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Ashort-livedpeptide signal regulates cell-
to-cell communication in Listeria
monocytogenes
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Quorum sensing (QS) is a mechanism that regulates group behavior in bacteria, and in Gram-positive
bacteria, the communicationmolecules are often cyclic peptides, called autoinducing peptides (AIPs).
We recently showed that pentameric thiolactone-containing AIPs from Listeria monocytogenes, and
from other species, spontaneously undergo rapid rearrangement to homodetic cyclopeptides, which
hampers our ability to study the activity of these short-lived compounds. Here, we developed
chemically modified analogues that closely mimic the native AIPs while remaining structurally intact,
by introducing N-methylation or thioester-to-thioether substitutions. The stabilized AIP analogues
exhibit strong QS agonism in L. monocytogenes and allow structure–activity relationships to be
studied. Our data provide evidence to suggest that the most potent AIP is in fact the very short-lived
thiolactone-containing pentamer. Further, we find that the QS system in L. monocytogenes is more
promiscuous with respect to the structural diversity allowed for agonistic AIPs than reported for the
more extensively studied QS systems in Staphylococcus aureus and Staphylococcus epidermidis.
The developed compoundswill be important for uncovering the biology of L.monocytogenes, and the
design principles should be broadly applicable to the study of AIPs in other species.

Listeria monocytogenes is a notorious foodborne pathogenic Gram-positive
bacterium, causing intracellular infections in humans and animals. It is
found in soil and wastewater, and can persist in food-processing facilities,
even after sanitization. When ingested, L. monocytogenes can cause disease
ranging from gastroenteritis to life-threatening conditions in immuno-
compromised, pregnant, or elderly individuals. Being able to survive a wide
range of environmental conditions requires tightly regulated gene
expression1,2. This is in part accomplishedby quorumsensing (QS)3–9 that in
L. monocytogenes affects protein secretion, cell invasion, biofilm formation,
and virulence gene expression.QSconstitutes regulatory systems for sensing
population density, through excretion and recognition of autoinducer
molecules, causing changes in population behavior in different bacteria10. In
Gram-positive bacteria, the best characterizedQS system is that encoded by
the accessory gene regulator (agr) locus in Staphylococcus aureus11. In this
system, the signaling molecules are cyclic, autoinducing peptides (AIPs),
that commonly contain a thiolactone formed between the C-terminal car-
boxylate and the thiol side chain of a cysteine residue in the i–4 position

from the C-terminus, together with a linear N-terminal exotail of varying
length12–16. The agr locus encodes the AIP precursor peptide (AgrD) and a
membrane-bound peptidase (AgrB) needed for the closing of the thio-
lactone ring.Additionally, it encodesa two-component system, consistingof
the receptor-histidine kinase (AgrC) and response regulator (AgrA) that
together comprise the AIP-sensing and signal transduction components17.
The agr system of L. monocytogenes, like that of S. aureus, contains the four
genes, agrBDCA, that are autoregulated and expressed from the same
promoter3,4. The systemhas been known for 20 years andhas been shown to
affect the expression of hundreds of genes6,18, but its regulatory function is
not yet well understood.

The identity of the L. monocytogenes AIP is debated. Previously, a
hexameric AIP (P1) with a single amino acid exotail was identified using
LC-MS/MS19,20, and Zetzmann et al.8 provided evidence to suggest a pen-
tameric AIP (P2) without an exotail (Fig. 1). Previously, we failed to identify
P1 by using a thiolactone-trapping methodology16,21 and showed that AIPs
without an exotail spontaneously undergoS→Nacyl shift to give homodetic
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peptides, like P3 (Fig. 1)21. Further, we were able to identify P3 in super-
natant from L. monocytogenes bacterial culture and showed that it can
induceQS in a bioluminescent reporter strain of L.monocytogenes; albeit, at
high concentrations (EC50 ~ 8 μM) compared to those needed for auto-
induction in staphylococci16. Concurrently, a similar S→N acyl shift phe-
nomenon was described in the bacterium Ruminiclostridium
cellulolyticum22. Although our work demonstrated the rapid rearrangement
ofP2 to giveP3 at pH7, the high concentrationneeded forP3 to activateQS
still led us to speculate whether the P2 thiolactone could play a role in the
activation of QS in L. monocytogenes.

Here, we report the development of stabilized analogues, mimicking
the structure of P2, to investigate whether P2 could act as a short-lived but
highly potent activator of the L. monocytogenes QS system.

Results
Assay optimization and evaluation of compounds P1–P3
First, we assessed the rate of rearrangement fromP2 toP3 at 37 °C, which is
the relevant temperature when the bacteria infect humans, and here P2
rearrangedwith a half-life of 1.3min at pH7 (Fig. 2a). For S. aureus, theAIP
concentration in cultures at early stationary phase have been determined to
be ~1 μM23, and if assuming a similar concentration of P2, the remaining
concentration of thiolactone-containing peptide after 9 and 13min would
be <10 nM and <1 nM, respectively (Fig. 2b). Albeit it would be difficult to
imagine building up a concentration as high as 1 μM for P2, because of its
rapid, continuous degradation.Nevertheless, this exercise suggests that ifP2
were to act as signaling molecule in a cell density sensing system, it would
require rapid receptor activation at low peptide concentrations.

To address this question, we compared the effects of P1–P3 on agr-
dependent bacterial reporter strains at 37 °C, using L. monocytogenes
EGDe WT and a ΔagrD mutant strain, both carrying a chromosomal
integration of the agr promoter fused to the lux operon, enabling a
bioluminescent readout as measure of agr activity (referred to as
WT::P2-lux and ΔagrD::P2-lux, respectively)8. To improve signal-to-
noise we first optimized the assay conditions inspired by a study on
luciferase-based reporter strains of Lactococcus lactis, in which the
luciferase substrate flavin mononucleotide was added24. We found that
addition of flavin mononucleotide (10 mg/L, ~26 μM) amplified max-
imal luminescence readout of the WT::P2-lux reporter strain by ~80%
and total area under the curve by ~90%when grown in tryptic soy broth
(TSB), without affecting the growth (Supplementary Fig. 1). We then

tested synthetic peptidesP1–P3 against theWT::P2-lux andΔagrD::P2-
lux reporter strains in TSB and brain heart infusion (BHI) medium at
37 °C. Importantly, P2 was added directly from DMSO stock solution,
to preserve the integrity of the thiolactone motif for as long as possible
during the experiment (Fig. 2c, d and Supplementary Figs. 2–5). The
trends previously observed for P1 and P3 at 30 °C were recapitulated
under the optimized conditions. Treating WT::P2-lux with P1 resulted

Fig. 1 | Cartoon representation of the agr system in Listeria monocytogenes.
Structures of the proposed autoinducing peptidesP1 andP2 aswell as the homodetic
peptide P3, which is spontaneously formed by rearrangement of P2, are shown.

Fig. 2 | Rearrangement of P2 and activity of P1–P3. a UPLC-based assessment of
the rearrangement rate of P2 to give P3. b Plot of the decaying concentration of P2
from a starting concentration of 1 μM (based on the determined t1/2 = 1.3 min).
c Effect of selected concentrations of P1–P3 on the agr activity in luminescence-
based reporter strain WT::P2-lux of L. monocytogenes grown at 37 °C in tryptic soy
broth (TSB)medium. dEffect of selected concentrations ofP1–P3 on the agr activity
in luminescence-based reporter strain ΔagrD::P2-lux of L. monocytogenes grown at
37 °C in tryptic soy broth (TSB) medium. Shadings on the graphs represent the
standard error of the mean (SEM). All reporter strain assay data is based on three
individual assays (n = 3) performed in at least technical duplicate. “No peptide”
control wells contain pure TSB medium corresponding to the volume added for the
dilution series of the peptide. “No peptide +1% DMSO” control wells contain 1%
DMSO, corresponding to the concentration of DMSO at the highest concentration
of synthetic peptide (50 μM). Part of thefigurewas prepared using BioRender. Figure
adapted from the PhD thesis of B. S. Bejder entitled “Chemical Microbiology
Investigations of Peptide-based Cell-to-Cell Communication in Gram-positive Bac-
teria” (University of Copenhagen, 2024).
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in inhibition of the signal in both BHI and TSB media, while giving rise
to a slight induction in the ΔagrD::P2-lux reporter strain after 240 min,
which was most pronounced in BHI medium (Fig. 2c and Supple-
mentary Figs. 2–5). The homodetic peptide P3 did not cause inhibition
ofWT::P2-lux and produced early induction of agr in both TSB and BHI
media (Fig. 2c, Supplementary Figs. 2 and 4).More interestingly,P2was
able to increase agr activity 3-fold at 50 μM and 2-fold at 5 μM for
WT::P2-lux in TSB, compared to the untreated WT::P2-lux (Fig. 2c,
Supplementary Figs. 2 and 4).

A less pronounced increase in peak intensity was also observed for P2
at 5 μM in BHI (Supplementary Fig. 4) and early induction of agr was
observed in both TSB and BHI (Fig. 2c and Supplementary Figs. 2 and 4).
For the activation ofΔagrD::P2-lux by P2, we observed full restoring ofWT
levels in BHI and surpassing theWT level in TSB, even at 5 μM compound
concentration (Fig. 2d and Supplementary Figs. 3 and 5; see the Supple-
mentary Information page 8 for further discussion). Even though P2 is
inherently unstable at near-neutral pH, its ability to activate agr at lower
concentrations thanP1 andP3 supports its function as a bona fideAIP ofL.
monocytogenes, but its potency remains elusive.

