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Abstract
Staphylococcus aureus is a major human pathogen that uses quorum sensing (QS) to control
virulence. Its QS system is regulated by macrocyclic peptide signals (or autoinducing peptides
(AIPs)) and their cognate transmembrane receptors (AgrCs). Four different specificity groups of S.
aureus have been identified to date (groups I–IV), each of which uses a different AIP:AgrC pair.
Non-native ligands capable of intercepting AIP:AgrC binding, and thereby QS, in S. aureus have
attracted considerable interest as chemical tools to study QS pathways and as possible anti-
virulence strategies for the treatment of infection. We recently reported a set of analogs of the
group-III AIP that are capable of strongly modulating the activity of all four AgrC receptors.
Critical to the further development of such ligands is a detailed understanding of the structural
features of both native AIPs and non-native analogs that are essential for activity. Herein, we
report the first three-dimensional structural analysis of the known native AIP signals (AIPs-I–IV)
and several AIP-III analogs with varied biological activities using NMR spectroscopy. Integration
of these NMR studies with the known agonism and antagonism profiles of these peptides in AgrC-
III revealed two key structural elements that control AIP-III (and non-native peptide) activity: (1)
a tri-residue hydrophobic “knob” essential for both activation and inhibition, and (2) a fourth
anchor point on the exocyclic tail needed for receptor activation. These results provide strong
structural support for a mechanism of AIP-mediated AgrC activation and inhibition in S. aureus,
and should facilitate the design of new AgrC ligands with enhanced activities (as agonists or
antagonists) and simplified chemical structures.

Introduction
Staphylococcus aureus is an opportunistic, Gram-positive bacterial pathogen that is a
primary cause of human infections worldwide.1,2 The emergence of S. aureus strains
resistant to last-line antibiotics,3,4 such as vancomycin, has stimulated an urgent need for the
development of new antimicrobial approaches against this bacterium. Strategies that target
infectivity (i.e., virulence) as opposed to growth have attracted much recent interest.5 Such
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anti-virulence strategies could offer reduced selection pressure for drug-resistant mutations,
and represent a paradigm shift for the treatment of bacterial infection.6 Pivotal to the ability
of S. aureus to initiate virulence is its capability to assess its local population density using
quorum sensing (QS).7 S. aureus uses the agr (accessory gene regulator) two-component
signaling system for QS, which is mediated in part by macrocyclic peptide signals (or
autoinducing peptides (AIPs)) and their cognate receptors (AgrCs).8,9 The AgrCs are
transmembrane, receptor histidine kinases. AIP signal concentration increases with bacterial
cell density, and when a sufficient density is achieved in a given environment, binding of the
AIP to the extracellular sensor domain of AgrC causes AgrC activation and
autophosphorylation. AgrC then phosphorylates the response regulator, AgrA, which then
goes on to directly activate expression of virulence genes.

Four different AIP:AgrC pairs have been characterized so far, resulting in the categorization
of four different specificity groups of S. aureus (I–IV).7,8 The AIPs-I–IV vary in length
from hepta- to nonapeptides, and share a 5-amino acid (aa) Cys→C-terminus macrocyclic
thiolactone core and a 2-4-aa exocyclic tail (shown in Figure 1A). While their primary
sequences differ, all four AIPs show a gradient of increasing hydrophobicity from their N to
C termini, ending with bulky hydrophobic residues at the C terminal positions.10

Methods to inhibit AIP:AgrC interactions represent a direct strategy to block QS, and
thereby halt virulence, in S. aureus.11 Over the past decade, the development of non-native
synthetic ligands (both small peptides and macromolecules) capable of AgrC inhibition has
received significant attention.12-18 Intriguingly, initial studies of the agr system revealed that
each of the four native AIPs are capable of cross-inhibiting the other three, non-cognate
AgrC receptors.12,13,19 This cross-group interference has been suggested to potentially
provide each group with a competitive advantage when establishing an infection; however,
the in vivo relevance of this interference remains poorly understood, as some infection types
contain specific groups of S. aureus while others contain multiple groups.9

Most past work directed toward the development of abiotic AIP:AgrC modulators has been
focused on the AIP-I and AIP-II signals12-15,17,20,21 due to the prevalence of groups-I and -
II S. aureus in human infections.22-24 The presence of group-III S. aureus in infections
appears to be more common than previously estimated, however.22,23 We recently
performed a systematic SAR study of the AIP-III signal, and identified a set of AIP-III
analogs that strongly disrupt AIP:AgrC interactions and, to our knowledge, are the most
potent AgrC inhibitors to be reported in all four groups of S. aureus (Figure 1B).25 These
past experiments indicated that the AIP-III scaffold might provide a superior scaffold for the
development of peptide-based AgrC inhibitors. Many questions remain with regards to their
mechanisms of action. Critically, we lack virtually any information about the three-
dimensional (3-D) solution-phase structures of any of the S. aureus AIPs or analogs
thereof.26 Detailed structural analyses of these macrocyclic peptides would illuminate their
modes of action and facilitate the design of new ligands with simplified chemical structures
and improved properties for use both as research tools and as potential therapeutic leads.

