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A day once dawned, and it was beautiful 

A day once dawned from the ground, 

Then the night she fell 

And the air was beautiful, 

The night she fell all around. 

 

So look see the days 

The endless coloured ways 

And go play the game that you learnt 

From the morning. 

 

And now we rise 

And we are everywhere, 

And now we rise from the ground, 

And see she flies 

And she is everywhere, 

See she flies all round, 

So look see the sights 

The endless summer nights 

And go play the game that you learnt 

From the morning. 

–Nick Drake 

 

 

Reproduced by permission of Bryter Music / Blue Raincoat Music 
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Abstract 

Over the past 40 years, quorum sensing (QS)—a type of chemical 

communication used by common bacteria—has been shown to be play an increasingly 

important role in bacterial communities. QS mediates a wide array of bacterial group 

behaviors such as initiating infection, mediating symbiosis, and adapting to 

environmental stimuli. A common QS pathway used by many Gram-positive bacteria is 

the accessory gene regulator (agr) system, which has been recognized as a key 

regulator of virulence in several clinically relevant pathogens. Activation of agr QS and 

its downstream regulation is dependent upon the production and reception of a peptide 

signal known as the autoinducing peptide (AIP). Interfering with this signaling process 

using non-native chemical modulators that target the various components of agr 

represents an approach to attenuate agr QS activity and alter associated bacterial 

phenotypes. There currently is a dearth of potent and efficacious chemical modulators 

for the majority of agr systems. Moreover, many of these synthetic ligands have been 

only examined in vitro, and many questions remain about the modes by which bacteria 

use agr QS in vivo and the methods by which to best leverage these chemical 

modulators to reduce bacterial virulence. 



iii 
 

In this thesis, I describe my work to create, develop, and apply chemical tools to 

investigate agr QS in three important pathogens. I performed structure-activity 

relationship (SAR) analyses on the native AIP signal of Listeria monocytogenes and 

uncovered the most potent agr agonists and antagonists of its agr system to date. 

These modulators can strongly promote or inhibit biofilm formation, a critical virulence 

phenotype in L. monocytogenes, demonstrating the utility of chemical control of agr 

activity. Structural and SAR studies of the AIPs from Staphylococcus epidermidis 

revealed new structural insights into modulator potency and efficacy, as well as 

enabling the development of the first agonists capable of activating multiple AgrC 

receptors. Lastly, I characterized degradable polymeric materials loaded with potent 

Staphylococcus aureus agr antagonists and demonstrated their ability to attenuate 

infection in a murine model. The studies presented herein represent significant 

advances towards developing chemical tools to probe and control agr QS in important 

Gram-positive bacteria.  

 

 

 

                                         

Helen E. Blackwell, Ph.D. 
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Abstract 

 This introductory chapter provides an overview of bacterial quorum sensing (QS), 

its functions, and common QS systems utilized by Gram-positive bacteria. A brief 

general overview of QS is followed by a comprehensive description of the known 

functions and molecular mechanisms of the accessory gene regulator (agr) QS system 

used by many Gram-positive bacteria. We next discuss the virtues of chemical control 

of QS and describe efforts by our research laboratory and others to identify, develop, 

and apply chemical modulators of agr activity. Finally, we outline the remaining chapters 

in this thesis that describe recent work pursued in our laboratory to understand agr QS 

through chemical modulation of this pathway in three important Gram-positive 

pathogens. 
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1.1 Introduction 

1.1.1 Brief introduction of bacterial quorum sensing 

A common misconception about bacteria is that, since they are unicellular 

organisms, individual bacteria operate entirely independently of one another. While it is 

true that each bacterium has all the necessary components and capabilities to perform 

the tasks essential for life, bacteria also have evolved ways to coordinate, collaborate, 

and otherwise interact with one another through chemical communication systems that 

allow them to accomplish complex and group-beneficial tasks that individuals could not 

achieve alone. This chemical-mediated cell-cell communication phenomenon is known 

as quorum sensing (QS), as it relies upon a threshold population density (i.e., a 

quorum) of bacteria to produce sufficient chemical signal for receptors to sense the 

signal and  activate the downstream response (Figure 1.1). In the generic quorum 

sensing process, bacteria synthesize signaling molecules at a low basal level and 

export these signals into their local environment; if many bacteria in close proximity to 

one another are each producing this signal (or if they live in a confined environment), 

the local concentration of the signal reaches a threshold level and can productively bind 

to and activate cognate receptor proteins. Upon activation, these receptors trigger 

changes in the gene expression, often upregulating the QS machinery for signal 

synthesis and sensing in a positive feedback loop, and these alterations in gene 

expression leads to changes in bacterial behavior. Since the signaling molecules only 

activate their cognate receptors when there is a sufficiently high density of bacteria 

nearby, the entire population simultaneously then undergoes these behavioral changes.  
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Figure 1.1 A generic QS system. At low cell densities, bacteria will produce 
chemical signal, but the local concentration is too low for productive receptor binding. At 
high cell density, the signal concentration will pass the threshold necessary for 
productive binding, activating the receptor and initiating gene expression changes in the 
population. 
 

QS was first uncovered in the 1970s as the autoinduction system behind the 

bioluminescent behavior exhibited by Vibrio fischeri during exponential growth.1 After a 

decade of work studying the system, the structure of the signaling molecule was 

revealed to be N-(3-oxohexanoyl)-L-homoserine lactone (known as OHHL).2 In the 

years since, it has determined that this small molecule is synthesized by the LuxI 

protein from S-adenosyl-L-methionine and an acylated acyl carrier protein,3 and that 

upon reaching its threshold concentration OHHL binds to an intracellular receptor LuxR 

and initiate gene expression changes.4 Similar small molecules known collectively as N-

acyl homoserine lactones (AHLs) have been found in many other Gram-negative 

bacteria with corresponding synthase (LuxI-type) and receptor (LuxR-type) proteins, 

with some species such as Pseudomonas aeruginosa having multiple LuxI/LuxR-type 

systems that create a complex web of inter-regulation.4-5 LuxR-type receptors are often 

very selective for their cognate signal, as even subtle differences in structure can 

prevent activity,6 leading to the hypothesis that QS is utilized as a method for 
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intraspecies communication to gauge the local population. While AHL-based QS was 

the first system characterized, in the decades since its discovery many additional QS 

architectures have been uncovered (Figure 1.2). 

 

 

Figure 1.2 Some common QS signals used in Gram-negative and Gram-positive 
bacteria. 
 

1.1.2 Behaviors under quorum sensing control 

Bacteria are generally believed to use QS to gauge their own species’ local 

population and behave accordingly depending on cell number. At low population 

densities (QS inactive), bacteria express certain genes and exhibit individual behaviors 

focused on survival, such as avoiding detection by the immune system. At high 

population densities (QS activated), the larger quorum of bacteria can now coordinate 

expression of different genes and switch to performing more energetically costly 

behaviors that will benefit the greater population, such as breaking down more complex 

nutrient sources or producing antimicrobial agents to kill competitors, among many 

other activities. In addition to these “canonical” intraspecies QS phenomena, there has 
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been growing evidence that bacteria use QS systems to regulate their behavior in other 

scenarios that bacteria encounter in nature. Due to QS systems sharing similar 

scaffolds for their signaling molecules (like the AHLs scaffold described above), non-

native signals can bind to other receptors and maintain some activity (whether agonistic 

or antagonistic). This cross-activity has been found to occur between the QS signals 

produced by species co-isolated in vivo,7-8 suggesting that their individual QS systems 

could also be used as a form of interspecies communication. Moreover, some LuxR-

type receptors known as orphan or “solo” receptors have no known corresponding LuxI-

type synthase (and thus no cognate AHL signal is known) and instead respond to a 

wide variety of AHLs, suggesting that this non-canonical usage of QS can be quite 

common.9 The importance of interspecies QS activity in mixed microbial environments 

is a growing interest in the field.10-12 

In addition to possible interspecies communication, QS circuits can be used to 

sense an individual bacterium’s local environment. If an individual bacterium is enclosed 

in a small compartment, for example, the local concentration of the QS signal will 

increase to a high level and could activate its receptor without the need for a large 

population. Boedicker et al. has shown that a single bacterium can activate QS when 

confined in a microfluidic compartment,13 and Carnes et al. similarly demonstrated QS 

activation within phagosomes.14 The activation of QS outside of large populations has 

led some to re-define the phenomenon as “diffusion sensing.”15 In diffusion sensing, 

these systems function not as ways to gauge the population of bacteria but rather as 

methods to determine how quickly secreted molecules diffuse away from the cell. If the 

concentration of the autoinducer is low enough that it does not bind the receptor, the 
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compound is diffusing away and, therefore, other products will also diffuse away. To 

optimize the efficiency of their exoproducts, such as enzymes that degrade complex 

nutrients, bacteria use these systems to only activate the production of these 

exoproducts when there is limited diffusion (i.e., when the autoinducer does not diffuse 

away and instead productively binds the receptor).15 This description can better 

describe how other environmental factors, such as flow, can modulate QS activity 

through increased or decreased diffusion, regardless of the size of the compartment or 

the population. However, this description fails to incorporate the social elements that 

have been characterized in these systems (vide supra). This has led some to present 

unifying hypotheses, such as “efficiency sensing,”16 that incorporate elements from both 

QS and diffusion sensing. Others have argued that focusing on the terminology leads to 

confusion and competition rather than focusing research efforts on more fully cataloging 

all the individual factors that contribute to the overall phenomenon.17 While the field has 

largely settled on using QS as the general term to describe these systems, it is critical to 

realize no single factor completely describes the complexity of these systems and 

researchers should carefully examine the role all these factors play when describing 

and characterizing bacterial behavior in response to signaling molecules.17  

Regardless of whether QS systems are activated by large populations of the 

same species, different species, or just a single organism in a small space, bacterial QS 

systems are often key regulators of gene expression. Studies estimate between 5–25% 

of bacterial genomes are influenced by QS activity.18-21 With such a wide effect on the 

genome, the resulting phenotypic changes upon QS activation vary considerably from 

species to species. Some bacteria use QS to mediate symbiotic relationships. As 
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mentioned above, QS was first discovered in V. fischeri due to its regulation of 

bioluminescence.1 Isolated from the light organ of the Hawaiian bobtail squid, V. fischeri 

uses QS to camouflage the squid from predators and prey in exchange for nutrients and 

colonization.22-24 Other symbiotic relationships have been found to be facilitated by QS-

regulated behavior, such as Rhizobia species that fix nitrogen in legume root nodules.25  

QS can also regulate an array of defensive mechanisms as well, such as 

controlling bacterial competence (uptake of foreign DNA) to gain new resistances 

through horizontal gene transfer26 or sporulation to extend lifespan under harsh 

conditions.27 The most notable defensive phenotype under QS control is the production 

of biofilm, which are protective extracellular layers composed of exopolysaccharides, 

nucleic acids, proteins, and lipids. The physical barrier of biofilm can shield bacteria 

from antimicrobial agents or immune cells, with reports estimating a biofilm growth state 

provides up to 1,000 times more protection from antibacterial agents over a planktonic 

growth state.28-30 In some species, QS activation will initiate biofilm production,31-33 while 

in others QS activation initiates dispersal of biofilms.34-35  

Lastly, and perhaps of the greatest interest over the past several decades, the 

virulence of many common pathogens is regulated by QS. Upon QS activation, bacteria 

can produce a variety of different agents to attack competitors or their host. To eliminate 

nearby microbial competition, a number of bacteria produce bacteriocins, antimicrobial 

peptides, and other antibiotics when their respective QS systems are activated.36-41 In 

terms of larger targets, bacterial QS is often essential for invasion and infection in plants 

and animals. AHL-based QS is extensively used by many plant pathogens (reviewed by 

von Bodman et al.42), such as the Tra system in Agrobacterium tumefaciens to induce 
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crown gall tumors through transferring tumor-inducing DNA transfer into plant cell 

chromosomes43 or the Exp system of Pectobacterium carotovora to cause soft rot in 

various plants through the secretion of exoenzymes to degrade plant cell walls.44 Similar 

behaviors are seen in animal pathogens as well, with QS controlling the production and 

secretion of myriad exoenzymes, toxins, and biosurfactants to attack host cells.27, 32, 45-50 

These trends follow into animals models where QS-deficient mutants of various 

pathogens have severely attenuated invasion and infection phenotypes.32, 50-53 With the 

many facets of bacterial behavior under QS regulation, considerable research has been 

pursued to start to detail both the fundamental mechanics of QS as well as to develop 

an understanding of how disruption of these systems can affect phenotypes. 

 

1.2 Common Gram-positive Quorum Sensing Systems 

1.2.1 Overview of Gram-positive quorum sensing 

 Generally, Gram-positive bacteria have been found to use higher molecular 

weight peptide pheromones in their QS systems as opposed to small molecule signals. 

These peptide-driven QS systems can be classified into two superfamilies by their 

signal and receptor pair. The first superfamily consists of systems that utilize long 

and/or modified peptides signals that bind to membrane-bound histidine kinase 

receptors (Figure 1.3A). The most characterized system in this superfamily—and of all 

Gram-positive QS systems in general—is the accessory gene regulator (agr) system, 

which is distributed across the Firmicutes and generally utilizes a macrocyclic peptide 

known as the autoinducing peptide (AIP) as the signaling molecule.54-55 The agr QS 
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system is the focus of this thesis. We give a brief overview here, but we will return to the 

agr system in much greater detail later in the chapter. 

 

 

Figure 1.3 Many Gram-positive QS systems can be categorized by using either 
a histidine kinase receptor or an intracellular receptor. (A) A propeptide signal is 
modified at least in part by a membrane bound protein. These modified signals are then 
exported and possibly further processed by other factors to produce the mature signal. 
These modified peptide signals then bind to a histidine kinase, initiating a phosphoryl 
transfer to a response regulator that can bind DNA to change gene expression. (B) A 
propeptide is exported out of the cell and is processed by extracellular proteases to 
produce the small, linear peptide signal. These are transported back into the cell and 
bind intracellular receptors, inducing changes in transcription. 
 

1.2.2 The agr QS system 

The prototypical agr system was first characterized in Staphylococcus aureus 

and is comprised of four protein components, AgrA–D.56-57 The AgrD polypeptide is a 

precursor to the AIP signaling molecule and is produced at a low basal level within the 

cell. AgrD is processed by AgrB, a membrane peptidase, which cleaves the C-terminal 

portion of AgrD and cyclizes the new C-terminus to a conserved cysteine to form a 

thioester linkage.58 The thiolactone AgrD is hypothesized to be secreted to the 

extracellular matrix and to have its N-terminal domain cleaved to produce the mature 
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AIP signal (often between 5–12 amino acids in length), although the mechanics by 

which this occurs is still not well-understood.59-60 Once reaching a sufficiently high local 

concentration, the AIP signal binds the transmembrane AgrC histidine kinase receptor, 

initiating trans-autophosphorylation and phosphorelay to the intracellular AgrA response 

regulator.61 Activated AgrA then binds to DNA as a transcription factor, upregulating the 

agr operon in a positive feedback loop at the P2 promoter and other loci (most notably 

at the P3 promoter in S. aureus to produce the regulatory RNAIII, a main effector of 

virulence).61-62  

Across Gram-positive bacteria, there is substantial variation in the agr genes. 

The greatest diversity within the agr operon is found in the hypervariable region that 

spans parts of agrB, all of agrD, and parts of agrC.63 The diversity of AgrD leads to 

unique AIP signals, and thus the domains needed to produce it (AgrB) and sense it 

(AgrC) have been tuned accordingly.55, 57 These different agr systems are often shared 

by all members of a genus or a species. However, sometimes strains of a single 

species may have divergent agr systems as well. Strains with identical agr genes are 

then classified as members of the same agr specificity group (often denoted with 

Roman numerals, e.g., agr-I). These different agr specificity groups often have complex 

cross-activity networks, where the AIP of one group may activate or inhibit the AgrC 

receptor of a different group. This cross-activity is common in many QS systems, and 

has led many labs to characterize these relationships between groups and investigate 

their potential ecological importance in nature. In addition, there are other interesting 

deviations from the prototypical agr systems, as some species have multiple agr loci48, 

53 or utilize alternate two-component systems to sense the AIP signal.64 
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1.2.3 The ComQXPA and ComABCDE QS systems 

The ComQXPA QS system, found in Bacillus subtilis and some related species,65 

utilizes an isoprenylated, small (~5–10 residues) peptide pheromone known as ComX66 

to regulate over >150 genes and control competence.67 ComX is initially produced as a 

propeptide that is modified by ComQ, isoprenylating a conserved tryptophan of 

ComX,68-69 and exported out the cell. The mature ComX signal binds and activates the 

ComP histidine kinase, subsequently activating the response regulator ComA to alter 

gene expression. While the C-terminal end of ComP and ComA are well-conserved, 

ComQ, ComX, and the N-terminal portion of ComP differ from system to system, 

leading to unique signal-receptor pairs.26 Interestingly, there is no known positive 

feedback loop for the ComQXPA system (i.e., ComA does not upregulate the com 

operon), deviating from the standard QS feedback loop to rapidly amplify signal to 

induce gene expression changes. Nonetheless, the ComQXPA system appears to 

respond in a similar fashion through other means, with recent studies pointing towards 

an ultra-sensitive response to detection.70 

A similarly named QS system, ComABCDE, has been characterized in the 

Streptococci and involves a long (~20 residues) unmodified pheromone called the 

competence stimulating peptide (CSP) to regulate competence, biofilm, and bacteriocin 

production among other behaviors.40, 71 The CSP sequence is not well conserved 

across species;72 however, its precursor, the ComC polypeptide, has a well conserved 

N-terminal leader sequence with a Gly-Gly motif. This double glycine motif is important 

for recognition by the ABC transporter/protease ComAB and cleaves ComC during 

export out of the cell to produce the CSP.40, 73-74 Depending on the species, the C-
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terminus of the CSP can also be trimmed by extracellular protease SepM.75 The mature, 

extracellular CSP can then bind to the ComD histidine kinase. As the CSP sequence 

varies from species, the ComD receptor also has significant variation in the domains 

proposed to bind CSP.76 The activated ComD receptor phosphorylates the response 

regulator ComE to alter gene expression levels, most notably sigX that encodes for the 

alternative sigma factor that regulates competence and bacteriocin production.73 

 

1.2.4 The RNPP QS systems 

 The second superfamily of Gram-positive QS systems is the RNPP family, so 

named after the founding receptors of Rap, NprR, PlcR, and PrgX. This family of QS 

circuits involves small, unmodified peptides as pheromones that are imported into the 

cell and bind cytoplasmic receptors (Figure 1.3B).77 RNPP systems are found in a 

number of Bacillus species, but also in other species such as Enterococcus faecalis.73 A 

precursor to the signaling peptide is secreted out of the cell, where it undergoes 

processing by proteases into the mature oligopeptides that are usually under 10 

residues in length.78 Once matured, the extracellular peptide is actively transported by 

an oligopeptide permease (Opp) into the cytoplasm.79 The peptide pheromones then 

bind to their intracellular receptors, which are characterized by tandem-repeats of a 34-

residue motif known as tetratrico peptide repeats (TRPs).77-78, 80 Multiple TRP domains 

form a bundle that facilitates oligomerization and other protein-protein interactions.80 

Productive binding of the peptide signals induces conformational changes in the 

receptors through the TRP domains to allow for gene expression changes.81 However, 

the mechanisms by which the individual receptors mediate regulation varies; some 
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receptors directly bind to DNA, while others indirectly affect transcription through 

sterically blocking promoters or dephosphorylating other response regulators.73, 78, 82-83 

Studies of the RNPP family has largely focused on identifying the active peptide 

pheromone, characterizing the key residues for activity, and probing how peptide 

binding alters receptor interactions with DNA and other proteins.83 

 

1.3 The agr QS System in Detail 

1.3.1 Brief history of the agr QS system 

 As described above, the agr system is a prevalent QS circuit found in many 

Gram-positive bacteria. The system is best characterized in S. aureus, where it was 

initially discovered and studied. Many seminal works published by the Novick laboratory 

in the late 20th century laid the foundation of our current understanding of the agr 

system. The first key study was in 1986, where the agr system was discovered and 

named due to its regulation of accessory genes, like exoprotein genes.84 In a series of 

elegant studies in the mid-1990s, Novick and others characterized the autocatalytic 

properties of the P2 promoter for the agr operon,85 determined that the P3 promoter 

initiates transcription of the main Staphylococci agr regulatory effector molecule 

RNAIII,86 identified the macrocyclic AIPs to be the agr signaling molecules,47 and 

observed variant AIPs from different S. aureus strains that exhibited agr cross-activity.87 

Entering the 21st century, the core functions of the four agr proteins had been 

characterized in S. aureus, but many of their mechanisms of actions were still not well-

understood.88 In the years since, studies have progressively delineated more of the 

intricate molecular details of how the agr proteins function and their relationships with 
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the AIP signal in S. aureus, and several forays into examining the agr systems of other 

organisms have been launched. A more detailed description of each agr protein, with a 

primary focus on the Staphylococci, is provided below. 

 

1.3.2 The AgrD propeptide 

The AgrD polypeptide is the precursor to the AIP molecule. Full length AgrD is 

approximately 50 amino acid residues long and is sectioned into three domains: an N-

terminal leader sequence, a middle portion containing the AIP sequence, and a C-

terminal recognition sequence. The N-terminal leader sequence forms an amphipathic 

helix that stabilizes and directs AgrD to the membrane to facilitate association with 

AgrB.89 The exact conservation for most residues does not seem to be as important, as 

there is substantial deviation in the sequence between organisms and even within 

species subgroups. Only a single glycine residue is fully conserved in AgrD in the 

Staphylococci, and this glycine is only sometimes present in other genera.57 In 

mutational studies of the S. aureus AgrD-I, substitution of this conserved glycine 

prevented cleavage by AgrB, completely blocking AIP production.90 Generally though, it 

seems maintaining the amphipathic nature of the sequence is the only requisite feature, 

as replacement of the sequence with an artificial amphipathic sequence still allows for 

AIP synthesis.89 The native N-terminal sequence can also be shortened to an extent, 

but this in turn reduces the amount of AIP produced.89 Interestingly, like many 

amphipathic peptide sequences, the N-terminal sequence has been reported to have 

cytolytic activity against human cells and enhance virulence in vivo.91-92 In these same 

studies, the N-terminal domain was identified in the supernatant of S. aureus cultures,91-



16 
 

92 suggesting the N-terminal domain and its cytolytic activity may play additional 

biological roles in virulence after delivery of AgrD to AgrB for processing. 

The AIP sequence contained within AgrD has the greatest diversity across the 

Staphylococci and Gram-positive bacteria in general, and the unique AIP sequences 

are often used to differentiate different agr specificity groups for a species. Within AIP 

sequences, there are only a few features that are common to most sequences. The 

most notable element between AIPs is the high conservation of a cysteine that is used 

to make the thioester linkage to the C-terminus after AgrB processing. The macrocycle 

is critical for activity, as linear forms of the AIPs are usually inactive.87 Some species, 

such as Staphylococcus intermedius, instead substitute cysteine for serine and create 

ester macrocycles that otherwise function identically to the cysteine-containing AIPs in 

their native systems.57, 93 Another commonality between AIPs is that most contain five 

amino acids in their macrocycle, although some agr-like systems in E. faecalis94 and 

some Clostridia species have larger macrocycles.57, 95 Lastly, most AIPs have additional 

residues outside the macrocycle that make up an exocyclic tail, but a few have been 

reported without exocyclic tails, such as Lactobacillus plantarum96 and some Clostridia 

species.95 Without an exocyclic tail, the N-terminus of the mature AIP signals are 

adjacent to the thioester linkage and can undergo an S⟶N acyl shift in physiological pH 

to produce homodetic peptides. Chemical species corresponding to this S⟶N acyl shift 

product have been recently identified in Clostridia supernatants,95 suggesting that these 

homodetic peptides might be the active signaling molecules in these agr systems. It 

remains unclear whether this S⟶N acyl shift occurs in other organisms outside 

Clostridia but could become yet another facet of AIP diversity in agr systems. 
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Of the three domains of AgrD, the C-terminal domain is the most conserved in 

the Staphylococci, with many residues immediately following the AIP sequence fully 

conserved.57 This conservation appears important for activity, as informed by C-terminal 

truncation studies of AgrD-I in S. aureus. Removal of the poorly-conserved, final few 

residues of AgrD did not affect AgrD cleavage by AgrB, but removal of any highly 

conserved residues negatively impacted cleavage and/or eliminated production of any 

mature AIP.97 Similarly, S. aureus AgrD-I mutants with random single substitutions at 

these residues also had drastically impaired or negligible AIP biosynthesis.90 Together, 

these results indicate that the C-terminal domain likely functions as a recognition 

domain for AgrB processing. Looking to the AgrD sequences in other organisms, the C-

terminal domain is not as well-conserved as it is in the Staphylococci: only a couple 

proline and leucine residues are commonly found in most AgrD sequences.57 In general, 

however, the domain is populated by multiple charged residues making it hydrophilic, 

although it is unclear whether this feature is important for function.57 While there have 

no additional genetic studies following up on the role of C-terminal residues in other agr 

systems to our knowledge, it is likely that these C-terminal domains function similarly to 

the S. aureus AgrD C-terminal domain and have each been tuned to be recognized by 

their native AgrB peptidases.  

 

1.3.3 AgrB processing of AgrD 

 AgrB is the second component critical for the biosynthesis of the AIP signal. AgrB 

is a membrane-bound endopeptidase that that cleaves the C-terminal recognition 

domain of AgrD and forms the macrocyclic linkage from the sidechain of the conserved 



18 
 

cysteine (or occasional serine) to the new C-terminus of AgrD. Topology models predict 

AgrB to contain multiple transmembrane segments (although studies differ on the 

number of passes).58, 97 While the hydrophobic properties of these segments appear to 

be consistent, sequence alignments across organisms show considerable variation in 

residue identity.57 Despite a lack of conservation, many AgrB mutants were poorly 

tolerated in a random mutagenesis study, often destabilizing AgrB or preventing 

peptidase activity even when distant from the active site, suggesting a possible role for 

these sites in the recognition of AgrD.90 Interestingly, a number of mutants were capable 

of cleaving AgrD, but there were no detectable levels of the mature AIP signal, possibly 

indicating an additional and still uncharacterized role for AgrB during AgrD processing.90  

 

 

Figure 1.4 Processing of AgrD to produce mature AIP. (A) The N-terminal domain 
of AgrD localizes to the membrane, and the AgrD C-terminal domain is recognized and 
cleaved by AgrB. (B) The conserved AgrD cysteine exchanges with the bridging 
thioester between AgrD and AgrB, creating a macrocycle. The free C-terminal domain 
of AgrD is rapidly degraded. (C) After AgrB processing, uncharacterized partners 
transport and cleave the N-terminal domain of the modified AgrD to produce the mature 
AIP signal. 
 

The active site of AgrB is composed of a cysteine and histidine that are both fully 

conserved in all known AgrB sequences.57 These two residues form a catalytic dyad 

that gives rise to peptidase activity.98 When the C-terminal domain of AgrD is 
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recognized by AgrB, the AgrB conserved cysteine attacks the scissile bond between the 

AgrD AIP and C-terminal domains, forming a thioester linkage to the N-terminal half of 

AgrD (Figure 1.4A).97 This results in an AgrB-AgrD intermediate and a free AgrD C-

terminal domain. The AgrB-AgrD intermediate is short-lived as the AgrD cysteine 

exchanges with the AgrB cysteine thioester and is released as a macrocyclic AgrD 

(Figure 1.4B). Mutational studies which replace the AgrD cysteine with an alanine 

prevented this rapid exchange, and the AgrB-AgrD intermediate could be isolated.97 

Despite this process being energetically unfavorable (from the stable amide bond in full 

length AgrD to the thioester bond in the final product), in vitro thermodynamic studies 

utilizing AgrB liposomes and AgrD have shown the AgrD macrocycle to be the major 

product.99 These studies also revealed this processing is reversible in cells, but is driven 

forward likely by the rapid degradation of the AgrD C-terminal domain after cleavage.99  

While there is variation in the AgrB sequences even between agr specificity 

groups of a single species, studies have shown that AgrB proteins can process non-

cognate AgrD peptides. In the earliest identification of agr specificity groups, it was 

demonstrated that AgrB-I and AgrB-III of S. aureus could produce active peptides (as 

determined by β-lactamase activity) from AgrD-III and AgrD-I, respectively.87 

Additionally, the S. aureus AgrB-I could produce an active peptide from the AgrD 

sequence of Staphylococcus lugdunensis and vice versa; however, the S. aureus AgrB-

II and AgrD-II could neither process nor be processed by any other agr components 

tested, demonstrating this cross-processing is not universal.87 A later study examined 

chimeric AgrB proteins containing different segments of AgrB-I and AgrB-II from S. 

aureus,100 designed to interchange domains according to the predicted topology models 
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at the time.58 While some chimeras could only process AgrD-I or AgrD-II, some 

chimeras could process both AgrD sequences to produce AIP-I and AIP-II.100 

Interestingly, some of these chimeras even outperformed the wild-type AgrB-I in 

production of AIP-I.100 While these studies show that cross-processing is possible, the 

mechanism by which these chimeras facilitate processing of non-cognate AgrD 

sequences is unclear, as these studies only determined if active peptide signal was 

produced.100 These studies did not inform on whether the domain swapping changes 

how AgrD is recognized, cleaved, or cyclized, or other downstream modifications of 

AgrD; additional studies elucidating these mechanistic changes could give new insights 

into AgrB processing. 

 

1.3.4 Additional AgrD processing to produce the mature AIP 

 After the cyclization of AgrD by AgrB, the modified AgrD needs to be transported 

outside of the cell and have the N-terminal domain cleaved to produce the mature AIP 

(Figure 1.4C). Neither the order nor the source of these processing steps is well-

understood, although the presence of the N-terminal domain of AgrD in supernatants91-

92 suggests transport occurs first. Early studies of AgrB put forth the hypothesis it was 

responsible for all of AgrD processing and transport,58 but no studies in the subsequent 

years have provided evidence for its ability to transport AgrD or cleave the N-terminal 

domain in vitro,90, 97-99 so it is likely that other protein partners are key to these additional 

processing steps. Cross-linking studies of AgrB failed to elucidate any interacting 

protein partners;98 consequently, researchers instead turned to identifying possible 

partner proteins through interaction with AgrD mimics or by identifying genes that 
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interfere with agr activity using transposon libraries. To our knowledge, no transporters 

of modified AgrD (or AIP) have been identified to date.  