Development of N-terminally modified mimics of P2
Previously, we synthesized anN-acetylated version of P2, to obtain a stable
thiolactone mimic of P2, but this peptide showed no activation of
ΔagrD::P2-lux and inhibited the agr activity of WT::P2-lux21, which we
confirmed with the optimized assay protocol (Supplementary Fig. 6). Since
the N-acetylated mimic cannot be protonated, we speculated if a positively
charged amino group at the N-terminus, as present in P2, could be
important for activity. We therefore designed a stabilized mimic of the
compound by introducing two methyl groups instead of acetyl (1; Fig. 3a
and Supplementary Fig. 7). The two methyl groups prevented S→N acyl
shift as intended, and we observed >90% purity of compound 1 after
incubation for 22 h in phosphate buffer (pH 7.0) at 37 °C (Fig. 3b and
Supplementary Fig. 8).

Remarkably, the thiolactone 1 caused early activation of agr in the
WT::P2-lux strain and appreciable induction of agr inΔagrD::P2-lux at just
80 nM compound concentration, displaying superior potency to any of the
previously testedpeptides (Fig. 3a, Table 1, Supplementary Fig. 9).However,
thiolactone 1was unable to increase agr activity above theWT levels, unlike
the effect observed with P2 and WT::P2-lux. Similarly, against ΔagrD::P2-

Fig. 3 | Chemical structures of peptide analogues 1–5, rearrangement evaluation
of 1, and selected reporter strain assay data. a Structural modification to give 1 and
effect of selected concentrations of 1 on the agr activity in luminescence-based
reporter strains of L. monocytogenes grown at 37 °C in tryptic soy broth (TSB)
medium. *Based on two individual assays (n = 2) performed in technical triplicate.
b HPLC analysis of the stability of 1 after incubation for 22 h in neutral buffer.
cOverview of the effects of alanine substitution of compound 1. d Effects of selected

concentrations of 2 and 4 on the agr activity in luminescence-based reporter strains
of L.monocytogenes grown at 37 °C in tryptic soy broth (TSB)medium, representing
three individual assays (n = 3) performed in at least technical duplicate. “Nopeptide”
control wells contain pure TSB medium corresponding to the volume added for the
dilution series of the peptide. Shadings on the graphs represent the standard error of
the mean (SEM).

Table 1 | Activation of agr in L. monocytogenesa

compound %-activation [2 μM] %-activation [80 nM]

P1 11 ± 6b inactivec,d

P2 160 ± 51b inactivec,d

P3 15 ± 6b inactivec,d

1 63 ± 5 35 ± 3

6 27 ± 3 inactivec

7 210 ± 10 38 ± 2

8 270 ± 10 43 ± 8

9 80 ± 5 74 ± 8

10 350 ± 12 274 ± 7

Activation levels surpassing 100% are highlighted in bold.
aValues are extracted from assays with ΔagrD::P2-lux and normalized to average maximum
luminescence of untreated ΔagrD::P2-lux (0%) and average maximum luminescence of untreated
WT::P2-lux (100%).
bTested at 5 μM.
cInactive defined as less than 10% normalized activation.
dTested at 500 nM.
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lux we observed an upper limit of activation (~6500 RLU) with this P2
analogue,whichwas lower than themaximumluminescence of theWT::P2-
lux strain (Fig. 3a andSupplementaryFig. 10).Nevertheless, the potency of1
supports the hypothesis thatN-acetylation is inappropriate for studying the
biological activity of exotail-free thiolactone-containing AIPs. Dimethyla-
tion of the N-terminus therefore provides another architecture to achieve
stabilization of these AIPs (Fig. 3b and Supplementary Fig. 8).

Having a potent P2 mimic in hand, we performed an alanine scan
based on 1 (peptides 2–5; Fig. 3c), to study the effect of each position in P2
on agr activity.We observed the most pronounced effect when substituting
either phenylalanine (2 and 4), which resulted in a complete loss of acti-
vation of the ΔagrD::P2-lux reporter (Fig. 3d and Supplementary
Figs. 9 and10).This is in agreementwith results reported for analoguesofP1
tested in afluorescence reporter assay20. Interestingly, compound2was even
able to inhibit agr activity in the WT::P2-lux strain at 2 and 50 μM con-
centration (Fig. 3d), providing an avenue for development of antagonists of
the L. monocytogenes agr system that can function as tool compounds,
whichwas also investigated in the recent studyofP1 analogues20. In contrast
to 2 and 4, the alanine analogues 3 and 5 were partial agonists unable to
reach the same maximum activation of ΔagrD::P2-lux as 1. Compounds 3
and 5 also displayed inhibition of peak luminescence in the WT::P2-lux,
with analogue 5 being able to inhibit the activity by 20% at just 80 nM
concentration (Supplementary Figs. 9 and 10). Although all alanine sub-
stitutions affected the agonistic effect, only modest inhibitors were
discovered.

Development of alternative stabilized analogues of P2
To explore alternative chemistry to provide stabilized AIP analogues, we
synthesized lactam analogues of 1 and P2 (6 and 7, respectively; Fig. 4a, b
and Supplementary Figs. 11 and 12). The lactam analogue 7 proved to be an
effective agonist that increased agr activity of WT::P2-lux above controls at
concentrations down to 80 nM (Fig. 4b, Table 1, and Supplementary
Fig. 13). At the highest concentration tested for 7 (50 μM), the culture
reached the same maximal level of agr activity in WT::P2-lux and
ΔagrD::P2-lux, around 2.5-fold higher than the untreated WT control
(Fig. 4b and Supplementary Fig. 13), which is slightly lower than the
maximal activation achieved with the native, short-lived compound P2.
With compound 6 we observed an upper maximal agr activation in
ΔagrD::P2-lux similar to the effect observed for 1 and, contrary to com-
pound 7, this analogue did not induce agr at 80 nM concentration (Fig. 4a,
Table 1, and Supplementary Fig. 13). For comparison, structure-activity
relationship studies performed on AIPs from S. aureus, demonstrated that
lactamanalogues ofAIP-I andAIP-IIwere also still agonists of their cognate
AgrC receptor; although, with ~1000-fold decrease in potency25–27.

We further synthesized a lactone analogue of P2 (8; Fig. 4c and Sup-
plementary Fig. 14), which showed a similar degree of induction and
potency as the lactam 7, reaching roughly the same maximal luminescence
levels inΔagrD::P2-lux and half-maximal activation at 400 nM (Fig. 4c and
Supplementary Fig. 15c). However, the lactone also proved inherently
unstable, which causes an underestimation of its activity, as discussed for
compound P2. Thus, after 22 h at 37 °C and pH 7.0, 36% of 8 was

Fig. 4 | Chemical structures of peptide analogues 6–10, rearrangement evaluation
of 8, and selected reporter strain assay data. a–c Structural modifications to give
6–8 and effect of selected concentrations of 6–8 on the agr activity in the reporter
strains of L. monocytogenes. dHPLC trace showing the degree of rearrangement and
hydrolysis of 8 after incubation in neutral buffer for 22 h. e, f Structural modifica-
tions to give 9 and 10 and effect of selected concentrations of 9 and 10 on the agr
activity in the reporter strains of L. monocytogenes. Data is based on assays

performed at 37 °C in tryptic soy broth (TSB)medium, representing three individual
assays (n = 3) performed in at least technical duplicate. “No peptide” control wells
contain pure TSBmedium corresponding to the volume added for the dilution series
of the peptide. Shadings on the graphs represent the standard error of the
mean (SEM).
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hydrolyzed and 48% had undergone rearrangement through O→N acyl
shift, to form its corresponding homodetic peptide (Fig. 4d and Supple-
mentary Fig. 15a, b). Earlier work on S. aureusAIP-II showed that a lactone
analogue of the AIP did not display agonist activity against its cognate
receptor at concentrations <5 μM25.

Finally, we extended our series to include thioether analogues 9 and 10
(Fig. 4e, f and Supplementary Figs. 16, 17). When treatingWT::P2-lux with
the analogue that bears the most structural resemblance to P2–compound
10–we observed a striking 8-fold increase in agr activation compared to
untreatedWT. Compound 10 provided early induction inWT::P2-lux and
increased agr activity of ΔagrD::P2-lux to ~50% of the untreatedWT levels
at concentrations as low as 640 pM (Fig. 4f and Supplementary Fig. 18).
Furthermore, at just 3.2 nM compound concentration, the luminescence
levels observed for ΔagrD::P2-lux paralleled those of untreatedWT::P2-lux
(Fig. 4f and Supplementary Fig. 18). For ΔagrD::P2-lux treated with com-
pound 9, we observed attenuated maximal activation, as for N,N-dime-
thylated analogues 1 and 6 (Fig. 4e and Supplementary Fig. 18). However,
maximal induction of agr was observed at 80 nM concentration of 9, ren-
dering this compound a more potent mimic of the native AIP than the
lactam 6 (Table 1).

Reporter-independent assessment of P1–P3 and 10 on QS and
downstream gene expression
Because of the differing results obtained for some compounds between the
experiments performedwithfluorescent reporter strains20 and the luciferase
reporter strains appliedherein,wedecided to investigate theQSactivation at
the RNA level to circumvent potential interference from an artificial
reporter system. To this end, we tested the effect of 250 nM of selected
peptides (P1, P2, P3, and 10) on agrB expression in late exponential growth
phase (6 h) in the parental strains of the luciferase reporter strains by
quantitative real-timePCR(qPCR) (Fig. 5a andSupplementary Fig. 19a).As
expected, we observed a significantly lower expression (~38-fold,
p < 0.0001) of agrB in the ΔagrD mutant of L. monocytogenes EGDe,
compared with the WT (Fig. 5a).

