the discovery of new antibiotics, preferably compounds with
unique mechanisms of action that circumvent cross-resistance.
Natural products are a proven source for antibiotics.>*
Recently, a renewed interest in natural products has emerged
due to advances in DNA sequencing and genome mining that
has provided new avenues by which new natural product
antibiotics can be discovered.’ Part of this renaissance are
ribosomally synthesized and post translationally modified pep-
tides (RiPPs). In addition to their diverse bioactivities,® RiPPs
are a particularly interesting class of natural products because
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substrates and modifying enzymes are often encoded within
the same biosynthetic gene cluster (BGC) making genome
mining using bioinformatic tools and heterologous expression
relatively simple.”

An important and antibiotic-rich class of RiPPs are the
lanthipeptides, which are peptide natural products that contain
lanthionine bridges.®® These thioether cross links are installed
enzymatically through dehydration of Ser and Thr residues
giving dehydroalanine (Dha) and dehydrobutyrine (Dhb),
respectively, followed by enzyme-guided Michael-type addition
by the Cys sulfhydryl group to form lanthionine (Lan) and
methyllanthionine (MeLan), respectively. The resulting bridges
rigidify the peptide conferring defined secondary structure and
imbuing this class of natural products with a range of attractive
properties.®**™ When a lanthipeptide possesses antibiotic
activity, it is often referred to as a lantibiotic.'® Nisin is the
best characterized lantibiotic since it has been an FDA
approved food preservative for nearly four decades.”*** Another
important prototype lantibiotic is mersacidin, which possesses
an overlapping ring pattern giving it a globular structure.'®
Despite their structural differences, both nisin and mersacidin
target the essential cell wall precursor lipid 11.1°*°

Two-component lantibiotics are an enigmatic subclass of
lantibiotics.>® These systems consist of two structurally distinct
peptides that work together to kill bacterial cells. The best

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) The structures of CylL,” and CylLs”. Residues involved in Lan/MeLan are colored red and dehydrated residues are colored blue. (B) The bibl

biosynthetic gene cluster. (C) Sequences related to Bib1Al and Bib1A2. Blue and orange arrows indicate protease cleavage sites during the maturation of
CylLs” and CylL,” by CylB and CylA, respectively. The hexapeptide sequence removed during the second proteolytic cleavage is highlighted in light grey.
Cysteine residues are highlighted in red and dehydratable residues are underlined.

understood two-component lantibiotics are haloduracin
and lacticin 3147.>'* Both of these lantibiotics possess a
mersacidin-like component that binds to lipid II (the o peptide)
and an extended component that initiates pore formation when
it binds to the peptide:lipid II complex (the B peptide).>*>>2%
A few two-component lantibiotics are known that do not
possess a mersacidin-like component.”*' The best known
is the enterococcal cytolysin composed of a short subunit
CylLs” and long subunit CylL;” that both possess non-
overlapping ring patterns (Fig. 1A).>> The unique structure of
cytolysin gives it remarkable bioactivity as it is the only known
lantibiotic that targets both Gram-positive bacteria and eukar-
yotic cells.>® Enterococcal cytolysin is a hemolytic virulence
factor linked to human disease and increased patient
mortality.>*%

In previous work, while exploring the evolutionary relation-
ship between the single peptide lantibiotic cerecidin®® and the
two-component system cytolysin we uncovered many BGCs
encoding cytolysin-like peptides.*® A subset of these BGCs
encode two distinct peptides of different lengths that differ
from cytolysin suggesting that they constitute undescribed two-
component lantibiotics. These peptides were named bibacillin I
when both peptides were predicted to contain two thioether
rings, and bibacillin II when one of the peptides contains only
one thioether ring. At the time of the discovery of their BGCs,
they were found mainly in the bacillus genera. Because of the
anticipated unique structures of these peptides, which suggest
they may have a distinct mechanism of action, we aimed to
characterize an example. Here, we elucidate the structure of a
representative bibacillin I class member, bibacillin 1 (Bib1)
from Bacillus thuringiensis, and characterize its bioactivity. A

© 2024 The Author(s). Published by the Royal Society of Chemistry

preliminary investigation of action mechanism and quorum
sensing activity is also presented.

Results and discussion
Establishing the structures of Bibla and Bib1f

Assessment of the genes surrounding those that encode
the Bibl substrate peptides using the program RODEO®’
revealed a biosynthetic architecture consistent with class II
lanthipeptides.®® Promoter prediction tools®® were used to
narrow the selection of open reading frames from the RODEO
output to only include those of biosynthetic relevance (Fig. 1B).
When naming genes in the Bib1 cluster, we opted to mostly use
annotations that are analogous to those found in the cytolysin
cluster (cy?).*>** The putative BGC encodes Bib1M, a class II
synthetase bearing a resemblance to CyIM*? (48.7% similarity).
In addition, the cluster encodes a LuxR-like sequence, termed
Bib1R that bears a strong resemblance to CerR (65.5% similar-
ity), which is known to regulate production of and protect
Bacillus cereus from cerecidins.”® Adjacent to the gene for
Bib1M, the BGC contains two genes encoding proteins that
are similar to the cytolysin quorum sensing system CylR1 and
CylR2,** named here Bib1R1 and Bib1R2, suggesting that Bib1
might also serve a role in quorum sensing. We deviate from the
nomenclature of the cytolysin BGC when naming the precursor
peptides and genes and instead use terminology previously
introduced in the lanthipeptide field.*> We termed the slightly
longer peptide Bib1A1 and the slightly shorter peptide Bib1A2
(Fig. 1C).

RiPP precursors are composed of a core peptide, which
undergoes post-translational modification and comprises the
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mature natural product, and a leader peptide, which does not
undergo post-translational modification, but is necessary for
substrate recognition by biosynthetic enzymes during matura-
tion and controls product toxicity.®*®*” Therefore, an impor-
tant step when biosynthesizing RiPPs is determining where to
cleave the modified substrate to remove the leader peptide
from the mature natural product. The primary sequences of
Bib1A1 and Bib1A2 are consistent with class II lanthipeptides
and are similar to those of the precursors to cytolysin (Fig. 1C).
During maturation, cytolysin undergoes two proteolytic clea-
vages. First, the bifunctional protease-transporter CylB cleaves
modified CylL; (mCylL;) and mCylLg at a double glycine motif
(GG, GS, AG, or GA, Fig. 1C), and secretes the C-terminal
modified core peptide.’®*® CylA, an extracellular serine pro-
tease, then removes what remains of the leader peptide (six
amino acids, Fig. 1C) producing the fully mature CylL;” and
CylLg".*** Considering the homology between CylB and Bib1B,
and CylA and Bib1A, we suspected that Bib1A1 and Bib1A2
would undergo a similar sequential proteolysis to achieve
maturity. Bib1A1 and Bib1A2 contain a unique Pro in the C-
terminal hexapeptide of the leader sequence that differs from
the Ala residue found in the corresponding cytolysin

A
tsPA Gﬁslﬁll\/lLkYkLk Gth kas LkG Ls RMHC

Precursor m/z: 863.4180 Charge: 3 Fragmented Bonds :1325

100- b

Relative Abundance%)

260 400 600 800 1000 1200 1400

200 400 600 800 1000 1200 1400

View Article Online

Paper

hexapeptides (Fig. 1C). Previous studies showed that CylA can
remove the entire leader peptide in one step in vitro.**>° To
allow for removal of the leader peptides using CylA after co-
expression of precursor peptides with Bib1M, the hexapeptide
sequence was mutated at a single position to match the
cytolysin sequence (Pro-2Ala). Henceforth, Bib1A1 and Bib1A2
refer in this report to the Pro-2Ala mutants of these substrate
peptides.

We chose to access bibacillin 1 by heterologous production
in Escherichia coli. Many lanthipeptides have been successfully
produced in this heterologous host, with class II lanthipeptides
particularly amenable.’**>*'®" In all cases where the natural
product was known, the product in E. coli had the same
structure (ring pattern, stereochemistry, dehydration extent).
Co-expression of Bib1M with Hise-Bib1A1 in E. coli followed by
immobilized metal affinity chromatography (IMAC) yielded a
modified peptide that had undergone six dehydrations.
Removal of the leader peptide with CylA occurred smoothly
giving the mature product of Bib1A1 that we call Bibla. HPLC
purification followed by high resolution LCMS-MS analysis
revealed that Biblo possessed a non-overlapping ring pattern
similar to the CylLs” ring pattern (Fig. 2A and C). Co-expression
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Fig. 2 Structural characterization of Bibla and Bibl1f. (A) and (B) MS-MS data of Bibla and B, respectively. Plots were prepared using the Interactive

Peptide Annotator Webtool.®?

Colored lines denote b and y ions and lower case letters denote dehydrated residues. Differences between theoretical

masses and the masses detected are presented in a graph below each spectrum. (C) Ring patterns of Bibla and Bib1f that are consistent with the MS-MS
data. (D) and (E) Marfey's analysis of the Lan and MelLan bridges in Bibla and Bib1p, respectively. For analysis of Lan, mCylL, was used as a standard. For

analysis of MeLan, mCoiA; was used as a standard.
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of Hiss-Bib1A2 with Bib1M yielded a peptide that had undergone
three dehydrations. As with Bib1A1, leader peptide removal with
CylA went smoothly allowing for the isolation of Bib1f. Analysis of
this peptide via high resolution LCMS-MS revealed that it also
possessed a CylLs"-like ring pattern (Fig. 2B and C).

