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ABSTRACT The synthesis of virulence factors and other
extracellular proteins responsible for pathogenicity in Staph-
ylococcus aureus is under the control of the agr locus. A
secreted agr-encoded peptide, AgrD, processed from the AgrD
gene product, is known to be an effector of self-strain activa-
tion and cross-strain inhibition of the agr response. Biochem-
ical analysis of AgrD peptides isolated from culture superna-
tants has suggested that they contain an unusual thiol ester-
linked cyclic structure. In the present work, chemical
synthesis is used to confirm that the mature AgrD peptides
contain a thiolactone structure and that this feature is
absolutely necessary for full biological activity. The AgrD
synthetic thiolactone peptides exhibited biological activity in
vivo in a mouse protection test. Structure-activity studies have
allowed key aspects of the peptide structure involved in the
differential activation and inhibition functions to be identi-
fied. Accordingly, we propose a model for activation and
inhibition of the agr response in which the former, but not the
latter, involves specific acylation of the agr transmembrane
receptor, AgrC.

Staphylococcus aureus is among the major nosocomial patho-
gens that are now under increasing risk of developing resis-
tance to all currently available therapeutics. Consequently,
there is a pressing need to identify new types of antibacterial
agents, and it has been suggested that interference with the
expression of virulence may represent a promising antibacte-
rial modality (1, 2). As it happens, S. aureus is a very good
candidate for such an approach as it uses a global regulator,
agr, activated by secreted autoinducing peptides, to control the
expression of most virulence genes (3, 4). These peptides serve
as ligands for a signal receptor, AgrC, that initiates this agr
response through a classical two-component signaling path-
way. The autoinducer-receptor pair shows considerable inter-
strain sequence variation, which affects the specificity of the
receptor-ligand interaction. On the basis of this autoinducer—
receptor specificity, S. aureus strains can be placed in at least
four different groups (refs. 4-6; A. Figuereido and R.P.N.,
unpublished data). Remarkably, each of the secreted autoin-
ducing peptides can activate the agr response within the same
group and inhibit the agr response in strains belonging to the
other groups. This inhibition constitutes a novel form of
bacterial interference (5) because it affects the expression of
a specific group of genes rather than inhibiting growth, which
is the usual manifestation of bacterial interference.

The agr locus contains two divergent promoters, P2 and P3.
There are four genes, (agrA-D) in the P2 operon that code for
the cytosolic, transmembrane, and extracellular components
of a density-sensing/autoinduction circuit (4). The agrD gene
product is a propeptide that is processed and secreted through
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AgrB, an integral membrane protein. The resultant mature
autoinducing peptide (AIP) is thought to bind to the trans-
membrane receptor coded by AgrC. Binding of the AIP
triggers a standard two-component signal-transduction path-
way in which the AgrC receptor becomes autophosphorylated
on a histidine residue (6), presumably leading to the subse-
quent trans-phosphorylation of the AgrA gene product. Phos-
phorylated AgrA is assumed to activate transcription from the
agr P2/P3 promoters (6). The RNA transcript from the P3
promoter is responsible for the up-regulation of secreted
virulence factors as well as the down-regulation of surface
proteins (3, 7).

The agr AIPs consist of 7-9 residues and although the
sequences are highly variable among the groups, all contain a
conserved cysteine 5 aa from the C terminus. Mass spectro-
metric analysis of AgrD peptides isolated from culture super-
natants indicated a mass discrepancy of —18 Da compared
with the predicted masses based on the peptide sequences (5).
This observation, combined with the lack of activity of a linear
synthetic group I peptide (2, 5) and the presence of the
absolutely conserved cysteine residue in the AgrD peptides,
has led to the suggestion that these secreted peptides contain
an intramolecular thiol ester linkage between the cysteine
sulfhydryl group and the C terminus (5). Consistent with this
thiolactone structure, the addition of hydroxylamine to a
purified AgrD peptide was observed to abolish its biological
activity (5), whereas iodoacetic acid had no effect. In prelim-
inary studies, we chemically synthesized a very small quantity
of the thiolactone derivative of the AgrD peptide predicted
from the group III agrD DNA sequence and found that this
product had agr inhibitory activity for groups I and II, but no
activation activity (5). Because, as described below, only cyclic
derivatives have activity and most mutants are inhibitory, we
consider this result to represent preliminary confirmation of
the thiolactone structure and the lack of activation activity to
represent uncertainty in the primary sequence of the group III
peptide.