Toward this goal, we report herein the first 3-D structural characterization of the four known
native AIP signals in S. aureus and several of our AIP-III analogs using NMR spectroscopy.
Comparison of the calculated structures of the native AIP-III signal to the AIP-III analogs
allowed us to develop a mechanistic understanding of their modes of AgrC-III activation and
inhibition that could be directly correlated to their observed biological activities in cell-
based assays. Likewise, comparison of the AIP-III and analog structures to those of the
native AIPs-I, -II and -IV provided us with insights into the structural features dictating their
cross-group inhibitory activity of AgrC-III. While some caution must be taken when
drawing conclusions about the biologically active conformations of ligands under solution-
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phase conditions that differ from native conditions (and in the absence of the receptor), our
ability to very well correlate these structural data to the biological activities of these peptides
suggest that the structures, and mechanistic rationales derived therefrom, have biological
relevance. These results are significant as they represent the first structural data in support of
a mechanism of AIP-mediated AgrC activation and inhibition in S. aureus, and serve to
refine many prior hypotheses about AIP:AgrC interactions in general.

Experimental Section
Chemical and biological reagents

All reagents and solvents were purchased from commercial sources (Alfa-Aesar, Sigma-
Aldrich, J.T. Baker, and Acros) and used without further purification. Water (18 MΩ) was
purified using a Millipore Analyzer Feed System. All peptides analyzed in this study were
prepared using our previously reported solid-phase synthesis and macrocyclization
protocols.25 The peptides were purified to homogeneity using standard reversed-phase high
performance liquid chromatography (RP-HPLC) methods.

Strain information and assay methods
The S. aureus reporter strains AH174727 and RN953214 were used for the AgrC-III
antagonism and agonism assays, respectively. S. aureus AH1747 is a methicillin-resistant
group-III strain harboring a P3-gfp reporter plasmid. Activation of AgrC-III results in
phosphorylation of AgrA, which will then bind P3 and transcribe gfp (in addition to typical
upregulation of RNAIII).27 S. aureus RN9532 is a group-I agr-null strain harboring a P3-
blaZ reporter plasmid, and a chimeric AgrC receptor containing the N-terminal sensor
domain of the group-III agrC coding sequence fused to the C-terminal histidine kinase
domain of the group-IV agrC, followed by the agrA coding sequence. Activation of the
chimeric AgrC-III-IV receptor results in phosphorylation of AgrA, which will then bind P3
and transcribe blaZ.14 [We note that Muir, Novick, and co-workers have demonstrated that
the sensor domain from one AgrC receptor can be attached to the histidine kinase domain of
a different AgrC without changing the signaling characteristics of that domain.28]

Antagonism of AgrC-III by peptides was measured in by monitoring GFP fluorescence
using S. aureus AH1747 as previously described by our laboratory.25 Agonism of AgrC-III
by peptides was measured by monitoring β-lactamase activity using S. aureus RN9532 and a
modified version of the assay described by Novick and co-workers.29 Serial dilutions of
peptide stock solutions were performed to obtain dose response antagonism and agonism
data, and IC50 and EC50 values were calculated, respectively. See Supporting Information
for full details of assay methods and dose-response data.

NMR methods and structural analyses
All NMR spectra were recorded on a Varian Inova 600 MHz spectrometer at 298 K, using
1.0–1.5 mM solutions of the peptides in 70% H2O/30% CD3CN, pH 3.65 (note, the peptides
are insoluble in aqueous solutions at the concentrations needed for the NMR experiments).
Spectra were processed using the Vnmr software package (v. 6.1C; Varian) and NMRPipe
software.30 Chemical shifts were referenced to CD3CN at 1.94 ppm.

Two-dimensional (2-D) homonuclear experiments gcosy, wgtocsy (tocsy31,32 using DIPSI
spinlock and the 3-9-19 water suppression sequence) and wgroesy (rotating frame NOE
experiment with pulsed T-Roesy33 spin lock and the 3-9-19 water suppression sequence)
were acquired. The gcosy experiments were collected with 1754 and 512 real data points in
the direct and indirect dimensions, respectively, with 16 scans per data point. For the
wgtocsy experiments, 1536 and 256 real data points were collected in the direct and indirect
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dimensions, respectively, with 32 scans per data point. A relaxation delay of 2 sec was used
for both the gcosy and wgtocsy experiments, with a mixing time of 80 ms for the wgtocsy.
For the wgroesy experiments, 3080 real data points were used in the direct dimension, with
data points in the indirect dimension ranging from 256 to 400, and the number of scans
ranging from 48 to 80 per data point. A relaxation delay of 3 sec and a mixing time of 300
ms were used. Presaturation water suppression was used in the 1H 1-D and 22706 real data
points were acquired, with 32 scans per data point. One-dimensional 1H spectra and
representative 2-D spectra for each peptide are included in the Supporting Information.

