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Abstract

Staphylococcus epidermidis is frequently implicated in human infections associated with 

indwelling medical devices due to its ubiquity in the skin flora and formation of robust biofilms. 

The accessory gene regulator (agr) quorum sensing (QS) system plays a prominent role in the 

establishment of biofilms and infection by this bacterium. Agr activation is mediated by the 

binding of a peptide signal (or autoinducing peptide, AIP) to its cognate AgrC receptor. Many 

questions remain about the role of QS in S. epidermidis infections, as well as in mixed-microbial 

populations on a host, and chemical modulators of its agr system could provide novel insights into 

this signaling network. The AIP ligand provides an initial scaffold for the development of such 

probes; however, the structure-activity relationships (SARs) for activation of S. epidermidis AgrC 

receptors by AIPs are largely unknown. Herein, we report the first SAR analyses of an S. 
epidermidis AIP by performing systematic alanine and D-amino acid scans of the S. epidermidis 
AIP-I. Based on these results, we designed and identified potent, pan-group inhibitors of the AgrC 

receptors in the three S. epidermidis agr groups, as well as a set of AIP-I analogs capable of 

selective AgrC inhibition in either specific S. epidermidis agr groups or in another common 

staphylococcal species, S. aureus. In addition, we uncovered a non-native peptide agonist of AgrC-

I that can strongly inhibit S. epidermidis biofilm growth. Together, these synthetic analogs 

represent new and readily accessible probes for investigating the roles of QS in S. epidermidis 
colonization and infections.
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 INTRODUCTION

Staphylococcus epidermidis is a ubiquitous commensal colonizer of human epithelia (1). 

Previously thought to be innocuous, S. epidermidis recently has been identified as an 

important nosocomial pathogen (2, 3). In particular, S. epidermidis is a leading causative 

agent in infections associated with indwelling medical devices, which is directly related to 

its ubiquity and propensity to form biofilms on abiotic surfaces (3–6). The barrier provided 

by this biofilm lifestyle, combined with growing resistance to antibiotics, make S. 
epidermidis infections especially recalcitrant to traditional antimicrobial treatments and, 

consequently, a serious problem to public health (2, 3, 6–8).

Playing an important role in the virulence of S. epidermidis is its quorum sensing (QS) 

system (9–13). QS is a cell-cell communication process that allows bacteria to sense 

population density and coordinate gene expression to control group behavior at high cell 

numbers (14, 15). The primary QS circuit in S. epidermidis is the accessory gene regulator 

(agr) system, which was first characterized and has been most studied to date in the related 

human pathogen Staphylococcus aureus (16–18). The agr system consists of four 

components (AgrA–D) that are encoded by the agr locus (Figure 1) (16–19). AgrD is a 

propeptide containing the sequence of the mature autoinducing peptide (or AIP) signal, and 

it is processed and secreted by the integral membrane endopeptidase AgrB (20, 21). Once 

reaching a threshold extracellular concentration (produced by a “quorate” population of 

cells), the AIP is sensed by a two-component system comprised of AgrC and AgrA. 

Productive binding of the AIP to AgrC, a transmembrane receptor histidine kinase, triggers 

its subsequent dimerization and trans-autophosphorylation (22, 23); the activated AgrC then 

phosphorylates the response regulator AgrA. Phosphorylated AgrA next dimerizes, binds the 

P2 and P3 promoters, and upregulates the transcription of the agr locus and RNAIII, 

respectively. RNAIII serves as the main effector of the agr system, and thereby, many 

virulence phenotypes in S. epidermidis (24). Phosphorylated AgrA also directly activates the 

production of a group of small amphipathic peptides known as phenol-soluble modulins 

(PSMs), which are key virulence factors for both the biofilm life cycle and survival in 

infected hosts (11, 25).

The formation of a robust biofilm is the primary mechanism by which S. epidermidis causes 

infections on medical implants (3). A number of studies have identified the polysaccharide 

intercellular adhesin (PIA) as being a critical structural component of the biofilm (26). In S. 
epidermidis strains that produce PIA (but also in some strains that do not), the agr system is 
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involved in many of the distinct stages of biofilm formation (10, 27, 28). Specifically, the agr 
system negatively regulates the expression of the surface-attached AtlE protein (29), an 

important adhesion factor in the attachment phase of biofilm growth, and positively regulates 

the production of PSMs and proteases that facilitate the detachment of bacteria from biofilm 

(11, 30, 31). Consequently, intentional activation of the agr system could provide an 

alternative approach of limiting S. epidermidis infection by reducing biofilm growth (32), 

especially considering that S. epidermidis, unlike S. aureus, does not possess a vast 

repertoire of damaging toxins under QS control (3, 18). Furthermore, this approach could be 

combined with administration of antibiotics to potentiate the effectiveness of such drugs (4, 

32). In contrast, other studies have proposed that inhibition, as opposed to activation, of the 

agr system can also attenuate virulence, despite the concern over the enhanced accumulation 

of biofilm observed in S. epidermidis agr mutants (28, 33, 34). For example, Otto and co-

workers, using agr-null strains of S. epidermidis, have demonstrated that the presence of an 

active agr system offers the bacterium significantly more protection against antimicrobial 

peptides and oxidative stress, both of which are defense mechanisms against infections 

employed by the innate immune system (10, 13). The agr system has also been shown to 

promote bacteria dissemination and tissue infiltration during device-related infections (13, 

30, 31, 35). Further, a recent report by Olson et al. revealed the agr system to be necessary 

for optimal skin colonization (36). Lastly, there is growing appreciation that many S. 
epidermidis clinical isolates from implant infections do not have the genes to make PIA (37–

39), but these strains still build a biofilm (40). The role that the agr system plays in the early 

stages of biofilm development in these PIA-negative strains is unclear. Combined, these 

studies and others highlight the complex roles played by the agr system in the lifestyle of S. 
epidermidis. Therefore, while the agr system is an attractive target for controlling the 

virulence of S. epidermidis, further fundamental studies are required to assess when and how 

the agr system should be modulated (either via activation or inhibition) to attenuate 

infection.