Because the AgrD peptides are relatively hydrophobic and
are present at extremely low concentrations, it has not been
possible to isolate large quantities from culture supernatants.
Consequently, very little is known about the biochemistry of
the AgrD/AgrC interaction. For example, the potency of the
AgrD peptide in either activating (within S. aureus strains of
the same group) or inhibiting (in S. aureus strains from other
groups) the agr response is unknown. Equally, it is unknown
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FiG. 1. Chemical synthesis of AgrD thiolactone-containing auto-
inducing peptides via a solid-phase intramolecular chemical ligation
strategy. Key to this process is the ability to prepare a fully unprotected
peptide immobilized on a solid support through a reactive thiol ester
bond. Simply swelling such an unprotected peptide-[thioester]-resin in
aqueous buffer results in a chemoselective ligation reaction and
concomitant cleavage of the peptide from the support. This final step
is made possible because of the excellent swelling properties of the
PEGA support in water (21).

whether the putative thiolactone structure within the AgrD
peptides is required for activation of the agr response, inhibi-
tion of the agr response, or both.

In this study, we confirm the presence of the thiolactone
moiety through total chemical synthesis, produce enough
material for testing in an animal model, and perform structure-
activity studies on the AgrD-AgrC interaction. We propose a
model for the molecular nature of AgrC receptor-AgrD
peptide interaction that accounts for the differential mecha-
nisms of activation and inhibition of the agr response.

MATERIALS AND METHODS

Synthesis of the AgrD Cyclic Thioester Peptides and Ana-
logues. Peptides were synthesized manually on preloaded
t-butoxycarbonyl-amino acyl-3-mercapto-propionamide—
polyethylene glycol-poly-(N,N-dimethylacrylamide) (Boc-
AA-[COS]-PEGA) supports (8) according to the in situ
neutralization/O-benzotriazol-1-ylI-N,N,N',N' -tetramethylu-
ronium hexafluorophosphate (HBTU) activation protocol for
Boc solid-phase peptide synthesis (9). After chain assembly,
peptides were treated with HF for 1 hr at 0°C to give the
corresponding fully unprotected peptide—[COS]-PEGA res-
ins, which were then washed with cold Et,O and then CH;CN/
H,O containing 0.1% trifluoroacetic acid. The alkyl-thiol
ester linkage between the peptide and the resin is completely
stable to anhydrous HF (8). Unprotected peptides then were
chemoselectively cyclized and simultaneously cleaved from the
support by swelling the beads in a mixture of 0.1 M sodium
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Table 1. Biological activity of the synthetic AgrD peptides as
determined in an in vitro agr P3/B-lactamase fusion assay
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phosphate buffer (pH 7.0) and acetonitrile (80:20). After a
12-hr reaction, the beads were removed by filtration and
washed with 0.1% trifluoroacetic acid in water, and the
peptides were purified from the filtrate by reverse-phase
HPLC. In each case, the yield of the final cyclization/cleavage
reaction was between 60% and 90%, as determined by HPLC
analysis of the crude reaction mixtures and integration of the
peaks. After purification, the products were characterized as
the expected thiolactone-peptides by electrospray MS, chem-
ical reactivity to neutral hydroxylamine, and two-dimensional
'"H NMR spectroscopy. All purified peptides were >95%
homogeneous as indicated by reverse-phase HPLC, MS, and
NMR analysis.