All spectra were analyzed with SPARKY.34 Assignment of resonances for each peptide
(listed in Tables S-1–S-11) was achieved using standard sequential assignment
methodology.35 The number of ROEs observed for each peptide are listed in Table S-12.
The volumes of the ROE peaks were calculated by SPARKY and converted into a
continuous distribution of interproton distance restraints, with a uniform 20% distance error
applied to take into account spin diffusion. Three-dimensional structure calculations and
refinements made use of the torsion angle molecular dynamics and the internal variable
dynamics modules36 of Xplor-NIH (v. 2.31),37 with patches for the thioester bridge and ring
closure. The target function minimized was comprised of the experimental NMR restraints
(ROE-derived interproton distances and torsion angles), a repulsive van der Waals potential
for the non-bonded contacts,38 a torsion angle database potential of mean force,39 and a
gyration volume potential.40 PyMOL41 and Chimera42 were used for visual analysis and
presentation of the peptide structures.

The pdb files for each peptide structure are included in the Supporting Information. These
files have also been deposited at the BMRB SMSDep website (http://smsdep.protein.osaka-
u.ac.jp/bmrb-adit/; BMRB accession numbers listed in Table S-13). Movies of the 20-
structure ensembles for each peptide and the Kyte Doolittle (KD) hydrophobicities of AIP-
III, AIP-III D4A, and AIP-III D-L7 are included as Web Enhanced Objects.

Results and Discussion
Biological analyses and SAR development

In our past work, we systematically altered the structure of AIP-III, evaluated the analogs
for antagonism of AgrC receptors I–IV using cell-based reporter gene assays in wild-type S.
aureus strains, and delineated several structure-activity relationships (SARs) for AgrC
receptor antagonism.25 For the current study, we sought to connect these SARs for AgrC-III
modulation with peptide 3-D structural data. We therefore further evaluated a subset of the
AIP-III analogs that displayed a range of inhibitory activities against AgrC-III in our initial
study and determined their relative IC50 values using the group-III reporter strain27 for a
more comparative analysis of SARs (listed in Table 1). We also include the IC50 values for
the native AIPs-I, -II, and –IV in Table 1 (values determined in our earlier study using the
same AgrC-III antagonism assay)25 for comparison to the non-native analogs. In tandem, we
evaluated the AIP-III analogs and AIPs-I, -II, and –IV for any intrinsic activity as AgrC-III
agonists using an alternate mutant S. aureus reporter strain14 (see Experimental Section for
full details of strains); only AIP-III D-L7 was found to display agonistic activity (with an
EC50 value comparable to AIP-III, Figure S-2). Our results demonstrating the inactivity of
AIPs-I, -II, and –IV in this AgrC-III agonism assay corroborate those of Novick, Muir, and
co-workers.14

This collective set of AgrC-III antagonism and agonism data for the AIP-III analogs
revealed chemical motifs that are critical for AIP-III activity and served to focus our
selection of peptides for subsequent NMR analyses (Table 1). We summarize critical SAR
here. First, replacing the endocyclic Asp4 with Ala (AIP-III D4A; structure in Figure 1B)
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converted AIP-III from an agonist to an extremely potent antagonist of AgrC-III (along with
AgrC-I, -II, and -IV).25 Second, removal of the exocyclic tail from AIP-III yielded AgrC-III
inhibitors (e.g., truncated analogs tAIP-III and tAIP-III D2A (Figure 1B)), yet maintenance
of this tail was critical for AgrC-III activation. However, certain AIP-III analogs that
contained the exocyclic tail were also capable of AgrC-III inhibition (e.g., AIP-III D4A).
Third, the hydrophobic amino acid side chains on the AIP-III macrocycle (Phe5, Leu6, and
Leu7) were important for both AgrC-III activation and inhibition, as replacing these residues
with Ala or the D-isomer abolished agonistic activity (with one exception) and severely
attenuated antagonistic activity (relative to AIP-III D4A). The endocyclic hydrophobic
residues of AIP-I and -II have previously been shown to play a similarly important role in
cognate receptor activation (residues 6–8 in AIP-I and 8–9 in AIP-II).12,15 Interestingly for
AIP-III however, replacement of Leu7 with D-Leu yielded an AgrC-III agonist (AIP-III D-L7)
with activity comparable to AIP-III (see above).

Turning to the AgrC-III antagonism data for AIPs-I, -II, and -IV, these native peptides each
showed comparable and strong IC50 values that were only marginally higher than that for
our truncated AIP-III analog, tAIP-III D2A (Table 1). Delineating precise structural features
that belay these similar inhibitory activities is challenging a priori due to the divergent
primary sequences of the native AIPs and tAIP-III D2A. However, two of the general SAR
for AgrC-III antagonism outlined above are maintained: (1) these four peptides retain a
largely hydrophobic macrocyclic core (with AIP-II the least hydrophobic overall), and (2)
the presence of the exocyclic tail (and its primary structure in general) do not appear to
influence their relative ability to inhibit AgrC-III.