Similar to S. aureus, the agr system is not identical within the S. epidermidis species. Based 

upon the primary structures of the three reported AIP signals (I–III) (Figure 1B), S. 
epidermidis can be classified into three agr specificity groups referred to as Groups-I–III 

(36, 41). Interestingly, the agr systems of these groups are known to interact with each other, 

a phenomenon called agr interference that was first described in S. aureus (18, 42–44). In S. 
epidermidis, the agr system of Group-I is significantly inhibited by the AIP-II and –III 

signals, whereas Groups-II and -III are inhibited by AIP-I (36). In addition, agr interference 

has also been identified between S. epidermidis Group-I and S. aureus Groups-I–IV, two 

species that colonize similar environmental niches on the human body (45–47). These cross-

inhibitory activities of the agr systems between different specificity groups and species have 

been hypothesized to play a role in competition for colonization and establishing infections 

(18, 46, 48). However, in vivo studies have not provided conclusive support for such 

hypothesis (48, 49). Additional studies are therefore necessary to elucidate the biological 

significance of agr interference, if any.

Chemical methods to modulate QS in bacteria have attracted considerable interest over the 

past decade, due in part to the temporal and spatial control they can provide and their often 

ready applicability to biologically relevant environments (50–52). The development of 
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chemical probes capable of modulating the S. epidermidis agr system could provide valuable 

tools for better understanding the role of the agr system in colonization and infection by this 

common bacterium. Both agr agonists and antagonists are of interest, given the dynamic and 

complex role played by QS during S. epidermidis infection. Moreover, identification of 

modulators that can selectively target a specific agr group or staphylococcal species in a 

mixed bacteria population would provide promising tools to investigate the role of QS in the 

interplay between different agr groups or species. Prior studies by our lab and others have 

focused on the structure-activity relationships (SARs) for AIP:AgrC interactions in S. 
aureus, and have uncovered a number of potent, non-native S. aureus AgrC inhibitors in the 

process (43, 53–61). Little is known, however, about the SARs of AIP:AgrC interactions in 

S. epidermidis. Earlier work by Otto and co-workers has shown that the thioester linkage 

and the three-amino acid exocyclic tail of AIP-I (Figure 1B) are required for AgrC-I 

activation, as they found the hydrolyzed acyclic AIP-I, AIP-I analogs with exocyclic tails 

either one amino acid shorter or longer, and AIP-I analogs with a lactam or a lactone in 

place of the thioester were all inactive in cell-based AgrC-I activation assays (47, 62). 

However, to our knowledge, no non-native AgrC agonists and antagonists have been 

reported for S. epidermidis to date.

Herein, we report a systematic analysis of the S. epidermidis AIP-I structure and delineate 

key SARs for AgrC-I activation by this ligand. We used these SAR data to develop a series 

of AIP-I analogs that strongly antagonize or agonize the AgrC-I receptor. Several of these 

ligands were capable of either pan-group or group-selective AgrC receptor inhibition in S. 
epidermidis. In turn, other peptides were found to be species selective, and could be applied 

to selectively modulate either S. epidermidis or S. aureus AgrC receptors. Notably, one of 

our non-native AgrC-I agonists was found to strongly inhibit S. epidermidis biofilm growth, 

with a higher potency and efficacy than that of native AIP-I. These new compounds 

represent the first synthetic modulators of AgrC in S. epidermidis and constitute powerful 

new tools to elucidate the complex roles of the agr QS system in this emerging pathogen.

 RESULTS AND DISCUSSION

 AIP-I SARs revealed through alanine and D-amino acid scans

Our SAR investigation began by systematically replacing each amino acid of the S. 
epidermidis AIP-I with either alanine or the corresponding D-amino acid to explore the roles 

of each side chain and stereocenter in the interaction between AIP-I and AgrC-I (note, Cys4 

was not mutated to Ala due to its essentiality for macrocycle formation, and Ala5 did not 

require alanine replacement). The initial set of 14 analogs (listed in Table 1) was synthesized 

using solid-phase peptide chemistry and purified to homogeneity using our previously 

established HPLC methods (59). We tested each analog for its ability to modulate the 

activity of the AgrC-I receptor using a wild-type S. epidermidis Group-I fluorescence 

reporter strain (see Methods). This strain contained a reporter plasmid encoding a gfp gene 

fused to the P3 promoter found upstream of RNAIII (36). Under high cell-density 

conditions, activation of the AgrC-I receptor by the endogenously produced AIP-I leads to 

phosphorylation of AgrA, which then binds the P3 promoter and activates gfp expression. 