The structure of Bibla and Bib1p have similarities and
differences to CylLs". Overall, all three peptides are hydropho-
bic and slightly cationic. The A and B rings found in Bib1la,
Bib1pB and CylLs” are the same size, and each peptide contains
an A ring formed from a Dhx-Dhx-Xxx-Xxx-Cys motif (Dhx refers
to Dha or Dhb). Bibla contains five more residues than CylLg"
which extends the distance between the A and B rings. In contrast,
Bib1f contains only one more residue than CylLs”. CylLs” and
Bib1a have only hydrophobic residues in the sequences connect-
ing their A and B rings including dehydroamino acids, but Bib13
contains a Ser at position 16 and contains no dehydroamino acids
in the sequence between the rings. Like CylLg” and CylL,”, both
bibacillin peptides possess a positively charged residue in the B
ring (Arg in Bibla and Lys in Bib1p), but Bibla and Bib1p are
more similar to CylLg” than CylL,".

Analysis of the absolute configuration of the Lan and MeLan
residues in Bibla and Bib1p was conducted using an optimized
protocol recently described that employs modified Marfey’s
reagents and Lan/MeLan standards of known configuration
that are prepared biosynthetically.®® Using this approach, we
determined that Bibla and Bib1f both possess one ri-MeLan
and one pi-Lan (Fig. 2D and E) further establishing their
similarity to CylLg" (Fig. 1A).>*> The stereochemistry of the
MeLan residues found in bibacillin 1 is consistent with pre-
vious studies showing that Dhx-Dhx-Xxx-Xxx-Cys sequences
favour the formation of w1i-MeLan through substrate
templating.>® Haloduracin o and both peptides of cytolysin
possess this N-terminal sequence motif and all three contain
L.-MeLan.

Class II synthetases, like Bib1M, are known to dehydrate Ser/
Thr residues through ATP-driven phosphorylation followed by

2,5-dibromovalerate
K,CO, DMSO:H,0 |, 14h

Relative Abundance (%)

20
1) Buffer Exchange
2) CylA, 1t 6-10h

1004

90

70
60|
50|
404

20

View Article Online

RSC Chemical Biology

elimination of the phosphate group.*”> When co-expressing
class II synthetases with their cognates substrate(s) it is not
uncommon to find small amounts of phosphorylated peptide.
Recently, the phosphorylated form of a lanthipeptide was
found to be the mature natural product."’ Approximately 30—
50% of Hiss-Bib1A2 was phosphorylated at Ser64 (Ser16 in the
mature natural product) during co-expression with BibiM in
E. coli, as indicated by MS-MS characterization (Fig. S1, ESIT),
raising the question of whether the mature peptide may be
unmodified, phosphorylated, or dehydrated at this position. To
assess all three possibilities, we isolated the phosphorylated
form of Bib1f (which we termed Bib1fp) and devised a semi-
synthetic approach to the fully dehydrated form of Bib1f
(named Bib1fpp,). Cys-containing proteins and peptides can
be converted to Dha-containing products through chemical
mutagenesis.®*®*  Analogously, envisioned preparing
Bib1Bpnha by replacing the partially phosphorylated Ser16 with
a Cys residue, and then chemically converting this residue to a
Dha (Fig. 3A). Treatment of Bib1M-modified Hiss-Bib1A2-S64C
with 2,5-dibromovalerate/K,CO; converted this peptide to the
desired Hiss-Bib1A2-S64Dha.®® Buffer exchange followed by
treatment of modified Hise-Bib1A2-S64Dha with CylA yielded
Bib1Bpha. Analysis of Bib1Bpn, via high resolution LCMS-MS
revealed that it possessed the same ring pattern as Bib1p and a
Dha at position 16 (Fig. 3B).

we

Antimicrobial and hemolytic activity

Considering the structural similarity to CylLs” we wondered
if bibacillin 1 would display similar bioactivity compared
to cytolysin. We first analyzed the hemolytic activity of bibacil-
lin 1. On an agar plate, Bibla and f showed hemolytic activity
when administered individually or in a 1:1 ratio (Fig. 4A).
Bib1Bp or Bib1Bpy, did not show any hemolytic activity beyond
that of a negative control but did show weak hemolytic activity
when combined with Biblo in a 1:1 ratio. A solution phase
assay demonstrated Bib1lo and Bib1f did not induce hemolysis
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Fig. 3 Synthesis of Bib1Bpn, through chemical mutagenesis. (A) Synthetic
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scheme showing the conversion of modified Hisg-Bib1A2-S64C to Bib1Bpna.

(B) MS-MS analysis of Bib1Bpnhs demonstrating that its ring pattern is the same as WT Bib1p. Colored lines denote b and y ions and lower-case letters

denote dehydrated residues. Differences between theoretical masses and
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the masses detected are presented in a graph below the spectrum.
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Fig. 4 Activity of bibacillin 1 against erythrocytes and bacteria. (A) Hemolytic activity of bibacillin 1 against rabbit erythrocytes. Cytolysin was used as a
positive control. In each case, 300 pmol of peptide was spotted. (B) Antibacterial activity of bibacillin 1 against M. luteus, with 300 pmol of peptide added
to each indicated spot. (C) Activity of bibacillin 1 (Bibla: Biblf 1:1) against at variety of Gram-positive bacteria including several ESKAPE pathogens. +
indicates that a clear zone of growth inhibition was observed. — indicates that a zone of inhibition was not observed. +/— indicates that marginal
inhibition was observed. (D) Activity of Bibla, Bib1B, Bib1Bpnhs Biblo + Biblp (1:1) and Bibla + Bib1Bpna (1:1) in liquid growth assays. The minimum
inhibitory concentration was defined as the lowest concentration of peptide at which sterility was observed 20 h after combining peptide with 5 x 10°
colony forming units (CFU) per mL of M. luteus culture. (E) Growth of M. luteus treated with different compositions of Bibla and Bib1p. Total peptide
concentration was kept constant at 2.5 pM. (F) Time-kill assay showing the change of CFU per mL of M. luteus cells over time after treatment with Bible,

Bib1p or Bibla: Biblp (1:1). For each experiment, a total combined peptide concentration of 20 uM was used.

at concentrations of 2 uM, even when administered in a 1:1
ratio (Fig. S2A, ESIY). In contrast, CylL;" : CylLs” readily lysed
rabbit erythrocytes with an ECs, of 76 = 5 nM when adminis-
tered in a 1:1 ratio (Fig. S2B, ESIt). These data demonstrate
that bibacillin 1 has only weak activity against erythrocytes.
Using agar diffusion assays, we found bibacillin 1 to co-
operatively inhibit the growth of Micrococcus luteus ATCC 4698
(Fig. 4B). Bib1a and Bib1p displayed weak individual activity in
this assay whereas a stoichiometric mixture of these two pep-
tides showed clear activity. Stoichiometric mixtures of Bibla
with Bib1Pp were less active than stoichiometric mixtures of
Bibla with Bib1p or Bib1Bpp,. The structurally related peptide
CylLs"” showed activity that rivalled that of a 1:1 mixture of
Bibla:Bib1p. Stoichiometric mixtures of Bibla and Bib1f
showed micromolar activity under agar diffusion conditions
against a wide range of Gram-positive bacteria, including
members of the ESKAPE family of pathogens (Fig. 4C). Biba-
cillin 1 also displayed activity against Enterococcus faecalis
ATCC 29212, a natural producer of cytolysin that possesses a
gene encoding Cyll, which is a protein that confers protection
against cytolysin.®® This observation suggests that bibacillin 1
possesses an action mechanism that differs from that of

1064 | RSC Chem. Biol., 2024, 5,1060-1073

cytolysin or that the recognition by Cyll is sequence specific.
In a broth dilution assay, Biblo and B cooperatively inhibited
the growth of M. luteus at concentrations as low as 2.5 uM when
administered in a 1:1 ratio, and a stoichiometric mixture of
Biblo and Bib1Bph, was similarly active with a minimal inhi-
bitory concentration (MIC) of 5 pM (Fig. 4D). Under the same
conditions, Bibla, Bib1f and Bib1Ppn, did not show any
individual activity at concentrations <5 uM. To compare the
activity of bibacillin 1 to cytolysin, we also measured its MIC
against Lactococcus lactis sp cremoris NZ9000, which is killed by
cytolysin at concentrations as low as 32 nM.*® Bibacillin 1
exhibited an MIC of 5 pM against this strain. In combination,
these data support a unique bioactivity profile for bibacillin 1
compared to cytolysin suggesting that bibacillin 1 has a differ-
ent mechanism of action. The micromolar MICs observed
for the individual peptides as well as the mixture are similar
to the values reported previously for the single component
cerecidins.*®

We attempted to determine the ratio of Bibla and Bib1f that
gives maximal activity at a fixed total peptide concentration. As
shown in Fig. 4E, a 1:1 ratio of Biblo and Bib1f gives maximal
activity at 2.5 pM but the activities at 1:4 and 4:1 were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparable. At higher concentrations (2 x MIC), we observed
maximal activity at 1:16, 1:8, 1:4 and 1:2 Bibla:Bib1f
(Fig. S3, ESIt). An agar diffusion assay with M. luteus showed
that Bibla:Bib1f ratios of 1:1, 1:2 and 1:3 produced
nearly identical zones of growth inhibition (Fig. S3, ESIY).
These results are not fully consistent with complexation of
Biblo and Bib1f, which should give a defined maximum in a
continuous variation experiment. Instead, it appears that
Bib1la and Bib1f may possess two different but complementary
targets to which they bind with different affinities. Considering
that higher activity seems to occur when Bib1f is in excess
of Bibla, it appears that only small amounts of Biblo are
necessary to fully sensitize bacteria to the effects of Bib1f.
These observations are quite different from the activities
reported for cytolysin, which displays a clear activity maximum
at a 1:1 ratio,"”” and other characterized two-component
lantibiotics.>*">7%%7!