These collective SAR for the AIP-III analogs and the native AIPs-I, -II, and -IV are largely
congruent with the general hypotheses developed by Novick, Muir, and co-workers in 2004
for all AIP:AgrC interactions.10 The authors proposed that (i) a hydrophobic face of the
macrocycle (or “patch”) is essential for initial receptor recognition, (ii) this binding is tuned
by specific residues on the macrocycle, and (iii) the exocyclic tail along with appropriate
binding contacts on the macrocycle (e.g., the thiolactone itself is essential) are required for
receptor activation. These hypotheses support a mechanism by which our AIP-III analogs
and the native AIPs-I, -II, and -IV can competitively bind AgrC-III but fail to activate the
receptor; this model is congruent with our observation that the native AIP-III can
outcompete the analogs in a dose dependent manner in the S. aureus AgrC-III reporter
assay.25 The native AIPs-I and -II have also been shown to competitively inhibit AgrC-II
and AgrC-I, respectively, using similar experiments.28 While there is no structural
information to date on the transmembrane AgrC receptors, a hydrophobic binding pocket on
the extracellular AgrC receptor distal domain is predicted that recognizes the AIP patch.10

NMR analyses
We reasoned that the modified features in our AIP-III analogs could have substantial effects
on their overall 3-D structures relative to native AIP-III, and these were altering their ability
to interact with AgrC-III. Further, as the native AIPs-I, -II, and -IV are each capable of
inhibiting (yet not activating) AgrC-III, we reasoned that their 3-D structures could also be
disparate from AIP-III and potentially share features with our AIP-III-derived AgrC-III
inhibitors. To test these hypotheses, we examined the structures of the four native AIPs and
seven AIP-III analogs with varied activities (listed in Table 1) using NMR spectroscopy
methods. All 1-D and 2-D NMR experiments (gCOSY, wgTOCSY, and wgROESY) were
recorded on a 600 MHz spectrometer (298 K, 1.0–1.5 mM solutions of peptide in 70% H2O/
30% CD3CN, pH 3.65; see Experimental Section for full details of methods). ROEs were
converted to distance restraints (58–100 ROEs per peptide; Table S-12), and 3-D structure
calculations and refinements were performed using Xplor-NIH (see Supporting Information
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for overlays of 20 lowest energy structures and RMSD values for each peptide). Although
the NMR conditions vary from that of our biological assays,43 we believe that the calculated
structures provide important insights into the intrinsic conformational propensities of these
ligands and the effects of these conformations on their observed biological activities (see
below).

Comparison of the AIP-III structure to the AIP-III analog structures
The calculated structure for AIP-III is shown in Figure 2A. Both the macrocyclic and
exocyclic tail portions were found to be highly structured (see also Figure S-3A). The tail
backbone projects away from the macrocycle, corroborating an earlier NMR study of other
native AIPs indicating their structural independence.14 Closer inspection of the AIP-III
structure shows the side chains of the three endocyclic hydrophobic residues (Phe5, Leu6,
and Leu7) protruding from one face of the macrocycle in a triangular arrangement that we
refer to as a hydrophobic “knob” (Figure 2C). We propose that this knob represents the
previously predicted hydrophobic patch that is critical for initial binding of AIP-III to AgrC
receptors (see above). The side chain of Ile1 projects in the same direction as the knob,
while the intervening Asn2 and Asp4 side chains project in the opposite direction. This
arrangement yields a structure for AIP-III with one largely hydrophobic face and an
opposing more hydrophilic face (see Figure 2C).

The structure of AIP-III D4A, our most potent AgrC-III inhibitor (IC50 value = 50.6 pM),
also displays a hydrophobic face (Figure 2B), with the Phe5, Leu6, and Leu7 side chains
projecting from one side. However, the Asp4→Ala modification results in a significant
conformational change relative to AIP-III. The side chains of Ala4 and Phe5 now face each
other in the AIP-III D4A structure, while the Asp4 and Phe5 side chains are opposed in AIP-
III (Figure 2A; see Figure S-5 for an overlay). The repositioning of the Phe5 side chain
results in a nearly 180° flip of the Leu6 side chain in AIP-III D4A, pulling the entire
triangular hydrophobic knob towards Ile1 on the tail (Figure 2D). These structural data
suggest that Asp4 plays a pivotal role in receptor activation by AIP-III, by serving to
appropriately position Ile1 and arrange the triangular knob in this native AIP. In turn, the
structure provides a model for understanding the inhibitory activity of AIP-III D4A. Lacking
Asp4, AIP-III D4A can still use its more compressed hydrophobic knob to competitively
bind to AgrC-III, yet due to the differentially positioned Ile1 residue, the analog fails to
activate the receptor. Notably, this model could also explain, at least in part, the strong
inhibitory activity of AIP-I D5A against AgrC-III, an AIP-I analog with the same Asp→Ala
modification, as reported by Muir, Novick, and co-workers in 2002.14 However, as the
native AIP-I and the truncated analog of AIP-I D5A lacking a tail, tAIP-I D2A, were also
shown to inhibit AgrC-III (albeit to differing degrees; 10-fold less active and 3-fold more
active, respectively),14 the mechanisms by which these three peptides inhibit AgrC-III
cannot solely depend on the positioning of the exocyclic tail. We return to this point below.