The level of GFP fluorescence can therefore be quantified as a measurement of the extent of 
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AgrC-I activation (note, this strain then fluoresces in the absence of added AIP-I at high 

densities). AgrC-I antagonism was measured by testing AIP-I analogs alone, while AgrC-I 

agonism was measured in the presence of a known strong AgrC-I inhibitor, S. epidermidis 
AIP-II, to block activation of AgrC-I by endogenously produced AIP-I. For comparison, we 

also evaluated the activities of the native S. epidermidis AIPs (I–III) and S. aureus AIPs (I–

IV), as well as S. aureus AIP-III D4A, the most potent pan-group inhibitor of S. aureus agr 
systems that we have reported to date (59). The native AIPs served as important controls for 

our fluorescence reporter assays, as their effects on AgrC-I activation by AIP-I in S. 
epidermidis have been described previously (36, 45); the activity of the lead S. aureus agr 
inhibitor, AIP-III D4A, in S. epidermidis was unknown. Compounds demonstrating 

appreciable antagonism or agonism of AgrC-I in these assays were subjected to dose-

response analyses, which permitted calculation of IC50 and EC50 values. The assay data for 

the alanine and D-amino acid AIP-I analogs and the control AIPs in AgrC-I are summarized 

in Table 1.

The activities of the native S. epidermidis and S. aureus AIPs were congruent with previous 

reports, with the exception of S. aureus AIP-II. S. aureus AIP-II was previously reported to 

be inactive toward S. epidermidis AgrC-I (46), but behaved as a relatively strong AgrC-I 

antagonist in our assay. This difference may be attributable to variances in the assay protocol 

and the strain used (46). Interestingly, we found S. aureus AIP-III D4A, our potent pan-

group inhibitor in S. aureus, to be largely inactive in S. epidermidis Group-I, suggesting that 

this peptide could be used as a species-specific agr inhibitor in S. aureus. We return to this 

possibility below.

Turning to the alanine and D-amino acid scans of AIP-I, several interesting trends in the 

SAR of the AIP-I:AgrC-I interaction were revealed (Table 1). Previous SAR studies of S. 
aureus AIPs have shown that activation of an AgrC receptor by its cognate AIP likely 

involves two main steps: (i) initial binding of the AIP to AgrC (i.e., AIP “recognition”) that 

is mediated largely by the macrocycle and bulky, hydrophobic endocyclic residues, and (ii) 

subsequent activation of AgrC via interactions with the exocyclic tail region of the bound 

AIP (55, 61, 63). Consistent with these previous studies, replacement of either of the two 

hydrophobic residues (Tyr7 and Phe8) in the macrocycle of the S. epidermidis AIP-I with 

alanine resulted in a complete loss of activity in AgrC-I. Furthermore, the substitution of 

Tyr7 with the corresponding D-amino acid (i.e., AIP-I D-Y7) also caused a complete loss of 

activity, demonstrating the stringent requirement of this residue for AIP-I recognition by 

AgrC-I. AIP-I D-F8, however, maintained agonistic activity, albeit with lower potency 

relative to AIP-I, suggesting that the spatial configuration at this position plays less of a role 

in AIP-I:AgrC-I interactions in comparison to the composition of the side chain. Also in 

agreement with prior observations of AgrC receptor activation by receptor bound AIPs (16, 

55), alanine or D-amino acid replacements at residue Val3 in the exocyclic tail region 

converted AIP-I into a moderate or weak antagonist, respectively, demonstrating that Val3 

likely plays an important role in AgrC-I activation. Replacing the nearby residue Ser2 with 

an alanine caused a decrease in agonistic activity, indicating that Ser2 contributes to AgrC-I 

activation by AIP-I. In addition, substitution with the D-amino acid counterpart at Ser2 

yielded a weak AgrC-I antagonist, suggesting that the orientation of the residue at this 

position may influence the presentation of the key activating residue, Val3.
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Converting both Cys4 and Ala5 residues to their D-isomers caused a complete loss of 

activity. Given the locations of these two stereocenters relative to the key thioester linkage 

forming the macrocycle, this loss of activity could be the result of either a stringent 

requirement for the correct local stereochemistry at these two positions for AIP-I recognition 

or a global shift in the macrocycle conformation that prevents proper interaction between the 

key hydrophobic residues and AgrC-I. Additional structural studies are needed to provide a 

more definitive explanation for these observed effects. Perhaps the most intriguing finding in 

these initial AIP-I scans was that substitution of either Asp1 in the exocyclic tail or Ser6 in 

the macrocycle with alanine increased the agonistic activity of AIP-I on AgrC-I (by 2–4-

fold). This observation is, to our knowledge, the first report that two residues in a native AIP 

allow for suboptimal activation of its cognate AgrC receptor. Previous SAR studies in S. 
aureus have identified only one residue in a single native AIP (S. aureus AIP-II) where a 

mutation yielded an analog with an increased agonistic activity relative to the starting 

structure (the extent of this increase was not reported) (16). Replacement of Asp1 and Ser6 

with their D-Amino acid counterparts reduced, but did not abolish, the agonistic activity of 

AIP-I. Together, these SAR trends suggest that the spatial configuration of these two 

residues contribute to the productive binding of AIP-I to its receptor, while the side chain 

composition of these residues appear to hinder optimal AIP-I:AgrC-I interactions (relative to 

alanine analogs).

 SAR studies direct the design of second-generation AIP-I analogs

A second set of S. epidermidis AIP-I analogs was next designed and synthesized to further 

examine the SAR trends revealed by the alanine and D-Amino acid analogs, and to 

potentially generate more potent modulators of AgrC-I. This set of analogs included 

peptides with substitutions at Ala5 (a position inaccessible through the alanine scan), 

combinatorial alanine modifications, and truncations to the exocyclic tail. In addition, a 

series of S. epidermidis AIP-II analogs with decreasing length of the exocyclic tail were also 

synthesized. These latter peptides were designed to explore the use of the AIP-II scaffold for 

AgrC-I inhibition, as the native AIP-II demonstrated the strongest inhibitory potency of our 

first-generation analogs and control peptides (see Table 1). The structures of the second-

generation analogs are shown in Table 2, and their associated activities in S. epidermidis 
AgrC-I were assessed using the fluorescence reporter assay introduced above.