As for proteins that cleave the N-terminal domain of AgrD, a few have been 

reported but none have been shown to have direct interactions with AgrD. The first 

study in 2007 by Kavanaugh et al. reported that type-I signal peptidase SpsB, a 

housekeeping protein in S. aureus, could cleave short peptide sequences 

corresponding to the cleavage site of AgrD-I.59 While SpsB could cleave these peptides 

at the correct site, the ability of SpsB to cleave the full-length macrocyclic AgrD-I was 

never verified nor was the peptidase activity of SpsB demonstrated with other AgrD 

sequences.59 While unpublished, preliminary data from the Muir lab suggested SpsB 

could not cleave the macrocyclic AgrD-II, bringing into question the role of SpsB for all 

S. aureus agr systems.101 More recently, two reports detail that S. aureus knockout 

mutants of a membrane peptidase MroQ have diminished agr activity.102-103 Supernatant 

analysis revealed that while these mutants can produce small amounts of AIP, the AIP 

levels are substantially less than wild-type production (approximately 50-fold 

reduced).102-103 The overexpression of agrBD in the ΔmroQ strain restored some AIP 

production, suggesting MroQ plays a role in optimizing AgrD processing and/or 

export.103 While these works characterize specific proteins that contribute to AIP 

biosynthesis, it is also possible these final modifications are not performed by 

specialized proteins and instead can be done by multiple housekeeping proteins found 

in many bacteria. This possibility would explain the mechanisms by which synthetic 

constructs of the S. aureus agr system in Escherichia coli and Bacillus megaterium can 

produce AIPs (e.g., when provided agrBD genes).104-105 It is important to note, however, 
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that while these heterologous systems produced bioactive AIPs as determined by 

fluorescent agr reporter assays, mass spectrometry data to confirm that these AIPs 

were of the correct length were not reported.104-105 Regardless of whether the final 

modification steps are performed by specific or general actors, additional biochemical 

work is clearly needed to better elucidate the final steps of AgrD processing in S. aureus 

and characterize this pathway in other organisms. 

 

1.3.5 AgrC receptor sensing the AIP signal 

AIPs are sensed by a two-component signal transduction system comprised of 

AgrC and AgrA, functioning as the histidine protein kinase (HPK) receptor and response 

regulator, respectively. AgrC receptors are active as homodimers and belong to the 

HPK10 subfamily; many of their unique structural features and deviations in relation to 

this subfamily and HPKs in general have been reviewed previously57 and will not be 

discussed here in detail. AgrC is comprised of an N-terminal sensor domain embedded 

into the membrane, a linker domain, and a cytoplasmic C-terminal histidine kinase (HK) 

domain (Figure 1.5A). AIP activation of AgrC triggers trans-autophosphorylation of the 

HK domain and subsequent phosphorelay to AgrA. 

The N-terminal sensor domain of AgrC, as its name implies, is the site for AIP 

binding. Sequence alignments indicate this domain is not well-conserved across Gram-

positive bacteria and is within the hypervariable region along with AgrD and portions of 

AgrB,63 suggesting that the sensor domain co-evolved with AgrD and AgrB to make and 

sense its own unique cognate AIP.57 The short linker domain, recently named the “S 

Helix,”106 is critical for signal transduction, and is similarly not well-conserved across agr 
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systems.61 As the C-terminal HK domain of AgrC lies outside of the hypervariable 

region, it is more highly-conserved than the other domains across agr systems and 

particularly in the Staphylococci,57, 87 and is comprised of two subdomains, a 

dimerization and histidine phosphorylation (DHp) subdomain and a catalytic, ATP-

binding (CA) subdomain. The DHp portion forms a four-helix bundle in the AgrC 

homodimer. Upon AIP activation of AgrC, the CA subdomain catalyzes phosphorylation 

of a conserved histidine in the DHp subdomain. Importantly, this occurs in trans: the CA 

subdomain of one monomer binds ATP and transfers a phosphoryl to the histidine in the 

DHp subdomain of the opposite monomer (i.e., trans-autophosphorylation).107 The 

phosphorylated histidine can then transfer the phosphoryl to a conserved aspartic acid 

of AgrA to initiate transcriptional regulation.57 

While the exact binding epitopes have not yet been identified, studies of AgrC 

mutants and chimeras in S. aureus have identified that AIP binding is largely mediated 

by various residues in the extracellular loops of the AgrC N-terminal domain108-110and 

hydrophobic patches on the AIPs.111 Many AgrC sensor domain mutants and chimeras 

displayed altered activity profiles; some of these had broadened activity towards non-

cognate, native AIPs,108-109, 112 were activated by linear forms of the AIPs,111 had 

constitutive activity in the absence of AIPs,112 or could even mode-switch, in which they 

were no longer antagonized but rather agonized by a specific AIP.108  
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Figure 1.5 The mechanism of AgrC activation. (A) The N-terminal sensor domain 
links to the S Helix that transduces the signal through rotation of the DHp subdomain. 
Rotation of the DHp subdomain can alter a hydrogen bond (inset) between the DHp 
subdomain and the CA subdomain, either enabling or preventing the CA subdomain to 
catalyze phosphorylation. (B) Binding of agonists initiate a counter-clockwise rotation of 
the S Helix and freeing the CA subdomain for phosphorylation. (C) Inverse agonists 
induce clockwise rotation, sequestering the CA subdomain and inhibiting 
phosphorylation.  
 

Once the AgrC sensor domain is activated by an AIP ligand, it must then 

transduce the signal to the HK domain. Beautiful biochemical studies to elucidate and 

characterize this transduction system have been performed the Muir laboratory, most 

recently utilizing their AgrC nanodisc technology (AgrC dimers stabilized by insertion 

into lipid bilayer discs), which has greatly facilitated in vitro study of AgrC. For example, 

with a fluorescently labeled AIP probe (FAM-AIP-I), binding affinity of AIPs with AgrCs 

nanodiscs could be determined (e.g., apparent KD values of 63 and 160 nM were 
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determined for AIP-I and AIP-II with a preformed FAM-AIP-I:AgrC-I complex).61 Using 

the nanodisc format, phosphorylation of AgrC could be quantified readily using 

isotopically-labeled ATP, allowing for more detailed characterization of AIP and AIP 

analog activity on AgrC. Assessing phosphorylation activity of AIPs-I–IV on AgrC-I 

revealed that AIP-I and AIP-IV were agonists, AIP-II was an inverse agonist (as it 

lowered phosphorylation relative to vehicle control), and AIP-III was a neutral antagonist 

(as it matched vehicle control levels).61 Partial agonists could also be identified, as seen 

with a truncated analog of AIP-I (tr-AIP-I).61 These differing activity profiles suggested a 

complex system of signal transduction capable of sending a spectrum of activating or 

inhibitory signals. 

While many HK-type proteins utilize a HAMP, PAS, or GAF domain for signal 

transduction,113 AgrC has no such domains and instead uses the S Helix linker to 

transduce its signal. The strong helical properties of the S Helix provides the foundation 

for transduction. Using a series of truncated S Helix domains fused to a GCN4 protein, 

Wang et al. demonstrated that the conformational rotation of  the helix imparted 

phosphorylation activity.61 Furthermore, using S Helix mutants with cysteine residues at 

various locations on the helix, they demonstrated the S Helix rotated in full-length AgrC 

by measuring disulfide formation of the cysteine residues across the dimer interface.61 

When assessing AIP ligand activity in vitro using the nanodisc system, AIP-I induced a 

counter-clockwise rotation and an increase in phosphorylation, while the inverse agonist 

AIP-II induced a clockwise rotation and a decrease in phosphorylation (Figure 1.5B–C), 

suggesting the activity profile of AIPs induce different rotations of the S Helix and give 

rise to the observed AgrC activity.61  



26 
 

This signal transduction via the S Helix occurs symmetrically and in trans 

throughout the AgrC dimer as demonstrated with a series of AgrC heterodimers that 

complement each other’s defects.107 For example, heterodimers of AgrC mutants with 

inactivated kinase domains (AgrCKin) and AgrC mutants with removed histidine 

phosphorylation sites (AgrCHis) were still active in vitro, suggesting the histidine on the 

AgrCKin protomer was phosphorylated through the AgrCHis protomer. 107 Similar 

complementary results occurred when the heterodimers were formed between wild-type 

and inactivated sensor-domain mutants,107 and even heterodimers formed with AgrC-I 

and AgrC-II resulting in both units being phosphorylated upon addition of either AIP-I or 

AIP-II.56 A few mutations in the DHp subdomain could result in constitutively active AgrC 

monomers, and heterodimers between these constitutive mutants and wild-type AgrC 

displayed ligand-independent phosphorylation.107 Later AgrC nanodisc studies revealed 

that an arginine in the DHp domain forms a hydrogen-bond to a glutamine residue in the 

CA subdomain of the opposite monomer (Figure 1.5A, inset), preventing the CA 

subdomain from phosphorylating the histidine until this hydrogen-bond is disrupted upon 

ligand-induced conformational changes.106 Thus, substitutions of these residues or 

surrounding residues can disrupt these hydrogen-bonds and can permanently release 

the CA subdomain for ligand-independent, constitutive activity.107, 112, 114  

Taking these collective in vitro data for AgrC receptors together, the working 

model that best describes the mechanism of AgrC activity is as follows. The binding of 

AIPs to the N-terminal sensor domain triggers differential conformational changes in the 

S Helix linker domain. With agonists, the counter-clockwise rotation of the linker domain 

helices likely breaks the hydrogen bond between the DHp and CA subdomains and 
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facilitates histidine phosphorylation and subsequent phosphorelay to AgrA. Partial 

agonists likely induce counter-clockwise rotations of smaller magnitudes, resulting in 

increased but not full accessibility of the histidine for phosphorylation. Neutral 

antagonists maintain the basal phosphorylation rate, suggesting negligible effects on 

the CA subdomain sequestration and therefore they likely do not substantially rotate the 

S-helix. Finally, inverse agonists are hypothesized to induce clockwise helical rotations 

that strengthen the hydrogen-bonding interaction between the DHp and CA 

subdomains, reducing phosphorylation activity below basal levels. While these 

mechanistic studies have only been performed in the S. aureus AgrC receptors, Wang 

et al. have shown that the S-Helix linker region is present between the last 

transmembrane helix of the N-terminal domain and the start of the DHp subdomain in 

many members of the HPK10 subfamily.61 This common linker region and the overall 

higher conservation of the AgrC C-terminal domain would suggest that other AgrC 

receptors likely function in similar manners. The nanodisc technology theoretically 

should be applicable to in vitro studies of any AgrC receptor, opening up new avenues 

to examine their similarities and differences in the future. 

 

1.3.6 AgrA interactions with DNA 

 The AgrA protein is the response regulator in the AgrC:AgrA two component 

system and the source of the observed regulatory changes upon agr activity. Of the four 

agr proteins, AgrA is the only one not in the hypervariable region and accordingly is far 

better conserved.63 As an example, while there is substantial divergence between the 

other agr proteins in the S. aureus agr specificity groups, AgrA is fully conserved across 
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the species. The N-terminal domain contains the conserved aspartic acid 

phosphorylation site; its phosphorylation induces AgrA dimerization, and the C-terminal 

domains of the complex then bind DNA. While most response regulators utilize a helix-

turn-helix (HTH) domain for DNA binding, AgrA is a part of the LytTR family of response 

regulators that bind DNA differently.115 LytTR domains bind a small consensus 

sequence, where loop regions of LytTR domains interact with three subsequent grooves 

(two major, 1 minor) of DNA and induce a characteristic bend in the DNA.115 One 

residue involved in DNA binding, Arg-233 in S. aureus agr-I, is 100% conserved in more 

than 200 AgrA sequences.116 Moreover, many residues surrounding this arginine are 

also 100% conserved, suggesting all AgrA proteins bind DNA similarly.116 

 With the LytTR DNA binding domain, the AgrA dimer binds promoter regions 

such as the P2 promoter for the agr operon and the P3 promoter for RNAIII 

transcription. Surprisingly, in vitro studies have demonstrated AgrA does not require 

phosphorylation for DNA binding activity, as electrophoretic mobility shift (EMSA) 

assays show interactions of AgrA with the P2 and P3 promoters when incubated in the 

absence of a phosphate donor.62 Phosphorylation of AgrA did enhance its affinity for the 

promoters, and greater affinity was observed for the P2 promoter over P3 in S. 

aureus.62 The enhanced affinity for P2 is hypothesized to assist with the autoinduction 

loop, amplifying the response prior to activating the main effector molecule RNAIII under 

the control of the P3 promoter. In addition to the P2 and P3 promoters, there is also a 

P1 promoter upstream of agrA that AgrA is hypothesized to bind to, but has not been 

experimentally verified.117 In the Staphylococci, AgrA is also known to bind promoters 

responsible for production of phenol-soluble modulins (PSMs), biosurfactants that 
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structure and disperse biofilms among other functions.118 While AgrA-dependent 

transcription of RNAIII is critical to agr-dependent genetic regulation in the 

Staphylococci due to the large regulon under RNAIII control,86 it is unclear how 

widespread the P3 promoter and the regulatory RNAIII molecule is in other bacteria with 

agr systems. For example, despite detailed searching for homologues, no 

corresponding RNAIII has been found in Listeria monocytogenes119 or Clostridia 

difficile.120 In these species, AgrA must bind to more promoters or induce expression of 

other regulatory RNAs in order to regulate gene expression upon activation, although to 

date no studies have identified any such promoters or regulatory RNAs. 

 

1.4 Chemical Control of the agr System 

1.4.1 Chemical modulators as tools to probe QS 

Initially, the phenomenon we know today as QS was originally known as 

“autoinduction” as the native signaling molecules were found to activate production of 

their biosynthetic machinery and cognate receptors. However, early in the studies of 

AHL-based LuxI/LuxR-type QS, instances of cross-activity from non-cognate AHLs was 

observed, making “autoinduction” a less precise descriptor for the entire system and 

eventually “quorum sensing” was accepted as the general term. Moreover, in addition to 

non-native AHLs having activity, many entirely synthetic AHL analogs not known to be 

naturally produced by any species were active in LuxR-type receptors.121-130 The activity 

of synthetic QS signal analogs was revealed to occur in many QS systems, and these 

compounds represent powerful chemical tools to modulate bacterial group behavior. 

The ability to control QS phenotypes with chemical modulators inspired many labs, 
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including our own, to design and synthesize compounds to probe QS systems. In 

addition to molecules that mimic the native QS signal, many have successfully found 

novel and structurally diverse scaffolds that target various components of QS machinery 

through discovery-based screening of commercial libraries and collections of natural 

product isolates.131-142 Lead compounds revealed in these screens often have improved 

chemical stability and solubility relative to signal mimics, along with additional handles 

for further synthetic modification.143  

Chemical probes can allow for the modulation of biological pathways at a variety 

of levels through agonists, partial agonists, and antagonists, with each able to be used 

with both spatial and temporal control.144-146 Wielding finely tuned probes with a 

spectrum of activity, researchers can probe deeper into many fundamental aspects of 

biology that genetic knockouts, with their simple binary “on-off” outputs, cannot offer.147-

148 Such chemical probes can facilitate the study of the complex regulation circuits 

controlled by QS activity, the mechanisms by which the protein components function 

both individually and together, and how bacteria may utilize QS in their natural 

environments. 

 

1.4.2 AIP biosynthesis modulators 

 One mechanism to chemically modulate agr activity would be to target the 

machinery that synthesizes the AIP molecules. While it is conceivable there are 

molecules that could enhance the rate of AIP production by catalyzing interactions 

between AgrD and AgrB or the other uncharacterized components that process and/or 

transport AgrD, none such molecules have been discovered. Screening for compounds 
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that alter the activity of this machinery has produced a single inhibitory molecule, the 

natural product ambuic acid (Figure 1.6a).149 Initially discovered in 2009 from a screen 

of fungal metabolites to inhibit production of the E. faecalis AIP, ambuic acid is active 

against a number of Staphylococci and members of the Listeria genus.138, 149 Currently, 

the mechanism by which ambuic acid blocks AIP biosynthesis is not understood. The 

potency of ambuic acid varies in the different species, with IC50 values ranging from 

single-digit micromolar in E. faecalis to hundreds of micromolar is some Staphylococci, 

and intriguingly also for agr specificity groups within a species (S. epidermidis agr-I, 15 

µM; agr-II and agr-III, >200 µM).138 This varying potency within the same species 

suggests ambuic targets AgrD or AgrB, as presumably the other components for 

additional processing and transport would be similar between agr specificity groups. 

Additional research to investigate the mechanism of action for ambuic acid could more 

fully reveal the source of its specificity, and perhaps give insight into development of 

new AIP biosynthesis modulators that could selectively or universally target other agr 

systems. 
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Figure 1.6 Small molecule modulators of agr activity, categorized by target. 
 

1.4.3 Targeted AIP sequestration and degradation 

Methods to capture the AIP after production and secretion, preventing AgrC 

activation and thereby QS, have also been successful. In the early 2000s, it was 

reported that agr activity (via RNAIII) was severely repressed in the presence of 

serum,150 leading others to investigate if any specific serum components could be 

interacting with components of the agr system. Peterson et al. hypothesized that the 

hydrophobic interactions that dictate AIP-AgrC binding108, 111 could be intercepted by 

lipoproteins in plasma.151 They went on to demonstrate that serum protein 

Apolipoprotein B (ApoB) binds S. aureus AIP-I through surface plasmon resonance, 

suggesting that this binding event could sequester AIPs away from AgrC and cause the 

observed reduction in agr activity.151 They also showed that mice were low levels of 

ApoB had severe S. aureus infections when compared to wild-type mice, but this 

susceptibility vanished when using Δagr S. aureus strains, indicating a strong 

physiological connection between ApoB and agr activity in vivo.151 Subsequent studies 
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would show that that the N-terminal portion of ApoB is necessary and sufficient for this 

effect,152 and that protection can be broadened to cover all S. aureus AIPs when ApoB 

is combined with oxidized low density lipoproteins.153 These results suggest that ApoB 

may contribute to the host-defense against S. aureus, but it remains unclear whether 

ApoB can binds AIPs from other organisms.  

In addition to these barriers to agr activity in hosts, others have developed 

monoclonal antibodies that bind to AIPs and effectively prevent these peptides from 

acting as QS signals, thereby “quenching” this quorum. Park et al. designed a novel 

hapten based on S. aureus AIP-IV and were able to discover an antibody, AP4-24H11, 

that tightly bound AIP-IV with high specificity over the other native S. aureus AIPs.154 

Subsequent in vitro evaluation demonstrated AP4-24H11 altered virulence factor 

production in cultures, suggesting the antibody successfully bound AIP-IV prior to 

binding and activating AgrC.154 Furthermore, AP4-244H11 was found to block S. aureus 

infection in an in vivo mouse model.154 Despite these promising results, additional 

studies utilizing AP4-24H11 or the development of other novel AIP-targeting antibodies 

have not been reported. 

 

1.4.4 AgrC receptor modulators 

 Of the various strategies to target agr activity with chemical probes, AgrC 

modulation has been the most pursued approach to date. Targeting AgrC offers a 

number of key advantages. First, the native interaction between the AIP ligand and the 

AgrC receptor provides a starting platform from which many non-native synthetic 

modulators have been discovered and developed. As the sensor domain of AgrC is 
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extracellular, modulators do not have to be membrane permeable which greatly 

increases the structural diversity of molecules and enables additional functionalization 

of probes (such as covalent attachment of antibiotics,155 fluorescent probes,155-158 

moieties for affinity pull-down,157 or attachment to surfaces159). Additionally, as the 

sensor domain is typically highly selective for specific AIP signals, the receptor is 

capable of distinguishing between signals allowing for selective activation or inhibition; 

that said, this selectivity can be overcome as many pan-active molecules have also 

been reported. Lastly, while chemical inhibition of the other agr components can be 

accomplished, chemical activation of the agr system can currently only be achieved via 

AgrC. 

 The first reported and most characterized AgrC modulators to date are native AIP 

signals and their peptide analogs. After observing cross-activity between the native 

AIPs of S. aureus and other organisms,87, 160 many groups, including the our laboratory, 

began to detail the structure-activity relationships (SARs) between AIPs and AgrCs that 

give rise to agr agonism and antagonism. Studies in many organisms have shown that 

assessing the activity of AIP analogs in which individual amino acid residues were 

systematically replaced with alanine or D-amino acids was a reliable and efficient 

method to build fundamental SARs.51, 94, 157, 161-165 Often, a single amino acid 

substitution was sufficient to mode-switch the native AIP signal into a strong antagonist 

with low nanomolar potency (e.g., S. aureus AIP-I D5A; Figure 1.7a);161, 163-164 

otherwise, truncation of the exocyclic tail was another common route towards AgrC 

inhibition, although generally these were less potent (e.g., truncated S. aureus AIP-II; 

Figure 1.7b).157, 162-163 These methods in isolation or combined have produced potent 
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antagonists of agr activity that are often active towards multiple agr groups, with our lab 

developing the inhibitor AIP-III D4A that has sub-nanomolar potency in all four S. 

aureus agr groups, representing the most potent agr antagonist reported to date (Figure 

1.7c).163 While generally more rare than inhibitory compounds, AIP analogs with 

improved agonism activity or potency have also been discovered through similar 

means.51, 161, 164, 166-167 Very recently, our lab has developed chimeric AIP analogs (e.g., 

Cmr1 S7A; Figure 1.7d) that agonize multiple agr groups in S. epidermidis, suggesting 

that the development of pan-group AgrC agonists is possible.167 To date, the only 

molecules demonstrated to agonize AgrC receptors are based on AIP scaffolds, 

highlighting the importance of these synthetic AIP analog agonists. 

From these AIP analogs, novel peptidomimetic scaffolds have been developed 

and have desirable qualities over standard peptide AgrC modulators. Subtle deviations 

from standard peptides with non-canonical amino acids (ncAAs) has enabled deeper 

investigation into the SARs of AIP analogs. Using diaminopropionic acid, lactam 

macrocyclic AIPs were developed; while lactam versions of the native AIPs appear to 

drastically reduce agonism potency,51, 168-169 we have shown that the incorporation of 

this amide linkage into inhibitors not only greatly improves their hydrolytic stability over 

standard thioester AIPs but also largely maintains their high antagonism potencies.168 

Various peptoids based on AIPs (i.e., containing N-alkyl glycine residues) can 

antagonize AgrC, although these are generally not as potent as peptidic molecules.170-

171 Recent work in our lab has demonstrated that the component parts of peptide 

modulators can be condensed and simplified into minimal, small-molecule-like scaffolds 

with enhanced aqueous solubility while maintaining potency and efficacy.172-173 
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Development of this minimal scaffold has produced a S. aureus pan-group AgrC 

inhibitor named Bnc3 with low- to sub-nanomolar potency while only containing a single 

standard amino acid (Figure 1.7e).173 

 

 

Figure 1.7 Peptidic modulators of agr activity, categorized by target. 
 

 Beyond AgrC modulators based on native AIP scaffolds, a number of other 

naturally occurring peptides unrelated to the agr system have been discovered to also 

antagonize AgrC. Solonamide compounds, or nonribosomal cyclodepsipeptides 
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produced by Photobacterium halotolerans, are structurally similar to AIPs, containing 

identically sized macrocycles (albeit with a lactone linkage instead of a thioester 

linkage) and multiple hydrophobic residues.140 Solonamide B (Figure 1.7f) has been 

shown to directly compete with native AIPs for AgrC binding and has pan-inhibitory 

activity across the S. aureus agr groups,140 and analogs based on Solonamide B have 

been developed with increased potency (although not as potent as previously discussed 

AIP mimics).174-175 Other cyclodepsipeptides also have been shown to inhibit agr activity 

with low micromolar potency, such as WS9326A (Figure 1.7g), WS9326B, and 

cochinmicin II/III isolated from actinomycetes cultures.176 These compounds have larger 

macrocycles than those found in AIPs, but are hypothesized to also interact with 

AgrC.176 Probiotic Bacillus species can produce macrocyclic lipoproteins known as 

fengycins that contain a number of non-canonical amino acids, D-amino acids, and a β-

hydroxy-fatty acid tail.142 Fengycins, such as β-OH-C17-fengycin B (Figure 1.7h), have 

been shown to protect against S. aureus infection through competition with native AIPs 

for AgrC binding, and are active against multiple S. aureus agr groups as well as S. 

epidermidis.142 While most naturally-occurring AgrC modulators are peptides, there are 

a few small molecule ligands as well. Interestingly, native AHL molecules from Gram-

negative species (e.g., 3-oxo-dodecanoyl homoserine lactone; Figure 1.6b) or AHL 

analogs (e.g., 3-acyltetronic acids; Figure 1.6c) have been shown to inhibit AgrC.177 

Many of these compounds exhibited non-competitive inhibition, suggesting an allosteric 

binding site to inhibit AgrC activity with low micromolar potency.177 No follow up studies 

have been performed ith AHLs to explore this possibility further. Lastly, xanthoangelol 

B, a natural product isolated from a Japanese herb, can also inhibit AgrC activity (Figure 
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1.6d); however, experiments demonstrated this molecule can inhibit other histidine 

kinases, suggesting xanthoangelol B has a broad HK inhibitor rather than a specific 

AgrC inhibitor.178 

 In recent years, discovery-based methods have identified several novel, synthetic 

scaffolds that target AgrC. Screening a combinatorial library of peptomers (i.e., peptide-

peptoid hybrids), Karathanasi et al. identified linear peptidomimetics that compete with 

native AIPs to inhibit AgrC activity.179 Their lead peptomers, G3 (Figure 1.7i) and A3, 

could inhibit AgrC at low micromolar concentrations, and are thought to adopt a pseudo-

macrocyclic structure in solution.179 While these peptomers are less potent than the 

other non-AIP-based macrocyclic peptides discussed above, their activity suggests 

linear peptidomimetics that mimic macrocyclic interactions could be further developed to 

target AgrC without the need for difficult cyclization reactions. That said, 

macrocyclization provides additional structural rigidity and contacts that are known to be 

important for high potency, as well as providing protection from proteolysis. Recent 

advances in macrocyclic peptide synthesis has allowed for incredibly diverse libraries to 

be generated quickly180-182 that are relevant to the agr QS system. Xie et al. have used 

the RaPID mRNA display system to discover novel and competitive macrocyclic peptide 

inhibitors of AgrC that target multiple agr groups in S. aureus (e.g., QQ-3; Figure 

1.7j).136 Although not examined to date, applications of these macrocyclic peptide 

generating technologies should enable rapid discovery of AgrC modulators in other 

organisms.  
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1.4.5 AgrA modulators 

 While AgrC has been the most characterized biological target for agr modulators, 

many molecules have been discovered to target the response regulator AgrA. After the 

3D structure of the DNA binding domain of AgrA was determined by X-ray 

crystallography, several groups screened for synthetic compounds that can potential 

interact with the receptor:DNA binding interface. Screening of drug fragments by 

Leonard et al. has revealed multiple scaffolds with affinity for AgrA in vitro (Figure 1.6e); 

NMR and in silico docking data suggested these molecules bind to a shallow 

hydrophobic groove in AgrA, and this interaction disrupted DNA binding as evidenced 

by EMSAs.116 Follow-on studies demonstrate some of these compounds were 

efficacious at reducing virulence gene expression in cultures of S. aureus.141 While 

these drug fragments are not particularly potent at present (requiring high micromolar to 

low millimolar concentrations for efficacy),116 they present fertile scaffolds for continued 

development into more potent small molecule inhibitors of AgrA. Using agr-dependent 

fluorescent reporter strains, other studies screening sizable small molecule libraries for 

activity against agr led to the identification of a molecule known as savirin (S. aureus 

virulence inhibitor; Figure 1.6f), which similarly disrupts DNA binding of AgrA as 

determined by EMSAs.139 Interestingly, despite high conservation of AgrA between S. 

aureus and S. epidermidis (88% identity), savirin is reported to selectively inhibit S. 

aureus with an IC50 of 83 µM.139 Computational docking data suggests savirin interacts 

with a few residues in a hydrophobic cleft (near the cleft proposed by Leonard et al.)116 

of S. aureus AgrA, and that differences in these residues between S. aureus and S. 

epidermidis give rise to the selectivity of savirin.139 Additional studies by the same group 
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that identified savirin revealed the natural product ω-hydroxyemodin (OHM; Figure 

1.6g), which similarly targets the AgrA DNA binding interface.183 

 In addition to experimental small molecule screening in the laboratory, virtual 

screening studies have also successfully identified AgrA inhibitory scaffolds. After an 

initial virtual screen of 90,000 small molecules from the National Cancer Institute for 

those capable of docking into the phosphorylation site of the N-terminal domain of AgrA, 

Khodaverdian et al. validated the activity of around 100 compounds to inhibit AgrA DNA 

binding in vitro with EMSAs, along with performing similar searches in commercial 

compound databases to find other potential hits.184 The authors identified a number of 

biaryl compounds, including previously FDA-approved drugs,184 and subsequent SAR 

studies have demonstrated some of their lead compounds (Figure 1.6h) could  curb 

virulent phenotypes in S. aureus as well as sensitize S. aureus to antibiotics.184-186 

Unfortunately, despite virtually screening for compounds that target the phosphorylation 

site in the N-terminal domain of AgrA, it is unclear whether these molecules actually 

prevent AgrA phosphorylation, as the authors suggest these molecules might also bind 

in the DNA-binding domain184 analogous to the other AgrA inhibitors discussed above.  

 Outside of small molecules, other inhibitors of AgrA activity have been 

discovered and developed. When Parlet et al. discovered that some cyclic, modified 

tetrapeptide fungal metabolites inhibited agr activity (e.g., apicidin; Figure 1.7k), they 

initially expected these molecules would target AgrC due to sharing many common 

qualities with other known AgrC modulators—i.e., cyclic, peptidic, and largely 

hydrophobic.137 Surprisingly, these apicidins appear to target AgrA, as the authors 

demonstrate dose-dependent inhibition of P3-dependent luminescence in a S. aureus 
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reporter strain that constitutively produces AgrA in the absence of agrB, agrD, and 

agrC.137 The exact mechanism by which apicidins inhibit AgrA is not yet understood.137 

Finally, Da et al. have inhibited AgrA activity through designing antisense peptide locked 

nucleic acids (PLNAs) that target agrA mRNA.187 Two PLNAs were designed to bind to 

regions of the predicted secondary structure of agrA mRNA and then conjugated to a 

cell-penetrating peptide sequence. These PLNAs reduced agrA and downstream RNAIII 

transcription at low micromolar concentrations and were subsequently shown to 

alleviate virulence phenotypes in vitro and in vivo.187 To our knowledge, this report is the 

first to target agr activity through directly disrupting translation of the agr components, 

and this approach could be used to selectively target any agr system that has been 

sequenced. 

 

1.4.6 Looking ahead: remaining questions about the role of agr QS in vivo and the 

modes by which chemical modulators can be applied to probe complex systems 

 While it is clear from the many studies in S. aureus, and to a lesser extent in 

other organisms, that agr QS controls a large number of genes and downstream 

phenotypes in vitro, we are still far from understanding the intricacies of agr QS in 

physiologically and ecologically relevant settings. For example, the temporal role of agr 

QS during the stages of infection is not well understood. Knockout mutants, while 

informing on the necessity of the agr system for establishing an infection, fail to describe 

how the agr system contributes to virulence in vivo over the course of an infection. By 

controlling the timing at which bacteria are exposed to agr activators or inhibitors (e.g., 

prior to, during, or after infection), researchers can start to understand the role of agr in 
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infection development. While Sully et al. has shown that their AgrA inhibitor savirin can 

strongly reduce abscess formation when co-injected with S. aureus in a dermonecrosis 

mouse model, efficacy is drastically reduced when savirin is delivered 24 or 48 hours 

after S. aureus.139 Studies investigating the effects of chemical agr agonists and 

antagonists in the early stages of infection could be highly informative to elucidate the 

temporal relationship between agr activity and abscesses formation.  