While the peptides P1–P3 could not activate the ΔagrD::P2-lux
reporter strain at 500 nM (Fig. 2d), we found that all three peptides could
significantly increase agrB expression in the parental strain at 250 nM
peptide concentration. At this concentration, both P1 and P2 could restore
agrB expression in the ΔagrD mutant to levels that were not significantly
different from the untreatedWT (Fig. 5a) [67%ofWT agrB expressionwith
P1 (p = 0.08) and 91% with P2 (p = 0.99)]. The thioether analogue 10

increased agrB expression in the ΔagrD mutant to 147% compared to the
untreatedWT level, however, this difference was not statistically significant
(p = 0.06) (Fig. 5a). None of the peptides caused a significant change in agrB
expression in the WT strain at 250 nM concentration (Supplementary
Fig. 19a).

Further, we performed qPCR to assess the expression of lmo0477, a
putative secretedprotein that haspreviously been identifiedamong themost
downregulated genes in aΔagrAmutant of L. monocytogenes EGDe at both
25 and 37 °C18,28. In correspondence with previous findings in a ΔagrA
mutant18, we could demonstrate that lmo0477 was also downregulated by
36-fold in the ΔagrD mutant compared to the WT strain (p < 0.0001)
(Fig. 5b). Strikingly, when treating theΔagrDmutant with 250 nMof either
P1, P2, or P3, only P2 could restore lmo0477 expression to a level that was
not significantly different from the untreatedWT strain (p = 0.94) (Fig. 5b).
Moreover, the thioether analogue of P2 (compound 10) caused an increase
in the expression of lmo0477 in the ΔagrDmutant of ~3.6-fold beyond the
level of the untreated WT strain (p = 0.0037) (Fig. 5b). Again, none of the
peptides significantly affected the lmo0477 expression levels in the WT at
250 nM (Supplementary Fig. 19b), as also observed for agrB expression.

Discussion
In summary, we first investigated themimicking of exotail-free thiolactone-
containingAIPs by incorporatingmethyl groups at theN-terminus ofP2 to
circumvent its S→N acyl shift to give P3. This strategy for studying exotail-
freeAIPs enabled us to investigate the importance of each amino acid in the
peptide through an alanine scan. While all positions are indispensable for
full activity, the phenylalanine positions proved most important for
retaining agr activation.

Unlike what is known from studies of the paradigm agr systems in S.
aureus, agonistic activity was retained when the native thiolactone func-
tionality was substituted for a lactam (7) or a lactone (8) motif (Table 1).
Moreover, an unprecedented thiolactone-to-thioether substitution, to give
compound 10, yielded themost potent inducer of the L. monocytogenes agr
system reported so far, to the best of our knowledge (Table 1, Fig. 4f, and
Supplementary Fig. 18). Comparison of lactam and thioether analogues
with and without dimethylated N-termini (6 vs 7 and 9 vs 10; Table 1),
revealed that N-methylation reduces maximal agr activation, which should
be considered if using this strategy to stabilize thiolactone-containing AIPs.
Collectively, our data show that the AgrC receptor in L. monocytogenes is
more promiscuous with respect to structural modifications that are allowed
within the agonist molecule than previously found for S. aureus systems.
Further, P2 is more active than P1 and P3 in the reporter assay, despite its
very short-lived nature, and development of stabilized analogues of P2
further supported a role of this exotail-free thiolactone as a tight-binding
native AIP.

Relative quantification of agrB expression by qPCR revealed that
P1–P3 can all positively regulate agr-transcription at sub-micromolar
peptide concentrations (250 nM). These experiments showed an under-
appreciated effect of P1 compared to our reporter strain data, demon-
strating that both P1 and P2 could restore agrB expression in the ΔagrD
mutant to levels thatwere not significantly different from agrB expression in
the untreated WT. This result also embraces the data recorded for P1 in a
different reporter strain that relies on fluorescence read-out20. Of the three
compounds, onlyP2 could restore expressionof anotheragr-regulated gene,
lmo0477, which encodes a putative secreted protein18. Further, the highly
potent thioether analogue of P2 (compound 10) could increase expression
of both agrB and lmo0477 in theΔagrDmutant to levels above the untreated
WT, although the difference was only statistically significant for the latter
gene. Nevertheless, the results favor P2 as a potent regulator of the L.
monocytogenes agr system and opens the possibility of an agr system
employing multiple AIP variants with varying effects, potentially for
adaptive regulation of agr activity. In that respect, the qPCR experiments
further underline the different effects of P2 and its spontaneously rear-
ranged analogueP3.Ourfindings, in turn, raise several interesting questions
regarding the potential biological significance of this transient nature of P2.

Fig. 5 | Effect of synthetic AIP variants on agr-regulated gene expression assessed
by quantitative real-time PCR (qPCR). Relative quantification of agrB (a) or
lmo0477 (b) expression at late exponential growth phase (6 h) in L. monocytogenes
EGDeΔagrD grownwith orwithout selected synthetic peptides [P1, P2, P3, or 10 (all
added at 250 nM final concentration)] and compared with expression levels in L.
monocytogenes EGDe WT. Performed in biological triplicate (n = 3). Error bars
represent standard deviation. Statistical significance was evaluated by a one-way
ANOVA: * (p < 0.05), ** (p < 0.005), *** (p < 0.005), **** (p < 0.0001).
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It has been proposed that agr in L. monocytogenes not only serves the
purpose of sensing cell density5, and differential regulation of agr has been
shown to depend on temperature and overlap with other regulons18. Fur-
ther, heterogeneous agr activity at population level was observed for several
strains ofL.monocytogenes, and it is possible that this short-lived signalmay
function as a single-cell autoinducer under certain conditions29.

This work adds to the potential effects of outside stimuli on agr reg-
ulation in L. monocytogenes. The pH-dependent stability of the peptide
signal (P2), as previously reported21, could be speculated to provide a way to
fine tune agr activity in response to changing pH in the environment. For
example, a regulatory role for P2 could be imagined in specific compart-
ments, such as acidifying primary vacuoles or phagolysosomes of the host
cells. These acidified compartments provide the pH for optimum activity of
listeriolysin O (LLO). From the vacuole or phagolysosome, LLO helps L.
monocytogenes escape into the neutral environment of the host cell cytosol,
where LLO then rapidly denatures30,31. Further, L. monocytogenes infection
relies on traversing the environments of the gastro-intestinal tract and its
varying pH values1. It is therefore intriguing to start thinking about how
such a pH-dependent peptide signal might play a role during this process,
possibly even in concertwith themore chemically stable peptidesP1 andP3.

The present work adds to a growing body of data, indicating that the
prototypic and extensively studied agr systemof S. aureusmaynot provide a
fulfilling model for the understanding of agr in other Gram-positive bac-
teria. For example, a common structural feature of AIPs identified from
different Gram-positive species is the lack of a peptide exotail22,32,33, which is
present in all known staphylococcal AIPs.Moreover, knowledge of amaster
regulatoryRNA– like RNAIII in the staphylococcal agr systems – ismissing
in L. monocytogenes3. Albeit, the L. monocytogenes agr system has been
found to downregulate the expression of the regulatory RNA, LhrA7, that
otherwise suppresses expression of the proposed virulence factor chitinase,
ChiA34,35. Thus, providing a link between agr and regulation of virulence in
L. monocytogenes.

This research provides essential insight into the peptide-mediated cell-
to-cell communication of L. monocytogenes and provides tool compounds
for future studies of the biological importance of agr regulation in this
bacterium. More generally, several other bacteria also produce exotail-free
AIPs, and we hope that the chemical framework provided in this study can
help guide further investigation of their respective physiological regulation
through cell-to-cell communication22,32,33.

Methods
Assay protocol for monitoring of S→N acyl shift
Amicrocentrifugal tube (1.5mL) containing a solution of phosphate buffer
(pH = 7, 100mM) and MeCN (1:1) was preheated to 37 °C. Assays were
initiated (t = 0min) by the addition of 1 μL of peptideDMSO stock solution
per 100 μL of buffer–MeCN solution (100 μM final peptide conc.) with
subsequent mixing using an orbital shaker. Reactions were incubated at
37 °Cunder constant stirring and sampleswere taken at relevant timepoints
and mixed (20:1, v/v) with a solution of TFA–water (1:1, v/v) to prevent
further rearrangement. Samples were then analyzed by UPLC (gradient:
5–95% of eluent B over 5min) and ratios between exotail-free thiolactone
andhomodetic peptidewasdeterminedby integrationof the areas under the
corresponding peaks at awavelength of λ = 215 nm. Rate constants (k) were
calculated as the slope of plotting S→N acyl shift progression over time
using GraphPad Prism 9.0 software.

Luciferase-based assay protocol for measuring agr activity in L.
monocytogenes
L. monocytogenes bioluminescent reporter strains (WT::P2-lux or
ΔagrD::P2-lux), previously constructed by Zetzmann et al.8 were streaked
onto TSA plates containing 5 μg/mL chloramphenicol and grown at 37 °C
overnight. Single colonies were used to inoculate overnight cultures in
TSB/BHI containing 5 μg/mL chloramphenicol for use in the assay. To the
outer wells of a white 96-well assay plate with flat clear bottom was added
sterile water, to minimize evaporation from the remaining 60 wells during

incubation. Peptide stocks in DMSO (5mM) were diluted in TSB/BHI to
the appropriate concentration (10× the final assay concentration) and
20 μLwas added to the respective wells (to “Nopeptide” control wells were
added 20 μL TSB instead of diluted peptide stock unless otherwise speci-
fied). The optical density at 600 nm (OD600) of overnight cultures was
measured and cultures were diluted to an OD600 = 0.01 in fresh TSB
containing flavin mononucleotide (11.1mg/L, final assay concentration;
~10mg/L, ~26 μM). Subsequently, 180 μL of diluted overnight culturewas
added to the relevantwells of the assay plate. The assay platewas incubated
in a BioTek SynergyH1microplate reader at 37 °Cwith continuous double
orbital shaking. Luminescence (gain = 255) and OD600 was measured
every 20min for 14 h.