Time-kill assays were used to determine how rapidly the
number of viable bacteria in a culture changed upon treatment
with Bibla, Bib1p, or a combination of both (Fig. 4F). Both
Biblo and Bib1f were bactericidal with Bib1f showing stronger
activity. When Bib1la and Bib1f were combined in a 1:1 ratio,
rapid cell death was observed, and minimal cell counts were
documented 8 h after treatment demonstrating strong syner-
gistic bactericidal activity. Bib1f reduced the cell counts to
similar levels after 8 h but the killing occurred less rapidly. In
contrast, cells began to recover from treatment with Biblo after
4 h. The rapid killing induced by a stoichiometric mixture of
Biblo and Bib1 is consistent with cell lysis suggesting that
bibacillin 1 may kill cells through co-operative pore formation.

The observed activity differences between Bibla and Bib1f
seem to be inconsistent with their structural similarities, but
notions of similarity have previously failed to predict the
activity of CylLg"-like sequences. For example, cerecidin is
structurally very similar to CylLs” containing nearly the same
number of residues, similar rings of the same size, and the
same non-overlapping ring pattern; however, despite these
similarities cerecidin is not co-operative with CylL;”.>***® These
results suggest that CylLs"-like peptides may have bioactivity
profiles that are more diverse than indicated by their
sequences. Considering that CylLs"-like sequences comprise
one of the largest groups of class II lanthipeptides,*® these
natural products may be a fruitful source of new antibiotics
with diverse action mechanisms.

Mechanism of action studies with bibacillin 1

Two-component lantibiotics possess complex mechanisms of
action that, to date, often defy complete explanation.®”>"* The
best understood two-component lantibiotics are lacticin 3147
and haloduracin, both of which possess a mersacidin-like
component that binds to lipid I1.>**7*® Lipid II binding is
thought to halt incorporation of the glycoside component of
lipid II into the peptidoglycan layer, interrupting cell wall
biosynthesis. This effect was shown in vitro with Hala, one of
the components of haloduracin, which completely halted the
consumption of lipid II by penicillin binding protein (PBP)
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when 2 equivalents of haloduracin relative to lipid II were
present.>’” In addition to blocking cell wall synthesis, halodur-
acin and lacticin 3147 show strong membrane depolarization
activity, and studies involving model membranes doped with
lipid II showed that lacticin 3147 forms pores more readily in
membranes containing lipid I1.>® Similarly, haloduracin rapidly
depolarizes B. subtilis at concentrations that are coincident
with its MIC.*®

Although bibacillin 1 does not possess a mersacidin-like
component, it does bear a resemblance to cacaoidin (Fig. S4,
ESIt), which has a similar non-overlapping ring pattern and an
N-terminal Dhx-Dhx-Xxx-Xxx-Cys sequence that is cyclized.”®
Recently, cacaoidin was shown to target cell wall synthesis
through a two-pronged attack involving lipid II binding and
direct PBP inhibition.”® Based on the structural similarity to
cacaoidin, we hypothesized that the bibacillin subunits might
also target lipid II. To test this hypothesis, we recombinantly
expressed and purified E. coli PBP1b following a previously
described procedure,’” yielding active PBP1b that readily con-
sumed biosynthesized samples of Gram-positive lipid II
(Fig. 5A). Consistent with previous observations, a thin layer
chromatography experiment demonstrated that four equiva-
lents of Hala protected lipid II from consumption by PBP1b.
Under the same conditions, Bibla and Bib1f were incapable of
protecting lipid II (Fig. 5A). When Bibla and Bib1p were
administered together in a 1:1 ratio, lipid II was also not
protected from consumption by PBP1b. These results suggest
that bibacillin 1 does not target lipid II in a manner that blocks
cell wall synthesis, distinguishing it from other investigated
two-component lantibiotics.

As mentioned, two-component lantibiotics often display
pore formation activity and this pore formation activity can
be lipid II dependent. To determine whether bibacillin 1 is
capable of depolarization of M. luteus cells at its MIC, we used
the membrane potential sensitive dye DiSC(5).”® Using nisin as
a positive control, the membrane potentials of cells incubated
with Biblo or Bib1p individually or as a 1:1 ratio were
monitored over the course of 30 min. Individually, Bibla or
Bib1p did not show strong membrane depolarization activity at
any of concentrations tested. When Biblo and Bib1f were
combined in a 1:1 ratio, membrane depolarization activity
similar to nisin was observed at concentrations 2- to 4-fold
higher than the MIC, but very little activity was observed at the
MIC. In contrast, nisin showed half-maximal pore formation
activity at its MIC. These results suggest that bibacillin 1 can
engage in cooperative membrane depolarization, but this activ-
ity appears not relevant at its MIC.

To investigate the lipid II-dependence of the pore formation
activity of bibacillin 1, pyranine-encapsulated liposomes were
prepared containing or lacking lipid II and pore formation was
monitored via pH-dependent pyranine fluorescence.”® Consis-
tent with the literature, the pore formation activity of nisin was
strongly dependent on the presence of lipid II in the assayed
membranes (Fig. 5B).%® At 5 uM, Bib1a showed pore formation
activity that was somewhat enhanced by the addition of lipid II.
In contrast, Bib1f did not show pore formation activity at 5 uM.
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Fig. 5 Bibacillin 1 does not target lipid Il and does not cause rapid membrane depolarization at its MIC. (A) Thin layer chromatography showing
consumption of lipid Il in a PBP1b reaction and the effects of the presence of 4 equivalents of peptide relative to lipid Il. The lipid Il lane contained
0.1 nmol of purified lipid Il starting material. +/— indicates the presence/absence of PBP1b. The plate was stained with cerium ammonium molybdate
after development. (B) DiSC3(5) fluorescence signal after incubation of M. luteus (ODggo = 0.2) with Bibla or Bib1p individually or as a 1:1 mixture for
30 min. For each concentration indicated, the total amount of bibacillin peptide was kept constant (MIC = 2.5 uM). Nisin was used as a positive control and
its concentration was scaled in accordance with its MIC (1 pM). (C) Pore formation activity of Bibla, Bib1p, a stoichiometric mixture of Bibla and Bib1p, and
nisin in the presence of liposomes comprised of DOPC containing or lacking 0.1 mol% lipid II. In all cases, a total peptide concentration of 5 uM was used.

When Biblo and Bib1f were combined in a 1:1 ratio they
showed pore formation activity similar to Bibla but the
presence of lipid II did not enhance pore formation activity.
These results are inconsistent with bibacillin 1 participating in
lipid II-dependent pore formation.

Experiments with bacterial cells described above demon-
strated that the membrane depolarization of bibacillin 1 was
cooperative at high concentrations (Fig. 5B), which is in contra-
diction with the pore formation studies conducted using lipo-
somes where no cooperativity or slight anti-cooperativity was
observed at the same concentrations (Fig. 5C). These results
suggest that bibacillin 1 does not form pores at its MIC and
likely kills cell through direct targeting of a certain cellular
process; however, at higher concentrations (>2 x MIC), com-
plexes of bibacillin 1 with its target may be able to assemble
into oligomeric pores resulting in rapid cell death. This activity
is reminiscent of daptomycin, which kills cells through binding
to phosphatidylglycerol in a manner that inhibits cell wall
synthesis, that also shows pore formation activity 2-4 fold
above its MIC, but not at its MIC.3'™®3