To assess the role of the Ala5 side chain in the AIP-I:AgrC-I interaction, we replaced Ala5 

with either serine or tyrosine. These modifications were selected based on the primary 

structures of the native S. aureus and S. epidermidis AIPs that were found to exhibit 

inhibitory activities against AgrC-I (Table 1). Specifically, with the exception of S. 
epidermidis AIP-III having an alanine, all other native AIPs active in AgrC-I possess either a 

serine or a tyrosine at the second endocyclic position. We found substitution of Ala5 with a 

tyrosine yielded a weak AgrC-I antagonist (Table 2), whereas substitution with a serine 

surprisingly produced two peptide products of the correct mass with differing activities 

(A5S-1 and A5S-2). Analog A5S-1 behaved as a weak inhibitor against AgrC-I, while 

A5S-2 displayed a non-monotonic dose response that indicated very weak inhibition at low 

concentrations yet activation at higher concentrations (see Supporting Information). When 

either the A5Y or A5S modification was combined with the inhibitory modification V3A, 
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the resulting analogs, AIP-I V3AA5Y and AIP-I V3AA5S, exhibited similar inhibitory 

activities as the parent compound AIP-I V3A. One possible explanation for these 

observations is that the modifications at Ala5 influence the orientation of the activating 

residue Val3, leading to varying degrees of AgrC-I activation. When the activating valine is 

replaced with an alanine, the mutations of Ala5 have little to no effect on the activity of the 

resulting analogs. The chemical difference between the two AIP-I A5S analogs remains 

unclear, but we speculate that the two peptides are conformational isomers; efforts to 

elucidate the structural differences are ongoing.

Next, we tested additional AIP-I analogs with multiple alanine modifications to examine 

whether their modulatory effects on AgrC-I could be additive. Replacing both Asp1 and 

Ser6 residues with alanine generated an analog with enhanced agonistic activity in AgrC-I 

relative to the parent single alanine mutants (Table 2). This observation led to us testing the 

hypothesis that introduction of the inhibitory modification V3A to the D1AS6A analog, an 

AIP-I analog that presumably associates strongly with AgrC-I, could produce an AgrC-I 

antagonist with increased potency. Indeed, the resulting analog – AIP-I D1AS6AV3A – was 

one of the most potent AgrC-I antagonists identified in this study (IC50 = ~2 nM). A similar 

analog AIP-I D1AS6AV3AA5S, which contained an additional mutation (A5S) that could 

potentially further enhance AgrC-I binding, exhibited analogous potency as the parent triple 

mutant. Overall, the activities of these AIP-I analogs with combinatorial alanine mutations 

strengthened the SAR trends delineated in our first set of AIP-I analogs. Specifically, their 

activities confirmed that Val3 is the essential residue for activation of AgrC-I and that the 

side chains of residues Asp1 and Ser6 play a negative role in the AIP-I:AgrC-I interaction. 

The importance of the exocyclic tail portion of AIP-I (which includes Val3) for AgrC-I 

activation was further confirmed by the weak inhibitory activity observed for the truncated 

analog of AIP-I (tAIP-I; Table 2). This observation was again consistent with prior SAR 

studies in S. aureus, where AIP macrocycles without exocyclic tails were shown to be 

sufficient for receptor recognition but not receptor activation, and thus acted as competitive 

AgrC inhibitors (16, 55, 64).

The last group of peptides examined was the AIP-II analogs with varying lengths of the 

exocyclic tail (Table 2). Notably, both the native S. epidermidis AIP-II and AIP-III signals 

have markedly longer exocyclic tails relative to other structurally characterized AIPs, and 

understanding the role of this structural feature, for receptor activation or inhibition, is of 

fundamental interest (36). The AIP-II analogs in this study were designed to determine 

whether the primary structure of AIP-II could be reduced, while maintaining the high 

potency of its inhibitory activity toward AgrC-I. Removing one amino acid at a time from 

the N-terminus of AIP-II (Table 2, Rows 9–13), we found that an AIP-II analog with only 

three amino acids left in the exocyclic tail (AIP-II 8aa) still exhibited inhibitory activity 

toward AgrC-I with potency similar to the parent AIP-II. Further removal of amino acids 

from the N-terminus (as in AIP-II 7aa and tAIP-II) caused a dramatic reduction in inhibitory 

activity. Since AIP-II 8aa has the same number of residues as the most potent AIP-I analogs 

introduced above, optimization of this AIP-II scaffold using the SAR trends uncovered 

herein could yield interesting AgrC-I modulators exhibiting strong activities.
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 Agr group-selective inhibition in S. epidermidis by certain AIP analogs

As shown in Table 1, we found the native AIP-II and AIP-III signals of S. epidermidis both 

inhibit AgrC-I, congruent with the results of Olson et al. (36). However, the biological 

significance of this agr interference remains unclear, although it has been hypothesized to 

potentially play a role in competition between different groups in a mixed bacteria milieu 

(18). Developing chemical modulators that target a specific agr group and are inactive 

toward the others could provide valuable tools for investigating the hypothesis of agr 
interference. To this end, we screened all of the AIP analogs introduced above in GFP 

reporter strains of Groups-II and -III S. epidermidis to complement the Group-I S. 
epidermidis data in Tables 1 and 2 (see Methods; Figures S-1 and S-2). The only AIP-I 

analog to show moderate group selectivity was AIP-I Y7A, which was inactive against 

Group-I but inhibited AgrC-II and –III to ~50% (Figures S-1 and S-2). More interestingly, 

two AIP-II analogs, tAIP-II and AIP-II 8aa, were shown to be strongly selective against 

Group-I and -II at 10 μM (inhibiting to ~75%) but were inactive against Group-III (Figure 

2A).