The importance of the endocyclic triangular knob for receptor recognition was further
underscored by the structures of the truncated versions of AIP-III and AIP-III D4A, tAIP-III
and tAIP-III D2A (Figure 3). Both of these analogs lack the exocyclic tail that appears
critical for AgrC-III activation. We hypothesized that tAIP-III, a ∼1000-fold weaker
inhibitor than AIP-III D4A (IC50 value = 54.7 nM), would have a disrupted triangular knob.
Indeed, the structure of tAIP-III reveals the Phe side chain pointing in the opposite direction
as the two Leu side chains (Figure 3A). When overlaid with the structure of AIP-III (Figure
3B), the macrocycle backbone of tAIP-III is flatter than AIP-III and the Phe3 and Leu4 (but
not Leu5) side chains (as numbered in tAIP-III) are splayed below and above their
counterparts in AIP-III, respectively. We reason that this disrupted knob prevents tAIP-III
from effectively binding AgrC-III and contributes to its weaker inhibitory activity (its poor
overlay with AIP-III D4A also supports this hypothesis; see Figure S-6).
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tAIP-III D2A is ∼100-fold stronger inhibitor of AgrC-III relative to tAIP-III (IC50 value =
329 pM), which suggested that it would contain an appropriately oriented triangular knob.
Accordingly, the NMR structure of tAIP-III D2A (Figure 3C) revealed it to adopt a
conformation largely analogous to that of the full-length peptide AIP-III D4A, retaining the
hydrophobic knob (see Figure 3D for an overlay; heavy atom RMSD = 2.38 Å). These data
suggest that the reduced inhibitory activity of tAIP-III D2A relative to AIP-III D4A (six-
fold) may be attributable to the elimination of the fourth exocyclic hydrophobic residue,
Ile1, which thus plays a role in both receptor binding (as in AIP-III D4A) and, when
oriented correctly, engaging in contacts for receptor activation (as in the native AIP-III; see
above).

Analysis of the structures of the four AIP-III analogs with modified endocyclic hydrophobic
residues further supports the importance of the triangular knob for receptor binding. The two
analogs with alanine modifications, AIP-III F5A and AIP-III L7A, were weak to very weak
AgrC-III inhibitors, respectively (Table 1). And, as expected for these peptides that each
lacked one of the three endocyclic hydrophobic side chains, their structures lacked an
obvious triangular knob motif (Figures 4A and 4B). Interestingly, the Phe5→Ala
replacement promotes a more extended conformation for the tail of AIP-III F5A, while the
Leu7→Ala replacement in AIP-III L7A brings the side chain of Asp4 and the amino
terminus into sufficiently close proximity for a hydrogen bond (H-bond observed in 80% of
the calculated structures; Figure 4B). The orientation of the Asp4 side chain and the amino
terminus in AIP-III L7A (as a result of the H-bond) prevents a clear segregation of its
hydrophobic and hydrophilic faces, which could further abrogate receptor binding and
explain its very weak inhibitory activity against AgrC-III.

AIP-III D-F5 was also a weak AgrC-III inhibitor (Table 1), suggesting that the inverse
stereochemistry at Phe5 resulted in a significant conformational change compared to AIP-
III. Its structure revealed two, separate hydrophobic motifs derived from the Ile1/Leu7 and
D-Phe5/Leu6 side chains (Figure 4E), instead of one main triangular core. We speculate that
one (or both) of these two motifs cannot compensate for the absent triangular knob, and
thereby attenuates AIP-III D-F5:AgrC-III binding.

AIP-III D-L7 was the only analog evaluated in this study that was able to activate AgrC-III
(with analogous activity as AIP-III; see above) and was thus predicted to possess the same
structural features as AIP-III – namely the triangular knob and an activation anchor. To our
surprise, the endocyclic knob was absent in its NMR structure (Figure 4F). However, closer
analysis of the AIP-III D-L7 structure indicated that both the triangular knob and an
activation anchor are likely still present in this analog, but in slightly different forms. We
propose that the knob formed from Phe5, Leu6, and Leu7 in AIP-III is now formed instead
from Ile1, D-Leu7, and Leu6 in AIP-III D-L7, whereas the activation anchor Ile1 in AIP-III is
replaced by Phe5 in AIP-III D-L7 (see Figure 4C vs. 4D; space-filling models shown in
Figure 5). These similar structural features may explain the ability of AIP-III D-L7 to
strongly activate AgrC-III and suggest the interesting possibility that the roles of the four
hydrophobic side chains in the 1, 5, 6 and 7 positions of AIP-III (as part of the knob or as
the anchor) may be interchangeable. Additional AIP-III analogs could be readily constructed
to test this hypothesis; such studies and related experiments to dissect steric contributions at
these positions in AIP-III are ongoing.10