Quorum sensing activity of bibacillin 1

The quorum sensing system found in the cytolysin BGC is
fascinating and enigmatic. It was previously shown that CylLs”
could stimulate the production of cytolysin through an inter-
action with CylR1, a small protein thought to be embedded in
the cellular membrane, which influences the DNA binding of
the transcription factor CylR2.%* Unlike other quorum sensing
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systems found in E. faecalis, signal transduction does not
proceed through a phosphorylation relay.®® The cytolysin
quorum sensing system ties cytolysin expression to local cel-
lular density through an aggregation mechanism. It is thought
that CylLs” and CylL;"” undergo aggregation in the absence of
proximal cell membranes.** When the cell density reaches a
certain level, CylL;” becomes embedded into the encroaching
cell membranes, liberating CylLs"” for stimulation of cytolysin
expression. To date, the cytolysin quorum sensing system has
only been described for the enterococcal cytolysin and the
prevalence of this quorum sensing system in other BGCs has
not been explored. The CylR1/R2 analogs found in the bibacil-
lin 1 and bibacillin II BGCs are almost identical to each other,
and the single component CylLs"-like lantibiotic cerecidin
does not possess a CylR1/R2 system, suggesting that the system
may be specific for two-component lantibiotics. However,
carnolysin,®® a two-component class II lantibiotic from Carno-
bacterium maltaromaticum that is structurally similar to cytoly-
sin, does not possess a CylR1/CylR2-like system, suggesting that
this quorum sensing system is not widely distributed in the
BGCs of cytolysin-like two-component lantibiotics.
Considering the structural similarities between CylLs",
Bibla and Bib1p, and the presence of genes encoding BibR1
and BibR2 in the BGC, we speculated that bibacillin 1 could be
involved in a similar quorum sensing mechanism. Further-
more, these peptides may also conduct interspecies crosstalk or
influence the fitness of neighbouring cells that contain similar
quorum sensing systems. To assess the latter hypothesis, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Exploring the quorum sensing mechanism of bibacillin 1. (A) Assays to assess whether bibacillin 1 triggers the CylR1/R2 system. A reporter strain of
E. faecalis with LacZ expression under the control of the CylR1/R2 system was seeded into soft agar containing X-gal. Next, 300 pmol of Bibla, Bib1p, and

Bib1Bpnha either separately or as 1:1 mixtures were deposited onto the soft

agar layer. Nisin (300 pmol) and CylLs” (30 pmol) were used as negative and

positive controls, respectively. (B) Size distributions obtained using dynamic light scattering showing the oligomeric states of Bible, Biblp, and
Bibla: Bib1p (1:1) in phosphate buffered saline (pH = 7.4) at room temperature. In each case, the total peptide concentration was 1 uM.

tested the ability of bibacillin 1 to trigger the CylR1/R2 system
using a previously described reporter strain E. faecalis
pXL110.*" This strain contains a lacZ gene under CylR1/R2
control; thus, CylR1/R2 triggering can be inferred from LacZ
activity.

Using agar plates seeded with E. faecalis pXL110 and the
colorimetric LacZ substrate X-gal, LacZ expression was visua-
lized. Consistent with previous reports,** CylLs” stimulated
LacZ expression when 30 pmol of the peptide was deposited
onto the agar plate. In contrast, nisin did not induce LacZ
expression even when applied at a 10-fold higher concentration
compared to CylLs". These results demonstrated that the assay
is specific for CylLs"-like peptides and cell killing by nisin does
not result in non-specific triggering of CylR1/R2 (Fig. 6A).
Bib1a, Bib1p and Bib1fp (Fig. S5, ESIT) did not stimulate LacZ
expression. Comparing the structures of CylLs” and Bib1p (Fig.
1A and 2B), we speculated that the presence of Ser16 in Bib1p
rather than the hydrophobic residues present in CylLs” in this
region might interfere with CylR1 binding possibly due to
hydrophobic mismatching. To investigate this hypothesis, we
tested Bib1PBpp, (Fig. 6A) and Bib1P S16A (Fig. S5, ESIT) and
found that only Bib1Bpp, stimulated the CylR1/R2 system.
Interestingly, when Bib1Bp,, was combined in a 1:1 ratio with
Bibla LacZ expression was no longer observed suggesting that,
like cytolysin, bibacillin 1 may cooperatively aggregate in a
manner that prevents Bib1Bpp, from stimulating BibR1/R2.

To determine whether bibacillin 1 could quorum sense
through an aggregation mechanism, the aggregation propen-
sity of bibacillin 1 was analyzed using SDS-PAGE and dynamic
light scattering (DLS). Previously, stoichiometric mixtures of
CylLs"” and CylL,"” were found to assemble into oligomers with
masses of 130-220 kDa and this oligomerization event was
implicated in the reversible sequestration of CylLs” that is
thought to prevent CylR1/R2 stimulation.** Performing a simi-
lar experiment on bibacillin 1, SDS-PAGE analysis of Bibla and
Bib1f revealed that they are oligomeric in the presence of SDS,
but this oligomerization event is not co-operative (Fig. S6, ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Moreover, unlike the observations with cytolysin,** oligomers
in the 130-220 kDa range were not observed suggesting that
sequestration of Bib1Bppn, occurs via a different mechanism.
Since SDS can influence aggregation, the aggregation of biba-
cillin 1 was further investigated under SDS-free conditions
using DLS (Fig. 6B). Bibla exists in solution as aggregates that
are 159 nm in diameter on average (PDI = 0.224) and Bib1f
forms aggregates that are 291 nm in diameter on average (PDI =
0.384). The size distribution of the Bib1p aggregates is bimodal
suggesting the presence of multiple oligomeric forms. When
the two subunits were mixed in a 1:1 ratio, aggregates of
intermediate sizes (diameter = 182 nm; PDI = 0.254) were
detected suggesting that the aggregation state may not be co-
operative. Taken together, these data suggest that bibacillin 1
quorum sensing involves a mechanism that does not depend
on cooperative aggregation. In-lieu of a cytolysin-like aggrega-
tion mechanism, it is possible that Bib1o and Bib1f function as
an antagonist-agonist pair that compete for the BibR1/BibR2
system receptor effectively tying the expression of bibacillin 1 to
the ratio of these two peptides. Confirmation of this hypothesis
will require in vitro studies with Bib1R1/R2.

Stimulation of the CylR1/R2 system by a non-cognate pep-
tide suggests that CylLs"-like peptides could impact the fitness
of neighbouring bacteria that possess CylR1/R2-like systems
through either over stimulating the system, resulting in unne-
cessary peptide production, or antagonising the system,
decreasing fitness at high cellular densities. This observation
also suggests that co-colonization of the gut microbiome with
organisms that produce CylLg”-like peptides could impact
cytolysin expression in a manner that impacts cytolysin-
induced disease states.*® The extent to which this phenomenon
impacts microbiomes requires further investigation. The
observed bioactivity of Bib1f3, Bib1Bp, and Bib1Bpp, leaves some
uncertainty regarding the identity of the truly mature form of
modified Bib1A2. Bib1fp showed reduced antibacterial activity
compared to Bib1p and Bib1Pph,, and it did not stimulate
CylR1/R2 suggesting that it was an intermediate form of the
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true natural product. However, in light of previous reports that
have shown that class II lanthipeptide synthetases produce the
same product in E. coli as in the native producer, the produc-
tion of significant quantities of phosphorylated Bib1A2 may
have a physiological role as demonstrated for bacteria in the
oral microbiome.'* The antibacterial activities of Bib1Ppna and
Bib1f were nearly identical when they were combined with
Bib1lo, but Bib1fph, stimulated CylR1/R2 whereas Bib1f did
not. Taken together, it is tempting to conclude that the mature
form is Bib1Bpha; however, although BibR1 and CylR1 have
similar sequences (30% identical and 51% similar), in the
absence of a detailed characterization of the CylLg”-CylR1
interaction it is difficult to conclude whether recognition by
one implies recognition by the other.

Conclusions

Bibacillin 1 is a new entry into the growing collection of two-
component lantibiotics that are structurally different from the
prototype lacticin 3147.3%3"°° Co-expression of Bib1A1l and
Bib1A2 with their cognate synthetase in E. coli yielded modified
peptides that were converted to their mature counterparts
through treatment with the protease CylA. The mature peptides
have a non-overlapping ring pattern and are more similar to
CylLg"” than CylL,”. They both possess a L.-MeLan A ring and a
pi-Lan B ring, consistent with the presence of a Dhx-Dhx-Xxx-
Xxx-Cys at the N-terminus of the Bib1la/p sequence, which was
previously shown to favour the formation of Li-MeLan. During
the co-expression of Bib1A2 with Bib1M, significant fractions of
Bib1A2 were phosphorylated at Ser64 (Ser16 in Bib1f) leaving
some ambiguity about the true identity of the mature form of
Bib1A2. To address this, we also isolated the phosphorylated
form of Bib1p and devised a route to the fully dehydrated
Bib1Bpha-

Bibacillin 1 lacked the strong hemolytic activity possessed by
the enterococcal cytolysin, displayed co-operative antibacterial
activity against a collection of Gram-positive organisms, and
was inactive against Gram-negative organisms. Bib1fp dis-
played lower antibacterial activity compared to Bib1p and
Bib1Bpnha when combined with Bibla suggesting that Bib1fp
was an intermediate during the formation of Bib1ppp, or serves
some other purpose to the natural producer."* The impact of
bibacillin 1 on the growth of M. luteus under continuous
variation conditions demonstrated that, unlike other examples
of two-component lantibiotics, Bib1lo and Bib1f are unlikely to
form a discrete complex as part of their action mechanism.
These results are consistent with a model in which each peptide
may bind to a different target with Bibla serving to sensitize
the bacteria to attack by Bib1p. Time-kill assays showed that
both peptides are individually bactericidal while a stoichio-
metric mixture of Bibla and Bib1f caused cell death that was
significantly more rapid.