 Whereas agr activity in the early stages of infection are likely key to acute 

infections, very little is known about the role of agr QS in chronic infections. Often, 

clinical isolates of S. aureus from chronic infections are deficient in agr QS, but as noted 

above agr QS is often required to establish infections, suggesting that spontaneous agr-

deficient mutants could emerge sometime after acute infection is established in vivo that 

eventually lead to chronic infections.188 Some researchers hypothesize that the 

increased immune response during QS activation in various species creates selective 

pressure that can drive QS-deficient mutants over time in vivo;189 accordingly, studies 

that investigate the effects of long-term QS activation or inhibition through sustained 

exposure to agr modulators may help elucidate the pathways by which these mutants 

emerge (Figure 1.8A). Interestingly, while QS is historically defined as a coordinated, 

population-wide change in genetic regulation, recent research in agr QS suggests 

distinct spatial zones of increased or decreased agr activity for genetically-identical cells 

in a bacterial population.190 These differences in agr activity could persist and give rise 

to differentiated cells more poised for either chronic or acute infections.190 Spatial 

control of agr QS using chemical modulators with wild-type and genetic knockout 
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mutants could enable researchers to better characterize these differentiation events that 

may lead to chronic infection. 

 

 

Figure 1.8 Potential uses of chemical probes to explore agr QS in vivo. (A) Long-
term dosing of wild-type bacteria (yellow bacteria) with agonists or antagonists could 
produce mutants with altered or non-functional agr QS (grey bacteria). (B) Small 
numbers of agr-active bacteria in populations of agr-null bacteria cannot activate QS 
extracellularly, but could active in a phagosome (orange) to escape while agr-null 
bacteria are killed. (C) Using selective or pan-active modulators to agonize or 
antagonize QS of commensals and pathogens can elucidate the role of agr QS cross 
activity in physiological settings. 
 

 In addition to delineating the pathways and conditions by which agr-deficient 

mutants emerge in wild-type bacteria, chemical agr modulators also could assist in 

characterizing reversions. Recent studies have shown that within agr-deficient S. 

aureus cultures there are small populations that can revert back to normal agr QS.191 

While the number of these variant cells is insufficient to activate agr activity in 

extracellular spaces, in a small compartment these variants could re-initiate agr activity. 

This could occur in a phagosome during host immune responses (others have 

previously shown wild-type S. aureus activate agr QS in phagosomes)14 and suggests 

these variants may serve as a strategy to ensure survival and provide a way to continue 
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infection (Figure 1.8B).191 Chemical inhibition of these phase variants could prevent agr 

activation in a phagosome, disrupting this hypothesized insurance strategy. 

 Finally, agr QS is also not well-understood in the context of mixed microbial 

communities. The prevalence of cross-activity between agr systems suggests agr QS 

may be used to block agr activity of other organisms, allowing individual groups to 

establish dominance and/or prevent colonization of pathogens. Multiple commensal 

Staphylococci in the human microbiome produce AIPs that can potently block S. aureus 

agr activity (such as S. caprae or S. simulans), suggesting these types of interactions 

may be important for commensal protection against pathogens in humans.8, 192-193 Using 

selective or pan-activators to agonize commensal agr systems or selective inhibitors to 

antagonize pathogenic agr systems in mixed systems would facilitate characterizing the 

mechanisms by which pathogens colonize hosts and whether commensal agr QS 

contributes to host protection (Figure 1.8C).  

 

1.5 Thesis Outline 

1.5.1 Dissertation overview 

At the time I joined the Blackwell Lab in 2016, there were multiple areas of agr 

QS that I could choose to investigate and try to push forward. Many agr systems had 

been identified across Gram-positive bacteria over the years, but very few had been 

thoroughly investigated outside of S. aureus. For several important Gram-positive 

organisms, such as L. monocytogenes and members of the Clostridia species, only a 

handful of fundamental studies had been reported detailing agr knockout mutants or 

preliminary AIP signal identifications. While there was a growing foundation of 
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knowledge of agr in some organisms like S. epidermidis and E. faecalis arising from 

early AIP SAR studies, deeper characterization of AIP-AgrC interactions and more 

specialized modulators were needed to probe if such chemical approaches could be 

applied to control behavior in these species. Finally, even with the comparative wealth 

of mechanistic knowledge in the S. aureus system and highly potent AIP mimics that 

inhibit AgrC, only a few labs had characterized the effects of agr inhibition in in vivo 

infection models. Over the past five years since I joined the Blackwell lab, I have 

contributed to further each of these fronts by: (1) exploring the under-characterized agr  

system in L. monocytogenes, (2) developing and characterizing novel chemical 

modulators with increased potency and efficacy in S. epidermidis, and (3) designing and 

evaluating degradable polymeric materials containing agr inhibitors to control S. aureus 

virulence in vivo. I summarize each of my efforts below. 

 

1.5.2 Summary of Chapter 2: A Native Autoinducing Peptide Signal Reveals Highly 

Efficacious Inhibitors and Activators of Listeria monocytogenes Quorum Sensing and 

Biofilm Formation 

 Despite some initial studies that detailed effects of agr activity in L. 

monocytogenes with genetic knockout mutants, very little research has been reported 

that explores chemical approaches to probe the L. monocytogenes agr system. 

Importantly, at the outset of my research, there was confusion in the field about the 

native AIP, as multiple groups had reported conflicting structures. We sought to identify 

the native L. monocytogenes AIP ourselves, and we confirmed a 6-mer AIP structure 

that was in agreement with another past report. Using new agr-dependent fluorescent 
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reporter strains, we determined that the L. monocytogenes agr system is highly 

selective for its native AIP, as many non-cognate AIPs fails to activate or inhibit agr 

activity. Using the native AIP scaffold, we synthesized and assayed analogs to build 

SARs for agr activation (presumably by targeting AgrC), and utilized those structure-

function data to develop potent and efficacious agonists and antagonists of the system. 

We validated the activity of these agr modulators in biofilm assays using wild-type L. 

monocytogenes, demonstrating that agr is an attractive target to combat a key virulence 

phenotype used by this pathogen to persist and avoid eradication in industry. These 

ligands represent the most potent and efficacious modulators for L. monocytogenes agr, 

with our agonists outperforming the native signal and our antagonists outperforming the 

known agr inhibitors in L. monocytogenes, and serve as scaffolds for further 

development and investigation of L. monocytogenes virulence.  

 

1.5.3 Summary of Chapter 3: Conformational Switch to a β-turn in a Staphylococcal 

Quorum Sensing Signal Peptide Causes a Dramatic Increase in Potency 

 In a prior SAR study of AIP-I in S. epidermidis, our lab had described the activity 

of the native S. epidermidis AIPs against AgrC-I, and discovered agonists with 

increased potency over the native AIP-I for AgrC-I as well as pan-group antagonists that 

inhibited three S. epidermidis agr groups. In this past work, we used NMR spectroscopy 

to characterize the solution-phase conformations of these modulators, giving key 

structural insights into the activity profiles that we observed in cell-based fluorescent 

reporter assays. In our most potent modulators, we noticed the re-occurring presence of 

a β-turn motif in the compound macrocycles. While structural analogs that could 
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reinforce this β-turn displayed similar potencies, analogs that disrupted the hydrogen-

bonding required for this β-turn had drastically reduced potency. Chemical shift analysis 

revealed these disrupted β-turn analogs had key structural deviations from their parent 

compounds near the β-turn, suggesting that the β-turn motif is critical for high potency 

with AgrC-I. The structure-function insights from these studies should inform the 

development of new chemical modulators of S. epidermidis. 

 

1.5.4 Summary of Chapter 4: Non-Native Peptides Capable of Pan-Activating the agr 

Quorum Sensing System across Multiple Specificity Groups of Staphylococcus 

epidermidis 

 Our previous investigations of S. epidermidis AIPs and SARs for AgrC 

agonism/antagonism had focused on the agr-I group, and in this Chapter we turn to 

characterizing the SARs of the native AIP-II and AIP-III with their cognate receptors 

AgrC-II and AgrC-III, respectively. Surveying the known SARs for the three native AIPs, 

we noticed significant overlap in how AIPs are recognized and agonize their cognate 

receptors. We hypothesized we could design novel chimeric peptides that blend aspects 

of the three native AIPs and that agonize all three AgrC receptors simultaneously. Such 

compounds could be extremely useful for blocking biofilm formation in S. epidermidis, 

as the agr system represses biofilm formation (and thus agr agonism inhibits biofilm 

formation). We synthesized multiple scaffolds and analogs to identify multi-group agr 

agonists, finding two analogs which we call Cmr1 and Cmr1 S7A. We validated these 

multi-group agonists could induce phenotypes downstream of agr activation, as our 

multi-group agonists increased production of PSMs in the three agr specificity group 
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strains. These multi-group agonists are the first synthetic compounds demonstrated to 

activate multiple agr groups in any of the Staphylococci, and provide a key first step to 

developing potent and efficacious pan-group agonists. 

1.5.5 Summary of Chapter 5: Sustained Release of a Synthetic Autoinducing Peptide 

Mimetic Strongly Attenuates MRSA Infections In Vivo 

 Many studies have demonstrated that chemical inhibition of agr activity in S. 

aureus can attenuate virulence phenotypes in vitro. However, there is still much to be 

understood about the role of agr activity in vivo. Chemical tools and strategies to probe 

agr in vivo are few as (i) many reported small molecule agr inhibitors lack known SAR to 

tune specificity, (ii) AIP mimics, which are generally the most potent modulators and can 

be tuned to be selective or pan-active, are hydrolytically unstable, have poor aqueous 

solubilities, and have largely not been studied in vivo, and (iii) the animal host can 

sequester or degrade inhibitors, necessitating large amounts of compound for efficacy. 

In this Chapter, we determined that certain scaffolds of AIP mimics can resist 

sequestration and degradation effects, and that these AIP mimics can be released from 

poly(lactic-co-glycolic acid) (PLGA) polymers to extend inhibition over long time periods. 

Our lead inhibitor was efficacious in reducing abscess formation in a S. aureus 

dermonecrosis mouse infection model when administered as a solution or loaded into 

PLGA microspheres. Critically, the compound loaded microsphere enables nanogram 

quantities of compound to attenuate infection, drastically improving over previous 

reports that utilize microgram quantities for similar results. The modular nature of both 

PLGA materials and the AIP mimics facilitate in vivo studies not only for S. aureus, but 

also for any other agr systems with known agr modulators. 
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1.5.6 Summary of Chapter 6: Future Directions 

 The results described in Chapters 2–5 create new opportunities for research into 

agr systems. In this chapter, I first propose new areas to continue exploring within the 

projects described above as well as offer novel project ideas to investigate agr QS. I 

describe follow up experiments in L. monocytogenes, exploring additional SARs of our 

novel agonists and antagonists to improve efficacy and potency. Our existing L. 

monocytogenes modulators or new ones discovered in future SAR studies could be 

utilized in a variety of applications, such as more closely detailing how agr activity 

affects the ability of L. monocytogenes to invade cells and spread. Next, I propose new 

SAR studies to expand our chimeric multi-group agonists in S. epidermidis, focusing on 

a few residues that we hypothesize to be key to improving agonism efficacy in the three 

agr groups. After this, I discuss deeper characterization of the structural-dependence of 

AIP sequestration ex vivo and propose novel applications of our compound-loaded 

materials to investigate agr activity in a variety of scenarios. I end the Chapter with a 

pair of novel project proposals: the first that seeks to utilize photoreactive amino acids to 

identify missing partners in AgrD processing and the AgrC binding site, and the second 

that seeks to develop new methods to generate AIP analogs rapidly. 
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1.5.7 Summary of Appendix I: Chemical Control of Quorum Sensing in E. coli: 

Identification of Small Molecule Modulators of SdiA and Mechanistic Characterization of 

a Covalent Inhibitor 

 This appendix details some of the collaborative work that I performed with 

Blackwell lab members who study AHL-based QS in Gram-negative bacteria. E. coli 

uses an orphan LuxR-type receptor known as SdiA to sense AHLs in its local 

environment. Interestingly, SAR studies of AHL analogs demonstrates SdiA is 

exceptionally promiscuous when compared to other LuxR-type receptors, and this is 

likely key to its activation of acid-resistance that is required in vivo. While most AHL 

analogs could activate SdiA, a few had inhibitory activity. We characterized the 

mechanism of action of one covalent inhibitor, providing new insights into how LuxR-

type receptors can be targeted for covalent inhibition. 
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Chapter 2: 

A Native Autoinducing Peptide Reveals Highly Efficacious Inhibitors 

and Activators of Listeria monocytogenes Quorum Sensing and 

Biofilm Formation 
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Abstract 

 

Bacteria can use chemical signals to assess their local population density in a 

cell-to-cell communication process called quorum sensing (QS). Many of these bacteria 

are common human pathogens, including Gram-positive bacteria that utilize small 

macrocyclic autoinducing peptide (AIP) signals. Listeria monocytogenes, an important 

food-borne pathogen, uses the agr system to regulate a variety of virulence factors and 

biofilm formation, yet we know little about the specific roles of agr in Listeria infection 

and its persistence in various environments. As QS is controlled by chemical signals, 

chemical agonists and antagonists capable of intercepting this signaling pathway 

represent powerful tools to explore mechanism and block deleterious bacterial 

behaviors at high cell densities. Herein, we report the first such peptide tools to explore 

QS in Listeria. We confirmed the structure of a native L. monocytogenes AIP, used it as 

a scaffold to synthesize a collection of non-native AIP mimics, and evaluated their 

activity in cell-based agr reporter assays. The structure-activity relationships (SARs) 

gathered from these studies guided the design of a suite of novel AIP analogs, including 

agonists with increased potency relative to the native AIP and an antagonist capable of 

reducing agr activity to basal levels. Interestingly, both the lead agr agonist and 

antagonist in L. monocytogenes were also capable of antagonizing agr signaling in the 

related pathogen Staphylococcus aureus, further extending their utility. Perhaps most 
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notably, the lead antagonist was able to reduce wild-type L. monocytogenes biofilm 

formation by over 90%. This study represents an important first step in the application of 

chemical methods to modulate QS and concomitant virulence outcomes in L. 

monocytogenes. 
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2.1 Introduction 

Listeria monocytogenes is a Gram-positive bacterium responsible for the 

foodborne illness listeriosis, which can cause severe infections in the 

immunocompromised, the young, the aged, and pregnant women.1 Although listeriosis 

comprises only 0.1% of foodborne illnesses, this disease alone is responsible for nearly 

one-fifth of all foodborne illness-related deaths.1-2 Despite increased awareness and 

testing, L. monocytogenes continues to plague the food industry, and food recalls have 

increased significantly in recent years.3 The notoriety of L. monocytogenes stems from 

multiple sources: its ubiquity in the environment, its high resistance and adaptability to 

environmental stressors, and its unique intracellular lifecycle.4-8 L. monocytogenes is 

able to escape the phagosome and survive in host cells, reproduce within the usually 

toxic cytosol, and use host cellular machinery to propel itself within the host cell and 

invade neighboring cells, allowing the bacteria to spread with relatively little immune 

surveillance. Due to the intracellular lifecycle of L. monocytogenes, antibiotics and other 

drugs must enter host cells to combat infection, which limits treatment options and often 

their efficacy.9 New tools to curb the virulence and spread of L. monocytogenes would 

represent a significant advance toward curtailing infections. 

Similar to other common bacterial pathogens, many virulent traits exhibited by L. 

monocytogenes are controlled in part by quorum sensing (QS), a method of bacterial 

cell-cell communication mediated by chemical signals that allows for the detection of 

population density and coordination of group behaviors at high cell densities.10-12 Work 

over the last 20 years has shown that close structural mimics of these QS signals can 

be used as chemical tools to either agonize or antagonize QS and thereby modify 
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bacterial community behavior.11, 13-17 The potential to attenuate virulent behavior of 

pathogens with QS modulators is promising and, given the rise of antibiotic resistance, 

makes QS inhibition (or activation for certain pathogens or traits) a highly attractive 

target for preventing or treating bacterial infections.18-19 

QS in L. monocytogenes is mediated by the accessory gene regulator (agr) 

system. This QS system is used by other Gram-positive bacteria such as the 

Staphylococci, and consists of four components—AgrA-D—and the autoinducing 

peptide (AIP) signal (Figure 2.1A).20-22 The polypeptide AgrD is produced at a basal rate 

within the cell and consists of an N-terminal amphipathic helix, a signal precursor 

sequence centered around a conserved cysteine, and a C-terminal recognition 

domain.23 AgrB, a membrane-bound peptidase, recognizes and cleaves the C-terminal 

domain of AgrD, then cyclizes the peptide by forming a thioester linkage between the 

conserved cysteine of AgrD and the new C-terminus.24 In a manner still not fully 

understood, AgrD is further processed and exported from the cell as the mature AIP 

signal. As the bacterial population grows and produces AIP in a given environment, the 

extracellular AIP concentration reaches a certain local threshold that will activate the 

two-component signaling system formed by AgrC and AgrA. AgrC is a transmembrane 

receptor histidine kinase that, upon binding of AIP, trans-autophosphorylates and 

subsequently transfers the phosphoryl group to the intracellular response regulator 

AgrA.25 Phosphorylation then activates AgrA to dimerize, bind to various promoters, and 

upregulate the agr locus as well as other loci.20 
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Figure 2.1 The L. monocytogenes agr quorum sensing system. A) A simplified 
overview of the agr system. P = phosphorylated residues formed upon activation. B) 
The primary amino acid sequence of the previously reported structures for the L. 
monocytogenes AIP in one letter amino acid abbreviations. Left, the 5-mer reported by 
Zetzmann et al.26 Right, the 6-mer reported by Todd et al.27 
 

The agr system in L. monocytogenes has seen far less study relative to related 

systems in other bacteria (e.g., Staphylococcus aureus),28 yet it is known to be vital to 

the ability of L. monocytogenes to persist in the environment as well as to infect hosts. 

In terms of persistence, L. monocytogenes mutants lacking various components of the 

agr system have critical defects in their ability to survive in soil,29-30 adapt to different 

temperatures when transitioning between saprophytic and in vivo states,31 and adhere 

and form biofilms on abiotic surfaces such as glass or steel.10, 32-34 For host infection, 

while it has been widely understood that the master virulence regulator PrfA controls the 
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various factors that L. monocytogenes uses for infection and spread (such as 

internalins, chitinases, listeriolysin O, phospholipases, actin polymerases, etc.),35-36 the 

production of many of these virulence factors, including PrfA, has been found to be 

down-regulated in Δagr strains of L. monocytogenes.1, 10, 21, 31-32, 37-39 In addition, these 

Δagr strains display attenuated virulence in mice infection models.10, 21 While many 

question remain with regard to the timing, regulation, and targets of the agr system, the 

results of these past studies provide strong support for the role of agr in the 

pathogenicity of L. monocytogenes.10, 21 

Chemical agonists and antagonists of the agr system in L. monocytogenes would 

represent powerful tools to investigate QS in L. monocytogenes and develop methods 

to combat both its persistence and virulence. Such compounds remain largely 

unexplored. In fact, the native AIP used by L. monocytogenes is still open to debate, 

underscoring the current lack of molecular details with regard to agr signaling in this 

pathogen. To our knowledge, there have only been two reports that describe molecules 

that appear to directly affect the L. monocytogenes agr system. The first report by 

Zetzmann et al. showed that macrocyclic peptides based on the AgrD sequence can 

influence L. monocytogenes agr activity as measured using a luminescence-based 

(Pagr-lux) reporter. In this study, the authors asserted that the pentapeptide R5T0 

(hereafter referred to as “5-mer”; Figure 2.1B, left) is the native AIP of L. 

monocytogenes due to the identification of this compound in the supernatant of E. coli 

expressing the L. monocytogenes agrBD components, and its agonizing activity in L. 

monocytogenes agr reporter strains when chemically synthesized.26 The second report 

by Todd et al. demonstrated that ambuic acid, a fungal metabolite, is a micromolar 
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inhibitor of AIP production in a variety of Gram-positive bacteria, including L. 

monocytogenes, and likely targets AgrBD.27 However, in contrast to the report by 

Zetzmann et al., Todd et al. concluded that a hexapeptide (hereafter referred to as “6-

mer”; Figure 2.1B, right) was the native AIP for L. monocytogenes upon HPLC-MS 

analysis of the supernatant of wild-type L. monocytogenes EGD-e. This result was 

further bolstered by an earlier report of a peptide with a matching mass to the 6-mer 

produced by the closely related species L. innocua that contains an AgrD sequence 

identical to that of L. monocytogenes.40 Todd et al. note that they were unable to detect 

the 5-mer that Zetzmann et al. identified from the heterologous E. coli system. There 

have been no additional reports by either group or others that resolve this discrepancy, 

and none of the compounds from these two reports have been shown to modulate any 

virulent phenotype of wild-type L. monocytogenes.  

For QS modulation to be a viable approach to attenuate virulence in L. 

monocytogenes, we first need to better characterize the structure of the native AIP 

signal. With this structure in hand, we could then delineate the parts of the signal critical 

to function, and develop structure-activity relationships (SARs) that govern agr 

activation (via AgrC). Such SAR data for native AIPs have been used successfully to 

generate non-native AIP analogs capable of strongly inhibiting the agr systems in S. 

aureus and S. epidermidis.13, 41-42 In the current study, we sought to explore this 

approach in L. monocytogenes and, critically, determine whether exogeneous ligands 

capable of agr modulation can effectively regulate downstream virulence phenotypes in 

this pathogen. 
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Herein, we report confirmation of the identity of a native L. monocytogenes AIP 

signal and the discovery of highly efficacious, synthetic L. monocytogenes agr 

antagonists and agonists. We isolated a native AIP from L. monocytogenes 

supernatant, confirmed its identity via HPLC-MS/MS and independent chemical 

synthesis, and demonstrated its bioactivity in a new L. monocytogenes agr reporter 

strain. We then performed a systematic structure-function analysis of the native AIP 

through the synthesis of a suite of peptide analogs and assessed their ability to activate 

and inhibit the agr system using the L. monocytogenes reporter strain. These studies 

led to the discovery of peptide agonists with enhanced potency over the native AIP 

signal and informed the design of peptide antagonists capable of fully inhibiting wild-

type L. monocytogenes agr QS. In addition to having high efficacy, our lead antagonist 

also has improved potency over the previously reported small molecule inhibitor of the 

L. monocytogenes agr system, ambuic acid. Interestingly, both our lead agr agonist and 

antagonist in L. monocytogenes were also capable of antagonizing agr signaling in the 

related pathogen Staphylococcus aureus, further extending their utility and underscoring 

mechanistic differences between the AgrC receptors in these two bacteria. Perhaps 

most notably, our lead antagonist was able to drastically attenuate L. monocytogenes 

biofilm formation, demonstrating for the first time the potential for agr modulators to 

control a key virulence phenotype in this important pathogen. These compounds 

represent powerful chemical tools to interrogate fundamental questions surrounding the 

role of QS in the different lifestyles of L. monocytogenes, as well as in applied studies to 

develop new anti-virulence and anti-biofilm strategies to control infection and fouling. 
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2.2 Results and Discussion 

2.2.1 Synthesis confirms the native L. monocytogenes AIP structure 

 As noted above, two structures have been reported for the L. monocytogenes 

native AIP, but the proposed structures differ in exocyclic tail length.26-27 We sought to 

remedy this discrepancy by comparing bacterial supernatant to chemically synthesized 

peptide standards using LC-MS/MS. Using solid-phase peptide synthesis, we first 

synthesized the 6-mer peptide as it had been reported by two separate research groups 

as the native AIP (in two different Listeria species but with identical AgrD sequences).27, 

40 We analyzed the 6-mer peptide with HPLC-MS/MS (see SI for methods), then 

compared it to supernatant from a spent culture of L. monocytogenes EGD-e (grown for 

20 h to achieve a quorate density to naturally produce AIP). We observed a peak in the 

L. monocytogenes supernatant that matched the retention time, molecular ion, and 

mass fragmentation patterns of the 6-mer peptide standard (Figure 2.S1), providing 

strong support for the 6-mer peptide as a native AIP for L. monocytogenes (Figure 2.1B) 

and corroborating the report by Todd et al.27  

We also synthesized the 5-mer, the structure posited by Zetzmann et al. as the 

native L. monocytogenes AIP,26 in order to perform a similar HPLC-MS/MS analysis as 

for the 6-mer. However, we observed this compound to rapidly rearrange through a 

S⟶N shift (Figure 2.S2) at pH 7 to yield a homodetic peptide with nearly full conversion 

within 3 h at room temperature (see SI for analytical HPLC traces monitoring 

conversion). A recent report identified similar homodetic peptides based on AgrD 

sequences in Clostridia supernatants, and these peptides were posited to be the active 

QS signals in these species.43 Our subsequent studies (see below) revealed this 5-mer 
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homodetic peptide is a less potent than the parent 5-mer thioester and drastically less 

potent than the 6-mer in cell-based agr agonism assays. It is conceivable that multiple 

AIPs could be derived from a single AgrD sequence, leading to the formation of the 5-

mer thioester (that converts to the homodetic peptide) in addition to the 6-mer in L. 

monocytogenes, due to differential cleavage of AgrD. However, we note that AIPs of 

multiple lengths from a single agr locus have not been reported in any bacterial species 

to date.22, 28 Given that we isolated the 6-mer peptide from bacterial supernatant, 

corroborating the studies of Todd et al.,27 and its dramatically stronger potency than the 

5-mer homodetic peptide, hereafter we refer to the 6-mer as a native AIP of L. 

monocytogenes. 

 

2.2.2 Construction of L. monocytogenes agr-dependent GFP reporter strains 

In order to facilitate profiling the native AIP and analogs for agr activity, we 

designed and constructed two L. monocytogenes reporter strains that allow for agr 

activity to be monitored by production of green fluorescent protein (GFP, see SI for 

detailed methods). Briefly, a plasmid containing the agr promoter region fused upstream 

of gfp was transformed into wild-type (EGD-e) and ΔagrD L. monocytogenes strains. 

The wild-type reporter naturally produces its own AIP and is able to activate AgrC, 

which will subsequently phosphorylate AgrA for productive binding to DNA and trigger 

the production of GFP (Figure 2.2A). The ΔagrD reporter, lacking the ability to produce 

its own AIP, cannot trigger substantial production of GFP alone. However, adding 

exogenous AIP to the ΔagrD reporter results in an increase of fluorescence, indicating 

agr activity has been restored.  
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We utilize these two reporters to inform on agonism and antagonism activity of 

analogs of the native L. monocytogenes AIP. In the ΔagrD reporter, the agonism activity 

of an AIP analog is determined by its ability to increase fluorescence relative to a 1 µM 

AIP control (see Methods for normalization procedure). In turn, in the wild-type reporter, 

the antagonism activity of an AIP analog is determined by its ability to decrease 

fluorescence relative to a vehicle control. Based on the close structural similarity of the 

native AIP to the analogs in this study, it is likely that analogs that increase agr activity 

are functioning by directly binding and activating AgrC analogous to the native AIP, and 

that analogs with agr inhibitory activity likely function by competing with the native AIP 

for binding to AgrC, but lack some or all the correct contacts to activate AgrC. 
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Figure 2.2 Validation of the agr-dependent GFP reporter strains. (A) Activity of 
reporter strains with vehicle or with native L. monocytogenes AIP over time. Data from a 
single representative data set. (B) Single-point screen of non-cognate native AIPs and 
analogs in the L. monocytogenes reporters, with * signifying putative AIPs. Red 
compounds originate from S. aureus (Sa), blue originate from S. epidermidis (Se), and 
green originate from various Listeria AgrD sequences (Lk denotes L. kieliensis, Ln 
denotes L. newyorkensis, and Lw denotes L. weihenstephanensis; see SI). All 
compounds assayed at 10 µM for antagonism in the wild-type reporter (black bars) or 
for agonism in the ΔagrD reporter (striped bars). Red dashed lines signify activity levels 
of wild-type (top) and ΔagrD (bottom) reporters with vehicle control.  
 

2.2.3 L. monocytogenes agr is insensitive to other native AIPs and closely related 

analogs 

In other Gram-positive bacteria, native AIPs from different strains and species 

often have cross-activity with non-self AgrC receptors.44-47 This cross-activity has 

revealed useful scaffolds to explore structure-activity relationships (SARs) for AIP 
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agonism and antagonism in a particular AgrC, along with insights into the promiscuity 

and selectivity of these receptors.42, 48-49 We therefore explored the activity of a set of 

native AIPs and close analogs active in Staphylococcus aureus and S. epidermidis for 

any cross-activity in our L. monocytogenes reporters. None of these peptides had 

substantial activity in either reporter as agonists or antagonists (Figure 2.2B; Tables 

2.S1–2.S2).  

We questioned if this lack of activity was due to these Staphylococci AIPs being 

quite structurally distinct than the native L. monocytogenes AIP, so we next turned to 

assessing more closely related AIPs by examining putative AIPs from other species in 

the Listeria genus. The Listeria genus is split into two clades, Listeria sensu stricto and 

Listeria sensu lato.50-51 All the species within Listeria sensu stricto, including L. 

monocytogenes, share a well-conserved AgrD sequence (Figure 2.S3) and most 

notably an identical sequence surrounding the conserved cysteine in the AIP region, 

suggesting identical native AIPs. However, the genomic data available for Listeria sensu 

lato show these members all have relatively distinct AgrD sequences (Figure 2.S3). We 

synthesized peptides corresponding to putative AIPs from each Listeria species, 

assuming an identical macrocycle size and exocyclic tail length (with the exception of L. 

grandensis; synthetic difficulties due to its exocyclic cysteine caused us to examine the 

acetylated truncated peptide instead), and screened these in our L. monocytogenes 

reporter strains (Figure 2.2B). Similar to the Staphylococci AIPs, none of the putative 

AIPs from other Listeria species displayed any activity in L. monocytogenes, as either 

agonists or antagonists. We were particularly surprised that the L. grayi putative AIP 

lacked activity, as it only differed by the L. monocytogenes AIP at two positions (the 
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second and fifth endocyclic positions). These results suggest that L. monocytogenes 

AgrC does not readily accommodate peptides that differ from its cognate AIP. These 

data are in contrast to Staphylococci AgrCs that are generally capable of binding 

structurally diverse non-cognate AIPs, as evidenced by the large set of non-native 

peptide inhibitors and activators reported to date.17 In fact, we tested of several of these 

lead compounds from S. aureus (AIP-III D4A) and S. epidermidis (AIP-I D1AS6A and 

AIP-I D1AV3AS6A) in the L. monocytogenes reporters and found they were all inactive 

(Figure 2.2B), underscoring the different activity profile for the L. monocytogenes AgrC 

receptor. A systematic investigation of the L. monocytogenes AIP structure was thus 

necessary to elucidate the SARs that dictate its activity in AgrC. 

 

2.2.4 Thioester AIPs have improved potency over homodetic peptide 

 To launch our SAR investigations, we first examined the activity differences 

between the native AIP, the 5-mer thioester, and the S⟶N 5-mer homodetic peptide 

product in our agr fluorescent reporters (see full activity data sets in Tables 2.S3–2.S4). 