Comparison of the AIP-III and analog structures to the AIP-I, -II, and –IV structures
We next turned our attention to the structures of the native AIPs-I, -II, and –IV, each of
which was only a slightly less potent AgrC-III antagonist than the truncated AIP-III analog,
tAIP-III D2A (IC50 values ≈ 500 pM; Table 1). We were interested to learn if they
maintained the hydrophobic knob motif observed in the strong AgrC-III antagonists derived
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from AIP-III, as outlined above, or if they adopted alternate structures. If they did contain
the knob motif, we reasoned that they likely would not have the hydrophobic anchor point in
the exocyclic tail, as these three native AIPs are incapable of AgrC-III activation.

There are many interesting questions that can be addressed through a comparative analysis
of the 3-D structures of the natives AIPs; however, for the purposes of the current study, we
focused on examining structural features of AIPs-I, -II, and -IV that could engender
inhibitory activity against AgrC-III. Nevertheless, it is useful to highlight some differences
between the four native AIPs at the outset. AIP-II has a considerably different primary
sequence relative to the other AIPs, containing only two bulky hydrophobic residues in its
macrocycle, a longer, four-residue exocyclic tail, and a more hydrophilic sequence overall
(Figure 1A). In turn, AIP-I and AIP-IV have nearly identical primary sequences, with the
only difference being at the fifth residue (Asp5 in AIP-I vs. Tyr5 in AIP-IV; see Figure 1A).
Both possess three bulky, hydrophobic residues in the macrocycle that resemble those in
AIP-III (Phe6, Ile7, and Met8 in AIPs-I and -IV vs. Phe5, Leu6, and Leu7 in AIP-III).
Turning to the cognate receptors for these AIPs, the AgrC-II N-terminal sensor domain is
the most distinct (∼30% sequence similarity to the other receptors), while the sensor
domains in the other three AgrC receptors are more similar (nearly 90% sequence similarity
between AgrC-I and -I V, and over 50% sequence similarity between AgrC-III and -I or -
IV).7 This dissimilarity suggests that AgrC-II may bind its native ligand (AIP-II) in an
alternate manner relative to the other AgrC receptors, and/or that the active conformation of
AIP-II is different relative to the other AIPs, even whilst maintaining some form of a
hydrophobic patch (as shown to be important for activity in earlier SAR studies; see
above).12 Previous investigations with a constitutively active AgrC-I receptor mutant have
shown that AIP-II can behave as an inverse agonist of this mutant AgrC-I, while AIP-III and
AIP-IV were determined to be neutral antagonists, further underscoring the possibility for
AIP-II to engage in different interactions with AgrC receptors.44 Together, these
observations suggest that AIP-II could potentially adopt a conformation that is different
from that of the other native AIPs, and that of the AIP-III-derived analogs described above.

The calculated structure for AIP-I is shown in Figure 6A and, as anticipated, reveals a
triangular hydrophobic knob motif comprised of the endocyclic residues Phe6, Ile7, and
Met8. Similar to AIP-III and the AIP-III analogs above, the macrocycle and exocyclic tail of
AIP-I were both well ordered (see Figure S-7A). This result contrasts with an earlier partial
NMR study of AIP-I by Chan et al., which suggested that only the macrocycle was
structured; however, these studies were performed in an alternate solvent (DMSO-D6), and
NMR characterization was limited to analysis of chemical shift differences as a function of
temperature.16 In our AIP-I structure, the exocyclic tail projects back and away from the
macrocycle, with the Try1 side chain positioned on the opposite face of the macrocycle
(Figure 6A). The presence of a hydrophobic knob in AIP-I, along with the absence of a
correctly positioned hydrophobic contact on the exocyclic tail, could explain its inhibitory
activity against AgrC-III. The moderately good overlap of the AIP-I macrocycle with that of
the potent AgrC-III antagonist, AIP-III D4A (except for the Leu6 and Ile7 side chains;
Figure 7A), and the comparable AgrC-III antagonist, tAIP-III D2A (except for the Phe3 and
Phe6 side chains; Figure S-8) offers some support for this explanation. The 10-fold reduced
activity of AIP-I compared to AIP-III D4A could potentially be attributed to different
contacts (and side chain functionality) on the tail and knob regions in each peptide. As
highlighted above, it is interesting to note that the AIP-I analog with the same modification,
AIP-I D5A, has previously been shown to be a 10-fold stronger AgrC-III inhibitor relative to
AIP-I.14 These data, coupled with our structural and biological data for AIP-I, AIP-III, and
AIP-III D4A, suggest that this Asp→Ala modification causes an alteration in both the native
AIP-I and AIP-III macrocyclic knob structures that serves to enhance AgrC-III receptor
binding, yet prevents activation. We also note that the aspartate side chains in these peptides
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will be deprotonated at physiological pH. However, replacing the Asp5 residue in AIP-I
with asparagine yielded an analog (AIP-I D5N) with almost similar agonistic activity in
AgrC-I as the native AIP-I, demonstrating that a negative charge at this position is
nonessential for AgrC-I binding and activation.14 Further, this analog was also capable of
activating AgrC-III (with an EC50 only ∼10-fold higher than AIP-III). Additional
experiments are of course warranted, but we speculate that the negative charge at Asp4 in
AIP-III is also unnecessary for AgrC-III binding and activation.