Unlike lacticin 3147, haloduracin, and cacaoidin, bibacillin
1 does not kill cells through a lipid-II dependent mechanism.
The results from pore formation studies are also inconsistent
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with bibacillin 1 killing cells through cooperative pore for-
mation at its MIC, although the peptides did engage in coop-
erative membrane depolarization at concentrations at least
2-fold higher than the MIC.

The bib BGC encodes two proteins with similarity to CylR1/
R2 suggesting that the peptides may be involved in quorum
sensing and could serve to impact natural product production
in neighbouring bacteria. Only Bib1Bpp, stimulated the CylR1/
R2 system and combining Bib1Bpp, with Bibla in a 1:1 ratio
eliminated this ability suggesting that the sensor system could
be affected by co-operative peptide aggregation. However,
investigations into the aggregation of bibacillin 1 did not show
evidence of cytolysin-like oligomerization and aggregation
events suggesting that bibacillin 1 may engage in a different
quorum sensing mechanism. The enhanced bioactivity of
Bib1Bpha compared to Bib1f and Bib1pp suggests that Bib1fpha
is likely the mature form of the natural product. This assign-
ment is predicated on the assumption that CylR1/R2 functions
as a good model for Bib1R1/R2 and the strength of this
assumption is difficult to ascertain currently.

Overall, bibacillin 1 furthers a growing vein of literature
which shows that CylLs"-like sequences display more diverse
bioactivities than would be expected based on their sequence
similarities.

Experimental
General methods

Enzyme mixtures used for molecular biology were purchased
from New England BioLabs (NEB) (Ipswich, MA). Chemicals
were purchased from Sigma-Aldrich (St. Louis, MO). Growth
media were purchased from Becton, Dickinson and Company
(Franklin Lake, NJ) or Fisher Scientific (Pittsburgh, PA). Single
stranded DNA used as primers for PCR were purchased from
Integrated DNA Technologies (Newark, NJ). Gene fragments
were purchased from Twist Bioscience (San Francisco, CA). The
sequences of primers and gene fragments can be found in
Tables S2 and S3 (ESIT), respectively. Whole plasmid sequen-
cing was performed by Plasmidsaurus using Oxford Nanopore
Technology with custom analysis and annotation. Matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) analysis was performed on a Bruker
UltrafleXtreme MALDI-TOF mass spectrometer (Bruker Dal-
tonics) at the University of Illinois School of Chemical Sciences
Mass Spectrometry. All samples analyzed by MALDI-TOF MS
were co-crystallized with Super DHB MALDI matrix purchased
from Sigma-Aldrich. Semi-preparative reversed phase HPLC
(R-HPLC) was performed on an Agilent 1260 infinity II LC
system. Fluorescence emission intensities and optical densities
were determined using a Biotek Synergy H4. Dynamic light
scattering (DLS) analysis was performed on a Zetasizer Nano-
series (Malvern Panalytical,). CylLs” and CylL,” were prepared
using a previously described procedure.*® Nisin was isolated
from commercially available crude extracts of Lactococcus lactis
(Sigma Aldrich).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Strains and plasmids

E. coli DH50 was used as host for cloning and plasmid
propagation. E. coli BL21 (DE3) served as a host for overexpres-
sion of proteins and peptides. The pRSFDuet-1 co-expression
vector was obtained from Novagen. Strains used in bioactivity
and mechanism of action studies are listed in Table S1 (ESIt)
along with their growth conditions.

Bibacillin 1 expression constructs

Gene fragments containing the codon optimized nucleotide
sequence of N-terminal His-tagged bib1A1 or bib1A2 were
purchased from Twist Biosciences (Table S3, ESIt) and ampli-
fied by PCR using primers with homologous sequences to
multiple cloning site 1 in pRSFDuet-1 (Bib1A1 FP and Bib1A1
RP; Bib1A2 FP and Bib1A2 RP. See Table S2, ESIt). Two codon
optimized gene fragments corresponding to two portions of
bib1M were purchased from Twist Biosciences (Table S3, ESIY)
and amplified by PCR using one primer with a homologous
sequence to multiple cloning site 2 in pRSFDuet-1 (Bib1A1M-
fragl FP and Bib1A1Mfrag2 RP or Bib1A2Mfragl FP and
Bib1A2Mfrag2 RP. Table S2, ESIT) and another primer with a
homologous sequence to the other fragment (Bib1A1Mfragl RP
and Bib1A1Mfrag2 FP or Bib1A2Mfrag2 RP and Bib1A2Mfrag?2
FP. Table S2, ESIt). pRSFDuet-1 was linearized through ampli-
fication by PCR using primers flanking the insertion sites
(Bib1A1 PRSF RP and Bib1A1 pRSF FP or Bib1A2 pRSF FP
and Bib1A2 pRSF RP. Table S2, ESIt). Amplified fragments
were isolated via agarose gel purification using a NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel). The fragments
were then combined using Gibson Assembly™ Master
Mix (NEB) and cloned. Co-expression constructs for the expres-
sion of Bib1A2-S64C or Bib1A2-S64A along with Bib1M were
produced through single site mutagenesis of the Hisg-
Bib1A2:Bib1M:pRSF-Duetl plasmid. End-to-end primers were
designed with the mutation present near the middle of one of
the primers (Bib1A2 SSM S64C FP and Bib1A2 SSM S64C RP or
Bib1A2 SSM S64A FP and Bib1A2 SSM S64A RP). Whole plasmid
amplification by PCR followed by treatment with KLD Enzyme
Mix (NEB) yielded a sample of circularized plasmid that was
directly used for cloning. Plasmid sequences were verified by
whole plasmid sequencing.

Overexpression and purification of peptide

Overnight cultures of E. coli BL21 (DE3) containing the plasmid
of interest were prepared in Lysogeny Broth (Lennox) contain-
ing 50 pg mL~" kanamycin and diluted 50: 1 into Terrific Broth
(TB) containing 50 pg mL™' kanamycin. The cultures were
grown at 37 °C until an ODg, of 0.8 was reached. The cultures
were then cooled in ice-water for 30 min before induction with
IPTG (0.3 mM), followed by expression for 13 h at 16 °C. Cells
were then harvested by centrifugation (6000 x g for 12 min at
4 °C) and resuspended in lysis buffer (6.0 M guanidinium
hydrochloride, 0.5 mM imidazole, 0.5 M NaCl, 20 mM
NaH,PO,, pH 7.5) at a concentration of 5 mL of lysis buffer
for every 1 g of cell pellet. The suspended cells were placed on a
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rotator and gently mixed for 30 min at 4 °C followed by
sonication. The lysate was centrifuged for 40 min at 12 000g
at 4 °C before incubation with His60 SuperFlow resin (Takara
Bio) for 1 h at 4 °C. Approximately 1 mL of resin was used for
every 15 g of cell pellet. The resin was collected by centrifuga-
tion (1000g for 5 min at 4 °C) and the supernatant was discard.
The resin was transferred to a fritted vessel and washed with 3
bed volumes (BV) of lysis buffer. The resin was further washed
with 10 BV each of Lan A buffer B2 (4.0 M guanidinium
hydrochloride, 30 mM imidazole, 0.3 M NaCl, 20 mM NaH,PO,,
pH 7.5) and LanA co-expression wash buffer (30 mM imidazole,
0.3 M NacCl, 20 mM NaH,PO,, pH 7.5). Peptide bound to the
resin was eluted with 10 BV of elution buffer (0.5 M imidazole,
0.3 M NaCl, 20 mM NaH,PO,, pH 7.5).

Peptide cleavage and HPLC purification

Peptide in elution buffer was treated with freshly prepared CylA
(40 nM) for 6-10 h at room temperature. The completeness of
the cleavage reaction was checked by desalting a small sample
using Peptide Cleanup C18 Pipette Tips (Agilent) and analysis
using MALD-TOF MS. Once complete, the peptide sample was
acidified with trifluoroacetic acid (TFA) to a pH of 4. The
acidified samples were clarified by centrifugation (4000g for
10 min) then purified by R-HPLC using a Phenomenex Jupiter
Proteo column (4 pm, 90 A, 10 x 250 mm) column. A gradient
method was used for peptide purification which employed
mixtures of H,O + 0.1% TFA (solvent A) and CH3;CN + 0.1%
TFA (solvent B) and a flow rate of 4 mL min~'. The gradient
started with 2% B for 10 min then proceeded to a linear ramp of
solvent B to 85% over 25 min. Product was detected using
MALDI-TOF MS and product containing fractions were com-
bined and lyophilized. Product purity was assessed via LCMS-
MS.

