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ABSTRACT: Group behavior in many bacteria relies on chemically induced communication called quorum sensing (QS), which
plays important roles in regulation of colonization, biofilm formation, and virulence. In Gram-positive bacteria, QS is often mediated
by cyclic ribosomally synthesized and posttranslationally modified peptides (RiPPs). In staphylococci for example, most of these so-
called autoinducing peptides (AIPs) contain a conserved thiolactone functionality, which has been predicted to constitute a structural
feature of AIPs from other species as well. Here, we show that pentameric AIPs from Lactobacillus plantarum, Clostridium
perfringens, and Listeria monocytogenes that were previously presumed to be thiolactone-containing structures readily rearrange to
become homodetic cyclopeptides. This finding has implications for the developing understanding of the cross-species communication
of bacteria and may help guide the discovery of peptide ligands to perturb their function.

In bacteria, quorum sensing (QS) is a mechanism that relies
on secretion and detection of a signaling molecules that modu-
late synchronized change in behavior of an entire bacterial pop-
ulation in a cell density-dependent manner. This cell-to-cell
communication has been shown to regulate important functions,
such as colonization, biofilm formation, and virulence.' The ac-
cessory gene regulator (agr) locus is a group of four genes
(agrBDCA) encoding the components of such a QS system
found in several Gram-positive bacteria,” including Listeria
monocytogenes (Figure 1).* The agr systems utilize short cyclic
peptides, usually containing a thiolactione functionality, as QS
signals. These so-called autoinducing peptides (AIPs) originate
from the ribosomally synthesized AIP precursor peptide AgrD,
which is intracellularly processed by the membrane-embedded
protein AgrB. Outside the cell, the mature AIP binds the recep-
tor protein AgrC, which induces activation of the response reg-
ulator, AgrA. In turn, activated AgrA binds to the P2 promoter,
resulting in upregulated expression of all agr genes, creating a
positive-feedback loop.!? QS interference through inhibition of
the AgrC receptor by foreign AIPs has been well established
among staphylococci.*” Understanding this bacterial crosstalk
may help elucidate complex social interactions that occur in
mixed bacterial communities. Moreover, QS is linked to viru-
lence in opportunistic pathogens like Staphylococcus aureus®
and Listeria monocytogenes® and, consequently, inhibition of
QS may offer an interesting therapeutic alternative to antibiotics
for the treatment of infectious diseases caused by pathogenic
bacteria.'” Thus, knowledge about AIP structures is crucial for
probing the molecular mechanisms of QS and pharmacological
aspects of QS inhibition."" We recently developed a simple and
robust procedure for enrichment of thiolactone-containing AIPs
from complex bacterial supernatant, which facilitated the

structural elucidation of a number of staphylococcal AIPs.!?
This method is predicated on the chemoselective trapping of
thiolactones by resin-bound cysteine residues through a native
chemical ligation (NCL)" like transformation.
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Figure 1. The agr QS system of L. monocytogenes and aligned
AlP-precursor peptide sequences (AgrD) of Gram-positive bacteria
with agr genes.

We attempted to identify the native AIP for L. monocytoge-
nes, which had been reported as both a hexamer (1)!* and a



A. pH-dependent S—N acyl shift of 2 to form 3
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Figure 3. (A) Simplified mechanism of the pH-dependent S—N acyl shift of 2 via the tetrahedral intermediate
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I. (B) UPLC-based

assay to evaluate the S—N acyl shift of 2 at pH 2—11. (C) Conversion rates of 2 to 3 were calculated based on zero order reaction
kinetics form at least two experiments by the slope of [3]/t. k values estimated for pH = 4 (k= 0.208 + 0.006 M s™), pH =5 (k= 0.88
£0.15Ms"),pH=6 (k=4.9+09Ms"),andpH=7 (k=182 Ms™").