We next screened a subset of peptides in these cross-group screens at a lower concentration 

to better gauge their relative activities (1 μM or 100 nM; Figure 2A, Figure S-3). At the 

lower concentration, AIP-I D-V3 remained an antagonist against Group-II and Group-III but 

lost its inhibitory activity toward Group-I (Figure 2A). Conversely, AIP-II 8aa remained 

active toward Group-I at 100 nM, whereas its inhibitory activity against Group-II decreased, 

making the activity of this analog more Group-I specific. AIP-II 9aa and S. aureus AIP-III 

D4A also exhibited group-selective activities, with AIP-II 9aa being inactive toward Group-

III and S. aureus AIP-III D4A inhibiting exclusively Group-II. We note, however, that while 

AIP-II 9aa only inhibited Group-I, AIP-II 9aa was also a highly active agonist for Group-II. 

These selectively profiles are significant, as few agr group selective probes have been 

reported in any staphylococcal species (60), and none have been reported in S. epidermidis. 

Accordingly, these peptides represent a valuable new suite of chemical probes, and hold 

promise for examining the role of agr-based QS competition between any two agr-groups of 

S. epidermidis grown together. For example, by using AIP-II 8aa to target Group-I, S. aureus 
AIP-III D4A to target Group-II, or AIP-I D-V3 to target Group-III, a single agr system can 

be selectively inhibited in a bacterial population containing two different specificity groups 

(Figure 2B). We predict that further SAR studies of the AIP-II and AIP-III scaffolds may 

generate additional peptides with complementary group-selective activities.

 Potent pan-group inhibitors of the agr system in S. epidermidis

During our efforts to identify agr-group selective modulators, we noticed that AIP-I 

D1AS6AV3A and AIP-I D1AS6AV3AA5S, two of the most potent inhibitors that we 

identified in AgrC-I, also strongly inhibited AgrC-II and AgrC-III at 100 nM (Figure 2). To 

determine whether these two analogs were equally potent against AgrC-II and -III, we 

performed dose response antagonism assays on these analogs. The IC50 values obtained for 

AIP-I D1AS6AV3A and AIP-I D1AS6AV3AA5S against AgrC-II and -III were both in the 

subnanomolar to low nanomolar range and comparable to their IC50 values in AgrC-I 

(Figure 3). These two analogs represent, to the best of our knowledge, the first potent pan-

group inhibitors of the agr system in S. epidermidis. Complementary to the selective probes 
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described above, AIP-I D1AS6AV3A and AIP-I D1AS6AV3AA5S should prove useful in a 

range of fundamental and applied studies, perhaps most so in those where agr inhibition in 

all three groups of S. epidermidis is required.

 Species-specific agr inhibition between S. epidermidis Group-I and S. aureus

The S. epidermidis AIP-I is also known to inhibit the agr system in S. aureus. Similar to the 

cross-group inhibition observed between different agr groups of the same species, this cross-
species inhibitory effect has no known biological role but is hypothesized to provide a 

competitive advantage on a host (18, 46). Thus, we sought to examine the AIP analogs 

described herein to identify potential species-specific inhibitors that target either S. 
epidermidis Group-I or S. aureus Groups-I–IV. As noted in the discussions above, S. aureus 
AIP-III D4A, our most potent pan-group inhibitor against S. aureus, was inactive against S. 
epidermidis Group-I at 100 nM (Figure 4). We expanded our search and screened all of the 

AIP analogs reported herein capable of inhibiting the agr system in S. epidermidis Group-I 

for activity against the agr systems of S. aureus Groups-I–IV using analogous GFP reporter 

constructs (see Methods). We identified three peptides (Figure 4 and Figure S-4), chief 

among them AIP-II 8aa, that selectively inhibited the agr system in S. epidermidis Group-I 

without significantly affecting agr activity in S. aureus Groups-I–IV. Another analog, AIP-II 

9aa, was shown to be largely an inhibitor specific to S. epidermidis Group-I, with only weak 

inhibitory activity in S. aureus Group-III. These two analogs, together with S. aureus AIP-III 

D4A, represent the first set of species-specific, chemical modulators targeting the agr 
systems of either S. epidermidis or S. aureus.

 Modulation of biofilm formation in S. epidermidis Group-I using non-native AIPs

As described above, the use of fluorescence reporter strains allowed for the rapid screening 

of AIP analogs and the identification of AgrC modulators with varying activities. However, 

the responses from an artificial reporter gene system may not translate to effects on relevant 

QS phenotypes. As a validation for the physiological relevance of the new AgrC modulators 

uncovered in this study, we assessed the ability of select non-native AIPs to modulate 

biofilm formation by S. epidermidis Group-I using the PIA-producing strain RP62A in a 

crystal violet (CV) static biofilm assay (see Methods). Again, biofilm formation is the most 

important virulence phenotype associated with infection by S. epidermidis, and previous 

reports have established that its agr system plays an important role in biofilm formation (see 

above) (10, 35). In particular, activation of the agr system is believed to disperse biofilm, 

thereby preventing the accumulation of sessile bacteria on a surface. We therefore 

hypothesized that addition of native AIP-I (an AgrC agonist) would inhibit S. epidermidis 
biofilm growth, and in agreement with a similar study in S. aureus (32), static biofilm assays 

in 96-well microtiter plates in the presence of exogenous AIP-I showed substantial biofilm 

reduction (by ~60%, IC50 = 99 nM; Figure 5). We then tested AIP-I D1AS6A, the AIP-I 

analog identified with enhanced agonistic activity in AgrC-I relative to AIP-I, for 

modulation of S. epidermidis biofilm formation, and in agreement with its effect on the 

fluorescent reporter strain, this analog also decreased biofilm formation under similar 

conditions. In fact, it had overall enhanced efficacy and potency relative to AIP-I (~80% 

inhibition, IC50 = 18 nM; Figure 5). These matching activity trends provide support for the 

use of fluorescent reporter strains in identifying S. epidermidis AgrC modulators with 
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physiological relevance. Moreover, our results with AIP-I D1AS6A provide the first non-

native AIP analog, to our knowledge, that can strongly inhibit S. epidermidis biofilm growth.