Relative quantification of agrB and lmo0477 by quantitative real-
time polymerase chain reaction (qPCR) analysis
L. monocytogenes EGDe and L. monocytogenes EGDeΔagrD overnight
cultures were diluted to OD600 = 0.01 in fresh TSB medium (10mL) and
transferred to 100mL flasks. For each strain, cultures were prepared where
DMSO (50 μL) or peptides P1–P3 or 10 in DMSO (50 μL, 250 nM final
peptide concentration) were added and all flasks were incubated with
shaking at 37 °C. Cells were harvested on ice upon entry into stationary
phase (6 h). Disruption of cell pellets were performed with a FastPrep
instrument (M.P. Biomedicals), followed by RNA extraction, using the
QIAGEN RNeasy kit, according to the manufacturer’s instructions. RNA
samples were subsequently treated with DNase, using the TURBO DNA-
free kit (Invitrogen), and subjected to assessment of RNA purity and con-
centration by NanoDrop. The integrity was assessed by agarose gel elec-
trophoresis. Complimentary DNA (cDNA) was generated with the high-
capacity cDNAreverse transcription kit (AppliedBiosystems), according to
the manufacturer’s instruction. FastStart essential DNA green master mix
(Roche)was used togetherwith the cDNAsamples to conductfluorescence-
based qPCR in a LightCycler96 qPCR instrument (Roche). The following
primers were used for agrB: CCTTTGTCAGAAAGAATGGC and CGA-
TACCGTATACGAGAGC. The following primers were used for lmo0477:
GCTATGATGAAAGAATAGACTTACC and
TCTCACCTTCTGTTTGTCC. For amplification of the reference gene
(gyrA) the following primers were used: CCTAGACTATGCGATGAGTG
and CGAGCCGATTTTTTATAGGC. The obtained Cq values were ana-
lyzed by the 2ΔΔCq method for relative quantification of gene expression and
compared by ordinary one-way ANOVA test, using GraphPad Prism
software (10.1.1).

General procedures for automated solid-phase peptide
synthesis (SPPS)
The following Fmoc-protected amino acids (Fmoc-AA-OH) were used
for the automated synthesis of peptides: Fmoc-Ala-OH, Fmoc-Met-
OH, Fmoc-Phe-OH, and Fmoc-Val-OH. Automated peptide synthesis
was carried out on a Biotage SyroWaveTM synthesizer using iterative
coupling and deprotection steps on 3-4-amino-(methylamino)benzoic
acid (MeDbz)-Gly-ChemMatrix resin (0.45 mmol/g) or pre-loaded 2-
chlorotrityl chloride (Cl-Trt)-polystyrene resin (0.7–0.9 mmol/g).
Loading of an amino acid residue toMeDbz-resin. The coupling reaction
was performed for 90 min at room temperature with short vortexing
intervals (10 s) using stock solutions of Fmoc-AA-OH in DMF (5
equivalents to the resin loading, 0.5 M), 2-(1H-7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronoium hexafluorophosphate (HATU) in DMF
(4.9 equivalents, 0.5 M) and i-Pr2NEt in NMP (10 equivalents, 2.0 M) at
a final concentration of 0.2 M for Fmoc-AA-OH. The coupling was
followed by washing of the resin with DMF (5 × 1 min) and the pro-
cedure was repeated to achieve a double coupling. Standard coupling of
an amino acid residue. The coupling reaction was performed for 40 min
at room temperature with short vortexing intervals (10 s) using stock
solutions of Fmoc-AA-OH in DMF (5 equivalents to the resin loading,
0.5 M), 2-(1H-7-benzotriazol-1-yl)-1,1,3,3-tetramethyluronoium hex-
afluorophosphate (HBTU) in DMF (4.9 equivalents, 0.5 M) and
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i-Pr2NEt in NMP (10 equivalents, 2.0 M) at a final concentration of
0.2 M for Fmoc-AA-OH. The coupling reaction was followed by
washing of the resin with DMF (5 × 1 min) and the procedure was
repeated to achieve a double coupling. Fmoc removal was performed in
two stages: (1) piperidine in DMF (2:3, v/v) for 3 min and (2) piperidine
in DMF (1:4, v/v) for 12 min with short vortexing intervals (10 s). The
deprotection was followed by washing of the resin with DMF
(3 × 1 min), CH2Cl2 (1 × 1 min) and DMF (3 × 1 min).

General procedure for manual coupling step of N-terminal
amino acids
The following amino acids were used in the manual coupling step as N-
terminal amino acid: N,N-dimethyl-Cys(Trt)-OH (S2), Fmoc-Dap(Alloc)-
OH, N,N-dimethyl-Dap(Fmoc)-OH (S16), Boc-Cys(St-Bu)-OH, N,N-
dimethyl-Cys[Val(Fmoc)]-OH (S35), and Fmoc-Ser(TBDMS)-OH. After
automated peptide elongation, the resin was transferred into a poly-
propylene syringe equipped with a fritted disk using CH2Cl2 and the resin
was then washed with DMF (3 × 1min). The coupling reaction was per-
formed using amino acid (2 equivalents to the resin loading), HATU (2
equivalents), and i-Pr2NEt (4 equivalents) in DMF (final concentration =
0.08M for Fmoc-AA-OH) at room temperature under light shaking. After
2 h, the couplingmixture was removed by suction and the resin was washed
with DMF (3 × 1min) and CH2Cl2 (3 × 1min).

General procedure for the synthesis ofN,N-dimethyl-thiolactone
peptides
N-acyl-benzimidazolinone (Nbz) formation: After completed peptide
elongation on 20.0 μmol MeDbz-Gly-ChemMatrix resin (see Supple-
mentary Fig. 7), the peptidyl-MeDbz resin (1 equivalent) was washed
with CH2Cl2 (5 × 1min). A solution of 4-nitrophenyl-chloroformate (5
equivalents) in CH2Cl2 (conc: 0.1 M) was added to the resin and the
suspension was agitated for 30 min. The resin was then washed with
CH2Cl2 (2 × 1 min) and the procedure was repeated. The resin was then
washedwithCH2Cl2 (3 × 1 min) andDMF (3 × 1 min) and a solutionof i-
Pr2NEt (25 equivalents, 0.5 M) in DMF was added to the resin. After
15 min, the resin was washed with DMF (3 × 1 min) and the procedure
was repeated. The peptidyl-MeNbz-resin was then washed with DMF
(3 × 1 min), i-Pr2NEt in DMF (5%, v/v) (3 × 1 min), DMF (3 ×;1 min),
MeOH (3 × 1min), and CH2Cl2 (3 × 1 min) and dried under high
vacuum. On-resin cleavage-inducing cyclization: The dried peptidyl-
MeNbz-Gly-ChemMatrix resin (20.0 μmol, 1 equivalent; Supplementary
Fig. 7) was treated with a deprotection cocktail (2.0 mL, TFA–i-
Pr3SiH–water, 94:3:3, v/v/v) for 1 h and the TFA cocktail was subse-
quently removed from the resin. The resin was washed with CH2Cl2 (3 ×
1 min), DMF (3 × 1 min), and CH2Cl2 (3 × 1 min) and dried under
suction for several minutes. Cyclization buffer (5.0 mL, phosphate buffer
(0.2 M, pH 6.8)–MeCN, 1:1, v/v) was added to the resin (final con-
centration = 4.0 mM) and the suspension was agitated at 50 °C. After 2 h,
the solution was collected, and the resin was rinsed with fresh cyclization
buffer. The combined peptide-containing washings were pooled and
purified by preparative HPLC to afford the N,N-dimethyl-thiolactone
peptides 1–5 after lyophilization.

N,N-Dimethyl-P2 (1)
Peptide 1 was synthesized on MeDbz-resin on 20 μmol scale using the
general procedures for automated SPPS,manual coupling ofN,N-dimethyl-
Cys(Trt)-OH (S2) and the synthesis ofN,N-dimethyl-thiolactone peptides.
Preparative RP-HPLC purification (5–95% B over 30min) afforded the
trifluoroacetate salt of peptide 1 as a white solid (4.7mg, 6.1 μmol, 31%).
UPLC purity (λ 215 nm): 95%; 1H NMR (600MHz, DMSO-d6): δ 10.51 (s,
1H), 8.92 (d, J = 7.7 Hz, 1H), 8.77 (d, J = 9.1 Hz, 1H), 8.35 (d, J = 9.9 Hz, 1H),
7.31–7.15 (m, 11H), 4.69–4.62 (m, 1H), 4.60 (dd, J = 9.9, 4.4 Hz, 1H), 4.39
(ddd, J = 12.3, 8.3, 4.3 Hz, 1H), 3.76 (td, J = 8.2, 6.1 Hz, 1H), 3.72–3.68 (m,
1H), 3.47 (dd, J = 12.9, 4.3 Hz, 1H), 3.30–3.15 (m, 2H), 3.10 (dd, J = 13.6,
5.1 Hz, 1H), 2.82 (dd, J = 13.6, 10.9 Hz, 1H), 2.77 (dd, J = 12.9, 11.7 Hz, 1H),

2.69 (s, 3H), 2.43 (pd, J = 6.9, 4.5 Hz, 1H), 2.34 (s, 3H), 2.18–2.10 (m, 2H),
1.96 (s, 3H), 1.94–1.81 (m, 2H), 0.99 (d, J = 6.9 Hz, 3H), 0.95 (d, J = 6.8 Hz,
3H); UPLC-MS (m/z): [M+H]+ calcd. for C33H46N5O5S2

+, 656.29;
found 656.35.