A. Possible autoinducing peptides (AlPs) from Listeria monocytogenes
[0} (o}
R, R,

. (P ; (P
HN-BOEM HN-©EW
Lm-AIP 6-mer thioester (1) Lm-AIP 5-mer thioester (2)

AIP after S— N acyl shift
(o}

HN™ TV)
G@e

Lm-AIP 5-mer amide (3)

B. Reported exotail- free thiolactone AIPs from other Gram-positive bacteria
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Figure 2. Structures of (A) the proposed AIPs of L. monocytogenes
and (B) the AlIPs of L. plantarum and C. perfringens

pentamer (2)" but failed to enrich any of the peptides from
spent bacterial medium.'? This led us to speculate that a cyclic
pentamer might be the native AIP, because such a thiolactone —
without a so-called exotail — would be expected to spontaneou-
sly undergo S—N acyl shift to produce a homodetic peptide (3;
Figure 2 and 3A) that would be unreactive towards our cysteine
resin.'>'® Two other pentameric thiolactone-containing AIPs

have been suggested in the literature, i.e., compound 4 from
Lactobacillus plantarum'” and compound 5 from Clostridium
perfringens'® (Figure 2B), which we also predict to undergo the
same rearrangement. Failure to identify these peptides by our
trapping method (data not shown) provided further impetus for
the idea that homodetic pentameric peptides might be the QS
signaling molecules of certain bacteria. To investigate this hy-
pothesis, we chose to focus on the pentamer peptide from L.
monocytogenes. First, we synthesized the thiodepsipeptide 2 by
solid-phase peptide synthesis (SPPS) and isolated it as a triflu-
oroacetic acid salt to prevent premature S—N shift. We also
prepared the homodetic peptide 3 by our previously reported
method utilizing cleavage-inducing cyclization followed by
S—N shift (Supporting Scheme S1 and S2).!° Then, we desig-
ned a UPLC-based assay to monitor the conversion of 2 to 3 by
intramolecular SN acyl shift (Figure 3B). We first monitored
the influence of pH on the rearrangement because the bacteria
of interest inhabit different environments, where e.g., L. plant-
arum can stably grow under acidic conditions. We observed a
strong effect of pH on the rate of the S—>N acyl shift with no
formation of 3 detected at low pH (pH 2 and 3). On the other
hand, only 3 was observed after 15 min at pH > 7. Interestingly,
we did not observe competing hydrolysis of the thioester at the
higher pH values. Next, we followed the S—>N acyl shift of 2
over time at pH 4, 5, 6, and 7 to assess if 2 would have a realistic
lifetime to be the AIP used for cell-to-cell signaling at the given
pH (Figure 3C). The rearrangement occurs slowly at pH 4 with
a rate constant of 0.2 M s! assuming that the S—N shift pro-
ceeds under zero order kinetics as well as no rate-determining
proton transfer steps. The rate increases significantly with each
pH unit, resulting in a ~90-fold faster reaction rate at pH 7 com-
pared to pH 4. Based on the same macrocycle size of 4 and §
compared to 3 we predict that these peptides would also readily
undergo S—N shift at neutral pH. The initial report of 4 used a
growth medium of pH 6.2, but the pH prior to the identification



by LC-MS was not reported.!” Thus, it cannot be excluded that
lactic acid production might have lowered the pH to a level
where 4 would be a prevalent species in these experiments. In
the case of the studies employing synthetic § in neutral media,
we are confident that the homodetic peptide 7 was the assayed
molecule responsible for the agr related downstream effects re-
ported.'®
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C. Influence of pH on growth and agr activity of WT::P2-lux
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Figure 4. (A) Luciferase-expressing reporter strains of L. monocy-
togenes. (B) Representative experiment from treatment of lux-re-
porter strains with synthetic peptides showing early induction of
the agr system by 3. Further experiments can be found in the Sup-
porting Information. Error bars are the standard of the error of the
mean (SEM). (C) Growth and agr activity of WT::P2-lux reporter
strain in pH-modified BHI media.