Synthesis of the Lactone and Lactam AgrDII Peptide An-
alogues. The protected peptides Z-Gly-Val-Asn-Ala-
Ser(‘Butyl)-Ser(Benzyl)-Ser(Benzyl)-Leu-Phe and Z-Gly-Val-
Asn-Ala-DAPA(Boc)-Ser(Benzyl)-Ser(Benzyl)-Leu-Phe cor-
responding to the AgrDII sequence with a Cys-5—Ser
mutation [lactone] and a Cys—diaminopropionic acid
(DAPA) mutation [lactam] respectively, were synthesized on
a Wang-resin by using a fluorenylmethoxycarbonyl N* protec-
tion strategy with HBTU activation protocols. After chain
assembly, the peptides were cleaved from the support and the
Ser-5 or DAPA-S side chain deprotected by treatment with a
trifluoroacetic acid/anisole/water mixture (90:5:5) for 4 hr.
The partially protected peptide—*carboxylates then were dis-
solved in N,N-dimethylformamide (DMF) (0.5 mg/ml) and
treated with benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBop; Nova Biochem) (5 eq) and in
the case of the lactone precursor, a catalytic amount of
dimethylaminopyridine. The cyclization reactions were mon-
itored with HPLC, which indicated 2 hr to be sufficient for
complete reaction. The remaining protecting groups then were
removed by treatment with HF and the desired peptides
purified by reverse-phase HPLC and characterized by MS and
two-dimensional "H NMR spectroscopy.
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Synthesis of the Linear Thiol Ester Peptide. The peptide
GVNAASSLF was assembled on an 3-mercaptopropi-
onamide-PEGA resin (8) by using Boc solid-phase peptide
synthesis (this corresponds to the AgrDII sequence with the
single cysteine residue mutated to an alanine). After synthesis
and global deprotection, the peptide—[COS]-PEGA beads
were swollen in a buffer containing 0.1 M sodium phosphate
(pH 7.0) and ethanethiol (2% vol/vol), and the cleavage
reaction was allowed to proceed overnight. The desired
ethyl*thiol ester peptide then was purified from the superna-
tant by reverse-phase HPLC and characterized by electrospray
MS and two-dimensional '"H NMR.

In Vitro Biological Activity Assay. Assays were performed by
using groups I (RN6390B), II (SA502A), and IIT (RN8463) S.
aureus strains (5), each containing an agr P3-blaZ (B-
lactamase) fusion plasmid (4). Cells were grown in CYGP
medium [case amino acid and yeast extracts (1% of each), 100
mM NacCl, 100 mM sodium glycophosphate, and 0.5% glucose,
pH 7.4] at 37°C to either early exponential phase (for agr
activation studies) or mid-exponential phase (for agr inhibition
studies). To the cultured cells then were added either buffer
solution (negative control), the appropriate cell supernatant
containing the natural AgrD peptide as prepared in ref. 2
(positive control), or the synthetic peptide solution in 20 mM
TrissHCl buffer at pH 6.0. Synthetic peptide solutions of
known concentration were prepared by diluting an appropriate
amount of a stock solution (concentration determined by
amino acid analysis) into the assay buffer. The cultures then
were incubated at 37°C with shaking for either 55 min (acti-
vation) or 80 min (inhibition), and B-lactamase activity then
was assayed by using the nitrocefin spectrophotometric
method modified as described in ref. 2. EDs and 1Cs values
were extracted from the sigmoidal dose-response curves (e.g.,
Fig. 2) by using the program PRISM (GraphPad, San Diego). All
assays were performed at least in triplicate.

In Vivo Mouse Protection Test. The inhibitory activity of
synthetic AgrDII peptide on the ability of a group I strain to
cause a s.c. abscess was assayed in a mouse protection test (10).
Mid-exponential-phase cultures grown in CY broth of either
strain RN6390B (agr+) or RN6911 (agr-null) were centri-
fuged, and the bacteria were resuspended in physiological
saline + 10 mM sodium phosphate (pH 7.4) at approximately
10° cells per ml and held on ice until use. Hairless mice (6- to
8-wk-old, strain SKHI1(hrhr)Br from Charles River Labs,
average weight 25 g) were injected s.c. in the flank area with
approximately 108 colony-forming units. Either 5 or 10 pg of
a synthetic preparation of the AgrDII autoinducing peptide
(total body concentration of 200 or 400 nM for a 25-g mouse
or about 2X and 4X the IC;q shown in Fig. 2B) diluted from
10 mM acetate buffer (pH 5.0) were included with the bacteria
for six of the 10 RN6390 animals. Lesions were measured daily
for 10 days.