Conversion of Hisg-Bib1A2 S64C to Bib1fp,,

Modified Hiss-Bib1A2-S64C was prepared by co-expression with
Bib1M following the overexpression and purification proce-
dure. Once eluted from the nickel column, the peptide was
desalted using a Bond Elut C18 solid phase extraction cartridge
and eluted with 60% CH;CN + 0.1% TFA and H,0 + 0.1% TFA.
Peptide containing fractions were determined using MALDI-
TOF MS then combined and lyophilized. The lyophilized pep-
tide was dissolved in water and diluted to a concentration of
2 mM. Tris(2-carboxyethyl) phosphine (TCEP) was then added
to a concentration of 0.5 mM and the solution was incubated at
room temperature for 30 min before diluting with an equal
volume of DMSO containing 2,5-dibromomethylvalerate
(60 equiv.). The mixture was immediately transferred to a
separate vessel containing solid K,CO; (150 equiv.) and incu-
bated at 37 °C for 4 h before reaction completeness was
assessed using MALDI-TOF MS. Once complete, the solution
was diluted 12-fold with phosphate buffered saline (PBS; pH =
7.4) and an Amicon with a 3 kDa molecular weight cutoff was
used to exchange the peptide into PBS. The peptide was then
treated with CylA (40 nM) at room temperature for 6-10 h. The
solution was acidified with TFA to pH = 7.4 and purified using
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the R-HPLC conditions described in the Peptide cleavage and
HPLC purification section.

High-resolution tandem mass spectrometry

Purified samples of peptide were injected into an Agilent 1290
LC-MS QToF instrument for HR-MS/MS analysis. LC separation
occurred at a temperature of 45 °C using a 10 min gradient
proceeding linearly from 5% CH;CN + 0.1% formic acid (FA)/
95% H,0 + 0.1% FA to 95% CH;CN + 0.1% FA/5% H,0 + 0.1%
FA and a flow rate of 0.4 mL min~ ' was used throughout. For all
peptides analyzed in this study, a Kinetex® C8 (2.6 um, 100 A
2.1 x 150 mm) LC column was used. Tandem-MS fragmenta-
tion employed normalized collision energies of 20 and 30.

Agar diffusion hemolysis assay

Defibrinated rabbit erythrocytes (Hemostat) were washed by 5-
fold dilution in cold sterile PBS, followed by centrifugation at
1000g for 10 min and decanting. This process was repeated
until the supernatant was clear. The washed erythrocytes were
diluted to a concentration of 5% (v/v) in molten BHI containing
0.7% agar cooled to 50 °C and the mixture was immediately
deposited onto a warm 2% BHI agar plate. After setting at room
temperature for at least 30 min, 3 pL of peptide solution diluted
in PBS to a concentration of 100 pM was deposited onto the
agar plate and the plate was allowed to stand for another 30
min. The plate was then incubated at 37 °C for 16 h before
documentation.

Solution phase hemolysis assay

Solution phase hemolysis assays were conducted as described
previously.*®

Agar diffusion assays using bacteria

Overnight cultures of bacteria were prepared according to
Table S1 (ESIt). The ODgyo of each culture was determined
and adjusted to a value of 1 using the appropriate growth
media. Molten growth media containing 0.7% agar was cooled
to 50 °C and inoculated with 50 pL of adjusted overnight
culture for every 5 mL of molten growth media. The inoculated
molten growth media was immediately poured onto a pre-
warmed agar (2%) plate prepared using the same media. The
plate was allowed to set for 30 min at room temperature before
adding 3 pL of peptide stock diluted in PBS to 100 pM. The
deposited peptide solutions were allowed to stand on the agar
plate for 30 min before incubation for 16-36 h at the optimum
growth temperature until the desired cell density was achieved.

Time-kill assay

An overnight culture of M. luteus ATCC 4698 was adjusted to
approximately 10° CFU per mL and 20 uM of Bibia, Bib1f or
Bib1o:Bib1P was added. The solutions were incubated at 30 °C
with shaking. At each time point, 20 pL was removed from each
culture and immediately streaked onto tryptic soy broth agar
plates. The plates were incubated at 30 °C for 36-48 h and
colonies were counted.
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Continuous variation growth curve

Mixtures of Bibla and Bib1f in growth media were prepared on
a sterile 96-well plate keeping the total peptide concentration
constant in each row of the plate. The samples in each well were
serially diluted (2-fold) and then an equal volume of M. luteus
ATCC 4698 suspended in growth media was added to 5 x
105 CFU per mL. The plate was transferred to a plate reader
preheated to 30 °C and shaken continuously. The ODgg, of each
well was measured every 30 min for 48 h.

In vitro peptidoglycan synthesis assay with lipid II substrate

A solution of lipid II (1.5 nmol) in 1:1 CHCl;: MeOH that was
prepared by a previously disclosed procedure®” was added to a
low binding Eppendorf tube and concentrated to remove any
organic solvent. Triton X-100 (1% v/v, 2 uL) was added to the
residue and the mixture was sonicated briefly before diluting
with 37.5 pL of reaction buffer (20 mM MES, 2 mM MgCl,,
2 mM CaCl,, pH = 5.5). The solution was then transferred to a
new low binding Eppendorf tube containing lanthipeptide. The
mixture was vortexed and briefly sonicated to ensure dissolu-
tion. The mixtures were incubated for 10 min at room tem-
perature before adding PBP1b (6 pg), which was prepared as
described elsewhere,”” and then incubated at 30 °C. After 2 h,
150 pL nBuOH : AcOH-pyridine (2:1) was added to the reaction
mixture and the organic layer was removed, washed with 40 pL
of water and then concentrated. The residue was dissolved in
12 pL of 1:1 MeOH : CHCI; and 3 puL was deposited onto a silica
gel plate. The TLC plate was developed in mobile phase
(88:48:10:1 CHCl;:MeOH: H,0:NH,OH) for 10 min before
drying and staining the plate with cerium ammonium sulfate.
The plate was documented immediately after the staining
procedure was completed.

Membrane depolarization assay

An overnight culture of M. luteus ATCC 4698 was diluted to an
ODgoo Of 0.2 and bovine serum albumin (1 mg mL™') and
DiSC;3(5) (1 uM) were added. The mixture was transferred to a
96-well black plate and the fluorescence of DiSCj(5) was mea-
sured using an excitation wavelength of 622 nm and an emis-
sion wavelength of 670 nm throughout the experiment. The
fluorescence signal was measured for 8 min prior to the
addition of peptides. After adding peptides, the fluorescence
signal was monitored for 30 min. The maximum fluorescence
signal achieved over the entire course of the experiment was
considered to be a metric of membrane depolarization activity
and was plotted as a function of peptide concentration.

In vitro pore formation assay

This assay was conducted as described elsewhere.”®

CyIR1/R2 triggering

Colorimetric agar diffusion assays were used to determine
CylR1/R2 triggering. Briefly, 0.7% BHI soft agar was mixed with
X-gal (1.6 mg mL~" of molten agar) seeded with an overnight
culture of the Enterococcus faecalis FA2-2 (pLX110) reporter

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strain (200 pL of overnight culture for every 5 mL of molten
agar). After setting for 30 min at room temperature, peptides
were added to the soft agar layer and incubated at room
temperature for 30 min. The plates were then incubated over-
night at 37 °C and documented.

Author contributions

R. M. and W. A. v. d. D. conceptualized this study and wrote
the manuscript. R. M. designed and executed the experiments.
Y. Y. assisted with the preparation and purification of materi-
als. Y. L. performed Marfey’s analysis. M. S. G. was a source for
insightful discussion and provided the reporter strain pLX110.
All authors edited the manuscript.

Data availability

All data is provided in the figures and the supplementary
figures. The primary data associated with all figures has been
deposited at https://data.mendeley.com/datasets/s2j9kzrd35/1.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was supported by the National Institutes of Health
(R37GM058822 to W. A. v. d. D. and AI083214 to M. S. G.). The
Bruker UltrafleXtreme MALDI TOF/TOF mass spectrometer was
purchased in part with a grant from the National Center for
Research Resources, National Institutes of Health (S10
RR027109 A). W. A. V. D. D. is an Investigator of the Howard
Hughes Medical Institute (HHMI). R. M. was supported by a
postdoctoral fellowship from the Life Sciences Research Foun-
dation and a postdoctoral fellowship from the Natural Sciences
and Engineering Research Councill of Canada. Y. Y. was
supported by a Spudich Undergraduate Research Scholarship
in Chemistry. We thank Dr Chandrashekhar Padhi for his help
with the molecular biology featured in this work. This study is
subject to HHMI's Open Access to Publications policy. HHMI
laboratory heads have previously granted a nonexclusive CC BY
4.0 license to the public and a sublicensable license to HHMI in
their research articles. Pursuant to those licenses, the author-
accepted manuscript of this article can be made freely available
under a CC BY 4.0 license immediately upon publication.