In the original identification of 2 by Zetzmann et al., a variety
of synthetic peptides based on the AgrD peptide, including 1
and 2, were tested against luciferase-expressing L. monocyto-
genes reporter strains, one capable of producing AIPs (WT::P2-
lux) and one with the agrD gene deleted (dagrD::P2-lux) and
therefore incapable of AIP biosynthesis (Figure 4A).'* Based on
the UPLC assays, compound 2 would be expected to undergo
S—N acyl shift prior to the biological assay measurement, be-
cause the peptide was dissolved in phosphate-buffered saline
(PBS, pH 7.4). To investigate this assumption, we treated the

AagrD::P2-lux mutant strain with the synthetic peptides 1 and
3 as well as an acetylated thiolactone version of 2, Ac-Lm-AIP
pentamer (8), which cannot undergo S—N acyl (Figure 4B). We
were pleased to find that the homodetic peptide 3 resulted in the
early induction of the agr system as would be expected for a
native AIP, while the hexamer 1 led to a delayed increase in sig-
nal, which was also observed in previous work.!* Peptide 8, on
the other hand, had no effect on the reporter strain.

Next, we assayed the same compounds for the ability to in-
duce luminescence in the WT::P2-lux reporter strain as well.
Here the homodetic peptide 3 was again able to induce early
expression of luciferase as observed for the AagrD::P2-lux mu-
tant. In contrast, compounds 1 and 8 caused a significant de-
crease of the autoinduced signal appearing around the 4 h
timepoint for untreated cultures (gray line). Thus, the previ-
ously proposed hexamer (1)'* inhibits QS in the wild-type
strain, strongly arguing against this molecule to be the natural
AIP.

Our results using chemically synthesized 3 are in agreement
with the reported observations by Zetzmann et al. when apply-
ing a buffered solution of thiolactone 2. This strongly supports
our initial prediction that the active molecule was also the ho-
modetic peptide 3 and not the thiolactone 2 in the previous re-
port.!3

The S—N shift of 2 is highly pH-dependent and we therefore
envisioned that growing the AIP-producing WT::P2-lux re-
porter strain in brain-heart-infusion (BHI) medium at different
pH levels could result in an delay of agr activity since less of
the activating homodetic peptide 3 would be available due to
slower S—>N acyl shift rearrangement (Figure 4C). The bacteria
were inoculated at pH 3—7 but lower pH levels (pH 3 and 4)
proved to be growth inhibitory and higher pH (pH 5 and 6)
caused delays in growth to different extents. These results pro-
vide an additional line of evidence to suggest that 3 and not 2 is
the native AIP of L. monocytogenes, because it is unlikely that
the bacteria utilize a molecule that can only exist at pH levels
that are not supporting growth of the organism.

In summary, we provide compelling evidence to suggest that
the structures of AIPs previously believed to exist as thio-
lactones are actually cysteine-containing homodetic peptides in
their functional state. The rearrangement of thiolactone-con-
taining peptides without an exotail, to give their homodetic
counterpart, happens spontaneously through intrinsic chemical
reactivity in a pH-dependent manner. Synthetically prepared
homodetic pentamer peptide (3) furnished rapid induction of
quorum sensing in luciferase reporter strains of L. monocyto-
genes with either wild-type agr system or agrD deleted, which
strongly supports that this peptide is the AIP. Moreover, at lower
pH, where the thiolactone version of this sequence (2) remains
stable, bacterial growth is arrested, further suggesting that 2 is
unlikely to have an effect on QS. By extension, we argue that L.
plantarum and C. perfringens are also highly likely to rely on
homodetic cysteine-containing petamer peptides as their AIPs,
i.e., compounds 6 and 7, respectively. Finally, the discovery of
this mechanism in the bacterial synthesis of homodetic peptides
is independently corroborated by Hertweck and coworkers, who
show that hexameric thiolactones produced in clostridia un-
dergo the same transformation by S—N acyl shift chemistry.?’

This research provides fundamental insight into bacterial
peptide biosynthesis and corrects the structures of previously
assigned naturally occurring cyclic peptides. This discovery has
implications for the future investigation of QS modulation and
development of inhibitors of QS in a number of bacteria.
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Cyclic autoinducing peptides, produced by Gram-positive bacteria for chemical communication through quorum sensing, were
previously believed to contain thiolactone- or lactone functionalities. It has now been shown that this prediction is not always
true. In examples where the biosynthesized thiolactone-containing peptide is void of a so-called exotail, spontaneous rear-
rangement produces its homodetic cyclopeptide counterpart.