While agonists of the agr system can decrease biofilm growth, agr system antagonists are 

generally expected to promote biofilm accumulation. Indeed, as discussed above, this 

relationship between the agr system and biofilm has raised concern over the merit of 

inhibiting QS in S. epidermidis (and related staphylococcal species) as a method of reducing 

virulence (28, 34). To our surprise, however, exposing S. epidermidis Group-I to our 

nanomolar AgrC-I inhibitor (AIP-I D1AS6AV3AA5S) at 10 μM did not increase biofilm 

growth as expected in the static biofilm assay (Figure S-6). Instead, the inhibitor did not 

alter, and perhaps even decreased, biofilm growth. While the CV assay is a relatively 

rudimentary method to monitor biofilm formation and the results obtained could be specific 

to our experimental conditions, we believe these results reflect the complex roles played by 

the agr system during biofilm formation in S. epidermidis. We suspect that the lack of 

stimulation in biofilm accumulation by the antagonist is a result of the proficiency of S. 
epidermidis RP62A in PIA production, which could have maximized the formation of 

biofilm even in the absence of an exogenous AgrC antagonist. Inhibition of the agr system in 

a PIA-negative S. epidermidis strain could yield a more dramatic impact on biofilm 

formation. Additional investigation is certainly needed to better assess this hypothesis and 

the general consequences of modulating QS during S. epidermidis colonization. The new 

modulators reported in the current study could be useful tools for such an endeavor.

 SUMMARY AND CONCLUSIONS

Infections by S. epidermidis have become a significant public health problem (2, 3, 6–8). 

Current treatment options are limited, as like many other common pathogens, S. epidermidis 
is increasingly antibiotic resistant and can establish robust biofilms (3–6, 8). The agr QS 

system is extensively involved in the pathogenesis of S. epidermidis infection, making this 

system a potentially attractive target for an alternative anti-infective strategy. However, the 

roles of the agr system in the infection process and biofilm formation are complex and 

dynamic. Chemical probes that interfere with the S. epidermidis agr system could pave a 

route toward a deeper understanding of how and when QS should be modulated to attenuate 

virulence. We report the first such compounds herein.

In this study, we prepared a series of non-native analogs of S. epidermidis AIP-I and 

performed the first systematic SAR analysis of this AIP scaffold for activation of AgrC-I 

(key SARs highlighted in Figure 6). This analysis had several important outcomes. First, it 

revealed two hydrophobic, endocyclic residues (Tyr7 and Phe8) that, in addition to the 

thioester linkage and Ala5, are essential for AgrC-I recognition. We also found that the 

exocyclic residue Val3 is critical for AgrC-I activation, and more interestingly, the Asp1 and 

Ser6 residues allow for submaximal activation of AgrC-I and actually could be mutated to 

augment the agonistic potencies of AIP-I analogs.

Second, our studies revealed several highly potent, non-native AgrC modulators, including 

the first pan-group AgrC inhibitors for S. epidermidis (AIP-I D1AS6AV3A and AIP-I 

D1AS6AV3AA5S). We also discovered a non-native agonist of AgrC-I (AIP-I D1AS6A) 
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with improved potency over the native AIP-I and demonstrated that this analog was capable 

of strongly inhibiting S. epidermidis biofilm growth, an important virulence phenotype (at 

least) partially controlled by the agr system. This result suggests that the AgrC-I modulators 

reported herein can be used to alter QS-controlled virulence phenotypes in S. epidermidis. 

Moreover, AIP-I D1AS6A, to the best of our knowledge, represents the first non-native AIP 

analog with anti-biofilm activity in any staphylococcal species. Co-administration of this 

peptide with various antibiotics to examine whether S. epidermidis biofilm removal can 

improve the effectiveness of antibiotics would be an interesting experimental path forward, 

and is currently underway in our laboratories. As our most potent AgrC-I inhibitor (AIP-I 

D1AS6AV3AA5S) also slightly inhibited biofilm formation, examining its effects on biofilm 

growth and morphology in the presence of antibiotics would also be valuable. Looking to the 

future, applying AIP-I D1AS6AV3AA5S in various infection models at different stages of 

colonization could better illuminate the role of agr-type QS in S. epidermidis infections and 

allow us to assess the viability of targeting QS in this pathogen as a possible anti-infective 

treatment.

Third and to close, this study has provided the first set of AgrC inhibitors that, at the 

concentrations tested, are selective either for particular S. epidermidis specificity groups or 

for a staphylococcal species (i.e., S. epidermidis or S. aureus). These new group and species 

selective AgrC inhibitors now can be utilized to selectively target an agr system in a mixed 

bacteria population and investigate the hypothesis of agr interference (18, 42–44). 

Preliminary efforts toward this goal are ongoing in our laboratories and will be reported in 

due course. Overall, we predict that these peptide tools and the insights that they provide 

will open new avenues of investigation for QS in Staphylococci and could provide a 

pathway, with further development, toward new chemical strategies to attenuate infection.