N,N-Dimethyl-P2 F2A (2)
Peptide 2 was synthesized on MeDbz-resin on 20 μmol scale using the
general procedures for automated SPPS,manual coupling ofN,N-dimethyl-
Cys(Trt)-OH (S2) and the synthesis ofN,N-dimethyl-thiolactone peptides.
Preparative RP-HPLC purification (5–95% B over 30min) afforded the
trifluoroacetate salt of peptide 2 as a white solid (4.3mg, 6.2 μmol, 31%).
UPLC purity (λ 215 nm): 97%; 1H NMR (600MHz, DMSO-d6): δ 10.49 (s,
1H), 8.64–8.38 (m, 3H), 8.24 (d, J = 9.9 Hz, 1H), 7.57–7.04 (m, 5H), 4.58 (dd,
J = 9.9, 4.2 Hz, 1H), 4.39 (p, J = 7.4 Hz, 1H), 4.34–4.21 (m, 1H), 3.88–3.75
(m, 1H), 3.67 (q, J = 7.3 Hz, 1H), 3.48 (dd, J = 13.0, 4.5 Hz, 1H), 3.29–3.16
(m, 2H), 2.92–2.84 (m, 1H), 2.79 (s, 6H), 2.41 (pt, J = 6.6, 3.3 Hz, 1H), 2.24 (t,
J = 7.5 Hz, 2H), 2.01–1.95 (m, 4H), 1.92–1.83 (m, 1H), 1.24 (d, J = 7.2 Hz,
3H), 0.94 (t, J = 6.7 Hz, 6H); UPLC-MS (m/z): [M+H]+ calcd. for
C27H42N5O5S2

+, 580.26; found 580.21.

N,N-Dimethyl-P2 M3A (3)
Peptide 3 was synthesized on MeDbz-resin on 20 μmol scale using the
general procedures for automated SPPS,manual coupling ofN,N-dimethyl-
Cys(Trt)-OH (S2) and the synthesis ofN,N-dimethyl-thiolactone peptides.
Preparative RP-HPLC purification (5–95% B over 30min) afforded the
trifluoroacetate salt of peptide 3 as a white solid (3.8mg, 5.4 μmol, 27%).
UPLC purity (λ 215 nm): 98%; 1H NMR (600MHz, DMSO-d6): δ 10.30 (s,
1H), 8.74 (s, 1H), 8.49 (d, J = 9.3 Hz, 1H), 8.41 (d, J = 8.0 Hz, 1H), 8.24 (d,
J = 10.0 Hz, 1H), 7.38–7.06 (m, 10H), 4.69–4.64 (m, 1H), 4.62 (dd, J = 10.0,
3.9 Hz, 1H), 4.22 (q, J = 7.8 Hz, 1H), 3.79–3.71 (m, 1H), 3.71–3.63 (m, 1H),
3.46–3.41 (m, 1H), 3.26 (d, J = 7.8 Hz, 2H), 3.02 (dd, J = 13.6, 4.5 Hz, 1H),
2.78–2.66 (m, 2H), 2.65–2.22 (m, 10H), 1.26 (d, J = 6.9 Hz, 3H), 0.98 (d,
J = 6.9 Hz, 3H), 0.94 (d, J = 6.9 Hz, 3H); UPLC-MS (m/z): [M+H]+ calcd.
for C31H42N5O5S

+, 596.29; found 596.23.

N,N-Dimethyl-P2 F4A (4)
Peptide 4 was synthesized on MeDbz-resin on 20 μmol scale using the
general procedures for automated SPPS,manual coupling ofN,N-dimethyl-
Cys(Trt)-OH (S2) and the synthesis ofN,N-dimethyl-thiolactone peptides.
Preparative RP-HPLC purification (5–95% B over 30min) afforded the
trifluoroacetate salt of peptide 4 as a white solid (1.5mg, 2.2 μmol, 11%).
UPLC purity (λ 215 nm): 91%; 1H NMR (600MHz, DMSO-d6): δ 10.36
(s, 1H), 9.03 (s, 1H), 8.56 (d, J = 9.5 Hz, 1H), 8.42 (d, J = 7.8 Hz, 1H), 8.09
(d, J = 9.9 Hz, 1H), 7.33–7.16 (m, 5H), 4.74 (ddd, J = 11.2, 9.5, 4.6 Hz, 1H),
4.53 (dd, J = 9.9, 4.2 Hz, 1H), 4.19 (p, J = 7.4 Hz, 1H), 3.86–3.79 (m, 1H),
3.73 (s, 1H), 3.43 (dd, J = 12.9, 4.6 Hz, 1H), 3.09 (dd, J = 13.6, 4.6 Hz, 1H),
2.76–2.70m, 2H, 2.47–2.29 (m, 3H), 2.19–2.09 (m, 1H), 2.06–2.00 (m, 4H),
1.43 (d, J = 7.3 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H);
UPLC-MS (m/z): [M+H]+ calcd. for C27H42N5O5S2

+, 580.26;
found 580.24.

N,N-Dimethyl-P2 V5A (5)
Peptide 5 was synthesized on MeDbz-resin on 20 μmol scale using the
general procedures for automated SPPS,manual coupling ofN,N-dimethyl-
Cys(Trt)-OH (S2) and the synthesis ofN,N-dimethyl-thiolactone peptides.
Preparative RP-HPLC purification (5–95% B over 30min) afforded the
trifluoroacetate salt of peptide 5 as a white solid (5.1mg, 6.9 μmol, 35%).
UPLC purity (λ 215 nm): 98%; 1H NMR (600MHz, DMSO-d6): δ 9.00 (d,
J = 7.6 Hz, 1H), 8.94 (d, J = 9.3 Hz, 1H), 8.40 (d, J = 9.1 Hz, 1H), 8.33 (d,
J = 8.4 Hz, 1H), 7.38–7.05 (m, 10H), 4.68 (td, J = 9.9, 5.4 Hz, 1H), 4.61–4.53
(m, 1H), 4.40 (ddd, J = 12.1, 8.4, 4.4 Hz, 1H), 3.71–3.64 (m, 1H), 3.62 (dd,
J = 11.6, 4.3 Hz, 1H), 3.44–3.38 (m, 1H), 3.18 (dd, J = 13.6, 4.4 Hz, 1H),
3.09–3.00 (m, 2H), 2.84–2.71 (m, 2H), 2.14 (t, J = 7.3 Hz, 2H), 2.01–1.95 (m,
4H), 1.95–1.87 (m, 1H), 1.37 (d, J = 7.0 Hz, 3H); UPLC-MS (m/z):
[M+H]+ calcd. for C31H42N5O5S2

+, 628.26; found 628.24.
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N,N-Dimethyl-P2 C1Dap (6)
(Supplementary Fig. 11). The protected linear peptide S18 was synthesized
in 40.0 μmol scale on Cl-Trt polystyrene resin preloaded with Fmoc-Val-
OH S17 (0.90mmol/g) using the general procedures for automated SPPS
and manual coupling of N,N-dimethyl-Dap(Fmoc)-OH (S16). After com-
pleted peptide elongation, a solution of piperidine inDMF (2.0 mL, 1:4, v/v)
was added to the resin, which was agitated at room temperature for 15min.
The resin was then washed with DMF (3 × 1min) and CH2Cl2 (3 × 1min)
and dried under suction for 15min. The dried resin was treated with a
cleavage cocktail (3.0mL, TFA–i-Pr3SiH–water, 95:2.5:2.5, v/v/v) for
30min at room temperature. The cleavage solution was removed from the
resin, collected and the resin rinsed with TFA (1.0 mL). The combined
cleavage solution and the rinsing solutionwere concentrated under a stream
of nitrogen and the cleaved peptide S19was triturated in cold Et2O (10mL)
and pelleted by centrifugation. The crude peptide S19 (27mg, 30.5 μmol)
was obtained as the TFA salt and used without further purification.

The linear peptide S19 (27mg, 30.5 μmol, 1 equiv) was dissolved in
anhydrous DMF (3.0mL) under nitrogen atmosphere and added dropwise
to a solution of benzotriazol-1-yl-oxy-tris-pyrrolidinophosphonium hexa-
fluorophosphate (PyBOP) (15.9 mg, 30.5 μmol, 1 equiv) and i-Pr2NEt
(21.2 μL, 122 μmol, 4 equiv) in anhydrous DMF (28.0mL). The reaction
mixturewas stirred for 16 hat room temperature andafter full consumption
of S19 was confirmed by UPLC-MS, the reaction was reduced to dryness
under reduced pressure. The remaining residue was purified by preparative
RP-HPLC (20–70% B over 30min) to afford the trifluoroacetate salt of
peptide 6 as awhite solid (9.0mg, 12.0 μmol, 39% frompeptide S19). UPLC
purity (λ 215 nm): 98%*; 1H NMR (600MHz, DMSO-d6): δ 10.03 (s, 1H),
9.20 (d, J = 6.8 Hz, 1H), 8.56 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 7.4 Hz, 1H), 7.59
(d, J = 9.8 Hz, 1H), 7.31–7.17 (m, 11H), 4.67–4.60 (m, 1H), 4.29 (dd, J = 9.8,
5.1 Hz, 1H), 4.01 (ddd, J = 11.5, 7.3, 4.1 Hz, 1H), 3.94–3.86 (m, 2H),
3.55–3.50 (m, 1H), 3.38–3.19 (m, 3H), 3.08 (dd, J = 13.8, 5.3 Hz, 1H),
2.80–2.71 (m, 2H), 2.71–2.55 (broad signal for (CH3)2N

+, 6H), 2.38–2.30
(m, 1H), 2.29–2.21 (m, 2H), 2.02–1.98 (m, 4H), 1.97–1.88 (m, 1H), 0.96 (d,
J = 6.9 Hz, 3H), 0.93 (d, J = 6.8 Hz, 3H). *The final peptide sample contains
tri(pyrrolidin-1-yl)phosphine oxide as non-UV active (215–280 nm)
impurity (340 μg in 9.0 mg, ~10mol%) from the PyBOP cyclization step,
which was inseparable by RP-HPLC; UPLC-MS (m/z): [M+H]+ calcd. for
C33H47N6O5S

+, 639.33; found 639.30.