In terms of efficacy, none of these peptides exhibited antagonistic activity and all could 

fully or nearly fully agonize agr. In terms of potency, there were more interesting 

differences. Compared to the native AIP that had an EC50 of 29.7 nM, the 5-mer 

thioester had a modest four-fold loss in potency with an EC50 of 107 nM (Table 2.1). The 

S⟶N 5-mer homodetic peptide, however, was over 60-fold less potent than the native 

AIP and 17-fold less potent than the 5-mer thioester, suggesting this rearrangement 

significantly impacted compound potency (Table 2.1). As the 5-mer thioester likely 

converts to the S⟶N 5-mer in situ, this could result in the lowered potency observed for 
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the 5-mer thioester relative to the native AIP. To prevent the S⟶N exchange, we 

synthesized a 5-mer thioester with an acetylated N-terminus (Ac-5-mer). The acetylation 

reduced maximal activation relative to the free N-terminal 5-mer but halved the potency 

to an EC50 of 46.6 nM that is more similar to the potency of the native AIP (Table 2.1, 

Tables 2.S3–2.S4), indicative that the rearrangement contributed to the lower potency 

of the 5-mer thioester. 

Considering that (1) the 5-mer thioester fully converted to the S⟶N 5-mer 

product within a few hours in vitro and (2) the cell-based reporter assay is 24 h long, the 

observed potency difference between the thioester and S⟶N versions of the 5-mer is 

certainly intriguingly. We speculate that the 5-mer thioester may be longer lived in cell 

culture versus in vitro, possibly through interactions with AgrC protecting the thioester 

bond from this rearrangement. In addition, the ability of AgrC to be activated by both the 

thioester-containing AIPs and the homodetic peptide is noteworthy. The ability to be 

agonized by both scaffolds has been observed previously in Clostridia although, unlike 

our results above in Listeria, the Clostridia homodetic peptides were more potent and 

efficacious than the thioester-containing peptides.43 Regardless of which scaffold is 

more potent or efficacious, the activity of homodetic peptides against agr systems in 

multiple genera warrants further investigation into the prevalence of homodetic peptide 

activity in agr systems. In the case of L. monocytogenes, though, the dramatic potency 

loss of the S⟶N 5-mer product suggests that homodetic peptides, despite improved 

hydrolytic stability from the amide linkage over the thioester, would be a poor scaffold 

from which to develop agr modulators in L. monocytogenes and were not pursued 

further for derivatization. 
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2.2.5 Altering the AIP exocyclic tail length causes only minor effects on activity 

 We next examined L. monocytogenes AIP analogs with increasing exocyclic tail 

lengths (1–10 residue tails; Figure 2.3A). The residues added correspond to the N-

terminal residues adjacent to the AIP sequence in AgrD. While previous work by 

Zetzmann et al. had shown that differing tail lengths of AIP analogs in L. 

monocytogenes affected activity using a luminescence agr reporter,26 potency and 

efficacy data were not reported. Surprisingly, analysis of these analogs in our own L. 

monocytogenes agr GFP reporters demonstrated that tail length changes had negligible 

effects on potency and all analogs maintained substantial, if not full, agonism activity 

(Figure 2.3B, see Tables 2.S3–2.S4 and SI for full dose-response data and curves). The 

7- and 8-mer peptides were the least active agonists, maintaining 70% efficacy and 

were only two-fold less potent than the native AIP. Examining these peptides in the wild-

type reporter revealed these compounds were partial agonists (i.e., compounds that 

agonize the ΔagrD reporter and antagonize the wild-type reporter to similar levels of 

overall agr activity) and were the only peptides from this set with appreciable 

antagonistic activity. Overall, these results were unexpected, as previous SAR studies 

of AIPs in other organisms have shown that altering or removing the exocyclic tail can 

have dramatic results on activity, often mode-switching agonists to antagonists of 

varying potencies.42, 49, 52 The lack of substantial activity changes upon varying the tail 

length suggests that the ligand contacts required for AgrC binding and activation by the 

6-mer AIP are largely unaffected by additions to its tail and suggest the key contacts are 

present within the macrocycle. 
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Figure 2.3 Examining effects of tail-length modifications of AIP. A) Portion of 
AgrD used to synthesize analogs with demarcations for sequence numbering from C-
terminal end. B) Activation data from screening 10 µM AIP analogs with varying tail 
lengths in ΔagrD reporter, 10 µM native AIP activation shown in red as comparison. 
Differences between AIP and other analogs analyzed with ANOVA, unmarked columns 
signify no difference and *, ***, and **** signifying p values less than 0.05, <0.001, 
<0.0001 respectively. 
 

2.2.6 Alanine and D-amino acid scans reveal general SARs for native AIP 

We next sought to identify specific features of the native 6-mer AIP that are 

important for activity on AgrC by examining the contributions of each individual amino 

acid. To this end, we synthesized a set of peptide analogs that systematically probed 

each residue’s side chain and stereochemistry and screened them in the ΔagrD and 

wild-type reporter strains for agonism and antagonism activity, respectively (Table 2.1, 

Tables 2.S5–2.S6). First, each amino acid was replaced with alanine with the exception 

of Ala1 (as it is already an alanine) and Cys2 (as it is required for the macrocycle to 

form). The most notable analogs were AIP F3A and AIP F5A, as these two substitutions 
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abolished agonism activity and had no noticeable antagonism. The lack of either 

agonism or antagonism activity suggests that removal of these phenylalanine 

sidechains impairs the ability of these peptides to bind AgrC effectively, implicating 

Phe3 and Phe5 as playing critical roles in the AIP-AgrC binding event. This result aligns 

with previous studies investigating AIP-AgrC interactions in other bacteria, in which 

ligand binding was shown to be largely facilitated by bulky and hydrophobic endocyclic 

residues (as supported by both in cell-based and in vitro assays).53-55 We observed that 

the remaining two alanine substitutions—i.e., in AIP M4A and AIP V6A—both decrease 

in agonism efficacy (50 and 30% loss, respectively; Table 2.1) and potency (66- and 8-

fold, respectively; Table 2.1) compared to the native AIP suggesting that, while these 

side chains do contribute to full activation of AgrC, they are ultimately non-essential for 

activity. While only four Ala-containing analogs were examined here, it was intriguing to 

note that none of these analogs were capable of substantially inhibiting the wild-type agr 

reporter. In other agr and related peptide-based QS systems, a single alanine 

substitution can often mode-switch a native peptide signal into an exquisitely potent 

antagonist (e.g., AIP-III D4A in S. aureus),13, 42, 52, 56-58 so the lack of antagonists 

revealed in this alanine scan suggests the mechanism of AgrC agonism in L. 

monocytogenes is different than in these other organisms.  
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Table 2.1 Activity data for native L. monocytogenes AIP and analogs thereof in 
agr reporter assays. See Methods for details of strains and data normalization method. 
95% CI values can be found in SI.  

Compound Sequence 
EC50 

(nM) 

Max 
Activation 
Observed 

(%) 

IC50 

(nM) 

Max 
Inhibition 
Observed 

(%) 

AIP (6-mer)  A-(C-F-M-F-V) 29.7 114 --a NAb 

5-mer (C-F-M-F-V) 107 105 --a 1.15 

S⟶N 5-mer (C-F-M-F-V) 1820 89.7 --a 0.81 

Ac-5-mer Ac-(C-F-M-F-V) 46.3 75.3 --a 6.39 

AIP F3A A-(C-A-M-F-V) --a 9.72 --a 3.65 
AIP M4A A-(C-F-A-F-V) 1980 53.5 --a 7.85 
AIP F5A A-(C-F-M-A-V) --a 6.37 --a NAb 
AIP V6A A-(C-F-M-F-A) 241 69.0 --a 15.0 

AIP A1dA DA-(C-F-M-F-V) 96.9 58.8 --a 15.2 
AIP C2dC A-(DC-F-M-F-V) 106 41.0 3970 48.4 
AIP F3dF A-(C-DF-M-F-V) --a 6.63 --a 14.7 
AIP M4dM A-(C-F-DM-F-V) 10.2 111 --a 3.99 
AIP F5dF A-(C-F-M-DF-V) 2180 72.3 --a 2.71 
AIP V6dV A-(C-F-M-F-DV) 883 72.9 --a NAb 

aDose response did not converge. bNA = inactive. 
 

Next we replaced each residue in the L. monocytogenes AIP with its D-amino 

acid analog, and we observed that this stereochemical inversion yielded many analogs 

with reduced agonism efficacy and potency. The only largely inactive peptide was AIP 

F3dF which, when coupled with the previously discussed inactivity of AIP F3A, further 

supports that Phe3 likely plays a critical role in AIP-AgrC interactions. Similarly, while 

AIP F5dF did maintain some agonism activity, it lost two orders of magnitude in 

potency, again underscoring the importance of Phe5 for AIP activity. The D-amino acid 

substitutions at Ala1 and Val6 both reduced efficacy and potency, yet not to the extent 

as the D-phenylalanine analogs. Inverting the remaining two positions, Cys2 and Met4, 

had perhaps more interesting outcomes. First, by inverting the stereochemistry of Cys2 
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and therefore the relative orientation of the AIP thiolactone bridge, the resulting peptide 

AIP C2dC exhibited a modest three-fold loss in agonism potency in the ΔagrD reporter. 

Moreover, AIP C2dC was able to antagonize wild-type reporter to nearly 50% of its 

maximum activity, indicative of a partial agonist activity profile. We note that the 

antagonistic activity of AIP C2dC is substantially greater than any of the other analogs 

we have detailed thus far. The large reduction in agonism activity by AIP C2dC 

suggests that the local conformation surrounding the thioester bond plays an important 

role in activation of AgrC. Secondly, incorporation of D-Met to yield AIP M4dM caused 

three-fold increase in agonism potency relative to the native AIP, representing the first 

peptide with heightened potency uncovered so far. We used the findings from these 

preliminary alanine and D-amino acid scans (namely, the requirement for the Phe3 and 

Phe5 side chain, and the effects of inversion at Cys2 and Met4) to guide our antagonist 

and agonist development as described below.  

 

2.2.7 Design and biological evaluation of first-generation AIP analogs 

Several additional analogs the L. monocytogenes AIP were designed (Figure 

2.4), synthesized, and screened in the wild-type and ΔagrD reporters (select analog 

activity data in Table 2.2, full data sets in Tables 2.S7–2.S8) with the goal of developing 

a stronger set of SAR data. We first focused on synthesizing analogs to probe how the 

exocyclic Ala1 contributes to activity with four sidechains of varying polarity, charge, and 

steric bulk. Three of the analogs—AIP A1P, AIP A1T, and AIP A1K—were partial 

agonists that leveled off to around 75% agr activity in both agonism and antagonism 

assays. The remaining analog, AIP A1V, maintained the full activity of the parent AIP 
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with four-fold enhanced potency, similar to AIP M4dM described above. Altogether 

however, the relatively minor activity changes despite rather large structural differences 

to the side chain in these analogs suggests this exocyclic position is quite tolerant to 

substitution. 

 

 

Figure 2.4 Summary of substitutions made to L. monocytogenes AIP to 
investigate SAR trends of individual amino acids. 
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As our initial alanine and D-phenylalanine analogs of Phe3 and Phe5 had large 

efficacy and potency losses suggesting important roles in the binding event with AgrC, 

we next turned to examining substitutions that better maintain some of L-phenylalanine’s 

properties—bulky, hydrophobic, aromatic—with the hypothesis that these may be better 

tolerated. The hydrophobic substitutions (tyrosine, leucine, tryptophan) in the Phe3 

position were able to maintain some activity, agonizing to 40–60% and antagonizing to 

around 30% (Table 2.2). While these analogs were certainly an improvement over the 

inactive alanine or D-phenylalanine analogs, these new peptides still suffered over 10-

fold potency losses. Alternatively, we explored maintaining aromaticity while changing 

hydrophobicity by replacement of Phe3 with histidine; interestingly, while this analog 

was devoid of any observable agonism, it did exhibit minor antagonistic activity (albeit 

with low potency). The same set of substitutions were also examined in Phe5. The Phe5 

analogs overall were able to agonize to similar levels as the Phe3 analogs, but with 

even more severe potency losses and the analogs had no observable antagonism. 

These conservative substitutions in Phe3 and Phe5 demonstrate that, while strict 

adherence to L-phenylalanine is not necessary to induce some level of activation of 

AgrC, even subtle deviations of the side chain properties can drastically affect the 

activity of the resulting compound. 
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Table 2.2 Reporter assay activity data for select first- and second-generation 
analogs of L. monocytogenes AIP. See Methods for data normalization. 95% CI 
values can be found in SI. 

Compound Sequence 
EC50 

(nM) 

Max 
Activation 
Observed 

(%) 

IC50 

(nM) 

Max 
Inhibition 
Observed 

(%) 

AIP A-(C-F-M-F-V) 29.7 114 --a NAb 

Select First Generation Analogs 
AIP A1K K-(C-F-M-F-V) 22.9 80.0 233 31.3 
AIP A1V V-(C-F-M-F-V) 7.67 109 --a 1.63 

AIP C2Dap A-(Dap-F-M-F-V) 342 92.9 --a 5.32 
AIP C2dDap A-(DDap-F-M-F-V) --a 14.3 --a 19.3 

AIP F3Y A-(C-Y-M-F-V) 518 47.4 3460 33.4 
AIP F3H A-(C-H-M-F-V) --a 12.4 --a 24.9 

AIP M4dA A-(C-F-DA-F-V) 455 82.0 --a 9.54 
AIP F5Y A-(C-F-M-Y-V) 5620 44.4 --a 6.61 
AIP F5H A-(C-F-M-H-V) --a 7.13 --a 2.19 

Second Generation Analogs 
AIP A1K/C2dC K-(DC-F-M-F-V) --a 10.2 4440 30.7 
AIP A1K/M4dM K-(C-F-DM-F-V) 4.18 74.1 --a 20.2 

AIP C2dC/M4dM A-(DC-F-DM-F-V) 24.1 35.7 242 64.8 
KdCdM K-(DC-F-DM-F-V) --a 8.10 1400 92.6 

aDose response did not converge. bNA = not active. 
 

After seeing the increased potency of AIP M4dM relative to the native AIP, we 

were curious if this could be replicated with any D-amino acid at this position. While our 

initial alanine scan demonstrated that substituting Met4 for L-alanine (AIP M4A) resulted 

in a low potency agonist (Table 2.2), inverting the stereochemistry to D-alanine (AIP 

M4dA) improved potency about four-fold. The similar potency increases seen from the 

two pairs of substitutions (a three-fold increase going from L-methionine to D-methionine 

and a four-fold increase going from L-alanine and D-alanine) would suggest the D-

stereochemistry is largely the driving force for the enhanced agonism potency. Given 

the proximity of Met4 to its neighbors Phe3 and Phe5, the D-stereochemistry at Met4 
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could better orient this trio of hydrophobic sidechains for optimal contacts with AgrC; 

structural studies of the native AIP and these analogs could illuminate how these D-

amino acids contribute to the improved potency and are ongoing. 

We further investigated the thioester linkage in new analogs, as since AIP C2dC 

displayed significant antagonism, we were curious if other substitutions could produce 

or alter antagonistic activity. Using L-2,3-diaminopropionic acid (Dap), we synthesized 

an AIP analog where the thioester linkage was replaced with an amide linkage (AIP 

C2Dap; Table 2.2). AIP C2Dap failed to antagonize AgrC, and instead largely retained 

the efficacy of the native AIP at the cost of a 10-fold loss in potency. This activity profile 

indicates the sulfur is not essential for the activation mechanism, but does influence 

potency. Our lab has reported similar potency losses when converting the thioester to 

an amide in S. aureus AIP-based antagonists.59-60 Lastly, given that we observed partial 

agonism upon stereochemical inversion of the cysteine (in AIP C2dC), we were curious 

if a peptide that incorporated D-Dap would perform similarly. Intriguingly, while AIP 

C2dDap did slightly antagonize in the wild-type reporter, this analog appeared to have 

little or no agonism activity in the ΔagrD reporter, suggesting it is a true AgrC antagonist 

and not a partial agonist. While this activity profile could be beneficial in designing an 

antagonist for the system, we decided not to pursue amide analogs further due to their 

weak potencies overall. 

 

2.2.8 Combinatorial substitutions reveal a route to antagonism 

Despite characterizing over 30 analogs at this point, our efforts exploring SARs 

of the native AIP through single substitutions had yet to produce an efficacious 
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antagonist. We hypothesized that we could rationally design an antagonist with 

improved activity through combinatorial substitutions and focused on a set of three to 

start. First, the A1K substitution, while only inhibiting the wild-type reporter by 30%, still 

maintains high potency in AgrC agonism assays. Next, the C2dC substitution was able 

to antagonize agr activity to 50% at the cost of some potency. Lastly, the M4dM 

substitution yielded a three-fold enhancement in agonism potency relative to the native 

AIP with no significant change in efficacy. We combined these substitutions using the 

native AIP scaffold to synthesize double-substitution analogs as well as a triple-

substitution analog and profiled their activity in the L. monocytogenes agr reporter 

strains (Table 2.2, Tables 2.S9–2.S10).  

First surveying the double substitutions, when the two antagonistic substitutions, 

A1K and C2dC, were combined, the resulting analog AIP A1K/C2dC was unable to 

agonize the ΔagrD reporter and instead displayed antagonism in the wild-type assay 

(Table 2.2). Its low potency, however, prevented characterizing its IC50 over the 

concentration ranges tested. Next, we reasoned that the agonism potency increase 

from the M4dM substitution could carry over when combined with the two other 

substitutions. This was indeed the case, as the double substitution analog AIP 

A1K/M4dM was a five-fold more potent agonist than AIP A1K while maintaining a similar 

partial agonism profile. Likewise, combining M4dM with C2dC in AIP C2dC/M4dM 

yielded marked improvements in potency for both agonism (four-fold) and antagonism 

(16-fold) activities relative to AIP C2dC. This potency increase also allowed for the 

antagonism curve of AIP C2dC/M4dM to flatten out at 65% inhibition, signifying the 

most efficacious antagonist we had identified so far. These consistent potency 
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increases by incorporation of D-Met4 further cements the critical role it must play in AIP 

analog:AgrC interactions.  

We then combined these three features—the low antagonistic activity of A1K, the 

strong antagonistic activity of C2dC, and the high agonism potency of M4dM—into a 

triple substitution analog AIP A1K/C2dC/M4dM that we named KdCdM. Similar to the 

AIP A1K/C2dC analog, KdCdM shows no observable activation in the ΔagrD reporter; 

however, now with the incorporation D-Met4, KdCdM was the first analog we found that 

could fully antagonize the wild-type L. monocytogenes agr reporter to basal activity 

levels (Figure 2.5A). In addition to its high efficacy, KdCdM is also 15-fold more potent 

than the only other characterized antagonist of the L. monocytogenes agr system, 

ambuic acid, as determined by our reporters (Figure 2.5B, Table 2.S10). The strong 

activity of KdCdM is further enhanced by its clearer mechanism of inhibition (almost 

certainly targeting AgrC) relative to ambuic acid. The activity profile of KdCdM appears 

to largely be the sum of the single substitution’s activity profiles—the lack of apparent 

cooperative or uncooperative effects between these three substitutions may suggest 

that their individual structural effects are localized and do not largely affect the global 

conformation of the peptide.  

While we had observed that L. monocytogenes is unresponsive to AIPs and 

analogs from other organisms (vide supra), we were curious if KdCdM or any of our 

other L. monocytogenes agr modulators identified herein were active in other species. 

We elected S. aureus for further experiments. Dose response experiments in a S. 

aureus agr-I reporter system61 revealed that that the L. monocytogenes native AIP, our 

more potent agonist AIP M4dM, and our antagonist KdCdM could all antagonize S. 
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aureus agr-I activity with high nanomolar potency (Figure 2.S4, Table 2.S11). These 

results indicate that, while the L. monocytogenes AgrC appears to be more selective in 

terms of AIP analog modulators, peptide activity in L. monocytogenes AgrC and other 

AgrCs is not mutually exclusive. Moreover, these findings provide new scaffolds for the 

design of agr antagonists with activities that expand beyond one species.  

 

 

Figure 2.5 Activity of key antagonists against wild-type reporter. (A) Structures 
of AIP analog antagonists leading to lead antagonist KdCdM and previously reported 
small molecule inhibitor, ambuic acid. (B) Dose response assay activity data of 
antagonists. 
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2.2.9 Chemical control of biofilm formation with agr modulators 

As highlighted above, biofilm formation is a critical virulence phenotype that 

allows L. monocytogenes to persist and spread through harsh conditions, and 

attenuating biofilm formation has been a major focus in L. monocytogenes research.62-63 

As ΔagrD strains have attenuated biofilm formation, this suggests agr activation 

promotes biofilm production.10 We therefore hypothesized that our agr agonists should 

restore biofilm production in ΔagrD strains, while agr antagonists should reduce biofilm 

in wild-type strains. Indeed, incubating L. monocytogenes ΔagrD with the native AIP or 

our synthetic agonist AIP M4dM restored a substantial amount of biofilm production 

when compared to vehicle controls (Figure 2.6A). In turn, wild-type biofilm formation 

was reduced by 90% when incubated with the KdCdM antagonist (Figure 2.6B). 

Moreover, this effect was dose-dependent (Figure 2.6C) and revealed a very similar 

IC50 value (1.86 µM) when compared to our fluorescence reporter data (1.40 µM), 

further supporting a strong connection between biofilm formation and agr activity in L. 

monocytogenes. Interestingly, we note that the level of biofilm produced by wild-type L. 

monocytogenes in the presence KdCdM was significantly lower than the ΔagrD control. 

This finding could indicate KdCdM acts as an inverse agonist. These biofilm assay data 

are the first to demonstrate attenuation of L. monocytogenes biofilm formation using a 

synthetic agr modulator and serve to highlight the potential chemical ligands to control 

phenotypes linked to QS in this important human pathogen. 
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Figure 2.6 AIP analogs can modulate biofilm formation through controlled agr 
activity. A) 10 µM AIP and AIP M4dM increase biofilm formation of ΔagrD strain. B) 100 
µM KdCdM reduces biofilm of wild-type (WT) strain. C) Dose-response effect of KdCdM 
on WT biofilm formation with representative biofilm wells overlaid. See Methods for data 
normalization. **** indicates p<0.0001 as determined by ANOVA. 
 

2.3 Summary and Conclusions 

The ubiquity and adaptability of L. monocytogenes make it a difficult organism to 

combat, and, coupled with an increasing number of infection cases in recent years,3 it is 

clear that new tools to further our understanding of virulence in this pathogen would 

benefit both the healthcare and food industries. The agr QS system has been shown to 

regulate a number of key virulence behaviors in L. monocytogenes yet remains poorly 

understood. In this study, we describe a set of new chemical tools that target L. 

monocytogenes agr QS and are based on its native AIP sequence. First, we 



100 
 

successfully identified a hexapeptide from bacterial supernatant that matched a 

chemically-synthetized standard, confirming the structure of the native AIP previously 

reported.27 In addition, we constructed robust agr-dependent GFP reporter strains that 

accelerated the characterization of the native AIP and AIP analogs, and can be used to 

characterize other agr system modulators as we demonstrated with ambuic acid. The 

SARs gathered on the native L. monocytogenes AIP revealed multiple key features that 

dictate the activity of analogs (Figure 2.7), such as the Phe3 and Phe5 residues being 

critical for activity or the incorporation of D-amino acids can enhance potency in the 

case of Met4 or induce substantial antagonism in the case of Cys2. This SAR survey 

discovered multiple agonists more potent than the native AIP and, while individual 

substitutions could not fully antagonize agr activity, rational combination of substitutions 

eventually led to the discovery of KdCdM, the most potent agr antagonist in L. 

monocytogenes reported to date. While L. monocytogenes was unresponsive to native 

AIPs and analogs from other bacterial species, these new AIP analogs described here 

were also found to antagonize S. aureus agr activity, expanding the known set of 

scaffolds to alter agr activity in S. aureus and providing a foundation for the 

development of potential pan-genera agr antagonists.  
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Figure 2.7 Summary of SAR findings of the L. monocytogenes AIP.  
 

Another key finding of this study was that these agr modulators could be applied 

to control L. monocytogenes virulence phenotypes, as agonists restored biofilm 

production in an agr mutant while our lead antagonists decimated wild-type biofilms. 

The compounds and insights gained from this study of the L. monocytogenes agr 

system should enable future work to investigate the modes by which chemical control of 

agr can disrupt mechanisms of persistence and virulence of this common pathogen. For 

example, preemptive application of agr antagonists to surfaces could limit biofilm 

formation that plagues the food industry, and agr modulators could be used in culture to 

elucidate the mechanisms by which the agr system leads to L. monocytogenes invasion 

of eukaryotic cells. Ongoing studies will focus on such applications and exploring the 

activity of these peptides in related bacteria. 

 

2.4 Materials and Methods 

2.4.1 Reagents, strains, and general methods 

All standard reagents were purchased from commercial sources and used 

according to sources’ instructions. Strains, plasmids, and primers are summarized in 
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Tables 2.S12–2.S13. For standard methods, L. monocytogenes strains EGD-e and 

ΔagrD were cultured in brain heart infusion (BHI, from Teknova), while the 

corresponding fluorescent reporter strains were grown in BHI supplemented with 10 

μg/mL chloramphenicol. Similarly, the fluorescent S. aureus agr reporter strain AH1677 

was also grown in BHI supplemented with 10 μg/mL chloramphenicol. For biofilm 

assays, L. monocytogenes EGD-e and ΔagrD biofilms were grown in Lysogeny Broth 

(LB, from Research Products International). Overnight cultures were grown in 3 mL of 

media (with antibiotic if appropriate) at 37 °C with 200 rpm shaking unless noted 

otherwise. 

 

2.4.2 Peptide synthesis 

L. monocytogenes AIP analogs were synthesized on solid-phase resin, purified 

using reverse-phase high-performance liquid chromatography (HPLC), and 

characterized using high-resolution mass spectrometry (HRMS) and analytical HPLC, 

following previously characterized methods.54, 59 Additional experimental and 

characterization details can be found in the Supporting Information documents. 

 

2.4.3 Fluorescence reporter assay protocol 

For L. monocytogenes QS (agr) reporter assays, peptide stock solutions in 

DMSO (1 mM) were serially diluted in DMSO, and 2 µL of solution was added to each 

well in a black 96-well plate (polystyrene microtiter plate, Costar). Agonism assays 

utilized the ΔagrD reporter strain, with 2 µL of 100 µM AIP (final concentration 1 µM) as 

a positive control and 2 µL of DMSO as a negative control. Antagonism assays utilized 
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the EGD-e reporter strain, with 2 µL of DMSO as a positive control. In both assays, 

wells containing only BHI media served as negative controls for normalization. An 

overnight culture of bacteria was diluted 1:50 in fresh BHI, then 198 µL were transferred 

to each well (excluding the media control wells). Plates were then incubated at 37 °C for 

24 hours with shaking at 200 rpm. Fluorescence of GFP (excitation at 500 nm, emission 

at 540 nm) and OD600 of each well was measured using BioTek Synergy 2 plate reader. 

Measurements were processed by subtracting background fluorescence (BHI media), 

correcting by OD600, and then normalized. Agonism assays were normalized to media 

controls (0%)  and 1 µM AIP controls (100%). Antagonism assays were normalized to 

media controls (0%) and DMSO vehicle controls (100%). S. aureus agr reporter strain 

assays were performed as previously described in strain AH1677.60 Non-linear 

regression curves were fitted to the data sets in GraphPad Prism 7 by using variable 

slope (four-parameter) dose-response analysis to obtain potency, efficacy, and 

statistical information about the activity of tested peptides. Each peptide was tested with 

three technical replicates and three biological replicates. All data derived from 

fluorescent reporter strains are represented with data points signifying the mean and 

error bars signifying the standard deviation from all replicates. 

 

2.4.4 Biofilm assay protocol 

Biofilms assays were adapted from previous reports and protocols.64-65 Overnight 

cultures of L. monocytogenes EGD-e and ΔagrD were grown in BHI, then diluted 1:100 

in LB. For single-point assays, 2 µL of agonists or antagonists at an appropriate 

concentration were added to wells in a clear 96-well microtiter plates. For dose-
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response assays, a stock solution of the select peptide were serially diluted in DMSO, 

then 2 µL of each concentration were transferred to the appropriate wells. Then, 198 µL 

of bacteria were added to their respective wells, using ΔagrD for agonist wells and 

EGD-e for antagonist wells. In each plate, additional vehicle controls for baseline biofilm 

formation of EGD-e and ΔagrD strains (2 µL of DMSO) were included, as well as a 

media control (200 µL of LB). Plates were incubated at room temperature for 24 hours 

statically, at which point plates were inverted over a glass waste container and gently 

shaken to remove planktonic bacteria. The wells were gently washed with 200 µL of 

PBS twice, inverting again over the waste container to remove liquid. Then, 200 µL of 

0.1% crystal violet solution (in water) were added to each well and incubated for 30 

minutes. The wells were then washed with 200 µL of PBS three more times and left to 

air dry for 15 minutes. Remaining crystal violet was solubilized by the addition of 100 µL 

of 95% ethanol in water solution, pipetting up and down to mix, incubated for 10 

minutes, then absorbance was read at 595 nm. Absorbance data was processed by 

normalizing to the EGD-e vehicle control (100%) and the LB media control (0%). Non-

linear regression curves were fitted to the data sets in GraphPad Prism 7 by using 

variable slope (four-parameter) dose-response analysis to obtain potency, efficacy, and 

statistical information about the activity of tested peptides. Each well was tested with 

four technical replicates and three biological replicates. All data derived from crystal 

violet biofilm assays are represented with data points signifying the mean and error bars 

signifying the standard deviation from all replicates. 
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2.5 Supplemental Information 

2.5.1 Additional experimental procedures 

Construction of biological reporter strains 

A DNA sequence was designed and purchased from Integrated DNA 

Technologies to contain an EagI recognition site, the PII promoter of the agr system, the 

3’ UTR of hly, super folder GFP, and a SalI recognition site. The DNA was digested with 

EagI and SalI, cloned into an EagI/SalI-cut pAM401 plasmid resulting in the plasmid 

pAM401-KW1, and then transformed into Escherichia coli XL1-Blue competent cells. 

The insertion into pAM401 was confirmed using Kapa polymerase and primers DAP337 

and DAP338, and additional confirmation via commercial sequencing. Purified plasmid 

was transformed into the conjugative E. coli S17 strain, which was used to conjugate to 

Listeria monocytogenes EGD-e and EGD-e ΔagrD to generate the agr-GFP reporter 

strains EGD-e:pAM401-KW1 and EGD-e ΔagrD:pAM401-KW1. Conjugation was 

verified using primers DAP337 and DAP338. 

 

Instrumentation 

Reverse-phase high performance liquid chromatography (RP-HPLC) was carried 

out on a Shimadzu system equipped with a SLC-10Avp controller, a LC-10AT pump, a 

FCV-ALvp solvent mixer, and a SPC-10MAvp UV/Vis diode array detector. Peptides 

were purified using a semi-preparative Kromasil Eternity C18 column (10 mm x 250 

mm, 5 μm particle size with 100 Å pore size) with a 5 mL/min flow rate. Peptide purity 

was assessed on an analytical Kromasil Eternity C18 column (4.6 mm x 250 mm, 5 μm 

particle size with 100 Å pore size) with a 1 mL/min flow rate. Solvent A = 18 MΩ water + 
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0.1% trifluoroacetic acid (TFA); solvent B = acetonitrile + 0.1% TFA. Peptide identity 

was determined using mass spectrometry (MS). MALDI-TOF MS data were obtained 

using a Bruker microflex LRF spectrometer equipped with a 337 nm laser and a 

reflectron. Exact mass (EM) MS data were obtained using a Thermo Q Exactive Plus 

ESI-Q-IT (orbitrap) mass spectrometer. 