 METHODS

 Biological reagents, strains, and general methods

All standard reagents were purchased from commercial sources and used according to 

enclosed instructions. The S. epidermidis fluorescence reporter strains AH3408 (Group-I), 

AH3567 (Group-II), and AH3409 (Group-III) were cultured in Tryptic Soy Broth (TSB, 

from Sigma) augmented with 10 μg mL−1 of erythromycin (36). The S. epidermidis wild-

type strain RP62A (Group-I) was cultured in TSB (from Sigma or EMD Millipore). The S. 
aureus fluorescence reporter strains AH1677 (Group-I), AH430 (Group-II), AH1747 

(Group-III), and AH1872 (Group-IV) were cultured in Brain Heart Infusion (BHI, from 

Teknova) augmented with 10 μg mL−1 of chloramphenicol (65). All cultures were grown at 

37 °C with shaking (200 rpm) unless noted otherwise. Absorbance and fluorescence 

measurements were obtained using a Biotek Synergy 2 microplate reader operating Gen5 

data analysis software. IC50 values and EC50 values were determined from sigmoidal curve 

fits using GraphPad Prism software (v. 6.0).

 Peptide synthesis

S. epidermidis AIP analogs were synthesized on solid-phase resin, purified by preparative 

high performance liquid chromatography (HPLC), and characterized using our previously 
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reported methods (59). See Supplementary Information for mass spectrometry (MS) and 

HPLC characterization data for the peptides in this study, as well as additional information 

on reagents and instrumentation used in peptide synthesis.

 Fluorescence reporter assay protocol

For AgrC antagonism assays, peptide stock solutions in DMSO (1 mM) were serially diluted 

with DMSO (either 1:3 or 1:10), and 2 μL aliquots of the diluted solutions were added to 

each of the wells in a black 96-well polystyrene microtiter plate (Costar). Each peptide 

solution was tested in triplicate. As a negative control, 2 μL of DMSO was included. An 

overnight culture of the S. epidermidis or S. aureus fluorescence reporter strain was diluted 

1:50 with fresh media, and 198 μL of the diluted culture were added to each of the wells of 

the microtiter plate containing peptide. Plates were then incubated at 37 °C for 24 h. 

Fluorescence (EX 500 nm / EM 540 nm) and OD600 of each well was measured using a 

plate reader, and the fluorescence values were normalized to the DMSO control. For S. 
epidermidis AgrC-I agonism assays, an additional 2 μL of S. epidermidis AIP-II stock 

solution was added to the wells to a final concentration of 50 nM, in order to block AgrC-I 

activation by endogenously produced AIP-I. The remaining steps of the fluorescence assay 

were the same as above.

For single-concentration fluorescence reporter assays, 2 μL of the peptide stock solutions 

were added to the wells in a black 96-well microtiter plate to a final concentration of 10 μM, 

1 μM, or 100 nM. The remaining steps of the fluorescence assay were the same as above.

 Crystal violet biofilm assay protocol

Peptide stock solutions were serially diluted with DMSO (1:3), and 2 μL of the diluted 

solutions were added to each of the wells in a clear, flat-bottom, 96-well polystyrene 

microtiter plate (Costar). Each solution was tested in triplicate. As a negative control, 2 μL 

of DMSO was included. An overnight culture of S. epidermidis RP62A was diluted 1:100 

with fresh TSB (EMD Millipore) augmented with 0.5% (w/v) glucose, and 198 μL of the 

diluted culture were added to each of the wells of the microtiter plate containing peptides. 

Bacteria were incubated at 37 °C for 24 h under static conditions. Quantification of the 

amount of biofilm formed using crystal violet (CV) assays was performed according to 

previously reported protocols (66). For single-concentration CV assays, 2 μL of the peptide 

stock solutions were added to the wells to a final concentration of 10 μM. The remaining 

steps of the biofilm assay were the same as above.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The agr QS system in S. epidermidis and associated AIP signals. (A) Simplified schematic 

of the agr system. Propeptide AgrD is processed and secreted by the integral membrane 

endopeptidase AgrB to generate the mature autoinducing peptide (AIP) signal. Once a 

threshold extracellular concentration of AIP is reached, the AgrC receptor binds to its 

cognate AIP and homodimerizes. Activation of AgrC, a transmembrane histidine kinase, by 

AIP leads to AgrC trans-autophosphorylation, which then phosphorylates the response 

regulator AgrA. The phosphorylated AgrA subsequently activates transcription from the P2, 

P3, and PSM promoters. P2 encodes the four components of the agr system, whereas P3 

drives the expression of RNAIII, the main effector molecule of the agr system. (B) Primary 

structures of the three AIP signals (I–III) corresponding to the three S. epidermidis agr 
Groups (I–III).
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Figure 2. 
Pan-group activity profiles of selected S. epidermidis AIP-I analogs in S. epidermidis. (A) 

Effects of AIP-I analogs on AgrC-I–III as determined by fluorescence reporter strains (see 

Methods for details of strains and assay procedures). Compounds were tested at either 10 

μM (indicated with *) or 100 nM. Black: Group-I; Gray: Group-II; White: Group-III. (B) 

Venn diagram summarizing agr group selectivity profiles for AgrC inhibition by AIP 

analogs in S. epidermidis. AIP-II 8aa shows differential selectivity at *10 μM and at **100 

nM. ***Compound is an agonist of AgrC-II (see text).
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Figure 3. 
AgrC antagonism dose response curves and IC50 values for (A) AIP-I D1AS6AV3A and (B) 