P2 C1Dap (7)
(Supplementary Fig. 12). The protected linear peptide S20 was synthesized
in 80.0 μmol scale on Cl-Trt polystyrene resin preloaded with Fmoc-Val-
OH S17 (0.90mmol/g) using the general procedures for automated SPPS
and manual coupling of Fmoc-Dap(Alloc)-OH. After completed peptide
elongation, a solution of di-tert-butyl dicarbonate (Boc2O) (349mg,
1.60mmol, 20 equiv) and i-Pr2NEt (0.42mL, 2.40mmol, 30 equiv) inDMF
(5.0mL)was added to the resinS20 and itwas agitated at roomtemperature.
After 1 h, the solution was removed and the Boc-protected resin S21 was
washed with DMF (3 × 1min) and CH2Cl2 (3 × 1min) and dried under
high vacuum. The resin S21was swelled in anhydrous CH2Cl2 (3.0mL) for
15min and a solution of Pd(PPh3)4 (18.5mg, 16.0 μmol, 0.2 equiv),
Me2NH·BH3 (23.6 mg, 0.40mmol, 5 equiv) in anhydrous CH2Cl2 (3.0 mL)
was then added. The resin was agitated at room temperature for 15min and
the solution was removed by suction before addition of a fresh solution of
Pd(PPh3)4–Me2NH·BH3–CH2Cl2. After another 15min, the solution was
removed by suction and the resin washed with DMF (3 × 1min) and
CH2Cl2 (3 × 1min) and dried overnight under vacuum. The dried resinwas
treatedwith hexafluoro-isopropyl alcohol (HFIP) inCH2Cl2 (5.0 mL, 1:4, v/
v) for 30min at room temperature. The cleavage solution was collected and
a fresh HFIP–CH2Cl2 solution was added to the resin. After 30min, the
cleavage solution was collected, and the resin was rinsed with CH2Cl2
(5.0mL). The combined cleavage and the rinsing solution were con-
centrated under reduced pressure to yield the crude peptide S22, which was
purified by preparative RP-HPLC (5–95% B over 30min) to afford the
trifluoroacetate salt of peptide S22 as a white solid (24mg, 28.5 μmol). The

partially protected peptide S22 (15.0mg, 17.8 μmol) was dissolved in
anhydrous DMF (3.0mL) under nitrogen atmosphere and added dropwise
to a solution ofHATU (6.77mg, 17.8 μmol, 1 equiv) and i-Pr2NEt (12.4 μL,
71.2 μmol, 4 equiv) in anhydrous DMF (15mL). The reaction mixture was
stirred for 16 h at room temperature and after full consumption of S22was
confirmed by UPLC-MS, the solvent was removed under reduced pressure.
The resulting residuewas treatedwith a solution of TFA inCH2Cl2 (4.0mL,
1:1, v/v) for 1 h and subsequently concentrated under a stream of nitrogen
and purified by preparative RP-HPLC (5–95% B over 30min) to afford the
trifluoroacetate salt of peptide7 as awhite solid (3.2 mg, 4.4 μmol, 25% from
peptide S22). UPLC purity (λ 215 nm): 98%; 1H NMR (600MHz, DMSO-
d6): δ 9.13 (d, J = 6.7 Hz, 1H), 8.47 (d, J = 7.0 Hz, 1H), 8.15 (s, 3H), 7.98 (d,
J = 7.3 Hz, 1H), 7.61 (d, J = 9.6 Hz, 1H), 7.36–7.16 (m, 10H), 7.10 (t,
J = 6.1 Hz, 1H), 4.56–4.48 (m, 1H), 4.25 (dd, J = 9.6, 5.4 Hz, 1H), 4.05–3.98
(m, 1H), 3.93–3.88 (m, 1H), 3.87–3.79 (m, 1H), 3.55–3.49 (m, 1H),
3.39–3.33 (m, 1H), 3.31–3.20 (m, 2H), 3.02 (dd, J = 14.0, 5.9 Hz, 1H), 2.84
(dd, J = 14.0, 9.3 Hz, 1H), 2.32–2.24 (m, 1H), 2.21–2.09 (m, 2H), 2.03–1.85
(m, 5H), 0.96–0.91 (m, 6H); UPLC-MS (m/z): [M+H]+ calcd. for
C31H43N6O5S

+, 611.30; found 611.24.

P2 C1Ser (8)
(Supplementary Fig. 14). The partially protected linear peptide S24 was
synthesized in 80.0 μmol scale on Cl-Trt polystyrene resin preloaded with
Fmoc-Phe-OH S23 (0.87mmol/g) using the general procedures for auto-
mated SPPS and manual coupling of Fmoc-Ser(TBDMS)-OH. After com-
pleted peptide elongation, a solution of Boc2O (349mg, 1.60mmol, 20
equiv), i-Pr2NEt (0.42mL, 2.40mmol, 30 equiv) in DMF (5.0mL) was
added the peptidyl-resin S24 with free N-terminal amine and the resin was
agitated at room temperature. After 1 h, the solution was removed and the
Boc-protected peptidyl-resin S25 was washed with DMF (3 × 1min) and
CH2Cl2 (3 × 1min) and dried under high vacuum. The resin S25 was
swelled in anhydrous THF (5.0mL) for 15min and a solution of tetra-
butylammonium fluoride (TBAF) in THF (1.0M) (0.80mL, 0.80mmol, 10
equiv) in anhydrous THF (4.2 mL) was added to the resin, which was
agitatedat room temperature for 1 h. Then, theTBAF solutionwas removed
by suction and the resin treated with a fresh TBAF–THF solution. After 1 h,
the TBAF solutionwas removed by suction and the resinwashedwithDMF
(3 × 1min) and CH2Cl2 (3 × 1min) and dried overnight under vacuum.
On-resin esterification was performed according to a previously published
protocol36. The resin was swelled in anhydrous CH2Cl2 (3.0mL) for 15min
and subsequently a solutionof Fmoc-Val-OH(136mg, 0.40mmol, 5 equiv),
N,N’-diisopropylcarbodiimide (DIC) (75.2 μL, 0.48mmol, 6 equiv) and N-
methylimidazole (NMI) (17.2 μL, 0.22mmol, 5.4 equiv) in anhydrous
CH2Cl2 (2.0 mL)was added. The resinwas agitated at room temperature for
2 h and then washed with anhydrous CH2Cl2 (3 × 1min). A fresh Fmoc-
Val-OH–DIC–NMI solution was added to the resin and after 2 h of incu-
bation, the resin was washed with DMF (3 × 1min), CH2Cl2 (3 × 1min),
and DMF (3 × 1min).

Fmoc-removal from resin S26 was performed by treatment with a
solution of 1,8- biazabicyclo[5.4.0]undec-7-ene (DBU) in DMF (2.0mL,
1:99, v/v) (8 × 30 s). The resin was then washed with DMF (3 × 1min) and
CH2Cl2 (3 × 1min) and dried under suction for 15min. The dried resinwas
treated with a solution of HFIP in CH2Cl2 (5.0mL, 1:4, v/v) for 30min at
room temperature. The cleavage solution was collected and a fresh
HFIP–CH2Cl2 solution was added to the resin. After 30min the second
cleavage solution was collected, and the resin was rinsed with CH2Cl2
(5.0mL). The combined cleavage and the rinsing solutions were evaporated
to dryness under reducedpressure to yield the crude peptide S27, whichwas
purified by preparative RP-HPLC (5–95% B over 30min) to afford the
trifluoroacetate salt of peptide S27 as a white solid (30mg, 35.6 μmol). The
partially protected peptide S27 (15.0mg, 17.8 μmol) was dissolved in
anhydrous DMF (3.0mL) under nitrogen atmosphere and added dropwise
to a solution of HATU (6.77mg, 17.8 μmol, 1.00 equiv) and i-Pr2NEt
(12.4 μL, 71.2 μmol, 4.00 equiv) in anhydrous DMF (15mL). The reaction
mixturewas stirred for 16 hat room temperature andafter full consumption
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of S27 was confirmed by UPLC-MS, the solvent was removed under
reducedpressure.The resulting residuewas treatedwith a solutionofTFA in
CH2Cl2 (4.0mL, 1:1, v/v) for 1 h and was then concentrated under a stream
of nitrogen andpurified by preparativeRP-HPLC (5–95%Bover 30min) to
afford the trifluoroacetate salt of peptide 8 as awhite solid (6.8 mg, 9.4 μmol,
53% frompeptide S27). UPLCpurity (λ 215 nm): 97%; 1HNMR (600MHz,
DMSO-d6): δ 9.12 (d, J = 6.9 Hz, 1H), 8.86 (d, J = 4.5 Hz, 1H), 8.19 (s, 3H),
7.32 (d, J = 7.3 Hz, 1H), 7.30–7.25 (m, 7H), 7.25–7.18 (m, 2H), 7.14–7.09 (m,
2H), 4.58 (dd, J = 12.2, 3.1 Hz, 1H), 4.48 (dd, J = 9.6, 4.8 Hz, 1H), 4.37–4.29
(m, 2H), 4.24 (t, J = 2.5 Hz, 1H), 4.02 (ddd, J = 11.3, 7.1, 4.3 Hz, 1H), 3.50
(ddd, J = 10.4, 6.8, 3.7 Hz, 1H), 3.41–3.34 (m, 2H), 2.93 (dd, J = 14.1, 8.6 Hz,
1H), 2.86 (dd, J = 14.1, 6.8 Hz, 1H), 2.26–2.09 (m, 2H), 2.02–1.97 (m, 1H),
1.96 (s, 3H), 1.91–1.83 (m, 1H), 0.89 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 6.8 Hz,
3H); UPLC-MS (m/z): [M+H]+ calcd. for C31H42N5O6S

+, 612.29;
found 612.21.