RESULTS

Synthesis and Biological Activity of the AgrD Thiolactone
Peptides. A synthetic strategy was developed that involved
solid-phase cyclization as the final synthetic step and allowed
the desired thiolactone peptides to be prepared in good yield
(Fig. 1). After purification, each thiolactone peptide was fully
characterized as described in Materials and Methods. The
synthetic AgrDI and AgrDII peptides were found to activate
the agr response only within their own S. aureus class and
inhibit the agr response only in S. aureus strains from the other
two classes (Table 1). [The group III peptide exhibited only
inhibitory activities, consistent with our previous observations
(5)]. Further studies revealed a dose-dependent relationship
between the amount of peptide added to the culture super-
natant and the degree of activation/inhibition of the agr
response (Fig. 2). Analysis of the resulting sigmoidal response
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FiG. 2. Synthetic thiolactone peptides are biologically active.
Shown are representative data for activation (4) and inhibition (B) of
the agr response by a synthetic thiotactone peptide. Degree of activity
based on B-lactamase activity shown as a plot of Vax versus peptide
concentration. (4) Activation of the agr response in group II S. aureus
cells by synthetic AgrDII. (B) Inhibition of the agr response in group
I S. aureus cells by synthetic AgrDII.

curves indicated that the EDsy and ICsg values (for activation
and inhibition the agr response, respectively) were in the low
nanomolar range (Table 1). Moreover, these data indicate that
there is a critical threshold concentration of the AgrD peptide
required for activation of the agr response. This is consistent
with the density-sensing/autoinduction mechanism previously
proposed (4).

The inhibitory activity of synthetic AgrDII peptide on the
ability of a group I strain to cause a s.c. abscess was assayed in
a mouse protection test (10). At the dosages administered (5
and 10 pg per mouse or 2X and 4 X the IC,o9 shown in Fig. 2B),
the s.c. abscess caused by the injection of approximately 108
colony-forming units of strain RN6390B was dramatically
attenuated, nearly to the extent caused by deletion of the entire
agr region. The overall results are summarized in Fig. 34, and
typical lesion sizes at day 5 are shown in Fig. 3 B-D.

Importantly, we were unable to detect any activation/
inhibition activity in vitro with linear carboxylate synthetic
peptides corresponding to the AgrDI and AgrDII sequences
(Table 1). The restriction of biological activity to the thiolac-
tone-peptides serves to confirm that this unusual posttransla-
tional modification is present within the secreted AgrD pep-
tides.

Structure-Activity Studies on the AgrDII Peptide. The
convenience of our synthetic approach made it possible to vary
the chemical structure of the AgrD peptides systematically,
thus enabling detailed structure-activity studies to be per-
formed (summarized in Table 1). By using the AgrDII peptide
as the test system, we focused on the following questions: (i)
Which amino acids within the sequence are most important for
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FiG. 3. Attenuation of the staphylococcal skin abscess by a synthetic thiolactone-containing peptide. (4) Effect of inhibitory peptide on murine
skin abscesses. Six- to eight-wk-old hairless mice were injected s.c. in the flank area on day zero with approximately 10® colony-forming units of
S. aureus from an exponential-phase culture grown in CY broth. The size of the resulting s.c. abscesses were measured with dividers every 24 hr;
sizes were calculated by assuming that lesions were approximately elliptical and of approximately uniform depth. Four mice were injected with strain
RN6390B (agr+), four with RN6911 (agr-null), three with RN6390B + 5 ug of synthetic AIPII (group II thiolactone peptide), and three with
RN6390B + 10 pg of synthetic AIPIIL In each case the peptide was included with the bacteria being injected. The graph shows the data plotted
as average lesion size, with error bars representing the SD. The differences among the sizes of the lesions induced by RN6911 and by RN6390B
plus the peptide are not significant. (B—D) Typical lesion sizes at day 5 are shown. (B) RN6390B; (C) RN6911; (D) RN6390B + 5 ug of synthetic

AIPII.

affinity/selectivity? (ii) What is the role of the thiolactone
structure in activation and inhibition of the agr response?