References

1 P. Dadgostar, Infect. Drug Resist., 2019, 12, 3903-3910.

2 C. L. Ventola, Pharm. Ther., 2015, 40, 344-352.

3 E. Patridge, P. Gareiss, M. S. Kinch and D. Hoyer, Drug
Discovery Today, 2016, 21, 204-207.

4 D. J. Newman and G. M. Cragg, J. Nat. Prod., 2020, 83,
770-803.

© 2024 The Author(s). Published by the Royal Society of Chemistry

11

View Article Online

RSC Chemical Biology

5 A. G. Atanasov, S. B. Zotchev, V. M. Dirsch and
C. T. Supuran, Nat. Rev. Drug Discovery, 2021, 20, 200-216.

6 C. Ongpipattanakul, E. K. Desormeaux, A. DiCaprio,
W. A. van der Donk, D. A. Mitchell and S. K. Nair, Chem.
Rev., 2022, 122, 14722-14814.

7 K. J. Hetrick and W. A. van der Donk, Curr. Opin. Chem.
Biol., 2017, 38, 36-44.

8 L. M. Repka, J. R. Chekan, S. K. Nair and W. A. van der
Donk, Chem. Rev., 2017, 117, 5457-5520.

9 X. Yang, K. R. Lennard, C. He, M. C. Walker, A. T. Ball,
C. Doigneaux, A. Tavassoli and W. A. van der Donk, Nat.
Chem. Biol., 2018, 14, 375-380.

10 S. G. Kim, S. Becattini, T. U. Moody, P. V. Shliaha, E. R.

Littmann, R. Seok, M. Gjonbalaj, V. Eaton, E. Fontana,
L. Amoretti, R. Wright, S. Caballero, Z.-M. X. Wang, H.-J.
Jung, S. M. Morjaria, I. M. Leiner, W. Qin, R. J. J. F. Ramos,
J. R. Cross, S. Narushima, K. Honda, J. U. Peled,
R. C. Hendrickson, Y. Taur, M. R. M. van den Brink and
E. G. Pamer, Nature, 2019, 572, 665-669.

A. Barbour, L. Smith, M. Oveisi, M. Williams, R. C. Huang,
C. Marks, N. Fine, C. Sun, F. Younesi, S. Zargaran,
R. Orugunty, T. D. Horvath, S. J. Haidacher, A. M. Haag,
A. Sabharwal, B. Hinz and M. Glogauer, Proc. Natl. Acad. Sci.
U. S. A., 2023, 120, €2219392120.

12 N. Schnell, K. D. Entian, U. Schneider, F. Gotz, H. Zahner,

R. Kellner and G. Jung, Nature, 1988, 333, 276-278.

13 C. O’Reilly, G. M. Grimaud, M. Coakley, P. M. O’Connor,

H. Mathur, V. L. Peterson, C. M. O’Donovan, P. G. Lawlor,
P. D. Cotter, C. Stanton, M. C. Rea, C. Hill and R. P. Ross,
Sci. Rep., 2023, 13, 7899.

14 J. Lubelski, R. Rink, R. Khusainov, G. N. Moll and

O. P. Kuipers, Cell. Mol. Life Sci., 2008, 65, 455-476.

15 S. Chatterjee, S. Chatterjee, S. J. Lad, M. S. Phansalkar,

R. H. Rupp, B. N. Ganguli, H. W. Fehlhaber and H. Kogler,
J. Antibiot., 1992, 45, 832-838.

16 H. Brotz, G. Bierbaum, A. Markus, E. Molitor and H.-G. Sahl,

Antimicrob. Agents Chemother., 1995, 39, 714-719.

17 H. Brétz, G. Bierbaum, P. E. Reynolds and H. G. Sahl, Eur.

J. Biochem., 1997, 246, 193-199.

18 E. Breukink, I. Wiedemann, C. van Kraaij, O. P.

Kuipers, H. G. Sahl and B. de Kruijff, Science, 1999, 286,
2361-2364.

19 E. Breukink, H. E. van Heusden, P. J. Vollmerhaus,

E. Swiezewska, L. Brunner, S. Walker, A. J. Heck and B. de
Kruijff, J. Biol. Chem., 2003, 278, 19898-19903.

20 E. M. Lawton, R. P. Ross, C. Hill and P. D. Cotter, Mini Rev.

Med. Chem., 2007, 7, 1236-1247.

21 N. L. Martin, T. Sprules, M. R. Carpenter, P. D. Cotter,

C. Hill, R. P. Ross and J. C. Vederas, Biochemistry, 2004,
43, 3049-3056.

22 A. L. McClerren, L. E. Cooper, C. Quan, P. M. Thomas,

N. L. Kelleher and W. A. van der Donk, Proc. Natl. Acad. Sci.
U. S. A., 2006, 103, 17243-17248.

23 1. Wiedemann, T. Bottiger, R. R. Bonelli, A. Wiese, S. O.

Hagge, T. Gutsmann, U. Seydel, L. Deegan, C. Hill, P. Ross
and H. G. Sahl, Mol. Microbiol., 2006, 61, 285-296.

RSC Chem. Biol., 2024, 5,1060-1073 | 1071


https://data.mendeley.com/datasets/s2j9kzrd35/1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00192c

Open Access Article. Published on 04 September 2024. Downloaded on 11/14/2025 8:05:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

L. E. Cooper, A. L. McClerren, A. Chary and W. A. van der

Donk, Chem. Biol., 2008, 15, 1035-1045.

S. M. Morgan, M. O’Connor P, P. D. Cotter, R. P. Ross and

C. Hill, Antimicrob. Agents Chemother., 2005, 49, 2606-2611.

T. J. Oman and W. A. van der Donk, ACS Chem. Biol., 2009, 4,

865-874.

T. J. Oman, T. J. Lupoli, T.-S. A. Wang, D. Kahne, S. Walker

and W. A. van der Donk, J. Am. Chem. Soc., 2011, 133,

17544-17547.

A. Bakhtiary, S. A. Cochrane, P. Mercier, R. T. McKay,

M. Miskolzie, C. S. Sit and ]J. C. Vederas, J. Am. Chem. Soc.,

2017, 139, 17803-17810.

D. Van Tyne, M. J. Martin and M. S. Gilmore, Toxins, 2013, 5,

895-911.

M. Singh, S. Chaudhary and D. Sareen, Mol. Microbiol.,

2020, 113, 326-337.

L. Huo and W. A. van der Donk, J. Am. Chem. Soc., 2016, 138,

5254-5257.

W. Tang and W. A. van der Donk, Nat. Chem. Biol., 2013, 9,

157-159.

C. R. Cox, P. S. Coburn and M. S. Gilmore, Curr. Protein Pept.

Sci., 2005, 6, 77-84.

. Duan, C. Llorente, S. Lang, K. Brandl, H. Chu, L. Jiang,

. C. White, T. H. Clarke, K. Nguyen, M. Torralba, Y. Shao,

Liu, A. Hernandez-Morales, L. Lessor, I. R. Rahman,
Miyamoto, M. Ly, B. Gao, W. Sun, R. Kiesel,

Hutmacher, S. Lee, M. Ventura-Cots, F. Bosques-Padilla,
C. Verna, J. G. Abraldes, R. S. Brown, Jr., V. Vargas,

Altamirano, J. Caballeria, D. L. Shawcross, S. B. Ho,

. Louvet, M. R. Lucey, P. Mathurin, G. Garcia-Tsao,

. Bataller, X. M. Tu, L. Eckmann, W. A. van der Donk,

. Young, T. D. Lawley, P. Starkel, D. Pride, D. E. Fouts and

. Schnabl, Nature, 2019, 575, 505-511.

J. Wang, L. Zhang, K. Teng, S. Sun, Z. Sun and J. Zhong,

Appl. Environ. Microbiol., 2014, 80, 2633-2643.

I. R. Rahman, A. Sanchez, W. Tang and W. A. van der Donk,

ACS Infect. Dis., 2021, 7, 2445-2454.

J. L. Tietz, C. J. Schwalen, P. S. Patel, T. Maxson, P. M. Blair,

H. C. Tai, U. I. Zakai and D. A. Mitchell, Nat. Chem. Biol.,

2017, 13, 470-478.

M. C. Walker, S. M. Eslami, K. J. Hetrick, S. E. Ackenhusen,

D. A. Mitchell and W. A. van der Donk, BMC Genom., 2020,

21, 387.

V. Solovyev and A. Salamov, in Metagenomics and its Applica-

tions in Agriculture, Biomedicine and Environmental Studies,

ed. R. W. Li, Nova Science Publishers, 2011, pp. 61-78.

M. S. Gilmore, R. A. Segarra, M. C. Booth, C. P. Bogie,

L. R. Hall and D. B. Clewell, J. Bacteriol., 1994, 176,

7335-7344.

W. Haas, B. D. Shepard and M. S. Gilmore, Nature, 2002,

415, 84-87.

S. H. Dong, W. Tang, T. Lukk, Y. Yu, S. K. Nair and W. A. van

der Donk, eLife, 2015, 4, €07607.

L. Zhang, K. Teng, J. Wang, Z. Zhang, J. Zhang, S. Sun, L. Li,

X. Yang and J. Zhong, Appl. Environ. Microbiol., 2018, 84,

€02245-02217.