 

Native AIP isolation and characterization 

Overnight cultures of L. monocytogenes EGD-e were grown in BHI, centrifuged 

at 3000 rpm for 15 min at 4 °C, and 5 mL aliquots of the supernatant were lyophilized. A 

scoop of lyophilized supernatant was re-constituted in 1.5 mL of 18 MΩ water, vortexed, 

chilled at 4 °C for one hour, and then centrifuged at 15000 rpm for 10 min. The 

supernatant was removed, and the pellet was reconstituted in 25% acetonitrile in water 

with 0.1% formic acid and analyzed by LC-MS/MS by injection on a Bruker Q-TOF MS 

(Maxis II) instrument with electrospray ionization and a C18 column (250 µm i.d., 250 

mm long). For comparison, synthetic peptide standards were diluted in 25% acetonitrile 

in water with 0.1% formic acid and injected on the instrument. 

 

Standard thioester AIP analog peptide synthesis 

Standard thioester AIP peptides were synthesized accordingly to previous 

protocols (shown in Scheme S1).54, 66 Briefly, approximately 30 mg (0.0147 mmol, 1 

eq.) of Fmoc Dawson Dbz AM resin was swelled in a vessel of DCM for at least 40 

min, then subsequently washed with DCM (2 mL ×3) and DMF (2 mL ×3). The 

washed resin was then deprotected with 20% piperidine in DMF (2 mL ×3 for 5, 5, 
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and 10 minutes) while shaking the vessel. After washing the resin with DMF (2 mL 

×3), the first amino acid for loading was prepared. The appropriate Nα-Fmoc 

protected amino acid (4 eq.), HATU (4 eq.), and DIPEA (8 eq.) were dissolved in 2 

mL DMF, incubated for 5 min, and added to the deprotected resin. The resin was 

allowed to couple with the amino acid for 1 hr while shaking. The resin was washed 

with DMF (2 mL ×3), then deprotected and coupled to the next Nα-Fmoc protected 

amino acid (0.5 hr coupling time), and the process repeated for the remaining 

amino acids. The final amino acid was Nα-Boc-protected instead of Nα-Fmoc 

protected. Proceeding from the final coupling, the resin was washed with DMF (2 

mL ×3) and then DCM (2 mL ×3).  

Next, 4-nitrophenylchloroformate (4 eq.) was dissolved in 2 mL of DCM and 

added to the resin, and the resulting slurry was shaken for 30 min. The solution was 

drained and an additional 2 mL of 4-nitrophenylchloroformate in DCM was added to 

resin and shaken for another 30 min. After washing with DCM (2 mL ×3), the resin 

was incubated with shaking with 5.5% DIPEA in DMF (2 mL ×3, 10 min per round). 

After the final incubation, the resin was washed with DMF (2 mL ×3), DCM (2 mL 

×3), and then Et2O (2 mL ×3). The washed resin was dried under N2 and then under 

vacuum. The peptide was simultaneously deprotected and cleaved from the resin 

using 2 mL of 90/5/2.5/2.5 TFA/DCM/H2O/ triisopropylsilane (TIPS) solution while 

shaking for 2 hr. The solution was filtered from the resin, then the resin was washed 

with another 2 mL of the cleavage solution and filtered again. The solution was 

isolated, mixed with 40 mL of Et2O, chilled at -20 °C for at least 1 hr to precipitate 

the peptide, and then centrifuged using a Beckman-Coulter Allegra 6R with a GH-
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3.8 rotor at 3500 rpm for 30 min at 4 °C. The supernatant was decanted, and the 

pellet dissolved in 6 mL of 25% ACN in H2O and lyophilized. 

The crude, lyophilized peptide was reconstituted in 25% ACN in H2O, passed 

through a 0.22 µm filter, and purified by RP-HPLC. Fractions were collected and 

analyzed using MALDI-MS, and those with peaks matching that of the linear 

peptides were kept and lyophilized. Purified linear peptides were cyclized in 3 mL of 

cyclization buffer (20% ACN, 80% 6 M guanidinium chloride in 0.1 M Na2PO4, pH 

6.8) for 2 hr at 50 °C with shaking. Following cyclization, solutions were passed 

through 0.22 µm filter, diluted with 1 mL of H2O, and purified by RP-HPLC. 

Fractions were again analyzed with MALDI-MS to identify those with cyclized 

peptide, and those fractions were submitted for high-resolution mass measurement 

and analytical RP-HPLC to assess final purity.  

 

 

Scheme 2.S1 Solid-phase synthesis of standard thioester AIP analogs. 
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Acetylated AIP analog peptide synthesis 

Synthesis of AIP analogs with an acetylated N-terminus followed the same 

protocol for standard AIP synthesis as described above with the exception of the 

final amino acid coupling (Scheme S2). Instead of a Nα-Boc-protected amino acid, a 

standard Nα-Fmoc-protected amino acid was used. After this coupling, the resin 

was washed with DMF (2 mL ×3), and the Fmoc group was deprotected using 20% 

piperidine (2 mL ×3 for 5, 5, and 10 min). Next, acetic anhydride (10 eq.) and 

DIPEA (7 eq.) were dissolved in 2 mL of DMF and added to the resin to shake for 

15 min. The resin was then washed with DMF (2 mL ×3) and DCM (2 mL ×3). After 

this point, the synthesis followed the protocol for standard AIP analogs beginning at 

the addition of 4-nitrophenylchloroformate. 
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Scheme 2.S2 Solid-phase synthesis of acetylated AIP analogs. 
 

AIP amide peptide synthesis 

AIP analogs where the thioester bond was replaced with an amide linkage 

were synthesized on pre-loaded L-valine 2-chlorotrityl resin (0.74 mmol/g) using 

standard Fmoc/tBu procedures and adapted from previous reports (Scheme S3).59 

Briefly, approximately 50 mg of resin (0.037 mmol, 1 eq.) was swelled in DCM for 

40 min in a reaction vessel. Resin was washed with DMF (2 mL ×3), and then the 

next amino acid was prepared as above for standard AIP synthesis. The rest of 

linear peptide synthesis followed the protocol for standard AIP synthesis, with the 

exception of using longer coupling times (all amino acids coupled for at least 1 hr) 

and  using Nα-Fmoc-Nβ-4-Mtt-diaminopropionic acid (Dap) or its D-amino acid 
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equivalent for amide linkages instead of the usual Nα-Fmoc-S-Trt-cysteine for the 

appropriate linkage amino acid. After the final Nα-Boc-protected amino acid was 

coupled, the resin was washed with DMF (2 mL ×3) and then DCM (2 mL ×3).  

Next, to facilitate partial deprotection and cleavage from the resin, 2 mL of 

2% TFA/2% TIPS in DCM was added to the resin and shaken for 2 min, the solution 

was collected in a 50 mL round-bottom flask, and the process was repeated four 

more times. The resin was washed with DCM (2 mL ×3), and the solution collected 

in the same round-bottom flask. The solvent was removed using a rotary 

evaporator, leaving an oil. The oil was dissolved in 3 mL of ACN, then diluted with 3 

mL of H2O and lyophilized. To cyclize the partially deprotected peptide, PyAOP (2 

eq.) and DIPEA (4 eq.) were dissolved in 5 mL of DCM and added to the lyophilized 

peptide and stirred for 24 hr at RT. The solvent was removed using rotary 

evaporation, leaving an oil. 

To fully deprotect the peptide, 5 mL of a 90/5/2.5/2.5 TFA/DCM/H2O/TIPS 

solution was added to the round-bottom flask and stirred for 2 hr. The solution was 

then transferred to a 50 mL falcon tube, mixed with 40 mL of cold Et2O, and chilled 

in a -20 °C freezer overnight to precipitate the peptide. The crude peptide was 

centrifuged following the standard AIP synthesis protocol, the solvent decanted, and 

the pellet dissolved in 50% ACN in H2O and lyophilized. The lyophilized peptide 

was reconstituted in 25% ACN in H2O and purified by RP-HPLC. MALDI-MS 

confirmed which fractions contained desired peptides, and these fractions were 

submitted for high-resolution mass measurement and analytical RP-HPLC to 

confirm purity. 
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Scheme 2.S3 AIP amide synthesis. 
 

Inducing S⟶N conversion of 5-mer thioester 

Approximately 200 µL of a 1 mM stock solution of 5-mer thioester in DMSO 

was lyophilized and resuspended in 1 mL of 50% ACN in water, diluted with 1 mL of 

50% ACN in PBS (pH 7.4), and set to stir vigorously at room temperature. At set 

time points, 60 µL aliquots were diluted with 200 µL pure water and analyzed using 

analytical RP-HPLC. The reaction appeared almost complete after 3 hours, and at 4 

hours the solution was purified on semi-preparative RP-HPLC. MALDI-MS 

confirmed which fractions contained desired peptides, and these fractions were 

submitted for high-resolution mass measurement and analytical RP-HPLC to 

confirm purity. 
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2.5.2 LC-MS/MS analysis of bacterial supernatant 

 
 
Figure 2.S1 LC-MS/MS results matches a native AIP in L. monocytogenes 
supernatant to hexapeptide standard. (A) Extracted ion chromatograms (EICs) for 
699.30 +/- 0.2 m/z for the wild-type (WT) supernatant (magenta) and peptide 
standard mixture (blue). (B) Mass spectra averaged over the peak retention time 
(RT) for WT and peptide standard mixture. MS/MS results showing fragmentation of 
the native AIP in L. monocytogenes supernatant matches with that of the 6-mer 
standard. MS/MS spectra for the 6-mer peptide standard (blue, energy 23 eV, RT 
110.4 min) and the native AIP from L. monocytogenes supernatant (magenta, 
energy 20 eV, RT 110.0 min). 
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2.5.3 The S⟶N acyl shift of the 5-mer thioester 

 

 

Figure 2.S2 The proposed S⟶N shift in the 5-mer thioester to produce a 
homodetic peptide. The free N-terminus in the uncapped L. monocytogenes 5-mer 
peptide likely undergoes an S⟶N acyl shift in aqueous conditions at physiological pH. 
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Monitoring S⟶N reaction progress by analytical HPLC 

The 5-mer thioester has a retention time 22.81 min, and within one hour of 

stirring at pH 7 in room temperature, nearly half had converted into the S⟶N 

product with a retention time of 26.71 min. By hour 3, nearly all of the 5-mer 

thioester had converted, and the reaction was stopped after 4 hours to be purified 

on semi-preparative HPLC. 

t=0 hr 

 

t=1 hr 

 

t=3 hr 
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2.5.4 Non-cognate AIP activity in L. monocytogenes agr reporter strains 

All Listeria species 

 
Listeria sensu stricto 

 
Listeria sensu lato 

 
Figure 2.S3 Multiple sequence alignment of agrD genes from different Listeria 
species. This analysis was performed using Clustal Omega.67 Conservation notation is 
as follows: “*” indicates full conservation of a single residue, “:” indicates strongly similar 
conservation, and “.” indicates weakly similar conservation.  
 

The following accession numbers were used for analysis:  

 L. monocytogenes (NC_003210) 
 L. welshimeri (NYPG01000004) 
 L. marthii (CM001047) 
 L. seeligeri (MJUD01000007) 
 L. innocua (VNKM01000004) 
 L. ivanovii (NZ_PPPG01000004) 
 L. grayi (NZ_LR134483) 
 L. kieliensis (LARY01000002) 
 L. grandensis (NZ_AODD01000022) 
 L. weihenstephanensis (NZ_CP011102) 
 L. newyorkensis (NZ_JNFB01000012). 
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Table 2.S1 Agonism activity of native and proposed AIPs and AIP analogs of 
other bacterial species in the ΔagrD L. monocytogenes agr reporter strain. Lm = L. 
monocytogenes; Sa = Staphylococcus aureus; Se = S. epidermidis. See text for 
details of assay and strain.  

Compound Sequence 
EC50 

(nM) 

EC50 95 
CI 

(nM) 

Max 
Activation 

(%) 

Lm AIP A-(C-F-M-F-V) 29.6 
20.0 to 

40.0 
114 

Lm AIP F3S A-(C-S-M-F-V) ----a ----a 16.1 

Lm AIP V6A 
A-(C-F-M-F-A) 

241 
192 to 

307 
69.0 

Sa AIP-I Y-S-T-(C-D-F-I-M) ----b ----b 12.2 
Sa AIP-II G-V-N-A-(C-S-S-L-F) ----b ----b 12.0 
Sa AIP-III I-N-(C-D-F-L-L) ----b ----b 11.3 
Sa AIP-IV Y-S-T-(C-Y-F-I-M) ----b ----b 9.81 

Sa AIP-III D4A I-N-(C-A-F-L-L) ----b ----b 12.3 
Se AIP-I D-S-V-(C-A-S-Y-F) ----b ----b 8.65 
Se AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) ----b ----b 8.45 
Se AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) ----b ----b 8.73 

Se AIP-I D1AS6A A-S-V-(C-A-A-Y-F) ----b ----b 12.4 
Se AIP-I D1AV3AS6A A-S-A-(C-A-A-Y-F) ----b ----b 12.1 
L. grandensis tr AIP Ac-(C-V-G-F-V) ----b ----b 10.1 

L. grayi AIP A-(C-S-M-F-A) ----a ----a 10.7 
L. kieliensis AIP S-(C-V-G-L-S) ----b ----b 10.4 

L. newyorkensis AIP S-(C-F-L-I-F) ----b ----b 23.6 
L. weihenstephanensis 

AIP 
S-(C-V-L-H-L) 

----b ----b 11.2 

aCurve not converged. bFrom single point data only, no potency data available. 
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Table 2.S2 Antagonism activity table of native and proposed AIPs and AIP 
analogs of other species in the wild-type L. monocytogenes agr reporter strain. 
Lm = L. monocytogenes; Sa = Staphylococcus aureus; Se = S. epidermidis. See text 
for details of assay and strain.  

Compound Sequence 
IC50 

(nM) 

IC50 95 
CI 

(nM) 

Max 
Inhibition 

(%) 

Lm AIP A-(C-F-M-F-V) ----a ----a 2.66 
Lm AIP F3S A-(C-S-M-F-V) ----a ----a 16.3 
Lm AIP V6A A-(C-F-M-F-A) ----a ----a 15.0 

Sa AIP-I Y-S-T-(C-D-F-I-M) ----b ----b 1.29 
Sa AIP-II G-V-N-A-(C-S-S-L-F) ----b ----b 0 
Sa AIP-III I-N-(C-D-F-L-L) ----b ----b 0.64 
Sa AIP-IV Y-S-T-(C-Y-F-I-M) ----b ----b 8.56 

Sa AIP-III D4A I-N-(C-A-F-L-L) ----b ----b 5.87 
Se AIP-I D-S-V-(C-A-S-Y-F) ----b ----b 0 
Se AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) ----b ----b 0 
Se AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) ----b ----b 0 

Se AIP-I D1AS6A A-S-V-(C-A-A-Y-F) ----b ----b 0 
Se AIP-I D1AV3AS6A A-S-A-(C-A-A-Y-F) ----b ----b 0.06 
L. grandensis tr AIP Ac-(C-V-G-F-V) ----b ----b 0 

L. grayi AIP A-(C-S-M-F-A) ----a ----a 0.42 
L. kieliensis AIP S-(C-V-G-L-S) ----b ----b 0 

L. newyorkensis AIP S-(C-F-L-I-F) ----b ----b 0.96 
L. weihenstephanensis 

AIP 
S-(C-V-L-H-L) ----b ----b 

0 

aCurve not converged. bFrom single point data only, no potency data available. 
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2.5.5 Dose response activity data of L. monocytogenes AIP analogs 

Table 2.S3 Dose response agonism activity table of L. monocytogenes AIP 
analogs with varying exocyclic tail length in the ΔagrD L. monocytogenes agr 
reporter strain. See text for details of assay and strain.  

Compound Sequence 
EC50 

(nM) 
EC50 95 CI 

(nM) 

Max 
Activation 

(%) 

AIP A-(C-F-M-F-V) 29.7 20.0 to 40.0 114 
5-mer (C-F-M-F-V) 107 92.1 to 125 105 

S⟶N 5-mer (C-F-M-F-V) 1820 1250 to 3440 89.7 
Ac-5-mer Ac-(C-F-M-F-V) 46.3 37.1 to 56.8 75.3 

7-mer K-A-(C-F-M-F-V) 61.7 53.2 to 71.2 64.6 
8-mer S-K-A-(C-F-M-F-V) 68.6 57.2 to 81.8 71.5 
9-mer M-S-K-A-(C-F-M-F-V) 23.5 19.1 to 28.2 93.6 

10-mer S-M-S-K-A-(C-F-M-F-V) 21.5 17.7 to 25.4 110 
11-mer S-S-M-S-K-A-(C-F-M-F-V) 14.3 9.05 to 19.4 111 
12-mer D-S-S-M-S-K-A-(C-F-M-F-V) 43.4 31.9 to 56.3 116 
13-mer A-D-S-S-M-S-K-A-(C-F-M-F-V) 29.0 21.6 to 36.9 108 
14-mer V-A-D-S-S-M-S-K-A-(C-F-M-F-V) 39.9 32.5 to 47.9 105 
15-mer K-V-A-D-S-S-M-S-K-A-(C-F-M-F-V) 22.2 16.4 to 28.4 122 

aCurve not converged 
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Table 2.S4 Dose response antagonism activity table of L. monocytogenes AIP 
analogs with varying exocyclic tail length in the wild-type L. monocytogenes agr 
reporter strain. See text for details of assay and strain.  

Compound Sequence 
IC50 

(nM) 
IC50 95 CI 

(nM) 

Max 
Inhibition 

(%) 

AIP A-(C-F-M-F-V) ----a ----a 2.66 
5-mer (C-F-M-F-V) ----a ----a 1.15 

S⟶N 5-mer (C-F-M-F-V) ----a ----a 0.81 
Ac-5-mer Ac-(C-F-M-F-V) ----a ----a 6.39 

7-mer K-A-(C-F-M-F-V) 866 641 to 1260 38.3 
8-mer S-K-A-(C-F-M-F-V) 842 554 to 1430 29.4 
9-mer M-S-K-A-(C-F-M-F-V) 416 192 to 1390 8.89 

10-mer S-M-S-K-A-(C-F-M-F-V) ----a ----a 0 
11-mer S-S-M-S-K-A-(C-F-M-F-V) ----a ----a 3.90 
12-mer D-S-S-M-S-K-A-(C-F-M-F-V) ----a ----a 0.26 
13-mer A-D-S-S-M-S-K-A-(C-F-M-F-V) ----a ----a 0 
14-mer V-A-D-S-S-M-S-K-A-(C-F-M-F-V) ----a ----a 0 
15-mer K-V-A-D-S-S-M-S-K-A-(C-F-M-F-V) ----a ----a 0.23 

aCurve not converged 
 

Table 2.S5 Dose response agonism activity table of alanine and D-amino acid 
scan analogs in the ΔagrD L. monocytogenes agr reporter strain. See text for 
details of assay and strain.  

Compound Sequence 
EC50 

(nM) 
EC50 95 CI 

(nM) 

Max 
Activation 

(%) 

AIP F3A A-(C-A-M-F-V) ----a ----a 9.72 
AIP M4A A-(C-F-A-F-V) 1980 1480 to 3060 53.5 
AIP F5A A-(C-F-M-A-V) ----a ----a 6.37 
AIP V6A A-(C-F-M-F-A) 241 192 to 307 69.0 

AIP A1dA DA-(C-F-M-F-V) 96.9 74.3 to 125 58.8 
AIP C2dC A-(DC-F-M-F-V) 106 89.7 to 124 41.0 
AIP F3dF A-(C-DF-M-F-V) ----a ----a 6.63 
AIP M4dM A-(C-F-DM-F-V) 10.2 8.99 to 11.6 111 
AIP F5dF A-(C-F-M-DF-V) 2180 1770 to 2910 72.3 
AIP V6dV A-(C-F-M-F-DV) 883 784 to 1010 72.9 

aCurve not converged 
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Table 2.S6 Dose response antagonism activity table of alanine and D-amino acid 
scan analogs in the wild-type L. monocytogenes agr reporter strain. See text for 
details of assay and strain.  

Compound Sequence 
IC50 

(nM) 
IC50 95 CI (nM) 

Max Inhibition 
(%) 

AIP F3A A-(C-A-M-F-V) ----a ----a 3.65 
AIP M4A A-(C-F-A-F-V) ----a ----a 7.85 
AIP F5A A-(C-F-M-A-V) ----a ----a 0 
AIP V6A A-(C-F-M-F-A) ----a ----a 15.0 

AIP A1dA DA-(C-F-M-F-V) ----a ----a 15.2 
AIP C2dC A-(DC-F-M-F-V) 3970 1910 to 25800 48.4 
AIP F3dF A-(C-DF-M-F-V) ----a ----a 14.7 
AIP M4dM A-(C-F-DM-F-V) ----a ----a 3.99 
AIP F5dF A-(C-F-M-DF-V) ----a ----a 2.71 
AIP V6dV A-(C-F-M-F-DV) ----a ----a 0 

aCurve not converged 
 

Table 2.S7 Dose response agonism activity table of first-generation analogs in 
the ΔagrD L. monocytogenes agr reporter strain. See text for details of assay and 
strain.  

Compound Sequence 
EC50 

(nM) 
EC50 95 CI 

(nM) 

Max 
Activation 

(%) 

AIP A1P P-(C-F-M-F-V) 29.0 20.6 to 38.1 76.8 
AIP A1T T-(C-F-M-F-V) 35.2 28.4 to 42.4 88.1 
AIP A1K K-(C-F-M-F-V) 22.9 19.8 to 26.1 80.0 
AIP A1V V-(C-F-M-F-V) 7.67 5.21 to 10.7 109 

AIP C2Dap A-(Dap-F-M-F-V) 342 312 to 376 92.9 
AIP C2dDap A-(DDap-F-M-F-V) ----a ----a 14.3 

AIP F3Y A-(C-Y-M-F-V) 518 383 to 766 47.4 
AIP F3L A-(C-L-M-F-V) 693 505 to 1070 37.6 
AIP F3H A-(C-H-M-F-V) ----a ----a 12.4 
AIP F3W A-(C-W-M-F-V) 414 357 to 487 60.6 

AIP M4dA A-(C-F-DA-F-V) 455 383 to 556 82.0 
AIP F5Y A-(C-F-M-Y-V) 5620 3260 to 19200 44.4 
AIP F5L A-(C-F-M-L-V) 2060 1630 to 2820 64.8 
AIP F5H A-(C-F-M-H-V) ----a ----a 7.13 
AIP F5W A-(C-F-M-W-V) 1130 810 to 1860 85.8 

aCurve not converged 
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Table 2.S8 Dose response antagonism activity table of first-generation analogs 
in the wild-type L. monocytogenes agr reporter strain. See text for details of assay 
and strain.  

Compound Sequence 
IC50 

(nM) 
IC50 95 CI (nM) 

Max Inhibition 
(%) 

AIP A1P P-(C-F-M-F-V) 611 322 to 1740 23.7 
AIP A1T T-(C-F-M-F-V) 420 204 to 1020 11.7 
AIP A1K K-(C-F-M-F-V) 233 148 to 403 31.3 
AIP A1V V-(C-F-M-F-V) ----a ----a 1.63 

AIP C2Dap A-(Dap-F-M-F-V) ----a ----a 5.32 
AIP C2dDap A-(DDap-F-M-F-V) ----a ----a 19.3 

AIP F3Y A-(C-Y-M-F-V) 3460 1860 to 77700 33.4 
AIP F3L A-(C-L-M-F-V) 3600 2300 to 13600 33.4 
AIP F3H A-(C-H-M-F-V) ----a ----a 24.9 
AIP F3W A-(C-W-M-F-V) 2180 1190 to 15700 27.1 

AIP M4dA A-(C-F-DA-F-V) ----a ----a 9.54 
AIP F5Y A-(C-F-M-Y-V) ----a ----a 6.61 
AIP F5L A-(C-F-M-L-V) ----a ----a 8.97 
AIP F5H A-(C-F-M-H-V) ----a ----a 2.19 
AIP F5W A-(C-F-M-W-V) ----a ----a 8.43 

aCurve not converged  
 

Table 2.S9 Dose response agonism activity table of second-generation analogs 
in the ΔagrD L. monocytogenes agr reporter strain. See text for details of assay and 
strain. 

Compound Sequence 
EC50 

(nM) 
EC50 95 CI (nM) 

Max Activation 
(%) 

AIP A1K/C2dC K-(DC-F-M-F-V) ----a ----a 10.2 
AIP A1K/M4dM K-(C-F-DM-F-V) 4.18 3.18 to 5.36 74.1 

AIP C2dC/M4dM A-(DC-F-DM-F-V) 24.1 20.9 to 27.5 35.7 
AIP A1K/C2dC/M4dM K-(DC-F-DM-F-V) ----a ----a 8.10 

aCurve not converged 
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Table 2.S10 Dose response antagonism activity table of second-generation 
analogs and ambuic acid in the wild-type L. monocytogenes agr reporter strain. 
See text for details of assay and strain.  

Compound Sequence 
IC50 

(nM) 
IC50 95 CI (nM) 

Max Inhibition 
(%) 

AIP A1K/C2dC K-(DC-F-M-F-V) 4440 3050 to 165000 30.7 
AIP A1K/M4dM K-(C-F-DM-F-V) ----a ----a 20.2 

AIP C2dC/M4dM A-(DC-F-DM-F-V) 242 190 to 317 64.8 
AIP A1K/C2dC/M4dM K-(DC-F-DM-F-V) 1400 1150 to 1680 92.6 

Ambuic acid ----b 20300 14900 to 38100 91.2 
aCurve not converged, bNot a peptide. 
 

2.5.6 Lead L. monocytogenes AIP analogs and native AIP assayed in S. aureus agr-I 

reporter assays 

 

Figure 2.S4 Dose response antagonism activity of the L. monocytogenes native 
AIP, AIP M4dM, and KdCdM in the S. aureus agr-I fluorescent reporter strain 
AH1677. 
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Table 2.S11 Dose response antagonism activity table of L. monocytogenes AIP 
and analogs in the S. aureus agr-I fluorescent reporter strain AH1677. See text for 
details of assay and strain. 

Compound Sequence 
IC50 

(nM) 
IC50 95 CI (nM) 

Max Inhibition 
(%) 

AIP A-(C-F-M-F-V) 615 413 to 912 97.2 
AIP M4dM A-(C-F-DM-F-V) 674 506 to 896 97.3 

KdCdM K-(DC-F-DM-F-V) 922 707 to 1200 96.8 
 

2.5.7 Bacterial strains, plasmids, and primers 

Table 2.S12 Bacterial strains and plasmids used in this study. 

Strain/plasmid Characteristics Reference/source 

Strains   
L. monocytogenes  
EGD-e 

Wild-type L. monocytogenes 
lab strain 

 

L. monocytogenes  
EGD-e ΔagrD 

In-frame deletion of agrD in 
EGD-e background 

Reference 10 

L. monocytogenes  
EGD-e:pAM401-KW1 

EGD-e with plasmid for agr-
dependent GFP expression 

This study 

L. monocytogenes  
EGD-e ΔagrD:pAM401-KW1 

EGD-e ΔagrD with plasmid for 
agr-dependent GFP 
expression 

This study 

E. coli XL1-Blue Cloning host strain Agilent 

E. coli S17 Plasmid conjugation strain Reference 68 

S. aureus AH1677 USA300 LAC strain with 
plasmid for agr-dependent 
YFP expression 

Reference 61 

Plasmids   
pAM401 E. coli-Listeria shuttle vector, 

Cmr 
Reference 69 

pAM401-KW1 Super folder gfp under control 
of L. monocytogenes agr 
promoter inserted into 
pAM401 

This study 
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Table 2.S13 Primers used in this study. 

Primer Sequence Characteristics Reference/source 

DAP337 AAT CCA TGC CAA CCC GTT 
CCA TGT 

Forward primer to 
verify pAM401 
insert 

This study 

DAP338 ACG CAT CGT GGC CGG CAT 
C 

Reverse primer to 
verify pAM401 
insert 

This study 

 

 

2.5.8 Dose response curves of peptides 

Agonism Assays Dose Response Curves 

Compounds tested over range of concentrations in ΔagrD fluorescent reporter 

strain. Data points signify mean values for each concentration with error bars represent 

standard deviation of mean over three biological replicates, each with three technical 

replicates. 