N,N-Dimethyl-P2 thioether (9)
(Supplementary Fig. 16). The protected linear peptide S36 was synthesized
in 25.0 μmol scale on Cl-Trt polystyrene resin preloaded with Fmoc-Phe-
OH S23 (0.87mmol/g) using the general procedures for automated SPPS
and manual coupling of N,N-dimethyl-Cys[Val(Fmoc)]-OH (S35). After
completed peptide elongation, a solution of piperidine inDMF (2.0mL, 1:4,
v/v) was added to the resin, which was agitated at room temperature for
15min. The resin was then washed with DMF (3 × 1min) and CH2Cl2
(3 × 1min) and dried under suction for 15min. The dried resin was treated
with a cleavage cocktail of TFA–i-Pr3SiH–water (3.0 mL, 95:2.5:2.5, v/v/v)
for 30min at room temperature. The cleavage solution was collected, and
the resin rinsed with TFA (1.0 mL). The combined cleavage and rinsing
solutions were concentrated under a stream of nitrogen and the cleaved
peptide S37 was triturated in cold Et2O (10mL) and pelleted by cen-
trifugation. The crude peptide S37 was obtained as TFA salt and used
without further purification.

The linear peptide S37 was dissolved in anhydrous DMF (3.0mL)
under nitrogen atmosphere and added dropwise to a solution of PyBOP
(13.0mg, 25.0 μmol, 1 equiv) and i-Pr2NEt (17.4 μL, 100 μmol, 4 equiv) in
anhydrousDMF (22mL). The reactionmixturewas stirred for 16 h at room
temperature and after full consumption of S37 was confirmed by UPLC-
MS, the solvent was removed under reduced pressure. The resulting residue
was purified by preparative RP-HPLC (20–70% B over 30min) and two
diastereoisomers of 9 were isolated due to partial loss epimerization of
building block S35. The major isomer was concluded to correspond to the
desired peptide andwas obtained as the trifluoroacetate salt of peptide 9 as a
white solid (4.3 mg, 5.7 μmol, 23%basedon resin).UPLCpurity (λ215 nm):
95%; 1H NMR (600MHz, DMSO-d6): δ 10.01 (s, 1H), 9.00 (d, J = 6.8 Hz,
1H), 8.87 (d, J = 9.1 Hz, 1H), 8.17 (d, J = 8.1 Hz, 1H), 7.31–7.23 (m, 7H),
7.23–7.16 (m, 4H), 4.86–4.79 (m, 1H), 4.06 (ddd, J = 12.1, 8.8, 4.2 Hz, 1H),
3.87–3.83 (m, 1H), 3.77–3.69 (m, 1H), 3.54 (ddd, J = 9.0, 7.1, 5.5 Hz, 1H),
3.25–3.08 (m, 5H), 2.75 (dd, J = 13.7, 11.1 Hz, 1H), 2.62 (dd, J = 11.0, 3.8 Hz,
1H), 2.53–2.47 (m, 2H), 2.28–2.23 (m, 2H), 2.08–1.93 (m, 5H), 1.83–1.74
(m, J = 6.7 Hz, 1H), 0.95–0.90 (m, 6H); UPLC-MS (m/z): [M+H]+ calcd.
for C33H48N5O4S2

+, 642.31; found 642.36.

P2 thioether (10)
(Supplementary Fig. 17). The fully protected linear peptide S38 was syn-
thesized in 80.0 μmol scale on Cl-Trt polystyrene resin preloaded with
Fmoc-Phe-OH S23 (0.87mmol/g) using the general procedures for auto-
mated SPPS andmanual coupling of Boc-Cys(St-Bu)-OH. After completed
peptide elongation, a solution of N-methylmorpholine (NMM) (44.2 μL,
0.40mmol, final concentration = 0.1M) in a mixture of β-
mercaptoethanol–DMF(4.0 mL, 1:4, v/v)was added to the resinS38 and the
resin was agitated for 16 h at room temperature. Then, the thiol-containing
solution was removed by suction and the resin S39 was washed with DMF
(3 × 1min) and CH2Cl2 (3 × 1min) and dried overnight under vacuum.
The resin S39was then swelled in anhydrousDMF (3.0mL) for 15min. In a

separate flask, a suspension of CsCO3 (130mg, 0.40mmol, 5 equiv) in
anhydrous DMF (5.0mL) was sonicated for 15min before Fmoc-Val-
iodide (S30) (174mg, 0.40mmol, 5 equiv) was added. The alkylation
mixture was then added to the resin S39 and the resin was agitated at room
temperature for 16 h. The solubles were removed by suction and the alky-
lated resin S40was washed with DMF (3 × 1min), MeOH (3 × 1min), and
DMF (3 × 1min). A solution of piperidine in DMF (3.0 mL, 1:4, v/v) was
added to the resin and it was agitated at room temperature for 15min. The
resin was then washed with DMF (3 × 1min) and CH2Cl2 (3 × 1min) and
driedunder suction for 15min.Thedriedresinwas treatedwith a solutionof
HFIP in CH2Cl2 (5.0 mL, 1:4, v/v) for 30min at room temperature. The
cleavage solution was collected and a fresh HFIP–CH2Cl2 solution was
added to the resin. After 30min the cleavage solution was collected and, the
resin was rinsed with CH2Cl2 (5.0mL). The combined cleavage and rinsing
solutions were evaporated to dryness under reduced pressure to yield the
crude peptide S41, which was purified by preparative RP-HPLC (5–95% B
over 30min) to afford the trifluoroacetate salt of peptide S41 as awhite solid
(11.2mg, 13.2 μmol). The partially protected peptide S41 (11.2 mg,
13.2 μmol) was dissolved in anhydrous DMF (2.0mL) under nitrogen
atmosphere and added dropwise to a solution of PyBOP (6.87mg,
13.2 μmol, 1 equiv) and i-Pr2NEt (9.20 μL, 52.8 μmol, 4 equiv) in anhydrous
DMF (11.0 mL). The reaction mixture was stirred for 16 h at room tem-
perature and after full consumptionofS41was confirmedbyUPLC-MS, the
solvent was removed under reduced pressure. The resulting residue was
treated with a solution of TFA in CH2Cl2 (3.0mL, 1:1, v/v) for 1 h and
subsequently concentrated under a stream of nitrogen and purified by
preparative RP-HPLC (5–95% B over 30min) to afford the trifluoroacetate
salt of peptide 10 as a white solid (4.0mg, 5.5 μmol, 42% from peptide S41).
UPLC purity (λ 215 nm): 97%; 1H NMR (600MHz, DMSO-d6): δ 8.95 (d,
J = 7.1 Hz, 1H), 8.86 (d, J = 5.6 Hz, 1H), 8.15 (s, 3H), 7.85 (d, J = 7.5 Hz, 1H),
7.32–7.20 (m, 8H), 7.20–7.16 (m, 3H), 4.54–4.41 (m, 1H), 4.08–4.00 (m,
1H), 3.98–3.92 (m, 1H), 3.58–3.53 (m, 1H), 3.50–3.44 (m, 1H), 3.33–3.23
(m, 2H), 3.07 (dd, J = 14.0, 3.8 Hz, 1H), 2.99–2.86 (m, 3H), 2.83 (dd, J = 14.0,
7.6 Hz, 1H), 2.78 (dd, J = 12.4, 3.6 Hz, 1H), 2.05–1.96 (m, 2H), 1.97–1.90 (m,
4H), 1.90–1.81 (m, 2H), 0.89 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H);
UPLC-MS (m/z): [M+H]+ calcd. for C31H44N5O4S2

+, 614.28;
found 614.25.

Statisticsand reproducibility. GraphPadPrism9.0 softwarewas used to
calculate the rate constants for S→N acyl shift progression over time by
linear regression. Averaging of three individual biological replicates
(n = 3) of luciferase reporter strain assay data and calculation of standard
error of the mean (SEM) was performed using GraphPad Prism software
(version 9.0 and newer). Cq values obtained from qPCR experiments,
performed in biological triplicate (n = 3), were analyzed by the 2ΔΔCq

method using Microsoft Office Excel 2016 and further evaluation of
statistical significance between treatments and control was peformed by
ordinary one-way ANOVA testing with multiple comparisons using
Graphpad Prism software (10.1.1). All source data has been compiled and
is available in Supplementary Data files 1–5. The number of biological
replicates (n) is also stated in each individual figure caption.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information and supple-
mentary data files.

Received: 12 September 2023; Accepted: 23 July 2024;

https://doi.org/10.1038/s42003-024-06623-6 Article

Communications Biology |           (2024) 7:942 9



References
1. Radoshevich, L. & Cossart, P. Listeria monocytogenes: towards a

complete picture of its physiology and pathogenesis. Nat. Rev.
Microbiol. 16, 32–46 (2018).

2. Freitag,N. E., Port, G.C. &Miner,M.D. Listeriamonocytogenes - from
saprophyte to intracellular pathogen. Nat. Rev. Microbiol. 7,
623–628 (2009).

3. Autret, N., Raynaud, C., Dubail, I., Berche, P. & Charbit, A.
Identification of the agr locus of Listeria monocytogenes: role in
bacterial virulence. Infect. Immun. 71, 4463–4471 (2003).

4. Rieu, A., Weidmann, S., Garmyn, D., Piveteau, P. & Guzzo, J. agr
System of Listeria monocytogenes EGD-e: role in adherence and
differential expression pattern. Appl. Environ. Microbiol. 73,
6125–6133 (2007).