Structural analysis of AIP-II revealed that this peptide was relatively unstructured in
solution compared to the other AIP analogs evaluated in this study (RMSD values were two-
fold higher than those of the other peptides, Table S-12). This finding was perhaps not
surprising, in view of the differences in its primary structure (and potentially its mode of
receptor binding) as described above. The lowest energy structure for AIP-II is shown in
Figure 6B; however, delineating any defined structural motif from the calculated heavy atom
20-structure ensemble for this AIP (shown in Figure S-7B) was basically impossible. Thus,
we are unable to derive any mechanistic understanding into the mode by which AIP-II
antagonizes AgrC-III from this structural data, other than stating that a rigidified
conformation may not be essential.

Lastly, NMR structural analyses of AIP-IV also resulted in a 20-structure ensemble with
relatively high RMSD values (comparable to AIP-II, Table S-12). However, further
assessment of the ensemble uncovered two distinct populations, varying mainly in the
orientation of the exocyclic tail, which satisfied the conformational restraints. Separation of
these populations resulted in two families of structures: a 12-structure ensemble that we
named “conformation A” and an 8-structure ensemble that we named “conformation B”
(shown in Figures 6C, 6D, S-7C, and S-7D). The RMSD values of the two separated
ensembles were very similar to those of the other AIP analogs, although these calculations
were based on smaller number of structures (8 and 12 vs. 20 for the other peptides in this
study; Table S-12). Consistent with our hypothesis, the two conformations of AIP-IV both
possess an obvious triangular knob projecting from one side of the peptide and composed of
the side chains of the three endocyclic hydrophobic residues (Figure 7A). While the
orientation of the exocyclic tail was different between the two conformations, the Tyr1 side
chain points away from the knob in both conformations (in analogy to AIP-I; see above).
When overlaid with the structure of the potent AgrC-III inhibitor, tAIP-III D2A, the two
conformations of AIP-IV had almost identical knob motifs to that of tAIP-III D2A (Figure
7B). This result may explain the comparable IC50 values of AIP-IV and tAIP-III D2A for
AgrC-III inhibition.

We note that Kirchdoerfer et al. reported an X-ray crystal structure of AIP-IV bound to a
monoclonal antibody (AP4-24H11 Fab) in 2011 at 2.5 Å resolution.27 This antibody can
sequester AIP-IV and effectively “quench” QS in group-IV S. aureus.18 While the relevance
of this structure to the actual AIP-IV:AgrC-IV receptor interaction is unknown, we were
interested to compare this X-ray structure to our two calculated structures for AIP-IV. We
found that the macrocycles in the X-ray structure of AIP-IV and our two calculated NMR
structures (conformations A and B) show moderately good overlap when overlaid (see
Figure S-9). The side chain of Try5 in the X-ray structure, however, is canted in the opposite
direction relative to the NMR structures of AIP-IV. With regard to the exocyclic tail, this
region was poorly ordered in the X-ray structure, and no clear overlap was observed with the
tails in either calculated conformation of AIP-IV.
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Conclusions
In summary, we have determined the 3-D solution-phase structures of a native AIP signal
from S. aureus, AIP-III, and a set of AIP-III analogs with varied activities on the AgrC-III
receptor using NMR spectroscopy. As the other native AIPs used by S. aureus (AIPs-I, -II,
and -IV) are also known to inhibit AgrC-III, we simultaneously determined their 3-D
solution-phase structures for direct comparison to the structures of our AIP-III analogs with
strong inhibitory activity. These structural studies reveal several prominent molecular
features that are shared amongst many of the peptides, which when coupled to the observed
activities of these peptides in cell-based assays and the resulting SARs, support a
mechanism by which these peptides modulate AgrC-III activity. The two key structural
elements identified are (1) a tri-residue hydrophobic “knob” on one face of the peptide
essential for both receptor activation and inhibition, and (2) a fourth hydrophobic anchor
point on the exocyclic tail needed for receptor activation. In general, modifications that
eliminated the knob motif significantly perturbed both the AIP-III and analog structures and
strongly attenuated their agonistic or antagonistic activities. In turn, loss of the activation
anchor but maintenance of the knob (in both truncated and full length peptides) yielded
highly potent AgrC-III antagonists. These results represent the first structural data in support
of a mechanism of AIP-mediated AgrC activation and inhibition in S. aureus, and serve to
further refine several earlier hypotheses about AIP:AgrC interactions in general.