 



126 
 

 

 

 



127 
 

 

 

 



128 
 

 

 

 



129 
 

 

 

 



130 
 

 

 

 



131 
 

 

 

 



132 
 

 

 

 



133 
 

 

 

  



134 
 

Antagonism Assays Dose Response Curves 

Compounds tested over range of concentrations in wild-type fluorescent reporter 

strain. Data points signify mean values for each concentration with error bars represent 

standard deviation of mean over three biological replicates, each with three technical 

replicates. 
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2.5.9 Peptide HPLC and MS characterization 

Table 2.A MS spectral data, HPLC retention times, and purity data of 
synthesized peptides.  

peptide 
calculated 
m/z [M+H]+ 

(Da) 

observed 
m/z 

[M+H]+ 

(Da) 

Δm 
(ppm) 

retention 
time (min) 

HPLC trace 
purity 

(%, 220 nm) 

Ac-5-mer 670.2728 670.2725 0.4 26.69 96.9 

AIP 699.2993 699.2997 0.6 22.59 >99 

7-mer 827.3943 827.394 0.4 22.37 97.7 

8-mer 914.4263 914.4276 1.4 20.95 92.3 

9-mer 1045.4668 1045.4679 1.1 21.25 94.3 

10-mer 566.753 a 566.7532 a 0.4 21.16 93.2 

11-mer 610.2691 a 610.2682 a 1.5 20.94 97.9 

12-mer 667.7825 a 667.7828 a 0.4 20.86 98.4 

13-mer 703.3011 a 703.3015 a 0.6 20.78 96.5 

14-mer 752.8353 a 752.8357 a 0.5 20.89 98.2 

15-mer 816.8828 a 816.8826 a 0.2 20.28 96.4 

AIP F3A 623.268 623.2679 0.2 20.35 99.0 

AIP M4A 661.2779 611.2774 0.8 21.39 >99 

AIP F5A 623.268 623.2684 0.6 19.50 99.0 

AIP V6A 671.268 671.2682 0.3 21.04 98.8 

AIP A1dA 699.2993 699.2998 0.7 22.74 97.5 

AIP C2dC 699.2993 699.2995 0.3 22.19 97.9 

AIP F3dF 699.2993 699.2996 0.4 21.78 98.2 

AIP M4dM 699.2993 699.2993 <0.1 22.24 96.2 

AIP F5dF 699.2993 699.2999 0.9 22.04 96.2 

AIP V6dV 699.2993 699.2995 0.3 22.14 98.1 

AIP A1P 725.315 725.3145 0.7 23.09 98.6 

AIP A1T 729.3099 729.3099 <0.1 22.45 98.6 

AIP A1K 756.3572 756.3572 <0.1 26.07 98.6 

AIP A1V 727.3306 727.3315 1.2 28.34 96.5 
AIP C2Dap (AIP 

amide) 
682.3381 682.3381 <0.1 22.25 95.2 

aMass calculated and observed as [M+2H]2+. bMass calculated and observed as 
[M+Na]+. 
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Table 2.A (continued) MS spectral data, HPLC retention times, and purity data 
of synthesized peptides. 

peptide 
calculated 
m/z [M+H]+ 

(Da) 

observed 
m/z 

[M+H]+ 

(Da) 

Δm 
(ppm) 

retention 
time (min) 

HPLC trace 
purity 

(%, 220 
nm) 

AIP C2dDap 
(AIP D-amide) 

682.33813 682.3386 0.7 25.90 96.2 

AIP F3Y 715.2942 715.2958 2.2 26.02 96.4 

AIP F3L 665.315 665.3159 1.4 27.28 98.3 

AIP F3H 689.2898 689.2892 0.9 18.74 95.4 

AIP F3S 639.2629 639.2628 0.2 19.70 97.0 

AIP F3W 738.3102 738.3089 1.8 22.57 98.8 

AIP M4dA 639.2959 639.2967 1.3 26.04 96.4 

AIP F5Y 715.2942 715.2959 2.4 25.26 98.6 

AIP F5L 665.315 665.3149 0.2 22.22 96.4 

AIP F5H 689.2898 689.2899 0.1 22.05 97.8 

AIP F5W 738.3102 738.3112 1.4 22.25 >99 

AIP A1K/C2dC 756.3572 756.3574 0.3 25.59 97.3 

AIP A1K/M4dM 756.3572 756.357 0.3 25.87 97.4 

AIP C2dC/M4dM 699.2993 699.2999 0.9 26.96 97.0 
AIP 

A1K/C2dC/M4dM 
756.3572 756.3568 0.5 25.45 98.5 

7-mer A2K 884.4521 884.452 0.1 19.91 >99 

7-mer C3dC 827.3943 827.3937 0.7 25.22 97.3 

7-mer M5dM 827.3943 827.3937 0.7 20.76 98.2 

7-mer C3dC/M5dM 827.3943 827.3939 0.5 20.23 >99 

L. grandensis tr AIP 548.25373 548.2532 1.0 25.72 98.4 

L. grayi AIP 611.2316 611.232 0.7 22.98 >99 

L. kieliensis AIP 547.2545 547.2541 0.7 19.35 >99 

L. newyorkensis AIP 711.3535 b 711.3535 b <0.1 29.12 >99 
L. 

weihenstephanensis 
AIP 

653.3439 653.3436 0.5 21.29 >99 

aMass calculated and observed as [M+2H]2+. bMass calculated and observed as 
[M+Na]+. 
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Analytical HPLC traces for synthesized peptides 

5-mer 

 

S⟶N 5mer 

 

Ac-5-mer 
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AIP (6-mer) 

 

7-mer 

 

8-mer 
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9-mer 

 

10-mer

 

11-mer
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12-mer

13-mer 

 

14-mer 

 

  



149 
 

15-mer 

 

 

AIP F3A 

 

AIP M4A 
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AIP F5A 

 

AIP V6A 

 

AIP A1dA 
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AIP C2dC 

 

AIP F3dF 

 

AIP M4dM 
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AIP F5dF 

 

AIP V6dV 

 

AIP A1P 

 

  



153 
 

AIP A1T 

 

AIP A1K 

 

AIP A1V 
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AIP C2Dap (AIP amide) 

 

AIP C2dDap (AIP D-amide) 

 

 

AIP F3Y 
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AIP F3L 

 

 

AIP F3H 

 

AIP F3S 
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AIP F3W 

 

AIP M4dA 

 

AIP F5Y 
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AIP F5L 

 

AIP F5H 

 

AIP F5W 
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AIP A1K/C2dC 

 

AIP A1K/M4dM 

 

AIP C2dC/M4dM 
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AIP A1K/C2dC/M4dM 

 

7-mer A2K 

 

7-mer C3dC 
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7-mer M5dM 

 

7-mer C3dC/M5dM 

 

L. grandensis tr AIP 

 

L. grayi AIP 
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L. kieliensis AIP 

 

L. newyorkensis AIP 

 

L. weihenstephanensis AIP 
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Chapter 3: 

Conformational Switch to a β-turn in a Staphylococcal Quorum 

Sensing Signal Peptide Causes a Dramatic Increase in Potency 

 

 

Contributions: J. K. Vasquez designed and conducted NMR experiments to characterize 

peptide 3-D conformations and wrote chapter sections on NMR analysis. K. H. J. West 

synthesized and assayed novel β-turn modifying peptides, assisted in NMR 

characterization, and wrote chapter sections on novel peptide activity. T. Yang assisted 

in NMR characterization. T. Polaske assisted in peptide preparation. G. Cornilescu and 

M. Tonelli assisted with technical expertise. H. E. Blackwell guided research and 

assisted in writing. 

 

 

*This chapter is published under the same title: 

Vasquez, J. K.; West, K. H. J.; Yang, T.; Polaske, T. J.; Cornilescu, G.; Tonelli, M.; 

Blackwell, H. E. Conformational switch to a β-turn in a Staphylococcal quorum sensing 

signal peptide causes a dramatic increase in potency. J. Am. Chem. Soc. 2020, 142, 

750-761. 
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Abstract 

 

We report the solution-phase structures of native signal peptides and related 

analogs capable of either strongly agonizing or antagonizing the AgrC quorum sensing 

(QS) receptor in the emerging pathogen Staphylococcus epidermidis. Chronic S. 

epidermidis infections are often recalcitrant to traditional therapies due to antibiotic 

resistance and formation of robust biofilms. The accessory gene regulator (agr) QS 

system plays an important role in biofilm formation in this opportunistic pathogen, and 

the binding of an autoinducing peptide (AIP) signal to its cognate transmembrane 

receptor (AgrC) is responsible for controlling agr. Small molecules or peptides capable 

of modulating this binding event are of significant interest as probes to investigate both 

the agr system and QS as a potential antivirulence target. We used NMR spectroscopy 

to characterize the structures of the three native S. epidermidis AIP signals and five 

non-native analogs with distinct activity profiles in the AgrC-I receptor from S. 

epidermidis. These studies revealed a suite of structural motifs critical for ligand activity. 

Interestingly, a unique β-turn was present in the macrocycles of the two most potent 

AgrC-I modulators—in both an agonist and an antagonist—that was distinct from the 

macrocycle conformation in the less-potent AgrC-I modulators and in the native AIP-I 

itself. This previously unknown β-turn provides a structural rationale for these ligands’ 
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respective biological activity profiles. Development of analogs to reinforce the β-turn 

resulted in our first antagonist with subnanomolar potency in AgrC-I, while analogs 

designed to contain a disrupted β-turn were dramatically less potent relative to their 

parent compounds. Collectively, these studies provide new insights into the AIP:AgrC 

interactions crucial for QS activation in S. epidermidis and advance the understanding 

of QS at the molecular level.  
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3.1 Introduction 

Staphylococcus epidermidis is a ubiquitous, skin-colonizing Gram-positive 

bacterium1 that has emerged as an opportunistic pathogen in many hospital acquired 

infections.2-3 This bacterium is now a leading cause of biomedical device-associated 

infections due to its propensity to form robust biofilms on abiotic surfaces.3-8 This biofilm 

lifestyle, combined with its increasing antibiotic resistance, makes treating S. 

epidermidis infections with traditional antibacterial drugs difficult.2-3, 6, 9-11 Playing an 

important role in the pathogenesis of S. epidermidis infections is the accessory gene 

regulator (agr) system,12-17 a cell-cell communication system that allows the bacteria to 

sense population density and coordinate gene expression at high cell numbers to 

initiate group behaviors.18-19 This cell-cell signaling process is a type of quorum sensing 

(QS, Figure 3.1) and is mediated in S. epidermidis by a macrocyclic peptide pheromone 

called an autoinducing peptide (AIP).20-23 As the bacterial population density increases, 

so does the concentration of the AIP. Once a threshold concentration is reached, the 

AIP can productively bind with its cognate receptor AgrC, a transmembrane histidine 

kinase, which subsequently initiates the signaling cascade that leads to changes in 

gene expression.22 
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Figure 3.1 Schematic of the QS process in S. epidermidis. At low cell density, the 
QS signal (AIP) is produced at a low level. As the population grows, the corresponding 
AIP concentration increases until the AIP reaches a threshold level at which it 
productively binds to AgrC. This AIP:AgrC binding event then activates the response 
regulator AgrA to simultaneously amplify expression of agr and alter gene expression to 
drive group-beneficial behaviors. 
 

As a number of phenotypes associated with S. epidermidis virulence, such as the 

production of phenol-soluble modulins and biofilms, are under the direct control of 

QS,11-14, 24-28 targeting the agr system represents an attractive approach for studying the 

role of QS in infection and even possibly attenuating S. epidermidis infections.25, 29-32 

This strategy has been used in Staphylococcus aureus, a pathogen closely related to S. 

epidermidis with an analogous agr QS system, and prior studies by our lab and others 

have revealed several highly potent, non-native antagonists of the agr system in S. 

aureus.33-48 Similar to S. aureus, S. epidermidis has evolved into different agr specificity 

groups (I–III), each with a different AIP signal and some variability in the other 

components of the agr system (i.e., in proteins AgrB–D).30, 49 Interestingly, these AIP 

signals are also capable of either inhibiting or activating the receptors of the other S. 

epidermidis groups, motivating hypotheses about cross-group interactions mediated by 

QS. For example, AIP-II and AIP-III each inhibit AgrC-I, while AIP-I inhibits both AgrC-II 

and AgrC-III (AIP signals shown in Figure 3.2).30 Synthetic ligands that selectively 
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activate or inhibit each of these receptors, or that pan-activate or pan-inhibit all 

receptors, would represent valuable chemical probes to interrogate the nature of such 

possible cross-group interactions, and to study agr-based QS in general. 

 

 

Figure 3.2 Structures of the native S. epidermidis AIP signals (I–III) and AIP-I 
analogs examined in this study. Relative potency in the QS receptor AgrC-I is 
indicated with the arrow for AIP-I analogs. Relative potencies indicated are from cell-
based assays of AgrC-I activity reported in our previous work.50 
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Recently, our laboratory performed a systematic study of the structure of the AIP-

I signal from group-I S. epidermidis, and using cell-based assays reporting agr activity, 

delineated the structure-activity relationships (SARs) governing its ability to activate its 

cognate receptor, AgrC-I.50 This study revealed the first set of non-native AIP analogs 

that are capable of potently agonizing or antagonizing the agr system in S. epidermidis 

(selected peptides shown in Figure 3.2). However, we lack an understanding of how 

these activity data connect to the three-dimensional (3-D) structures of these peptides. 

Such a connection, assuming that these small and rigidified macrocyclic peptides can 

adopt a similar conformation upon binding to AgrC-I, would illuminate the chemical 

features crucial to AgrC-I receptor agonism or antagonism by these peptides, and 

provide new insights into their mechanisms of action. To date, only the solution-phase 

structure of the S. epidermidis AIP-I has been reported in a mixed-solvent system,51 and 

the analysis of this structure focused on the motifs important for interaction with the S. 

aureus AgrC receptors, not with S. epidermidis AgrC-I. To the best of our knowledge, no 

structural information on any S. epidermidis AIP analogs has been reported. 

Herein, we report the first detailed characterization of the 3-D solution-phase 

structures of the S. epidermidis AIP-I signal, several non-native AIP-I analogs capable 

of strongly modulating AgrC-I, and the S. epidermidis AIP-II and AIP-III signals using 

NMR spectroscopy. Comparison of these peptide structures revealed several features 

that we propose, when aligned with their cell-based activity profiles, to be critical to 

receptor binding and activation, including a β-turn motif that was present in the 

macrocycles of both the most potent agonist and the most potent antagonist ligands, yet 

lacking in less potent ligands, including the native AIP-I signal. Our structural data 
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suggest that a minimum of two endocyclic hydrophobic residues and the presence and 

specific orientation of a C-terminal hydrophobic group are necessary for activation of 

AgrC-I. Together, these structural analyses illuminate the mechanism of both AgrC-I 

agonism and antagonism by peptide ligands, and motivate new hypotheses on the 

modularity of the receptor-binding and receptor-activating motifs of AIP-I. A small set of 

second-generation analogs designed to strengthen or weaken the β-turn were 

synthesized based upon these findings, resulting in analogs with comparable or greatly 

diminished potency relative to the parent peptides, respectively. These studies also 

revealed the first AgrC-I antagonist with subnanomolar potency. The effects of these β-

turn alterations on potency represent proof-of-concept and validation for structure-

function studies such as this one. 

 

3.2 Results and Discussion 

3.2.1 Selection of peptides for structural analyses  

To start, we selected a series of non-native AIP-I analogs from our previous 

study that displayed a range of agonistic and antagonistic activity in AgrC-I as 

determined utilizing a S. epidermidis GFP reporter strain (Figure 3.2; Table 3.1).50 We 

chose two agonists that were more potent than the native AIP-I signal: AIP-I D1A, in 

which a single Asp to Ala modification gave a four-fold increase in potency, and AIP-I 

D1AS6A, in which the double Ala modification gave a 20-fold increase in potency. We 

envisioned that comparisons between these two AIP-I analogs and the native AIP-I 

could provide insights into how the Ala substitutions increased agonism potency. We 

also selected three AgrC-I antagonists that displayed moderate to strong antagonism 



178 
 

potencies (Table 3.1). This trio included t-AIP-I, in which the N-terminal tail was 

removed and the Cys residue was simply acetylated; AIP-I V3A, in which a single 

modification to the native AIP-I (Val to Ala) mode-switched its activity from agonist to 

antagonist; and the triple Ala modified peptide, AIP-I D1AV3AS6A (hereafter referred to 

as AAA), which is a highly potent antagonist with a single-digit nanomolar IC50 value. As 

the S. epidermidis AIP-II and AIP-III signals are also relatively strong antagonists of 

AgrC-I (Table 3.1), we included these native peptides in our structural studies. To 

facilitate these comparative studies, we also chose to determine the NMR structure of 

the native AIP-I under comparable experimental conditions. All of these native and non-

native peptides were prepared and purified to homogeneity using the methods in our 

prior study.50 

 

Table 3.1 Structures and cell-based reporter activities in AgrC-I of the peptides 
evaluated in this study.a CI= 95% confidence interval. 

peptide name sequence 
IC50 in nM, 

(95% CI) 

EC50 in nM, 

(95% CI) 

AIP-I D-S-V-(C-A-S-Y-F) − 196 (162−238) 

AIP-I D1A A-S-V-(C-A-S-Y-F) − 49.3 (43.3−56.2) 

AIP-I D1AS6A A-S-V-(C-A-A-Y-F) − 10.3 (6.18−17.2) 

t-AIP-I Ac-(C-A-S-Y-F) 192 (150−245) − 

AIP-I V3A D-S-A-(C-A-S-Y-F) 51.9 (37.9−71.0) − 

AAA A-S-A-(C-A-A-Y-F) 2.84 (1.95−4.11) − 

AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) 9.64 (7.99−11.6) − 

AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) 34.3 (31.4−37.4) − 

aValues from reference 50.  
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3.2.2 NMR analyses  

We used NMR spectroscopy to characterize the solution-phase structures of the 

peptides, using methods similar to our prior reports (see SI for full details).43, 51-52 The 1-

D and 2-D (TOCSY and ROESY) NMR spectra were obtained on a 750 MHz 

spectrometer equipped with a cryoprobe at ambient temperature in H2O/D2O (95:5) 

except for AIP-I and t-AIP-I, which were dissolved in H2O/CD3CN (8:1 and 7:3, 

respectively) due to solubility limitations. Previous studies of similar S. aureus AgrC 

modulators showed that the presence of these amounts of acetonitrile did not cause 

significant structural changes relative to structures obtained in water alone.43 The 1-D 

proton and 2-D TOCSY and ROESY spectra were used to determine chemical shifts via 

sequential assignments of each amino acid residue. Internuclear proton distances were 

determined from 2-D ROESY cross peaks and converted to distance constraint files. 

These files were used to calculate and refine 3-D structures using torsion angle 

simulated annealing through Xplor-NIH,53-54 and an ensemble of 20 lowest-energy 

structures was utilized to determine the most representative low energy structure 

(ensembles in SI Figures 3.S1−3.S8). Structure comparisons were performed with 

alignment fitting using PyMOL.55 

 

3.2.3 Structural comparison of AIP-I to the antagonist t-AIP-I 

The NMR experimental results for AIP-I and t-AIP-I were compared first. Again, t-

AIP-I lacks the N-terminal tail and is a moderate antagonist of AgrC-I (Table 3.1). 

Analogous ROESY cross peaks appeared in both spectra, with extremely similar 

coupling constants and chemical shifts for all analogous hydrogens (see SI; Tables 
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3.S1, 3.S2, 3.S9, and 3.S10). The ROEs observed for AIP-I revealed an almost identical 

macrocycle conformation compared to t-AIP-I, as illustrated in the overlay in Figure 

3.3C. The structures align with an RMS difference of 0.3 Å for all analogous atoms. This 

close structural similarity between native AIP-I and the antagonist t-AIP-I suggests that 

while the tail in AIP-I has little impact on the structure of the macrocycle, it contains a 

contact critical for AgrC activation. When missing, as in t-AIP-I, the ligand is capable of 

competitively binding to AgrC-I yet fails to activate the receptor.  

Several features from the comparative analyses of AIP-I and t-AIP-I are 

important and warrant discussion. First, Asp1 and Ser2 of the AIP-I tail do not have 

well-defined conformations (see ensembles in SI Figure 3.S1), despite the rigidified 

conformation of its macrocycle (Figure 3.3; SI Figure 3.S1). Second, the spectra 

suggest that the Ser in the macrocycle of both peptides adopts a conformation where 

the hydroxyl oxygen forms a hydrogen bond to the adjacent Tyr amide hydrogen. This 

finding is aligned with the well-established propensity of short, polar sidechains such as 

Ser and Thr for this interaction.56-57 The result of this hydrogen bond is the formation of 

a half-chair six-member ring, and we reason that this ring acts to stabilize the 

macrocycle. Third, our structures of AIP-I and t-AIP show the side chains of both of the 

endocyclic hydrophobic residues (Phe and Tyr) oriented away from the macrocycle to 

form a hydrophobic face (Figure 3.3). This observation supports the conclusions of prior 

SAR studies of AIPs in both S. aureus and S. epidermidis that implicate a hydrophobic 

face as critical for productive AgrC binding.36, 42, 50, 52, 58 Indeed, removal of these 

hydrophobic residues from the macrocycle completely ablates AIP-I activity.50 Fourth, 

the Cys and Phe sidechains adopt well-defined rotational conformations, while the Tyr 
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sidechain appears to be less restricted. This last trend was observed for all the peptides 

studied in this work. 

 

 

Figure 3.3 Representative structures of AIP-I and t-AIP-I. Conformations of AIP-I 
(A) and t-AIP-I (B). Oxygen is shown in red, nitrogen in blue, hydrogen in white, and 
sulfur in gold. (C) Overlay of AIP-I (in yellow) and t-AIP-I (in orange, with an all-atom 
RMS difference of 0.3 Å (72 atoms). 
 

3.2.4 Structural comparison of AIP-I to the antagonist AIP-I V3A 

We next compared the structure of native AIP-I to the antagonist AIP-I V3A 

(Figure 3.4), which is approximately four-fold more potent than t-AIP-I (Table 3.1) and 

has a single amino acid modification (Val to Ala) relative to native AIP-I.50 This activity 
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mode-switch (agonist to antagonist) suggests that Val3 may play an important role in 

dictating the active conformation of the native signal or makes a crucial contact with the 

receptor. Interestingly, when examining the structure of AIP-I, Val3 is directed in the 

opposite direction of its endocyclic hydrophobic face (composed of Tyr7 and Phe8), as 

shown in Figures 3.3A, 3.3C. 

 

 

Figure 3.4 Structure of AIP-I V3A. (A) Representative structure of AIP-I V3A. Atom 
colors analogous to Figure 3.3. (B) Overlay of AIP-I (in yellow) and AIP-I V3A (in green), 
having an all-atom RMS difference of 2.1 Å (79 atoms) for residues 3−8. 
 

The ensemble of AIP-I V3A from Xplor has the highest RMSD of the peptides 

analyzed in this study, but like AIP-I, the structure of the macrocycle and relative 

position of residue 3 were highly ordered while Asp1 and Ser2 were the most 

disordered (SI Figure 3.S3). Also similar to AIP-I, the hydrophobic residues (Phe8 and 

Tyr7) of AIP-I V3A were extended towards one face of the macrocycle and create a 

hydrophobic surface (Figure 3.4A), and the Ser6 hydroxyl to Tyr7 amide hydrogen bond 
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appears to be maintained as a stabilizing interaction of the macrocycle. While the 

isopropyl side chain of Val3 is replaced with a methyl side chain in AIP-I V3A, the 

orientation of the Ala side chain relative to the hydrophobic face of the macrocycle is 

conserved (Figure 3.4B). Therefore, the structures of native AIP-I and AIP-I V3A are 

highly similar, having an all-atom RMS difference for residues 3−8 (excluding the more 

disordered hydrophilic N-terminal residues) of 2.1 Å (79 atoms), and an RMS difference 

for the backbone of only 0.8 Å (24 atoms). In view of these data, we propose that the 

lack of the branched hydrophobic side chain of residue Val3 (as in AIP-I V3A) is the 

primary cause for switching AIP-I from an agonist to an antagonist, with little or no 

dependence on conformational changes. We reason that the Val3 side chain in AIP-I 

makes a key contact with AgrC-I that is essential for activation, and in its absence, AIP-I 

V3A competitively inhibits AgrC-I. 

 

3.2.5 Structural comparison of AIP-I to agonists with increased potency 

Next, we turned our attention to the structures of two non-native agonists of 

AgrC-I, AIP-I D1A and AIP-I D1AS6A (Figures 3.5A and 3.5B). Both analogs are more 

potent agonists than the native agonist AIP-I (Table 3.1), with AIP-I D1AS6A being the 

most potent non-native agonist targeting S. epidermidis AgrC-I reported to date.50 

Counterintuitively in view of their less polar primary structures, AIP-I D1A and AIP-I 

D1AS6A were found to be more soluble in water than AIP-I, and their corresponding 

NMR spectra reflected that difference with higher S/N. Regardless, representative 

structures of the native AIP-I and AIP-I D1A were found to be exceptionally similar 

(overlay in Figure 3.5C), having an all-atom RMS difference of 1.3 Å (99 atoms) and a 
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backbone-atom RMS difference of 0.5 Å (28 atoms). While the ROESY spectrum of 

AIP-I indicated disorder in Asp1 and Ser2 (see above), the ROESY spectrum of AIP-I 

D1A had more cross peaks related to Ala1 and Ser2, yielding a more defined structure 

from Xplor (SI Figure 3.S4). It seemed possible that this was simply due to the greater 

S/N of the AIP-I D1A sample, but a closer examination of the AIP-I spectrum revealed 

that other small ROE cross peaks were visible, suggesting the issue was not S/N, but 

rather a true disorder in Asp1 and Ser2. In view of their highly similar structures, we 

speculate that the more ordered tail of AIP-I D1A relative to AIP-I contributes to its 

heightened agonistic activity, presumably better positioning an activation motif therein.  
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Figure 3.5 Representative structures of AIP-I D1A (A) and AIP-I D1AS6A (B). 
Atom colors analogous to Figure 3.3. The characteristic hydrogen bond of a β-turn is 
indicated, with i+1 φ = 63° and ψ = −88°, i+2 φ = −125° and ψ = 16° (in B). (C) Overlay 
of AIP-I (in yellow) and AIP-I D1A (in white), with an all-atom RMS difference of 1.3 Å 
(99 atoms). (D) Overlay of AIP-I (in yellow) and AIP-I D1AS6A (in dark blue), with an all-
atom RMS difference of 3.6 Å (97 atoms). 
 

The structural similarity between AIP-I and the more potent agonist AIP-I 

D1AS6A, with an all-atom RMS difference of 3.6 Å (97 atoms), was less than that 
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between AIP-I and AIP-I D1A. The differences originate from conformational changes in 

the AIP-I D1AS6A macrocycle. AIP-I D1AS6A has an Ala residue in place of Ser6, and 

thus no hydrogen bond is possible between the Ser6 hydroxyl and Tyr7 amide 

hydrogen. Instead, the AIP-I D1AS6A macrocycle was observed to adopt a β-turn motif 

with the Ala5 carbonyl H-bonded to the Phe8 HN (Figure 3.5B). Analysis of the 

appropriate φ and  angles revealed the turn was a type II’ β-turn.59 The ROESY 

spectrum for AIP-I D1AS6A also featured several major differences in cross peaks that 

were analogous in the spectra of each of the other peptides compared up to this point. 

For example, in these latter spectra, an ROE existed between Ser6 Hα and Ser6 NH 

that was calculated at 2.5 or 2.6 Å. In the spectrum of AIP-I D1AS6A, however, this 

ROESY cross peak was much more intense, with a calculated value of 2.2 Å. This 

difference indicates a dissimilar φ-dihedral angle at Ala6 in AIP-I D1AS6A. Additionally, 

what was observed as a moderate cross peak between Ser6 HN and Phe8 HN in the 

AIP-I D1A spectrum, which only differs by a single amino acid from AIP-I D1AS6A, was 

a weak cross peak between Ala6 HN and Phe8 HN in the AIP-I D1AS6A spectrum, 

indicating a difference in the plane of the amide bond of Ala5 and Ala6. This difference 

brings the carbonyl of the amide bond into the center of the AIP-I D1AS6A macrocycle, 

allowing for formation of the hydrogen bond to the Phe8 HN (Figure 3.5B). This 

hydrogen bond then stabilizes the β-turn in the macrocycle of AIP-I D1AS6A. 

This alteration to the macrocycle in AIP-I D1AS6A caused a change in the way 

the exocyclic tail protrudes from the macrocycle, and brought the Val3 sidechain to the 

same face as the hydrophobic endocyclic sidechains. The tails of AIP-I and related 

analogs studied so far form a short β-strand that is connected to the macrocycle, 
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comprised of Ser2 to Ala5. As Ala5 in AIP-I D1AS6A has a major change in its 

conformation, the strand exiting the macrocycle is rotated by roughly 60° relative to AIP-

I. Given that the hydrophobic sidechain of Val3 is strongly implicated as an effector of 

agonism in these peptides (see above), and also that AIP-I D1AS6A is 20-fold more 

potent than AIP-I and 5-fold more potent than AIP-I D1A, we reason that the 

macrocyclic fold and corresponding change of orientation of Val3 in AIP-I D1AS6A 

make this ligand more efficacious for binding and activating AgrC-I. 

 

3.2.6 Structural comparison of AIP-I to the antagonist AAA 

To further examine the relationships between the macrocycle conformation, the 

potency of the peptide, and the presence of the hydrophobic sidechain of Val3, we 

determined the structure of the most potent AgrC-I antagonist from our previous study, 

peptide AAA (Table 3.1). Xplor outputted a very ordered ensemble from the AAA 

constraint file (SI Figure 3.S6), and strikingly, a β-turn in the macrocycle was observed 

that was closely analogous to that of agonist AIP-I D1AS6A. Indeed, just as many 

ROESY cross peaks were analogous between the spectra of AIP-I, t-AIP-I, AIP-I V3A, 

and AIP-I D1A, the ROESY cross peaks of the antagonist AAA and the agonist AIP-I 

D1AS6A were equally analogous, with patterns suggesting the same type II’ β-turn in 

the macrocycle and the same short β-strand exiting the macrocycle in a similar manner. 

A representative structure of AAA is shown in Figure 3.6A, with an overlay of AIP-I and 

AAA having a relatively large all-atom RMS difference of 3.4 Å (88 atoms) shown in 

Figure 3.6B. This overlay is suggestive that the antagonist AAA, like the agonist AIP-I 

D1AS6A, adopts a structure quite different from AIP-I. 
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Figure 3.6 Structure of AAA and overlay with AIP-I. (A) Representative structure of 
AAA. Atom colors analogous to Figure 3.3. For the macrocycle β-turn, i+1 φ = 62° and 
ψ = −89°, i+2 φ = −123° and ψ = 18°. (B) Overlay of AIP-I and AAA, with an all-atom 
RMS difference of 3.4 Å (88 atoms). AIP-I is shown in yellow, and AAA is shown in pink. 
 

3.2.7 Structures of S. epidermidis AIP-II and AIP-III 

Because both native AIP-II and native AIP-III are also relatively potent AgrC-I 

antagonists, we investigated the structures of these two AIPs for comparison to the 

native AIP-I and antagonist AAA. AIP-II and AIP-III have similar primary sequences 

(Figure 3.2, Table 3.1), and their corresponding 2-D NMR spectra showed many similar 

cross peaks in the macrocycle region. However, a single amino acid difference in the tail 

sequence yielded a dramatic difference in the calculated tail structures. AIP-II has a 

sequence in its tail region (S-K-Y-N) that formed a β-turn (Figure 3.7A), indicated 

strongly by a robust series of cross peaks in the ROESY spectrum. In AIP-III, the 

corresponding sequence is A-K-Y-N, and the ROESY spectrum in this region instead 

indicated a β-stand from residue 2 through residue 9 within the ring, with no i to i+3 
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cross peaks analogous to the β-turn as indicated in AIP-II (Figure 3.7B). Overall, AIP-II 

was more globular, with the tail folding around the macrocycle but not quite contacting it, 

and AIP-III was more extended, with the strand of the tail pointing directly out from the 

ring. Additionally, in a comparison of the macrocycles, the plane of the amide bond 

between residue-10 (Asn in AIP-II and Ser in AIP-III) and Tyr11 was inverted by ~180° 

(Figure 3.7C). 

 

 

Figure 3.7 Representative structures of AIP-II (A) and AIP-III (B). Atom colors 
analogous to Figure 3.3. C: Overlay of AIP-II (cyan) and AIP-III (magenta) for the 
macrocycle only, with an all-atom RMS difference of 1.5 Å (68 atoms). 
 

An alignment of the macrocycle of AIP-I with either AIP-II or AIP-III yields only 

modest overlap, having all-atom RMS differences of 2.2 Å (PyMOL fits 49 atoms) or 2.1 
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Å (PyMOL fits 52 atoms) respectively, for most-similar atom matching (results not 

shown), indicating that AIP-II and AIP-III have major 3-D structural differences in their 

macrocycles relative to AIP-I. In contrast, there is better overlap of the macrocycle of the 

antagonist AAA with that of AIP-II (all-atom RMS difference for macrocycle of 1.9 Å, of 

49 atoms) and AIP-III (all-atom RMS difference of macrocycle of 1.2 Å, 50 atoms) (SI 

Figure 3.S9), which is in accord with all three peptides acting as AgrC-I antagonists. We 

return to this below. 