To address the first of these issues, we performed alanine
scanning substitution on the group II AgrD peptide. Each of
the alanine-modified AgrDII peptide analogues was pre-
pared and characterized as before, and in each case the
purified peptide was assayed for its ability to activate or
inhibit the agr response in group I and II S. aureus strains.
Analysis of the results, summarized in Fig. 4, revealed that
amino acids within both the ring and the tail regions of the
peptide (Asn-3, Leu-8, and Phe-9) are critical for activation
of the agr response. In contrast, inhibition of the agr response
appears to depend solely on amino acids within the ring
structure of the peptide (Leu-8 and Phe-9). Several of the
alanine-modified peptides have the interesting property of
being potent inhibitors of the agr response (even more so
than wild-type peptides), although they are unable to acti-
vate the response.

In addressing the role of the thiolactone moiety, we first
examined whether a linear thiol ester analogue of the AgrDII
peptide had biological activity. As with the linear carboxylate
AgrDII peptide analogue described earlier, the linear thiol
ester peptide was unable either to activate or inhibit the agr
response even when added to cultured cells at micromolar
concentrations (Table 1). This result suggests that the cyclic

structure present within the AgrD peptides is indispensable for
biological activity.

Thiol ester groups are moderately good acylating agents, a
property that is used in several biological processes (11-13). It
is intriguing to speculate that on receptor binding, the thio-
lactone present in the AgrD peptides serves as an acyl donor
for the covalent modification of a specific residue within AgrC.
We thus were interested in the effect of replacing the thiol
ester group in the AgrDII peptide with both ester (lactone) and
amide (lactam) bonds. The former of these analogues should
be significantly less reactive than the wild-type peptide [in
particular, thiol esters are significantly more reactive toward
nitrogen nucleophiles that oxygen esters (14)], whereas the
latter will be completely unreactive in acyl-transfer reactions.
Furthermore, the lactone analogue of the AgrDII peptide also
should be essentially isosteric to the thiolactone. Synthesis of
the desired AgrDII lactone and lactam analogues was achieved
via solution cyclization of a partially protected intermediate,
followed by global side-chain deprotection. As with the linear
peptides described above, both the purified lactone and lactam
analogues were unable to activate the agr response in either
group I or group II S. aureus strains (Table 1). However, both
analogues were potent cross-strain inhibitors of the agr re-
sponse as demonstrated in group I S. aureus strains. Clearly,
the reactive thiol ester bond is necessary for activation of the
agr response, but is not necessary for inhibition.



1222 Biochemistry: Mayville et al.

A. Activation of the agr Response
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FiG.4. Effect of replacing each residue within the AgrDII peptide sequence with alanine on activation (4) and inhibition (B) activity. The results
are superimposed on a model of the AgrDII peptide created by using the program DISCOVER (Biosym Technologies, San Diego). The EDsq values
(activation, group II cells) were as follows: Ala-1, 3.2 = 2.2 nM; Ala-2, 73.7 = 1.9 nM; Ala-3, no activity; Ala-6, 33.6 = 1.5 nM; Ala-7, <1 nM;
Ala-8, no activity; Ala-9, no activity. The ICsq values (inhibition, group I cells) were as follows: Ala-1, <1 nM; Ala-2, <1 nM; Ala-3, <1 nM; Ala-6,
<<1nM; Ala-7, <1 nM; Ala-8, no activity; Ala-9, no activity. None of the peptides activated the agr response in group I S.aureus strains or inhibited

the agr response in group II strains.

DISCUSSION

Total chemical synthesis has been used to confirm that the
AgrD autoinducing peptides from S. aureus contain a func-
tionally important thiolactone structure. A thiolactone struc-
ture recently has been observed in an agr-encoded peptide
produced by an S. epidermidis strain (15). Synthetic access to
these S. aureus AIPs has allowed in vivo and in vitro assays to
be performed and has permitted an initial structure-activity
analysis of the system. Analysis of the biological properties of
the various AgrDII peptide analogues prepared in this study
revealed the following: (i) activation of the agr response is
extremely sensitive to both the amino acid sequence and the
chemical/stereochemical nature of the AgrD peptide; and (i)
inhibition of the agr response is sensitive to the backbone
stereochemistry and the amino acid sequence of the AgrD
peptide but is not affected by changes in the chemical reactivity
of the cyclic linkage. These observations suggest that activation
and inhibition of the agr response occur through two different
chemical mechanisms.