As introduced above, impetus for the development of non-native molecules capable of
virulence inhibition in S. aureus is strong and growing. Several of the AIP-III analogs
evaluated in this study are, to our knowledge, the most potent AgrC inhibitors to be
reported. As such, we contend that the structures described herein provide 3-D scaffolds for
the design of new chemical agents for the modulation of AgrC-III, and likely other AgrC
receptors, with improved activities and potentially simplified, non-peptidic structures.
Further structural experiments involving modified analogs of AIP-I, -II and -IV are required
to obtain a more detailed understanding of their modes of action, as both cognate receptor
activators and cross-receptor inhibitors. In the interim, an important next step will be to
determine whether these solution-phase structures are maintained when the peptides are
bound to AgrC-III; experiments toward this goal are currently underway and will be
reported in due course.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Structures of the native AIPs (I-IV) used by S. aureus for QS. B) Two representative
AIP-III analogs identified by our research group that are potent inhibitors of AgrC receptors.
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Figure 2.
Heavy atom lowest energy structures of A) AIP-III and B) AIP-III D4A. Altered residue
labeled in cyan. Carbon is shown in silver, oxygen in red, nitrogen in blue, and sulfur in
yellow. Space-filling models of C) AIP-III and D) AIP-III D4A displaying hydrophobic
(yellow) and hydrophilic (green) surfaces.
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Figure 3.
A) Heavy atom lowest energy structure of tAIP-III. B) Overlay of tAIP-III (cyan) and AIP-
III (tan) structures. C) Heavy atom lowest energy structure of tAIP-III D2A. Altered residue
labeled in cyan. D) Overlay of tAIP-III D2A (cyan) and AIP-III D4A (tan) structures.
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Figure 4.
Heavy atom lowest energy structures of A) AIP-III F5A; B) AIP-III L7A (Asp4→N-
terminus H-bond shown with dashed yellow line); C) AIP-III (for comparison); D) AIP-III
D-L7, from an angle that shows the alternate triangular knob and activation anchor; E) AIP-
III D-F5; F) AIP-III D-L7, from the same angle as the other peptides. Altered residues labeled
in cyan.
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Figure 5.
Space-filling models of A) AIP-III and B) agonist AIP-III D-L7 displaying hydrophobic
(yellow) and hydrophilic (green) surfaces. Ile1 is proposed to act as the activation anchor,
and Phe5, Leu6, and Leu7 as the hydrophobic knob, in the native AIP-III. In turn, Phe5 may
serve as an alternate activation anchor, and Ile1, D-Leu7, and Leu6 as an alternate
hydrophobic knob, in AIP-III D-L7.
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Figure 6.
Heavy atom lowest energy structures of A) AIP-I; B) AIP-II; C) AIP-IV Conformation A;
D) AIP-IV Conformation B.
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Figure 7.
A) Overlay of AIP-I (cyan) and AIP-III D4A (tan) structures. B) Overlay of AIP-IV
Conformation A (cyan), AIP-IV Conformation B (magenta) and tAIP-III D2A (tan)
structures.
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Table 1

Peptides evaluated in this study and associated antagonistic activities against AgrC-III.

Peptide Sequence AgrC-III antagonism IC50 value (CI)a, b

Native AIPs

 AIP-I Y-S-T-(C-D-F-I-M) 0.522 nM (0.309–0.883)c

 AIP-II G-V-N-A-(C-S-S-L-F) 0.532 nM (0.238–1.19)c

 AIP-III I-N-(C-D-F-L-L) --

 AIP-IV Y-S-T-(C-Y-F-I-M) 0.460 nM (0.213–0.994)c

AIP-III analogs

 AIP-III D4A I-N-(C-A-F-L-L) 0.0506 nM (0.0227–0.113)c

 tAIP-III Ac-(C-D-F-L-L) 54.7 nM (25.9–115)

 tAIP-III D2A Ac-(C-A-F-L-L) 0.329 nM (0.215–0.502)c

 AIP-III D-F5 I-N-(C-D-DF-L-L) 375 nM (258–546)

 AIP-III D-L6d I-N-(C-D-F-DL-L) 181 nM (98.6–333)

 AIP-III D-L7 I-N-(C-D-F-L-dL) --

 AIP-III F5A I-N-(C-D-A-L-L) 182 nM (73.9–447)

 AIP-III L6Ad I-N-(C-D-F-A-L) 110 nM (49.0–246)

 AIP-III L7A I-N-(C-D-F-L-A) >1000 nM

a
See Experimental Section for details of S. aureus reporter strain and antagonism assay.

b
CI = 95% confidence interval.

c
Value from ref. 25.

d
NMR structure not determined. -- indicates no observable antagonistic activity.
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