 

3.2.8 Comparison of the most potent AgrC-I agonist and antagonist 

Given the remarkable, and unexpected, similarity of the ROESY spectra of the 

most potent AgrC agonist AIP-I D1AS6A and the most potent AgrC antagonist AAA, a 

direct comparison of these two structures was warranted. The structural overlay is 

shown in Figure 3.8. Although the slight differences in ROE intensity from the spectra 

lead to subtle differences between the two structures, they are very similar overall, with 

an all-atom RMS difference of 1.0 Å (101 atoms) and a backbone RMS difference of 0.8 

Å for all residues (32 atoms), or an all-atom RMS difference of just 0.2 Å (78 atoms) and 

a backbone RMS difference of just 0.1 Å (24 atoms) when considering only residues 

3−8. To further validate the interpretation of these two solution NMR structures, they 

were each analyzed using MolProbity, and both AIP-I D1AS6A and AAA have very good 

relative clash and MolProbity scores (see MolProbity validation in SI).60-61  
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Figure 3.8 Overlay of AIP-I D1AS6A (dark blue) and AAA (pink). Overlay of the 
two structures has an all-atom RMS difference of 1.0 Å (101 atoms), and all-atom RMS 
difference for residues 3–8 of 0.2 Å (78 atoms). Atom colors analogous to Figure 3.3. 
 

These structural data suggest that the β-turn in the macrocycles of AIP-I D1AS6A 

and AAA arranges them for optimal binding to AgrC-I relative to the macrocycle of the 

native ligand AIP-I, which lacks the same β-turn. We then speculate that the stabilizing 

Ser6 hydroxyl to Tyr7 amide hydrogen bond in the AIP-I macrocycle impairs it from 

adopting the optimal β-turn conformation for binding its own cognate receptor. This 

difference is correlated with the heightened potencies of AIP-I D1AS6A (as an agonist) 

and AAA (as an antagonist) relative to AIP-I (Table 3.1). The opposite activity profiles for 

AIP-I D1AS6A and AAA, despite their very similar structures, indicates that their only 

point of real structural divergence—the branched hydrophobic motif of the Val3 side 

chain—engages in critical interactions with the AgrC-I receptor, with its position dictated 

by the fold of the macrocycle. The Val3 sidechain is oriented more toward the 

hydrophobic endocyclic face of AIP-I D1AS6A relative to that of AIP-I, and this 

positioning of both Val3 and the hydrophobic face in AIP-I D1AS6A presumably 

facilitates receptor binding and activation. This model then implicates Val, and only Val 

positioned properly next to the ring, as essential for receptor activation. If the model is 

accurate, introducing a Val residue or other appropriate hydrophobic moiety next to a 
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different AIP macrocycle or even a β-turn mimetic could lead to new modulators that 

activate S. epidermidis AgrC-I.  

 

3.2.9 Exploration of the β-turn motif through new analogs 

We sought to further examine the importance of the β-turn motif for 

peptide:AgrC-I interactions in S. epidermidis and designed eight new analogs of AIP-I 

D1AS6A and AAA to modify the type II’ β-turn. Substitution of Ala6 with D-Ala or Gly 

should strengthen the β-turn, and we hypothesized that, if the β-turn motif was indeed 

critical, such substitutions should either maintain or possibly enhance the agonism or 

antagonism potency of the two parent peptides.59, 62-63 Conversely, substitution of Phe8 

with N-MePhe or phenyllactic acid (PLA) should destabilize the β-turn by removing the 

key hydrogen bond between the Ala5 carbonyl and Phe8 NH. We hypothesized that 

destabilization of the β-turn would reduce the potency of these new analogs relative to 

the parent peptides where the β-turn is intact. We synthesized new AIP-I D1AS6A and 

AAA analogs containing these modifications (shown in Figure 3.9) using standard 

methods and screened them in agr reporter assays (side-by-side with their parent 

peptides) in group-I S. epidermidis to allow for comparisons of their activity profiles 

(Figure 3.10, see SI for synthetic protocols and assay methods).50 
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Figure 3.9 Structural modifications of lead agonist AIP-I D1AS6A and lead 
antagonist AAA to provide β-turn modifying analogs. 
 

The dose-response assays for the new analogs with D-Ala and Gly substitutions, 

which should strengthen or maintain the β-turn, showed only slight changes in potency 

relative to their parent compounds. As the parents already contain the critical β-turn, this 

result is not altogether surprising. The AgrC-I agonism assays revealed AIP-I D1AS6G 

and AIP-I D1AS6dA to be ~2-fold and ~4 fold less potent, respectively, than the parent 

AIP-I D1AS6A (Figure 3.10A, see SI Table 3.S18 for potency data for all new analogs). 

These reductions in potency, especially for AIP-I D1AS6G, are relatively minor; indeed, 

both peptides are still highly active, with EC50 values in the low nanomolar range. This 

only minor reduction in activity relative to AIP-I D1AS6A reinforces the β-turn as 

important for AgrC-I binding, and suggests that these particular type II’ β-turn mimics 
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are simply not optimal for AgrC-I activation. Turning to the AgrC-I antagonism assay 

data, AAG and AAdA both maintained their high potencies, with IC50 values comparable 

or lower than the parent AAA (Figure 3.10B). These results provide further support for 

the β-turn as a critical element for the interactions of these AIP-I analogs with AgrC-I. 

Moreover, they revealed the most potent AgrC-I antagonist that we have observed to 

date in S. epidermidis (AAdA), with a subnanomolar IC50 value (0.908 nM).  

 

 

Figure 3.10 Group-I AgrC activity dose-response curves of β-turn modifying 
analogs. Agonism (closed shapes) and antagonism (open shapes) dose-response 
curves shown. Curves depicted for agonist (A) and antagonist (B) analogs designed to 
strengthen the β-turn, and agonists (C) and antagonists (D) designed to weaken the β-
turn. The parent agonist (AIP-I D1AS6A) or antagonist (AAA) are shown alongside the 
new analogs (in blue) for comparison.  
 

In contrast to the data for the D-Ala and Gly substituted analogs, the 

incorporation of N-MePhe and PLA, hypothesized to eliminate the key hydrogen bond 
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necessary for the β-turn, obliterated activity in AgrC-I relative to their parent 

compounds. Dose-response agonism assays of AIP-I D1AS6A [N-MeF8] and AIP-I 

D1AS6A [F8PLA] indicated a complete lack of activity (Figure 3.10C), while the 

antagonism assays of AAA [N-MeF8] and AAA [F8PLA] revealed a potency loss of over 

three orders of magnitude relative to the parent antagonist AAA (Figure 3.10D). These 

major shifts in potency due to the elimination of a single hydrogen bond strongly 

supports the importance of the β-turn for optimal binding interactions with AgrC-I.  

To further examine the structures of these β-turn modified analogs and their 

activity profiles in AgrC-I, we performed additional 1-D and 2-D NMR experiments on a 

set of peptides with varying agonistic activities: AIP-I, AIP-I D1AS6A, AIP-I D1AS6dA, 

and AIP-I D1AS6A [N-MeF8]. AIP-I D1AS6A and its second-generation analogs were 

effective surrogates for the AAA family as well, as the chemical shifts of AIP-I D1AS6A 

and AAA were highly conserved and their solution NMR structures were analogous 

(again, both shown to adopt a type II’ β-turn; see above). Chemical shifts are well-

known to be sensitive to local structural changes in peptide/protein conformation, 

including the torsion angles used to classify β-turns.64-67 We initially sought to use NMR 

chemical shift data to generate backbone torsion angles using the established TALOS-

N computer program,68 in order to gauge similarities in the local conformations of the 

peptides.  

We performed 1-D 1H, 2-D TOCSY and 2-D 1H-13C HSQC NMR experiments in 

D2O on an 800 MHz spectrometer (see SI for full details of NMR experiments and data) 

on the family of peptides, and first inputted chemical shift data into TALOS-N for AIP-I 

and AIP-I D1AS6A to compare the software’s predicted torsion angles to those 
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determined in our solution-phase NMR structures. We found that TALOS-N could not 

make torsion angle predictions for all the amino acids in these macrocyclic peptides, 

most likely because it relies on a training set based on natural linear peptides/proteins, 

and it was unable to predict torsion angles for all of the residues in the β-turn in AIP-I 

D1AS6A (see SI for the TALOS-N predictions and associated analysis). TALOS-N could 

make predictions with high confidence for residues in the exocyclic tails, and these 

predictions fell in the same regions of the Ramachandran plots as the observed torsion 

angles from the representative solution NMR structures, adding a second measure of 

validation for these NMR structures in addition to the validation with MolProbity (Tables 

3.S23 and 3.S24). In view of this incomplete data set, however, we turned to 

comparative NMR chemical shift analysis, a technique commonly used for analyzing 

conformations of proteins and peptides,65-66 to identify putative structural changes 

between the agonist AIP-I D1AS6A and the two second-generation analogs, AIP-I 

D1AS6dA and AIP-I D1AS6A [N-MeF8]. 

We performed a systematic analysis of the Hα, Cα, Hβ, and Cβ chemical shifts 

associated with each residue in AIP-I D1AS6A, AIP-I D1AS6dA, and AIP-I D1AS6A [N-

MeF8] to obtain a gauge of their overall structural similarity (see SI for full assignments 

[Tables 3.S20–3.S22] and additional detailed text). A side-by-side comparison of the 

chemical shifts for AIP-I D1AS6A versus AIP-I D1AS6dA (Table 3.S25) revealed no 

significant changes in chemical shifts between the two peptides (i.e., no chemical shift 

change was greater than two standard deviations above the average shift difference).69 

This lack of significant chemical shift changes suggests that the conformation of AIP-I 

D1AS6dA is very similar to the parent AIP-I D1AS6A. This result correlates with the 
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comparable agonistic activities of the two peptides in the cell-based agr reporter assay. 

An analogous comparison was performed on the NMR data for AIP-I D1AS6A and its 

the N-methyl amino acid, AIP-I D1AS6A [N-MeF8] (Table 3.S25). While there were only 

small differences in chemical shifts in many of the residues between the two peptides, in 

the residues near the β-turn there were four significant chemical shift changes between 

AIP-I D1AS6A and AIP-I D1AS6A [N-MeF8], signifying that the local conformation 

around these residues was perturbed.69 These chemical shift changes suggest that the 

N-methyl amino acid modification not only removes the key hydrogen necessary for a β-

turn hydrogen bond, but also causes changes in the local conformation of AIP-I 

D1AS6A [N-MeF8] relative to its parent AIP-I D1AS6A. This result correlates with the 

dramatic loss in agonistic activity for AIP-I D1AS6A [N-MeF8] relative to AIP-I D1AS6A 

in the cell-based agr reporter assay. These new NMR data and comparative analyses 

serve to support the claim that the structure of the macrocycle in this class of AIP-I 

mimics is critical to strong binding interactions with AgrC-I.  

 

3.3 Summary and Conclusions 

We have determined the 3-D structures of the three S. epidermidis AIPs (I–III) 

and five AIP-I analogs to gain insight into the modes by which these compounds 

activate and inhibit S. epidermidis AgrC-I. Comparisons of the solution-phase NMR 

structures revealed chemical features essential to AgrC-I agonism and antagonism 

(summarized in Figure 3.11). Specifically, we propose that the AIP macrocycle exhibits 

a hydrophobic face at the C-terminus that facilitates receptor binding, and that the 

positioning of that hydrophobic face is best facilitated by a type II’ β-turn macrocycle that 



198 
 

is not present in native AIP-I. Instead, we found AIP-I has a dispensable stabilizing 

interaction in its macrocycle that we predict impairs adoption of the optimal 

conformation for binding its own cognate receptor. Additionally, a bulky hydrophobic 

group on the tail (e.g., Val3), oriented properly by the macrocycle, is the essential factor 

for AgrC-I receptor activation. Removal of this hydrophobic group, while maintaining the 

β-turn macrocycle, results in a highly potent AgrC-I antagonist (i.e., AAA). Removal of 

the tail altogether, as in t-AIP-I, yields a moderate antagonist with a macrocycle 

conformation analogous to the native AIP-I. We found the native AIP-II and AIP-III to 

adopt structures quite different from AIP-I, with each having highly different tail 

structures. Interestingly, both AIP-II and AIP-III are capable of antagonizing AgrC-I,30, 50 

and have macrocycle conformations more similar to the β-turn motif of antagonist AAA, 

again suggesting that the most important features for binding to AgrC-I are hydrophobic 

residues in the macrocycle and a β-turn type macrocycle, while additional contacts 

made by the exocyclic tail may improve the AIP-I:AgrC-I binding interaction but are 

secondary to the macrocycle interactions. To further underscore the importance of the 

macrocyclic β-turn motif for peptide:AgrC-I binding, we found that analogs of AIP-I 

D1AS6A and AAA that reinforced the β-turn motif were also highly potent, with the 

antagonist AAdA having a subnanomolar IC50 value and constituting, to our knowledge, 

the most potent AgrC antagonist in S. epidermidis to be reported. In turn, analogs in 

which β-turn formation was perturbed exhibited dramatic losses in potency, along with 

large perturbations of key NMR chemical shifts not present for other β-turn containing 

peptides, emphasizing the key role that the β-turn plays for AgrC-I binding.  
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The proposed models of AgrC-I agonism and antagonism are in agreement with 

the relative potencies of the AIP analogs observed in the cell-based reporter assay, 

strongly suggesting that the NMR structures and associated data reported herein are 

biologically relevant. We note that while the presence of two hydrophobic side chains 

near the C-terminus in conjunction with a type II’ β-turn was sufficient for subnanomolar 

antagonism in S. epidermidis, such levels of antagonistic activity have been reserved for 

AIP analogs with at least three major hydrophobic groups and highly variable 

macrocyclic structures in the related bacterial species, S. aureus.52 These structural 

differences may contribute to the relatively weak cross-inhibition observed for the native 

AIP signals and related analogs between S. aureus and S. epidermidis.50  

 

 

Figure 3.11 Model for AgrC-I activation by AIP-I. AIP-I is shown with a Connolly 
surface indicating relative hydrophobicity of residues, with yellow being most 
hydrophobic and green being most hydrophilic. 
 

These structures and biological data for the native S. epidermidis AIPs and non-

native AIP-I analogs are significant as they provide the first insights into the mechanism 

of AgrC receptor activation in in this emerging pathogen and shape our understanding 

of agr-type QS. These data and insights should also guide the design of new chemical 

probes to study QS in S. epidermidis, as we showcase through the synthesis and study 



200 
 

of β-turn modifying analogs herein. Indeed, the discovery of AAdA as a highly potent 

AgrC-I antagonist serves to validate structure-function studies such as this one. Looking 

to the future, because the primary mechanism by which S. epidermidis causes infection 

is biofilm formation and the activation of the agr system can reduce biofilm 

accumulation,12, 25, 27, 29 designing AIP analogs that can agonize all three AgrC receptors 

in S. epidermidis would be of great interest. Our structural studies suggest that, while 

the branched hydrophobic side chain of residue Val3 is crucial for receptor activation, 

the proper orientation of this side chain may not be dictated by any specific interactions 

between the side chain and the macrocycle. Consequently, we hypothesize that a Val 

residue, or another moiety with an adequately bulky hydrophobic group, could be 

introduced onto a type II’ β-turn macrocycle mimetic, the AIP-II macrocycle, or AIP-III 

macrocycle, turning the resulting peptide into a highly potent activator for multiple AgrC 

receptors. Further simplified AgrC-I antagonists and agonists also could be identified 

using a method similar to that previously described for S. aureus AgrC receptors, where 

a number of different hydrophobic residues were substituted at the C-terminal region, 

and the other residues in the macrocycle were replaced with a single amino acid 

linker.43, 48 Studies toward these and related goals are ongoing and will be reported in 

due course. 
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3.4 Supplemental Information 

3.4.1 Experimental procedures 

Chemical reagents, strains, and general methods 

All reagents and solvents were purchased from Sigma-Aldrich or Chem-Impex 

and used as obtained. Water (18 MΩ) was purified using a Barnstead Nanopure from 

Thermo Scientific. The majority of the peptides used in this study were previously 

synthesized in our laboratory,1 and all were purified to homogeneity using established 

reverse-phase high performance liquid chromatography (RP-HPLC) methods on a 

Shimadzu instrument composed of SCL-10Avp controller, DGU-14A degasser, FCV-

10ALvp solvent mixer, LC-10ATvp pump, CTO-10ASvp column oven with a 5 mL 

manual injection loop and Kromasil Eternity column (5 m 100 Å C18 packing of 10 mm 

× 250 mm), SPD-M10Avp diode array detector, and FRC-10A fraction collector. Peptide 

masses were determined using a Bruker microflex LRF MALDI-TOF mass spectrometer. 

The S. epidermidis GFP agr group-I reporter strain AH34082 was generously donated by 

Prof. Alexander Horswill (University of Colorado Medical School) and cultured in Tryptic 

Soy Broth (TSB, from Sigma) supplemented with 10 µg/mL of erythromycin. 

 

Solid-phase peptide synthesis methods 

The β-turn modifying peptide analogs of AIP-I D1AS6A and AIP-I D1AV3AS6A 

(AAA), designed to examine the importance of the β-turn motif, were synthesized 

according to previously reported protocols (shown in Scheme 3.S1).50 Approximately 30 

mg (0.0147 mmol, 1 eq.) of Fmoc Dawson Dbz AM resin was swelled in DCM for 40 min 

in a fritted reactor vessel. The resin was washed with DCM (2 mL ×3), DMF (2 mL ×3), 
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and the Fmoc group deprotected with 20% piperidine in DMF (2 mL ×3; 5 min, 5 min, 10 

min) while shaking. The deprotected resin was washed with DMF (2 mL ×3). Nα-Fmoc 

protected amino acid (4 eq.), HATU (4 eq.), and DIPEA (8 eq.) were dissolved in 2 mL 

DMF, incubated for 5 min, and added to the deprotected resin and shaken (1 h for the 

first amino acid, 0.5 h for the remaining amino acids). Deprotections and couplings were 

repeated to couple the remaining amino acids to the resin, with the final amino acid 

coupling using a Boc-protected amino acid instead of a Fmoc-protected amino acid.  

Following the final Boc-protected amino acid coupling, the resin was washed with 

DMF (2 mL ×3) and DCM (2 mL ×3). Thereafter, 4-nitrophenyl chloroformate (4 eq.) 

dissolved in 2 mL of DCM was added to the vessel, and the slurry was shaken for 30 

min. An additional 2 mL of 4-nitrophenyl chloroformate (4 eq.) in DCM was added to the 

vessel, and the slurry was shaken for another 30 min. The resin was washed with DCM 

(2 mL ×3) and treated with 2 mL of 5.5% DIPEA in DMF (10 min ×3). The resin was 

washed with DMF (2 mL ×3), DCM (2 mL ×3), and Et2O (2 mL ×3), dried under N2, and 

dried under vacuum. The peptide was cleaved from the resin (while also being 

deprotected) by treatment with 2 mL of 90/5/2.5/2.5 TFA/DCM/H2O/triisopropylsilane 

(TIPS) and shaking for 2 h. The solution was filtered, mixed with 40 mL of Et2O, chilled 

at -20 °C for 1 h to precipitate peptide, and centrifuged using a Beckman-Coulter Allegra 

6R with a GH-3.8 rotor at 3500 rpm and 4 °C for 30 min. The supernatant was 

decanted, the pellet dissolved in 3 mL 50% ACN in H2O, and lyophilized. 

Lyophilized peptide was redissolved in 25% ACN in H2O and purified by RP-

HPLC. Fractions containing peptides were identified using MALDI MS and lyophilized. 

The lyophilized linear peptides were cyclized in 3 mL of cyclization buffer (20% ACN, 
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80% 6 M guanidinium chloride in 0.1 M Na2PO4, pH 6.8) while shaking at 50 °C for 2 h. 

The cyclized peptide was purified using RP-HPLC; fractions that contained cyclized 

peptide were identified by MALDI MS. Aliquots of the cyclized peptide fractions were 

submitted for high-resolution mass measurement and analytical RP-HPLC to check 

purity, while the remaining portions of the fractions were lyophilized in pre-massed vials 

to obtain final isolated yields of approximately 12–23%. 

 

 

 

Scheme 3.S1 Solid-phase synthesis of β-turn modifying analogs. 
 

Solid-phase N-methylated peptide synthesis methods 

N-methylated analogs of AIP-I D1AS6A and AAA were synthesized and purified 

following the above peptide synthesis protocol with two exceptions. First, instead of 

using a standard Nα-Fmoc protected amino acid, an Nα-methyl, Nα-Fmoc protected 

amino acid was used to load the resin. Second, the coupling time to couple the following 
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Nα-Fmoc protected amino acid was extended to 3 h. Final isolated yields of peptides 

ranged from approximately 5–16%. 

 

Solid-phase depsipeptide synthesis methods 

Depsipeptide analogs of AIP-I D1AS6A and AAA were synthesized by replacing 

Phe8 with L-phenyllactic acid (PLA) (shown in Scheme 3.S2). Approximately 100 mg 

(0.1 mmol, 1 eq.) of 2-chlorotrityl resin was swelled in DCM for 10 min in a fritted reactor 

vessel, and the resin was washed with DCM (2 mL ×3). To load PLA onto the resin, PLA 

(2 eq.) and DIPEA (4 eq.) were dissolved in 2 mL of DMF, added to the resin, and 

shaken for 30 min. The resin was washed with DCM (2 mL ×3), and then capped by 

incubating with 2 mL of a 15% MeOH/5% DIPEA in DCM solution for 10 min while 

shaking (×2). The resin was washed with DCM (2 mL ×3) and then with DMF (2 mL ×3). 

Thereafter, Nα-Fmoc-O-tBu-L-tyrosine (4 eq.), HATU (4 eq.), and DIPEA (8 eq.) were 

dissolved in 2 mL of DMF, pre-incubated for 5 min, and then added to the PLA-loaded 

resin vessel and shaken for 16 h. The resin was then washed with DMF (2 mL ×3), then 

Fmoc deprotected with 2 mL of 20% piperidine in DMF ×3 (5 min, 5 min, 10 min) while 

shaking. The deprotected resin was washed with DMF (2 mL ×3). The next Nα-Fmoc 

protected amino acid (4 eq.), HATU (4 eq.), and DIPEA (8 eq.) were dissolved in 2 mL of 

DMF, pre-incubated for 5 min, and added to the deprotected resin and shaken for 30 

min. Deprotections and couplings were repeated to couple the remaining amino acids to 

the resin, with the final amino acid coupling using a Boc-protected amino acid instead of 

a Fmoc-protected amino acid.  
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Following the final Boc-protected amino acid coupling, the resin was washed with 

DMF (2 mL ×3), DCM (2 mL ×3), MeOH (2 mL ×3), dried with N2, and then dried under 

vacuum. The peptide was cleaved from the resin (while simultaneously deprotecting 

only the Cys4 thiol from its Mmt protecting group) using 5 mL of 2% TFA/2% TIPS in 

DCM solution, and shaking for 15 min. The solution was filtered into a 25 mL round-

bottom flask, and the resin was treated with another 5 mL of 2% TFA/2% TIPS in DCM 

solution, shaken for another 15 min, and drained into a 25 mL round bottom flask. A 

small volume (~0.5 mL) of DMSO was added to the flask, and the DCM was removed 

under reduced pressure. The remaining approximately 0.5 mL of the peptide dissolved 

in DMSO was diluted with 25% ACN in water and purified on RP-HPLC. Fractions 

containing the partially-protected linear depsipeptides were identified by MALDI MS and 

lyophilized. Yields of partially-protected linear depsipeptides ranged from 1−2%. 

The partially-protected linear depsipeptides (1 eq.) were cyclized with PyAOP 

(1.5 eq.) and DIPEA (2 eq.) in 0.5 mL DMF, stirring for 48 h in a 50 °C water bath. The 

solvent was removed by rotary evaporation under reduced pressure, and the cyclized, 

partially-protected depsipeptides were fully deprotected by stirring in 0.5 mL of a 

90/5/2.5/2.5 TFA/DCM/H2O/TIPS solution for 2 h. The solution was removed by rotary 

evaporation under reduced pressure, leaving a yellow oil. The oil then was diluted with 

water and purified by RP-HPLC, and fractions that contained cyclized depsipeptide 

were identified with MALDI MS. Aliquots of the cyclized depsipeptide fractions were 

submitted for high-resolution mass measurement and analytical RP-HPLC to check 

purity, while the remaining portions of the fractions were lyophilized in pre-massed vials 

to obtain isolated yields of approximately 21−58% (relative to linear starting material). 
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Scheme 3.S2 Solid-phase synthesis of depsipeptides. 
 

Fluorescent AgrC-I reporter assay protocol 

Peptides were evaluated for agr activity using the S. epidermidis GFP agr group-I 

reporter strain AH3408.30 A culture of AH3408 was grown overnight at 37 °C with 

shaking at 200 rpm, after which it was diluted 1:50 in fresh TSB medium. Peptide stocks 

(1 mM) were serially diluted in DMSO, and 2 µL aliquots were transferred to wells in 

triplicate within a black 96-well microtiter plate. For antagonism assays, 198 µL of the 

diluted AH3408 culture were added to each well. For agonism assays, 2 µL of a 2.5 µM 

AAA stock solution (final concentration in plate: 25 nM) were added to each well to 

block agr activity, and subsequently 196 µL of diluted AH3408 culture were transferred 

into each well. Separate from the test wells, each plate also included two controls: a 

vehicle control (wells containing only 2 or 4 µL DMSO with dilute AH3408 culture for 

agonism or antagonism assays, respectively), and a media control (wells containing 

TSB medium only). Plates were incubated with shaking (200 rpm) at 37 °C for 24 h. 
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Fluorescence (excitation at 500 nm, emission at 540 nm) and the OD600 of each well 

were measured using a BioTek Synergy 2 plate reader. Measurements were processed 

by subtracting background fluorescence (TSB medium), correcting to OD600, and then 

normalizing using the respective DMSO control for the agonism and antagonism 

assays. Non-linear regression curves were fitted to the data sets with GraphPad Prism 

software (version 7) by using variable slope (four-parameter) dose-response analysis to 

obtain potency, efficacy, and statistical information about the activity profiles of the 

tested peptides. 

 

NMR methods and spectral analyses 

To obtain solution structures of key peptides, NMR experiments (1-D proton, 2-D 

TOCSY, and 2-D ROESY) and subsequent analyses of the spectral data were carried 

out using our previously reported methods.43 In brief, peptides were dissolved in 

H2O:D2O (95:5), except for AIP-I which was dissolved in 12.5% CD3CN in H2O and t-

AIP-I which was dissolved in 30% CD3CN in H2O at pH 5. Final concentrations of each 

peptide were at least 700 M. These NMR spectra were obtained on a Bruker Avance-

III 750 MHz spectrometer equipped with a TXI cryoprobe using standard pulse 

sequences at ambient temperature. Solvent suppression of the water peak was 

achieved using excitation sculpting, and chemical shifts in the spectra were referenced 

to residual H2O at 4.79 ppm or CD3CN at 1.94 ppm. 

All spectra were analyzed using MestReNova 10 NMR processing software, with 

important 3J couplings and chemical shifts provided in Tables 3.S1−3.S16. Resonance 

assignments for each peptide, calculations of interproton distances from ROESY 



208 
 

crosspeak volumes, and the three-dimensional structure calculations and refinements 

were completed according to established methods.70-72 ROE constraint specifics are 

provided below.  

An average structure for each peptide was determined from an ensemble of the 

20 lowest-energy structures from a set of 100 total structures obtained by torsion angle 

simulated annealing in Xplor-NIH.53-54, 73-77 During refinement, an initial constraint 

allowance of ±20% of each calculated ROE was used to determine initial structures with 

a soft potential. Final refinement was done with a constraint allowance of ±10% of each 

calculated ROE plus an additional 0.5 Å using a hard potential for the final structures. 

The average structure was used as a comparative tool, from which a representative 

structure with a small RMS difference from the average structure was selected from the 

low-energy ensemble. These representative structures are shown in the main text 

(Figures 3.3–3.8). Additional images are provided in Figures 3.S1–3.S9. Visual analysis, 

structure comparisons with alignment fitting, and presentation of the peptide structures 

were performed with PyMOL.55 For consistent RMS fitting in PyMOL, degenerate 

hydrogens were numbered for consistent relative coordinates. Final representative 

structures were validated using MolProbity.60-61 

Additional NMR experiments (1-D proton, 2-D TOCSY, and 2-D 1H-13C HSQC) 

were performed to compare the chemical shifts of select peptides. Peptides were 

dissolved in D2O at pH 5, with the exception of AIP-I which was dissolved in 12.5% 

CD3CN in D2O at pH 5. Final concentrations of each peptide were at least 700 µM. 

Spectra were obtained on a Varian 800 MHz spectrometer with a HCN cryoprobe using 

standard pulse sequences at ambient temperature. Chemical shifts within the spectra 
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were referenced to a DMSO internal standard at 2.71 ppm (1H) or 39.39 ppm (13C). The 

chemical shift data for AIP-I and AIP-I D1AS6A were entered into the TALOS-N program 

in attempt to predict torsion angles (see additional discussion below).68, 78 

 

3.4.2 NMR spectra for 3-D solution-phase structures 

 One-dimensional proton, 2-D TOCSY, and 2-D ROESY NMR experiments 

were performed for each peptide as described in the experimental procedures 

above. Selected parameters for each experiment are included in each spectrum. 

For the 2-D experiments, blue indicates negative peak intensity and green indicates 

positive peak intensity. 
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 AIP-I 1H NMR spectrum (700 M dissolved in 12.5% CD3CN in H2O, pH ~6.5) 
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 AIP-I 1H-1H TOCSY spectrum 
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 AIP-I 1H−1H ROESY spectrum 
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 t-AIP-I 1H NMR spectrum (1.5 mM dissolved in 30% CD3CN in H2O, pH ~5 with HCl) 
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 t-AIP-I 1H−1H TOCSY spectrum 
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 t-AIP-I 1H−1H ROESY spectrum 
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 AIP-I V3A 1H spectrum (1 mM dissolved in 95% H2O with 5% D2O, pH ~6.5) 
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 AIP-I V3A 1H−1H TOCSY spectrum 
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 AIP-I V3A 1H−1H ROESY spectrum 
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 AIP-I D1A 1H NMR spectrum (1 mM dissolved in 95% H2O with 5% D2O, pH ~6.5) 
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 AIP-I D1A 1H−1H TOCSY spectrum 
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 AIP-I D1A 1H−1H ROESY spectrum 
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 AIP-I D1AS6A 1H NMR spectrum (1 mM dissolved in 95% H2O with 5% D2O, pH 
~6.5) 
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 AIP-I D1AS6A 1H−1H TOCSY spectrum 
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 AIP-I D1AS6A 1H−1H ROESY spectrum 
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 AIP-I D1AV3AS6A (AAA) 1H NMR spectrum (1.5 mM dissolved in 95% H2O with 5% 
D2O, pH ~6.5) 
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 AAA 1H−1H TOCSY spectrum 
 

 
  



227 
 

 AAA 1H−1H ROESY spectrum 
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 AIP-II 1H NMR spectrum (1 mM dissolved in 95% H2O with 5% D2O, pH ~6.5) 
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 AIP-II 1H−1H TOCSY spectrum (20 ms spin lock) 
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 AIP-II 1H−1H TOCSY spectrum (120 ms spin lock) 
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 AIP-II 1H−1H ROESY spectrum 
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 AIP-III 1H NMR spectrum (1 mM dissolved in 95% H2O with 5% D2O, pH ~6.5) 
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 AIP-III 1H−1H TOCSY spectrum (20 ms spin lock)  
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 AIP-III 1H−1H TOCSY spectrum (120 ms spin lock) 
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 AIP-III 1H−1H ROESY spectrum 
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3.4.3 3J coupling constants for 3-D solution-phase structures 

3J coupling constants are listed below (if resolved from spectra). 
 