AIP-I D1AS6AV3AA5S in the S. epidermidis Group-I–III GFP reporter strains. Circles: 

Group-I; triangles: Group-II; squares: Group-III. See Methods for strains and assay 

procedures.
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Figure 4. 
Effects of selected AIP analogs on the AgrC-I receptor in S. epidermidis Group-I and the 

AgrC I–IV receptors in S. aureus Groups-I–IV. Compounds tested at 100 nM unless 

otherwise noted. * Compound tested at 1 μM. See Methods for details of strains and assay 

procedures.
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Figure 5. 
(Top) Biofilm antagonism dose response curves for S. epidermidis AIP-I and AIP-I 

D1AS6A against S. epidermidis Group-I RP62A strain as determined by CV staining (see 

Methods for assay procedure). Dose response curves shown represent the average of at least 

4 biological replicates. (Bottom) Representative image of the CV assay with S. epidermidis 
AIP-I and AIP-I D1AS6A over a range of concentrations. Blue color correlates with biofilm 

growth.
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Figure 6. 
Summary of the key SAR trends for activation of S. epidermidis AgrC-I by AIP-I as 

revealed by the reporter assays in this study. Red: essential for AgrC receptor recognition. 

Green: essential for AgrC receptor activation. Blue: detrimental to AgrC receptor activation. 

Remaining residues contribute but are not critical to receptor recognition.
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Table 1

IC50 and EC50 values for alanine and D-amino acid scan analogs of S. epidermidis AIP-I in AgrC-I 

determined using a fluorescence reporter strain.a Shaded cells represent control peptides.

Peptide Name Sequence IC50 (nM) EC50
b (nM)

AIP-I D1A A-S-V-(C-A-S-Y-F) - 49.3

AIP-I S2A D-A-V-(C-A-S-Y-F) - >1000

AIP-I V3A D-S-A-(C-A-S-Y-F) 51.9 -

AIP-I S6A D-S-V-(C-A-A-Y-F) - 71.0

AIP-I Y7A D-S-V-(C-A-S-A-F) Inactivec

AIP-I F8A D-S-V-(C-A-S-Y-A) Inactivec

AIP-I D-D1 DD-S-V-(C-A-S-Y-F) - >1000

AIP-I D-S2 D-DS-V-(C-A-S-Y-F) 192d

AIP-I D-V3 D-S-DV-(C-A-S-Y-F) >1000 -

AIP-I D-C4 D-S-V-(DC-A-S-Y-F) Inactivec

AIP-I D-A5 D-S-V-(C-DA-S-Y-F) Inactivec

AIP-I D-S6 D-S-V-(C-A-DS-Y-F) - >1000

AIP-I D-Y7 D-S-V-(C-A-S-DY-F) Inactivec

AIP-I D-F8 D-S-V-(C-A-S-Y-DF) - >1000

AIP-I D-S-V-(C-A-S-Y-F) - 196

AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) 9.64 -

AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) 34.3 -

S. aureus AIP-I Y-S-T-(C-D-F-I-M) Inactivec

S. aureus AIP-II G-V-N-A-(C-S-S-L-F) 62.9 -

S. aureus AIP-III I-N-(C-D-F-L-L) Inactivec

S. aureus AIP-IV Y-S-T-(C-Y-F-I-M) >1000 -

S. aureus AIP-III D4A I-N-(C-A-F-L-L) Inactivec

a
See Methods for details of the reporter strain and assay procedures. See Supplementary Information for peptide MS and HPLC characterization 

data, dose response curves, and 95% confidence intervals (CI) for IC50 and EC50 values.

b
Activation dose response curves were performed in the presence of 50 nM S. epidermidis AIP-II (an inhibitor) to block activation of AgrC-I by 

endogenously produced AIP-I.

c
Dose response curves revealed neither agonism nor antagonism over the concentration range tested.

d
Maximum inhibition did not exceed 60%.
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Table 2

IC50 and EC50 values of second-generation AIP analogs in S. epidermidis AgrC-I determined using a 

fluorescence reporter strain.a

Peptide Name Sequence IC50 (nM) EC50
b (nM)

AIP-I A5Y D-S-V-(C-Y-S-Y-F) 95.4 -

AIP-I A5S D-S-V-(C-S-S-Y-F) 135c, d

AIP-I V3AA5Y D-S-A-(C-Y-S-Y-F) 59.6 -

AIP-I V3AA5S D-S-A-(C-S-S-Y-F) 29.4 -

AIP-I D1AS6A A-S-V-(C-A-A-Y-F) - 10.3

tAIP-I Ac-(C-A-S-Y-F)e 192 -

AIP-I D1AS6AV3A A-S-A-(C-A-A-Y-F) 2.84 -

AIP-I D1AS6AV3AA5S A-S-A-(C-S-A-Y-F) 2.08 -

AIP-II 11aa A-S-K-Y-N-P-(C-S-N-Y-L) 5.43 -

AIP-II 10aa S-K-Y-N-P-(C-S-N-Y-L) 5.29 -

AIP-II 9aa K-Y-N-P-(C-S-N-Y-L) 2.83 -

AIP-II 8aa Y-N-P-(C-S-N-Y-L) 6.08 -

AIP-II 7aa N-P-(C-S-N-Y-L) 721 -

tAIP-II Ac-(C-S-N-Y-L)e >1000 -

a, b
See footnotes in Table 1.

c
Maximum inhibition did not exceed 75%.

d
Two different AIP-I A5S analogs were isolated that exhibited differing activities; IC50 value listed is derived from the antagonism dose response 

curves for A5S-1 (see text).

e
Ac = acetylated N-terminus.
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