BREPTET TR

1072 | RSC Chem. Biol., 2024, 5,1060-1073

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

View Article Online

Paper

P. S. Coburn, C. M. Pillar, B. D. Jett, W. Haas and
M. S. Gilmore, Science, 2004, 306, 2270-2272.

W. M. de Vos, G. Jung and H.-G. Sahl, in Nisin and Novel
Lantibiotics, ed. G. Jung and H.-G. Sahl, ESCOM, Leiden,
1991, pp. 457-464.

G. Valsesia, G. Medaglia, M. Held, W. Minas and S. Panke,
Appl. Environ. Microbiol., 2007, 73, 1635-1645.

X. Yang and W. A. van der Donk, Chem. - Eur. J., 2013, 19,
7662-7677.

M. C. Booth, C. P. Bogie, H. G. Sah], R. J. Siezen, K. L. Hatter
and M. S. Gilmore, Mol. Microbiol., 1996, 21, 1175-1184.
R. A. Segarra, M. C. Booth, D. A. Morales, M. M. Huycke and
M. S. Gilmore, Infect. Immun., 1991, 59, 1239-1246.

W. Tang, S. C. Bobeica, L. Wang and W. A. van der Donk,
J. Ind. Microbiol. Biotechnol., 2019, 46, 537-549.

J. Nagao, Y. Harada, K. Shioya, Y. Aso, T. Zendo,
J. Nakayama and K. Sonomoto, Biochem. Biophys. Res. Com-
mun., 2005, 336, 507-513.

Y. Shi, X. Yang, N. Garg and W. A. van der Donk, J. Am.
Chem. Soc., 2011, 133, 2338-2341.

A. Okesli, L. E. Cooper, E. J. Fogle and W. A. van der Donk,
J. Am. Chem. Soc., 2011, 133, 13753-13760.

N. Garg, W. Tang, Y. Goto, S. K. Nair and W. A. van der
Donk, Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 5241-5246.
W. Tang and W. A. van der Donk, Biochemistry, 2012, 51,
4271-4279.

W. Tang, G. Jiménez-Osés, K. N. Houk and W. A. van der
Donk, Nat. Chem., 2015, 7, 57-64.

T. E. Smith, C. D. Pond, E. Pierce, Z. P. Harmer, J. Kwan,
M. M. Zachariah, M. K. Harper, T. P. Wyche, T. K. Matainaho,
T. S. Bugni, L. R. Barrows, C. M. Ireland and E. W. Schmidt,
Nat. Chem. Biol., 2018, 14, 179-185.

R. S. Ayikpoe, C. Shi, A. J. Battiste, S. M. Eslami, S. Ramesh,
M. A. Simon, I. R. Bothwell, H. Lee, A. J. Rice, H. Ren,
Q. Tian, L. A. Harris, R. Sarksian, L. Zhu, A. M. Frerk,
T. W. Precord, W. A. van der Donk, D. A. Mitchell and
H. Zhao, Nat. Commun., 2022, 13, 6135.

G. Fan, Y. Han, Y. Zhang and L. Huo, ACS Infect. Dis., 2022,
8, 2529-2539.

Y. Luo, S. Xu, A. M. Frerk and W. A. van der Donk, Anal.
Chem., 2024, 96, 1767-1773.

A. M. King, Z. Zhang, E. Glassey, P. Siuti, J. Clardy and
C. A. Voigt, Nat. Microbiol., 2023, 8, 2420-2434.

D. R. Brademan, N. M. Riley, N. W. Kwiecien and ]J. J. Coon,
Mol. Cell. Proteom., 2019, 18, S193-S201.

J. M. Chalker, S. B. Gunnoo, O. Boutureira, S. C. Gerstberger,
M. Fernandez-Gonzalez, G. J. L. Bernardes, L. Griffin, H. Hailu,
C. J. Schofield and B. G. Davis, Chem. Sci., 2011, 2, 1666-1676.
J. M. Chalker, L. Lercher, N. R. Rose, C. J. Schofield and
B. G. Davis, Angew. Chem., Int. Ed., 2012, 51, 1835-1839.

P. M. Morrison, P. ]J. Foley, S. L. Warriner and M. E. Webb,
Chem. Commun., 2015, 51, 13470-13473.

P. S. Coburn, L. E. Hancock, M. C. Booth and M. S. Gilmore,
Infect. Immun., 1999, 67, 3339-3347.

S. Mukherjee, L. Huo, G. N. Thibodeaux and W. A. van der
Donk, Org. Lett., 2016, 18, 6188-6191.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00192c

Open Access Article. Published on 04 September 2024. Downloaded on 11/14/2025 8:05:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

68

69

70

71

72

73

74

75

76

Z. O. Shenkarev, E. 1. Finkina, E. K. Nurmukhamedova,
S. V. Balandin, K. S. Mineev, K. D. Nadezhdin, Z. A.
Yakimenko, A. A. Tagaev, Y. V. Temirov, A. S. Arseniev and
T. V. Ovchinnikova, Biochemistry, 2010, 49(30), 6462-6472.

B. Xin, J. Zheng, H. Liu, J. Li, L. Ruan, D. Peng, M. Sajid and
M. Sun, Front. Microbiol., 2016, 7, 1115.

M. A. Navaratna, H. G. Sahl and J. R. Tagg, Appl. Environ.
Microbiol., 1998, 64(12), 4803-4808.

H. Holo, Z. Jeknic, M. Daeschel, S. Stevanovic and I. F. Nes,
Microbiology, 2001, 147(3), 643-651.

J. C. Barbosa, S. Goncalves, M. Makowski, f. C. silva,
T. Caetano, T. Schneider, E. Mosker, R. D. Slissmuth,
N. C. Santos and S. Mendo, Colloids Surf, B, 2022,
211, 112308.

I. S. Panina, S. V. Balandin, A. V. Tsarev, A. O. Chugunov,
A. A. Tagaev, E. L. Finkina, D. V. Antoshina, E. V. Sheremeteva,
A. S. Paramonov, J. Rickmeyer, G. Bierbaum, R. G. Efremov,
Z. O. Shenkarev and T. V. Ovchinnikova, Int. J. Mol. Sci., 2023,
24(2), 1332.

A. de Miguel, R. Tapia-Rojo, T. Utesch and M. A. Mroginski,
PLoS One, 2017, 12(6), €0179962.

F. ]J. Ortiz-Lopez, D. Carretero-Molina, M. Sanchez-Hidalgo,
J. Martin, 1. Gonzélez, F. Roman-Hurtado, M. de la Cruz,
S. Garcia-Fernandez, F. Reyes, J. P. Deisinger, A. Miiller,
T. Schneider and O. Genilloud, Angew. Chem., Int. Ed., 2020,
59, 12654-12658.

J. P. Deisinger, M. Arts, I. Kotsogianni, J. S. Puls, F. Grein,
F. J. Ortiz-Lopez, N. 1. Martin, A. Miiller, O. Genilloud and
T. Schneider, iScience, 2023, 26, 106394.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

77 J. Biboy, N. K. Bui and W. Vollmer, In Vitro Peptidoglycan

Synthesis Assay with Lipid II Substrate, Springer Protocols,
2012.

78 J. Derk te Winkel, A. D. Gray, K. H. Seistrup, L. W. Hamoen

79

80

81

82

83

84

85

86

87

and H. Strahl, Front. Cell Dev. Biol., 2016, 4, 29.

Z. ]J. Zhang, C. Wu, R. Moreira, D. Dorantes, T. Pappas,
A. Sundararajan, H. Lin, E. G. Pamer and W. A. van der
Donk, ACS Chem. Biol., 2024, 19, 357-369.

H. Brotz, M. Josten, I. Wiedemann, U. Schneider, F. Gotz,
G. Bierbaum and H.-G. Sahl, Mol. Microbiol., 1998, 30, 317-327.
A. Miiller, M. Wenzel, H. Strahl, F. Grein, T. N. V. Saaki,
B. Kohl, T. Siersma, J. E. Bandow, H. G. Sahl, T. Schneider
and L. W. Hamoen, Proc. Natl. Acad. Sci. U. S. A., 2016, 113,
E7077-e7086.

F. Grein, A. Miiller, K. M. Scherer, X. Liu, K. C. Ludwig,
A. Klockner, M. Strach, H. G. Sahl, U. Kubitscheck and
T. Schneider, Nat. Commun., 2020, 11, 1455.

R. Moreira and S. D. Taylor, Angew. Chem., Int. Ed., 2022,
134, €202114858.

S. Rumpel, A. Razeto, C. M. Pillar, V. Vijayan, A. Taylor,
K. Giller, M. S. Gilmore, S. Becker and M. Zweckstetter,
EMBO J., 2004, 23, 3632-3642.

L. Ali, M. U. Goraya, Y. Arafat, M. Ajmal, J. L. Chen and
D. Yu, Int. J. Mol. Sci., 2017, 18, 960.

C. T. Lohans, J. L. Li and ]. C. Vederas, J. Am. Chem. Soc.,
2014, 136, 13150-13153.

C. Wu, B. A. Lower, R. Moreira, D. Dorantes, T. Le,
C. Giurgiu, Y. Shi and W. A. van der Donk, Front. Microbiol.,
2023, 14, 1247222.

RSC Chem. Biol., 2024, 5,1060-1073 | 1073


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00192c