5. Rieu, A. et al. ListeriamonocytogenesEGD-e biofilms: nomushrooms
but a network of knitted chains. Appl. Environ. Microbiol. 74,
4491–4497 (2008).

6. Riedel, C. U. et al. AgrD-dependent quorum sensing affects biofilm
formation, invasion, virulence and global gene expression profiles in
Listeria monocytogenes.Mol. Microbiol. 71, 1177–1189 (2009).

7. Paspaliari, D. K., Mollerup, M. S., Kallipolitis, B. H., Ingmer, H. &
Larsen, M. H. Chitinase expression in Listeria monocytogenes is
positively regulated by the Agr system. PLoS ONE 9,
e95385 (2014).

8. Zetzmann, M., Sanchez-Kopper, A., Waidmann, M. S., Blombach, B.
& Riedel, C. U. Identification of the agr Peptide of Listeria
monocytogenes. Front. Microbiol. 7, 989 (2016).

9. Zetzmann, M. et al. Characterization of the biofilm phenotype of a
Listeria monocytogenesmutant deficient in agr peptide sensing.
Microbiologyopen 8, e00826 (2019).

10. Waters, C. M. & Bassler, B. L. Quorum sensing: cell-to-cell
communication in bacteria. Annu. Rev. Cell. Dev. Biol. 21,
319–346 (2005).

11. Recsei, P. et al. Regulation of exoprotein gene expression in
Staphylococcus aureus by agr.Mol. Gen. Genet. 202, 58–61
(1986).

12. Ji, G., Beavis, R. C. & Novick, R. P. Cell density control of
staphylococcal virulence mediated by an octapeptide pheromone.
Proc. Natl. Acad. Sci. USA 92, 12055–12059 (1995).

13. Ji, G., Beavis, R. & Novick, R. P. Bacterial interference caused by
autoinducing peptide variants. Science 276, 2027–2030
(1997).

14. Otto, M., Sussmuth, R., Jung, G. & Gotz, F. Structure of the
pheromone peptide of the Staphylococcus epidermidis agr system.
FEBS Lett. 424, 89–94 (1998).

15. Ji, G. et al. Staphylococcus intermedius produces a functional agr
autoinducing peptide containing a cyclic lactone. J. Bacteriol. 187,
3139–3150 (2005).

16. Gless, B. H. et al. Identification of autoinducing thiodepsipeptides
from staphylococci enabled by native chemical ligation. Nat. Chem.
11, 463–469 (2019).

17. Wang, B. & Muir, T. W. Regulation of virulence in Staphylococcus
aureus: molecular mechanisms and remaining puzzles. Cell Chem.
Biol. 23, 214–224 (2016).

18. Garmyn, D., Augagneur, Y., Gal, L., Vivant, A. L. & Piveteau, P. Listeria
monocytogenes differential transcriptome analysis reveals
temperature-dependent Agr regulation and suggests overlaps with
other regulons. PLoS ONE 7, e43154 (2012).

19. Todd, D. A. et al. Signal biosynthesis inhibition with ambuic acid as a
strategy to target antibiotic-resistant infections. Antimicrob. Agents
Chemother. 61, 10–1128 (2017).

20. West, K. H. J. et al. Characterization of an autoinducing peptide signal
reveals highly efficacious synthetic inhibitors and activators of
quorum sensing and biofilm formation in Listeria monocytogenes.
Biochemistry 62, 2878–2892 (2023).

21. Gless, B. H. et al. Rearrangement of Thiodepsipeptides by S–N acyl
shift delivers homodetic autoinducing peptides. J. Am. Chem. Soc.
143, 10514–10518 (2021).

22. Molloy, E. M. et al. Enzyme-primed native chemical ligation produces
autoinducing cyclopeptides in clostridia. Angew. Chem. Int. Ed. 60,
10670–10679 (2021).

23. Piewngam, P. et al. Pathogen elimination by probiotic Bacillus via
signalling interference. Nature 562, 532–537 (2018).

24. Bachmann, H., Santos, F., Kleerebezem, M. & van Hylckama Vlieg, J.
E. Luciferase detection during stationary phase in Lactococcus lactis.
Appl. Environ. Microbiol. 73, 4704–4706 (2007).

25. Mayville, P. et al. Structure-activity analysis of synthetic autoinducing
thiolactone peptides from Staphylococcus aureus responsible for
virulence. Proc. Natl. Acad. Sci. USA 96, 1218–1223 (1999).

26. P, M. D. et al. Structure, activity and evolution of the group I
thiolactone peptide quorum-sensing system of Staphylococcus
aureus.Mol. Microbiol. 41, 503–512 (2001).

27. Lyon, G. J.,Wright, J. S., Christopoulos, A., Novick, R. P. &Muir, T.W.
Reversible and specific extracellular antagonism of receptor-histidine
kinase signaling. J. Biol. Chem. 277, 6247–6253 (2002).

28. Vivant, A. L., Garmyn, D., Gal, L., Hartmann, A. & Piveteau, P. Survival
of Listeria monocytogenes in soil requires AgrA-Mediated regulation.
Appl. Environ. Microbiol. 81, 5073–5084 (2015).

29. Garmyn, D. et al. Evidence of autoinduction heterogeneity via
expression of the Agr systemof Listeriamonocytogenes at the single-
cell level. Appl. Environ. Microbiol. 77, 6286–6289 (2011).

30. Glomski, I. J., Gedde, M. M., Tsang, A. W., Swanson, J. A. & Portnoy,
D. A. The Listeriamonocytogenes hemolysin has an acidic pH
optimum to compartmentalize activity and prevent damage to
infected host cells.J. Cell Biol. 156, 1029–1038 (2002).

31. Schuerch, D. W., Wilson-Kubalek, E. M. & Tweten, R. K. Molecular
basis of listeriolysin O pH dependence. Proc. Natl. Acad. Sci. USA
102, 12537–12542 (2005).

32. Sturme, M. H. et al. An agr-like two-component regulatory system in
Lactobacillus plantarum is involved in production of a novel cyclic
peptide and regulation of adherence. J. Bacteriol. 187,
5224–5235 (2005).

33. Ma, M., Li, J. & McClane, B. A. Structure-function analysis of peptide
signaling in the Clostridium perfringens Agr-like quorum sensing
system. J. Bacteriol. 197, 1807–1818 (2015).

34. Chaudhuri, S. et al. Contributionof chitinases toListeriamonocytogenes
pathogenesis. Appl. Environ. Microbiol. 76, 7302–7305 (2010).

35. Chaudhuri, S., Gantner, B. N., Ye, R. D., Cianciotto, N. P. & Freitag, N.
E. The Listeria monocytogenes ChiA chitinase enhances virulence
through suppression of host innate immunity.mBio 4,
e00617–00612 (2013).

36. Coin, I., Beyermann, M. & Bienert, M. Solid-phase peptide synthesis:
fromstandardprocedures to the synthesis of difficult sequences.Nat.
Protoc. 2, 3247–3256 (2007).

Acknowledgements
We gratefully acknowledge the Independent Research Fund Denmark
−Natural Sciences (Grant No. 0135-00427B; C.A.O.) and the LEO
Foundation Open Competition Grant program (LF-OC-20-000517;
M.S.B. and H.I., LF-OC-19-000039; C.A.O., and LF-OC-21-000901;
C.A.O.) for financial support.We thankProf. ChristianRiedel (University of
Ulm) for generously providing the bacterial strains used in the study.

Author contributions
Benjamin S. Bejder: conceptualization, investigation, formal analysis,
methodology, visualization, writing–original draft, writing–review, editing;
FabrizioMonda: investigation, formal analysis,methodology,writing–review
& editing; Bengt H. Gless: conceptualization, investigation, formal analysis,
methodology, supervision, visualization, writing–review & editing; Martin S.
Bojer: investigation, formal analysis, methodology, supervision,

https://doi.org/10.1038/s42003-024-06623-6 Article

Communications Biology |           (2024) 7:942 10



writing–review & editing; Hanne Ingmer: funding acquisition, supervision,
writing–review & editing; Christian A. Olsen: conceptualization, formal
analysis, funding acquisition, project administration, resources, supervision,
writing-original draft, writing–review & editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06623-6.

Correspondence and requests for materials should be addressed to
Christian A. Olsen.

Peer review information Communications Biology thanks Michael Otto
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Primary Handling Editor: Tobias Goris. A peer review file
is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-06623-6 Article

Communications Biology |           (2024) 7:942 11

https://doi.org/10.1038/s42003-024-06623-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A short-lived peptide signal regulates cell-to-cell communication in Listeria monocytogenes
	Results
	Assay optimization and evaluation of compounds P1–P3
	Development of N-terminally modified mimics of P2
	Development of alternative stabilized analogues of P2
	Reporter-independent assessment of P1–P3 and 10 on QS and downstream gene expression

	Discussion
	Methods
	Assay protocol for monitoring of S→N acyl shift
	Luciferase-based assay protocol for measuring agr activity in L. monocytogenes
	Relative quantification of agrB and lmo0477 by quantitative real-time polymerase chain reaction (qPCR) analysis
	General procedures for automated solid-phase peptide synthesis (SPPS)
	General procedure for manual coupling step of N-terminal amino acids
	General procedure for the synthesis of N,N-dimethyl-thiolactone peptides
	N,N-Dimethyl-P2 (1)
	N,N-Dimethyl-P2 F2A (2)
	N,N-Dimethyl-P2 M3A (3)
	N,N-Dimethyl-P2 F4A (4)
	N,N-Dimethyl-P2 V5A (5)
	N,N-Dimethyl-P2 C1Dap (6)
	P2 C1Dap (7)
	P2 C1Ser (8)
	N,N-Dimethyl-P2 thioether (9)
	P2 thioether (10)
	Statistics and reproducibility

	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