We propose the following model in which an AgrD peptide
binds its own AgrC receptor (i.e., from the same S. aureus
class) in a different manner than an AgrC receptor from
another class (Fig. 5). This binding may involve two slightly
different orientations of the peptide within the receptor-
binding pocket, although more than one discrete binding site
within the AgrC receptor cannot be excluded. We further
hypothesize that in the intraclass association, highly specific
side-chain interactions between AgrC and AIP results in
positioning of the thiol ester linkage of the peptide adjacent to
a nucleophilic group within the receptor. Juxtaposition would
lead to a trans-acylation reaction and activation of the agr
response through an associated conformational change in the
receptor. The thiol ester linkage is sufficiently reactive to
participate in this trans-acylation step and would explain its
presence within the AgrD peptide rather than one of the more

common stereochemical constraints such as disulfide- or
amide-bond formation. Although the precise location of the
putative nucleophile is currently unknown, it is worth noting
that deletion mutagenesis on AgrC seems to indicate that the
third extracellular loop of the receptor is sufficient for AgrD
peptide binding and receptor activation (6).

The AgrC receptor contains a cytoplasmic histidine kinase
domain at its C terminus (5). Given that cytoplasmic histidine
kinases are known to undergo trans-phosphorylation via
dimerization (16-19), it seems likely that binding/reaction of
the activating AgrD peptide results in the formation of an
active AgrC homodimer, which in turn leads to histidine
trans-phosphorylation (6). It remains to be seen whether AgrD
peptide binding induces receptor dimerization in a manner
analogous to polypeptide hormones (20) or whether it results
in a conformational change in a preformed AgrC dimer. It also
is pertinent to note at this time that autophosphorylation in cis
cannot be dismissed on the basis of the studies presented here.

In contrast to the activation situation, an interclass receptor—
ligand interaction (i.e., inhibition) would not lead to a thiol
ester-nucleophile juxtaposition, because of the absence of
specific interactions involving the tail region of the AgrD
peptide. Thus, inhibition of the agr response would not involve
a signal-transducing trans-acylation step, but rather a nonco-
valent binding interaction that would serve to exclude the
strain’s own autoinducing AgrD peptide from the receptor-
binding pocket. It is important to note that the lactone and
lactam AgrDII analogues, although being able to inhibit in the
appropriate interclass fashion, do not inhibit self. Inhibition by
default, therefore, does not occur when the unreactive lac-
tone/lactam AgrD analogue encounters its own receptor. This
evidence further supports our proposed model in which acti-
vation and inhibition occur through discrete mechanisms.

It is also interesting to note that the thiolactone structure is
likely to limit the in vivo half-life of the peptide; the thiol ester
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F1G.5. Proposed model for the activation and the inhibition of the
agr response. (4) Activation of the agr response occurs when an AgrD
peptide interacts with an AgrC receptor from the same S. aureus class.
Specific AgrD-AgrC interactions lead to the thiol ester group within
the peptide being positioned close to a nucleophile within the receptor.
Subsequent trans-acylation leads to a signal-transducing conforma-
tional change in the receptor, which may include homodimerization
and trans-phosphorylation of the histidine kinase domains. (B) Inhi-
bition of the agr response occurs via an interclass, noncovalent
interaction that serves to exclude the strain’s own activating peptide
from the receptor.

linkage will undergo slow hydrolysis at physiological pH lead-
ing to the generation of an inactive linear peptide. The
biological significance of such a short-term in vivo efficacy is
as yet unknown.

In summary, ready synthetic access to AgrD peptides has
allowed us to demonstrate biological activity with respect to
the agr response both in vivo and in vitro. The demonstration
that it is possible to prepare synthetic AgrD analogues that are
able to inhibit but not activate the agr response is extremely
significant in terms of exploiting the agr response as a route to
novel therapeutics, a long-term goal of our program. More-
over, the ability to adapt our solid-phase synthetic strategy
easily to combinatorial-type synthesis may be advantageous in
the rapid identification of active compounds.

Proc. Natl. Acad. Sci. USA 96 (1999) 1223

Note Added in Proof: It recently has been reported that a 38-kDa
protein is the agr activator for S. aureus group I strains and that a linear
heptapeptide, YSPWTNF, is a potent inhibitor of the agr response
(22). We and others (S. Foster, personal communication; J. Larrick,
personal communication) have been unable to confirm these results.
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