Table 3.S1 Important 3J coupling constants of AIP-I in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ser2 7.1       
Val3 8.3    8.2 7.2 7.0 
Cys4 7.4 11.2 4.7 14.4    

Ala5 7.0    7.5   

Ser6 8.5 4.8* 4.5* 11.6    

Tyr7 6.8 3.8 9.7 14.9    

Phe8 9.3 4.3 10.7 14.9    

* indicates stereochemistry ambiguous, not defined 
 
 
 
Table 3.S2 Important 3J coupling constants of t-AIP-I in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Cys1 7.7 10.6 4.5 13.8    

Ala2 6.7    7.3   

Ser3 8.3 4.8* 6.5* 11.7    

Tyr4 6.5 5.7 9.5 14.8    

Phe5 9.6 4.5 11.0 14.8    

* indicates stereochemistry ambiguous, not defined 
 
 
Table 3.S3 Important 3J coupling constants of AIP-I V3A in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ser2 6.6       
Ala3 6.8    7.8   
Cys4 7.6 10.6 4.5 14.0    

Ala5 6.3    7.7   

Ser6 8.4 5.1* 6.7* 11.6    

Tyr7 6.4 6.2 9.6 14.8    

Phe8 9.4 4.3 11.0 14.9    

* indicates stereochemistry ambiguous, not defined  
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Table 3.S4 Important 3J coupling constants of AIP-I D1A in Hz 
Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ser2 6.9 5.3* 6.9* 11.6    
Val3 8.1    7.9 7.1 7.1 
Cys4 7.4 10.8 4.5 14.0    

Ala5 7.0    7.4   

Ser6 8.5 5.2* 6.8* 11.4    

Tyr7 6.7 5.9 9.6 14.9    

Phe8 9.4 4.4 11.0 14.9    

* indicates stereochemistry ambiguous, not defined 
 
 
 
Table 3.S5 Important 3J coupling constants of AIP-I D1AS6A in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ser2 7.0 5.3* 6.5* 11.6    
Val3 8.2    8.3 7.2 7.2 
Cys4 7.3 10.9 4.6 14.2    

Ala5 7.3    7.5   

Ala6 8.2    7.6   

Tyr7 7.4 6.3 10.0 14.4    

Phe8 9.4 4.0 11.1 15.0    

* indicates stereochemistry ambiguous, not defined 
 
 
 
Table 3.S6 Important 3J coupling constants of AIP-I D1AV3AS6S (AAA) in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ser2 6.5       
Ala3 6.4    7.2   
Cys4 7.4 10.4 4.5 14.1    

Ala5 7.0    7.3   

Ala6 8.4    7.3   

Tyr7 7.2 6.2 9.6 14.4    

Phe8 9.3 4.2 10.9 14.9    

* indicates stereochemistry ambiguous, not defined 
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Table 3.S7 Important 3J coupling constants of AIP-II in Hz 
Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ala2 5.7    7.4   
Ser3 6.6 6.1* 5.5* 11.4    
Lys4 7.0       

Tyr5 7.3 7.8* 8.3* 13.9    

Asn6 8.2 7.3* 7.2* 16.0    

Pro7        

Cys8 7.2 11.1 4.7 14.2    

Ser9 8.0 6.3* 5.6* 12.0    

Asn10 8.1 7.8* 6.4* 15.6    

Tyr11 7.4 6.1 9.1 14.1    

Leu12 9.3     7.0 7.0 

* indicates stereochemistry ambiguous, not defined 
 
 
 
Table 3.S8 Important 3J coupling constants of AIP-III in Hz 

Residue H−HN H−H1 H−H2 H1−H2 H−H H−H1 H−H2 

Ala2 5.6    7.4   
Ala3 6.2    7.4   
Lys4 7.2       

Tyr5 7.2 8.4* 7.6* 14.2    

Asn6 7.5 7.5* 7.0* 16.1    

Pro7        

Cys8 7.6 11.3 4.4 14.0    

Ala9 6.8    7.4   

Ser10 8.6 6.5* 5.9* 11.5    

Tyr11 7.2 7.6* 6.8* 14.2    

Leu12 9.3     7.0 7.0 

* indicates stereochemistry ambiguous, not defined 
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3.4.4 Chemical shift assignment for 3-D solution-phase structures 

Table 3.S9 Assignments for AIP-I 
Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Asp1  4.19 2.75, 2.75  
Ser2 8.57 4.43 3.76, 3.76  

Val3 8.01 4.02 1.97 H 0.80, 0.82 

Cys4 8.41 4.37 2.89, 3.28  

Ala5 8.35 4.21 1.28  

Ser6 8.20 4.03 3.65, 3.75  

Tyr7 7.92 4.20 2.40, 2.64 H 6.82; H 6.68 

Phe8 8.37 4.80 2.82, 3.37 H 7.15; H 7.30; H 7.23 

 
 
Table 3.S10 Assignments for t-AIP-I 

Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Ac  1.89   

Cys1 8.15 4.34 2.89, 3.25  

Ala2 8.20 4.21 1.27  

Ser3 8.03 4.02 3.65, 3.75  

Tyr4 7.88 4.16 2.40, 2.64 H 6.81; H 6.66 

Phe5 8.29 4.77 2.81, 3.36 H 7.17; H 7.29; H 7.22 

 
 
Table 3.S11 Assignments for AIP-I V3A 

Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Asp1  4.32 3.97, 3.03  
Ser2 8.70 4.41 3.81, 3.81  

Ala3 8.24 4.23 1.30  

Cys4 8.23 4.40 2.93, 3.33  

Ala5 8.48 4.24 1.31  

Ser6 8.38 4.08 3.69, 3.78  

Tyr7 7.98 4.32 2.45, 2.66 H 6.82; H 6.70 

Phe8 8.48 4.83 2.84, 3.39 H 7.17; H 7.31; H 7.24 
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Table 3.S12 Assignments for AIP-I D1A 
Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Ala1  4.06 1.46  
Ser2 8.61 4.47 3.78, 3.78  

Val3 8.25 4.04 1.97 H 0.81, 0.84 

Cys4 8.55 4.41 2.91, 3.32  

Ala5 8.47 4.24 1.29  

Ser6 8.32 4.02 3.68, 3.77  

Tyr7 7.96 4.24 2.42, 2.67 H 6.83; H 6.70 

Phe8 8.44 4.83 2.83, 3.38 H 7.15; H 7.30; H 7.24 

 
 
Table 3.S13 Assignments for AIP-I D1AS6A 

Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Ala1  4.05 1.46  
Ser2 8.60 4.47 3.76, 3.79  

Val3 8.24 4.04 1.96 H 0.81, 0.84 

Cys4 8.53 4.41 2.88, 3.32  

Ala5 8.47 4.22 1.28  

Ala6 8.36 3.97 1.24  

Tyr7 7.69 4.22 2.58, 2.69 H 6.82; H 6.69 

Phe8 8.43 4.80 2.83, 3.42 H 7.20; H 7.32; H 7.24 

 
 
Table 3.S14 Assignments for AIP-I D1AV3AS6A (AAA) 

Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Ala1  4.18 1.58  
Ser2 8.63 4.52 3.91, 3.91  

Ala3 8.46 4.36 1.41  

Cys4 8.36 4.41 3.03, 3.45  

Ala5 8.48 4.35 1.40  

Ala6 8.35 4.12 1.36  

Tyr7 7.75 4.35 2.73, 2.82 H 6.94; H 6.82 

Phe8 8.52 4.90 2.97, 3.51 H 7.31; H 7.44; H 7.37 
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Table 3.S15 Assignments for AIP-II 
Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Asn1  4.34 2.94, 3.01 H7.05, 7.50 
Ala2 8.73 4.42 1.41  

Ser3 8.38 4.41 3.83, 3.87  

Lys4 8.34 4.26 1.65, 1.70 H 1.28; H 1.60, 1.66; H 2.96 

Tyr5 8.20 4.54 2.93, 2.96 H 7.10; H 6.81 

Asn6 8.25 4.93 2.58, 2.77 H6.86, 7.55 

Pro7  4.30 1.96, 2.23 H 1.94, 1.98; H 3.49, 3.63 

Cys8 8.37 4.43 2.93, 3.39  

Ser9 8.56 4.46 3.77, 3.79  

Asn10 8.69 4.39 2.85, 2.89 H 6.93, 7.63 

Tyr11 8.15 4.52 3.12, 3.17 H 7.15; H 6.87 

Leu12 8.24 4.54 1.64, 1.74 H 1.29; H 0.81, 0.88 

 
 
Table 3.S16 Assignments for AIP-III 

Residue HN (ppm) H (ppm) H (ppm) Others (ppm) 

Asn1  4.23 2.83, 2.89 H6.94, 7.59 
Ala2 8.59 4.27 1.30  

Ala3 8.23 4.16 1.26  

Lys4 8.13 4.13 1.59, 1.63 
H 1.22, 1.26; H 1.54, 1.57; H 

2.88 

Tyr5 8.13 4.45 2.84, 2.88 H 7.00; H 6.70 

Asn6 8.21 4.82 2.48, 2.67 H6.76, 7.46 

Pro7  4.18 1.87, 2.14 H 1.85, 1.88; H 3.35, 3.57 

Cys8 8.21 4.24 2.89, 3.23  

Ala9 8.39 4.20 1.27  

Ser10 8.32 4.14 3.78  

Tyr11 8.06 4.53 2.98, 3.02 H 7.07; H 6.77 

Leu12 8.41 4.35 1.49, 1.57 H 1.01; H 0.67, 0.74 
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3.4.5 ROE constraint statistics 

 
 
AIP-I 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 8: 66 
================================================================ 
intra_residual (j-i = 0):  46 
sequential  (j-i = 1):     20 
medium range (j-i = 2 ):   0 
medium range (j-i = 3 ):   0 
medium range (j-i = 4 ):   0 
long range (j-i >= 5 ):    0 
 
residue 1 has 2 NOEs 
residue 2 has 5 NOEs 
residue 3 has 9 NOEs 
residue 4 has 7 NOEs 
residue 5 has 6 NOEs 
residue 6 has 8 NOEs 
residue 7 has 19 NOEs 
residue 8 has 10 NOEs 
 
 
 
 
t-AIP-I 
================================================================ 
total NOEs in noe-sq.tbl residue 0 to residue 5: 63 
================================================================ 
intra_residual (j-i = 0):  33 
sequential  (j-i = 1):     25 
medium range (j-i = 2 ):   2 
medium range (j-i = 3 ):   1 
medium range (j-i = 4 ):   2 
long range (j-i >= 5 ):    0 
 
residue 0 has 1 NOEs 
residue 1 has 9 NOEs 
residue 2 has 10 NOEs 
residue 3 has 12 NOEs 
residue 4 has 21 NOEs 
residue 5 has 10 NOEs 
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AIP-I V3A 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 8: 78 
================================================================ 
intra_residual (j-i = 0):  41 
sequential  (j-i = 1):     34 
medium range (j-i = 2 ):   1 
medium range (j-i = 3 ):   0 
medium range (j-i = 4 ):   2 
long range (j-i >= 5 ):    0 
 
residue 1 has 7 NOEs 
residue 2 has 9 NOEs 
residue 3 has 5 NOEs 
residue 4 has 9 NOEs 
residue 5 has 6 NOEs 
residue 6 has 10 NOEs 
residue 7 has 20 NOEs 
residue 8 has 12 NOEs 
 
 
 
 
AIP-I D1A 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 8: 88 
================================================================ 
intra_residual (j-i = 0):  39 
sequential  (j-i = 1):     39 
medium range (j-i = 2 ):   6 
medium range (j-i = 3 ):   0 
medium range (j-i = 4 ):   4 
long range (j-i >= 5 ):    0 
 
residue 1 has 6 NOEs 
residue 2 has 9 NOEs 
residue 3 has 13 NOEs 
residue 4 has 12 NOEs 
residue 5 has 6 NOEs 
residue 6 has 15 NOEs 
residue 7 has 18 NOEs 
residue 8 has 9 NOEs 
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AIP-I D1AS6A 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 8: 74 
================================================================ 
intra_residual (j-i = 0):  37 
sequential  (j-i = 1):     30 
medium range (j-i = 2 ):   2 
medium range (j-i = 3 ):   1 
medium range (j-i = 4 ):   4 
long range (j-i >= 5 ):    0 
 
residue 1 has 2 NOEs 
residue 2 has 7 NOEs 
residue 3 has 12 NOEs 
residue 4 has 11 NOEs 
residue 5 has 6 NOEs 
residue 6 has 8 NOEs 
residue 7 has 20 NOEs 
residue 8 has 8 NOEs 
 
 
 
 
AIP-I D1AV3AS6A (AAA) 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 8: 72 
================================================================ 
intra_residual (j-i = 0):  32 
sequential  (j-i = 1):     31 
medium range (j-i = 2 ):   1 
medium range (j-i = 3 ):   1 
medium range (j-i = 4 ):   7 
long range (j-i >= 5 ):    0 
 
residue 1 has 3 NOEs 
residue 2 has 6 NOEs 
residue 3 has 5 NOEs 
residue 4 has 15 NOEs 
residue 5 has 7 NOEs 
residue 6 has 7 NOEs 
residue 7 has 20 NOEs 
residue 8 has 9 NOEs 
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AIP-II 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 12: 158 
================================================================ 
intra_residual (j-i = 0):  82 
sequential  (j-i = 1):     56 
medium range (j-i = 2 ):   14 
medium range (j-i = 3 ):   5 
medium range (j-i = 4 ):   0 
long range (j-i >= 5 ):    1 
 
residue 1 has 11 NOEs 
residue 2 has 6 NOEs 
residue 3 has 16 NOEs 
residue 4 has 16 NOEs 
residue 5 has 19 NOEs 
residue 6 has 16 NOEs 
residue 7 has 13 NOEs 
residue 8 has 8 NOEs 
residue 9 has 9 NOEs 
residue 10 has 11 NOEs 
residue 11 has 20 NOEs 
residue 12 has 13 NOEs 
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AIP-III 
================================================================ 
total NOEs in noe-sq.tbl residue 1 to residue 12: 137 
================================================================ 
intra_residual (j-i = 0):  75 
sequential  (j-i = 1):     52 
medium range (j-i = 2 ):   8 
medium range (j-i = 3 ):   0 
medium range (j-i = 4 ):   2 
long range (j-i >= 5 ):    0 
 
residue 1 has 11 NOEs 
residue 2 has 8 NOEs 
residue 3 has 6 NOEs 
residue 4 has 12 NOEs 
residue 5 has 17 NOEs 
residue 6 has 13 NOEs 
residue 7 has 13 NOEs 
residue 8 has 11 NOEs 
residue 9 has 6 NOEs 
residue 10 has 8 NOEs 
residue 11 has 21 NOEs 
residue 12 has 11 NOEs 
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3.4.6 Additional images of structure ensembles 

 

 
Figure 3.S1 Heavy atom ensemble of the 20 lowest-energy structures for AIP-I. 
Backbone RMSD from average = 0.4 Å, heavy atom RMSD from average = 1.2 Å. 
 

 

 
Figure 3.S2 Heavy atom ensemble of the 20 lowest-energy structures for t-AIP-I. 
Backbone RMSD from average = 0.1 Å, heavy atom RMSD from average = 0.5 Å. 
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Figure 3.S3 Heavy atom ensemble of the 20 lowest-energy structures for AIP-I 
V3A. Backbone RMSD from average = 0.3 Å, heavy atom RMSD from average = 
1.0 Å. 
 

 

 
Figure 3.S4 Heavy atom ensemble of the 20 lowest-energy structures for AIP-I 
D1A. Backbone RMSD from average = 0.1 Å, heavy atom RMSD from average = 
0.7 Å. 
  



249 
 

 
Figure 3.S5 Heavy atom ensemble of the 20 lowest-energy structures for AIP-I 
D1AS6A. Backbone RMSD from average = 0.1 Å, heavy atom RMSD from average 
= 0.5 Å. 
 

 

 
Figure 3.S6 Heavy atom ensemble of the 20 lowest-energy structures for AIP-I 
D1AV3AS6A (AAA). Backbone RMSD from average = 0.2 Å, heavy atom RMSD 
from average = 0.6 Å. 
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Figure 3.S7 Heavy atom ensemble of the 20 lowest-energy structures for AIP-II. 
Backbone RMSD from average = 0.4 Å, heavy atom RMSD from average = 1.1 Å. 
 

 

 
Figure 3.S8 Heavy atom ensemble of the 20 lowest-energy structures for AIP-III. 
Backbone RMSD from average = 0.3 Å, heavy atom RMSD from average = 0.9 Å. 
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Figure 3.S9 Overlay of the macrocycles from AAA, AIP-II, and AIP-III. The tails are 
removed for clarity. All-atom RMS difference of AIP-II to AAA = 1.9 Å, and all-atom 
RMS difference of AIP-III to AAA = 1.2 Å. 
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3.4.7 Validation using MolProbity 

 

 Analysis of AIP-I representative structure 
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 Analysis of AIP-II representative structure 
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 Analysis of AIP-III representative structure 
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 Analysis of t-AIP-I representative structure 
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 Analysis of AIP-I D1A representative structure 
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 Analysis of AIP-I V3A representative structure 
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 Analysis of AIP-I D1AS6A representative structure 
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 Analysis of AIP-I AAA representative structure 
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3.4.8 MS and analytical HPLC data for β-turn modifying analogs 

Table 3.S17 MS spectral data, HPLC retention times, and purity data for the β-turn 
modifying analogs. The m/z of each peptide is given as [M+H]+. 

peptide 
calculated 
m/z (Da) 

observed 
m/z (Da) 

Δm  
(ppm) 

retention 
time (min) 

HPLC trace 
purity  

(%, 220 nm) 
AIP-I 

D1AS6dA 
813.3600 813.3597 0.4 23.29 >99 

AIP-I D1AS6G 799.3443 799.3442 0.1 22.87 98.3 
AIP-I D1AS6A  

[N-MeF8] 
827.3756 827.3750 0.7 23.71 98.7 

AIP-I D1AS6A 
[F8PLA] 

814.3440 814.3444 0.5 24.09 95.4 

AAdA 785.3287 785.3287 <0.1 22.62 99.0 

AAG 771.3130 771.3129 0.1 22.72 96.1 

AAA [N-MeF8] 799.3443 799.3438 0.6 23.10 96.6 

AAA [F8PLA] 786.3127 786.3130 0.4 23.45 95.6 
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Analytical HPLC traces for β-turn modifying analogs 

AIP-I D1AS6dA 

 

AIP-I D1AS6G 

 

AIP-I D1AS6A [N-MeF8] 

 

  



262 
 

AIP-I D1AS6A [F8PLA] 

 

AAdA 

 

AAG 
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AAA [N-MeF8] 

 

AAA [F8PLA] 
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3.4.9 AgrC-I dose-response assay data for new analogs 

Error bars indicate standard deviation (SD). Three biological replicates were 

used to generate each curve. Curves for the parent agonist (AIP-I D1AS6A) and 

antagonist (AAA) are also provided. See assay protocol in the experimental procedures 

section of the SI for details of method.  

Agonists 

 

 

 



265 
 

Antagonists 
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Table 3.S18 Cell-based reporter activities in AgrC-I of agonist AIP-I D1AS6A, 
antagonist AAA, and the β-turn modifying peptide analogs. CI = 95% confidence 
interval. 

peptide name sequence 
EC50 in nM, 

(95% CI) 
IC50 in nM,  
(95% CI) 

AIP-I D1AS6A A-S-V-(C-A-A-Y-F) 
23.4  

(21.9-25.0) 
--- 

AIP-I D1AS6dA A-S-V-(C-A-dA-Y-F) 
90.6 

(75.7-111) 
--- 

AIP-I D1AS6G A-S-V-(C-A-G-Y-F) 
49.9 

(45.7-54.6) 
--- 

AIP-I D1AS6A  
[N-MeF8] 

A-S-V-(C-A-A-Y-[N-MeF]) --- --- 

AIP-I D1AS6A 
[F8PLA] 

A-S-V-(C-A-A-Y-PLA) --- --- 

AAA A-S-A-(C-A-A-Y-F) --- 
1.16  

(1.04-1.30) 

AAdA A-S-A-(C-A-dA-Y-F) --- 
0.908  

(0.852-0.967) 

AAG A-S-A-(C-A-G-Y-F) --- 
2.23  

(1.94-2.58) 
AAA [N-MeF8] A-S-A-(C-A-A-Y-[N-MeF]) --- >1000 

AAA [F8PLA] A-S-A-(C-A-A-Y-PLA) --- >1000 
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3.4.10 NMR spectra for select β-turn modifying analogs 

 Two-dimensional 1H-13C HSQC NMR experiments were performed for each 

peptide as described in the experimental procedures above, along with 1-D proton 

and 2-D TOCSY NMR experiments for select peptides. Selected parameters for 

each experiment are included in each spectrum. For the 2-D experiments, blue 

indicates negative peak intensity and red indicates positive peak intensity. 

 
 
 AIP-I 1H-13C HSQC NMR spectrum (700 M dissolved in 12.5% CD3CN in D2O, pH 

~5) 
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 AIP-I D1AS6A 1H NMR spectrum (1.43 mM dissolved in D2O, pH ~5) 
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 AIP-I D1AS6A 1H-13C HSQC NMR spectrum 
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 AIP-I D1AS6dA 1H NMR spectrum (1.43 mM dissolved in D2O, pH ~5) 
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 AIP-I D1AS6dA 1H-1H TOCSY NMR spectrum 
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 AIP-I D1AS6dA 1H-13C HSQC NMR spectrum 
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 AIP-I D1AS6A [N-MeF8] 1H NMR spectrum (1.43 mM dissolved in D2O, pH ~5) 
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 AIP-I D1AS6A [N-MeF8] 1H-1H TOCSY NMR spectrum 
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 AIP-I D1AS6A [N-MeF8] 1H-13C HSQC NMR spectrum 
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3.4.11 Chemical shift assignments for select β-turn modifying analogs 

 
Table 3.S19 Assignments for AIP-I 

Residue H  
(ppm) 

C  
(ppm) 

H  
(ppm) 

C  
(ppm) 

Others  
(ppm) 

Asp1 4.32 50.73 3.06, 3.11 35.37  

Ser2 4.56 56.20 3.87 61.61  

Val3 4.13 55.26 2.08 30.87 
Hγ 0.92, 0.93 and Cγ 18.92, 

18.23 
Cys4 4.50 52.67 3.01, 3.39 29.56  

Ala5 4.40 50.11 1.39 17.09  

Ser6 4.15 59.94 3.77, 3.86 59.91  

Tyr7 4.30 57.16 2.52, 2.76 36.00  

Phe8 4.90 60.81 2.93, 3.48 36.81  

 

 

 

 

Table 3.S20 Assignments for AIP-I D1AS6A 

Residue H  
(ppm) 

C  
(ppm) 

H  
(ppm) 

C  
(ppm) 

Others  
(ppm) 

Ala1 4.14 49.62 1.55 17.20  

Ser2 4.56 56.01 3.85, 3.87 61.69  

Val3 4.13 60.07 2.05 30.96 
Hγ 0.90, 0.93 and Cγ 18.88, 

18.34 

Cys4 4.50 52.78 2.97, 3.42 29.60  

Ala5 4.32 50.36 1.37 16.83  

Ala6 4.05 51.08 1.33 15.46  

Tyr7 4.32 57.17 2.67, 2.78 35.57  

Phe8 4.88 61.14 2.92, 3.51 36.69  
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Table 3.S21 Assignments for AIP-I D1AS6dA 

Residue H  
(ppm) 

C  
(ppm) 

H  
(ppm) 

C  
(ppm) 

Others  
(ppm) 

Ala1 4.15 49.63 1.55 17.21  

Ser2 4.56 56.00 3.85, 3.87 61.71  

Val3 4.15 60.02 2.05 30.98 
Hγ 0.90, 0.93 and Cγ 18.91, 

18.32 

Cys4 4.56 52.44 2.84, 3.42 30.05  

Ala5 4.54 48.50 1.34 17.04  

dAla6 4.18 50.93 1.19 15.74  

Tyr7 4.35 56.32 2.32, 2.75 35.56  

Phe8 4.91 61.20 2.90, 3.59 37.24  

 

 

 

 

Table 3.S22 Assignments for AIP-I D1AS6A [N-MeF8] 

Residue H  
(ppm) 

C  
(ppm) 

H  
(ppm) 

C  
(ppm) 

Others  
(ppm) 

Ala1 4.14 49.63 1.55 17.22  

Ser2 4.57 56.03 3.86, 3.88 61.71  

Val3 4.15 60.08 2.08 30.95 
Hγ 0.93, 0.95 and Cγ 18.92, 

18.34 

Cys4 4.35 53.67 3.12, 3.38 29.24  

Ala5 4.28 51.01 1.39 16.11  

Ala6 4.21 51.55 1.26 17.13  

Tyr7 4.23 73.91 3.03, 3.35 33.84  

N-MePhe8 4.96 51.22 2.83, 2.91 37.02 N-Me H 2.83, C 40.12 
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3.4.12 TALOS-N predictions for AIP-I and AIP-I D1AS6A 

Table 3.S23 Torsion angle analysis for AIP-I 

Residue 
Predicted Observed* 

Ramachandran 
Phi Psi CLASS Phi Psi 

Asp1 none none none none 45.393 N/A 

Ser2 
-103.427  
± 26.247 

101.222  
± 63.095 

warn -153.616 146.409 MATCH 

Val3 
-103.571  
± 14.362 

126.446  
± 5.802 

strong -126.956 128.62 MATCH 

Cys4 
-104.668  
± 14.482 

130.147  
± 12.928 

strong -125.294 121.087 MATCH 

Ala5 
-104.113  
± 26.363 

135.859  
± 24.183 

generous -135.013 61.471 MISMATCH 

Ser6 
-68.757  
± 15.126 

-17.975  
± 17.111 

warn -174.485 -97.422 MISMATCH 

Tyr7 
-90.578  
± 11.683 

0.962  
± 11.899 

strong -68.035 -37.567 MATCH 

Phe8 none none none -135.013 none N/A 
*As determined from the solution-phase NMR structure in this study.  

 

Table 3.S24 Torsion angle analysis for AIP-I D1AS6A 

Residue 
Predicted Observed* 

Ramachandran 
Phi Psi CLASS Phi Psi 

Ala1 none none none none 63.436 N/A 

Ser2 
-90.000  
± 13.261 

129.065  
± 12.271 

strong -149.893 157.675 MATCH 

Val3 
-100.836  
± 14.319 

122.150  
± 8.839 

strong -117.633 105.724 MATCH 

Cys4 
-111.628  
± 9.710 

134.821  
± 10.895 

strong -144.247 136.439 MATCH 

Ala5 
-102.063  
± 28.363 

133.140  
± 22.407 

warn -133.073 141.684 MATCH 

Ala6 
-87.544  
± 22.952 

128.997  
± 32.590 

warn 62.737 -88.195 MISMATCH 

Tyr7 
-104.505  
± 28.071 

139.797  
± 14.313 

warn -125.077 15.963 MISMATCH 

Phe8 none none none -133.073 none N/A 
*As determined from the solution-phase NMR structure in this study.  
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Discussion of TALOS-N usage with AIPs and AIP analogs 

The TALOS-N program (https://spin.niddk.nih.gov/bax/software/TALOS-N/) is an 

artificial neural network based system for the prediction of protein backbone φ/ψ torsion 

angles, sidechain χ1 torsion angles, and secondary structure using NMR chemical shift 

assignments. Along with angle predictions for specific residues, TALOS-N assigns a 

level of confidence to each prediction (indicated in the “CLASS” columns of Tables 

3.S23 and 3.S24 above).68, 78  Predictions classified as “strong” indicate that the 25 

best database matches to the residue are well-clustered on the Ramachandran 

map. If instead only the top 10 best database matches are well-clustered, the 

prediction is classified as “generous”. All other cases are considered ambiguous 

and are designated as “warn.” However, even with the “warn” status, the φ/ψ angle 

predictions can still be useful if clustered.  

Although some predictions of the AIP-I and AIP-I D1AS6A residue torsion 

angles are “strong,” just as many are classified as “generous” or “warn,” and these 

do not always match the region of the Ramachandran map in which these angles 

were determined experimentally to reside (via their solution-phase NMR structures; 

Tables 3.S23 and 3.S24). As these peptides look different from the natural proteins 

the TALOS-N database utilizes, especially in regard to the constrained thiolactone 

macrocycle, the lack of consistent, high quality predictions is perhaps not surprising. 

That said, the TALOS-N predictions appear consistent within the exocyclic tail 

regions (residues 1-3 in the peptides tested herein), most likely because being 

outside the macrocycle allows these residues to adopt conformations commonly 

found in proteins within the database that TALOS-N queries. 
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3.4.13 Comparative chemical shift analysis for select β-turn modifying analogs 
 
Table 3.S25 Calculated NMR chemical shift differences between AIP-I D1AS6A 
and either AIP-I D1AS6dA or AIP-I D1AS6A [N-MeF8]. Positive values indicate the 
shift of the analog’s atom is further downfield than the corresponding shift in AIP-I 
D1AS6A, while negative values indicate the shift is further upfield. A standard 
method was used to determine the threshold for which chemical shift differences 
were deemed significant, and these shifts are indicated in yellow (see calculations 
below).69 Briefly, the mean and standard deviation of the chemical shift difference 
magnitudes were calculated for each nucleus, and the significance threshold was 
set at any shift with a magnitude greater than two standard deviations above the 
mean. 

  
AIP-I D1AS6A vs.  

AIP-I D1AS6dA 
AIP-I D1AS6A vs.  

AIP-I D1AS6A [N-MeF8] 

Residue 
Hα 

(ppm) 
Cα 

(ppm) 
Hβ1 

(ppm) 
Hβ2 

(ppm) 
Cβ 

(ppm) 
Hα 

(ppm) 
Cα 

(ppm) 
Hβ1 

(ppm) 
Hβ2 

(ppm) 
Cβ 

(ppm) 

1 +0.01 +0.01 +0.00 ----- +0.01 +0.00 +0.01 +0.00 ----- +0.02 
2 +0.00 -0.01 +0.00 +0.00 +0.02 +0.01 +0.02 +0.01 +0.01 +0.02 
3 +0.02 -0.05 +0.00 ----- +0.02 +0.02 +0.01 +0.03 ----- -0.01 
4 +0.06 -0.34 -0.13 +0.00 +0.45 -0.15 +0.89 +0.15 -0.04 -0.36 
5 +0.22 -1.86 -0.03 ----- +0.21 -0.04 +0.65 +0.02 ----- -0.72 
6 +0.13 -0.15 -0.14 ----- +0.28 0.16 +0.47 -0.07 ----- +1.67 
7 +0.03 -0.85 -0.35 -0.03 -0.01 -0.09 +16.74 +0.36 +0.57 -1.73 
8 +0.03 +0.06 -0.02 +0.08 +0.55 +0.08 -9.92 -0.09 -0.60 +0.33 
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Equation 3.S1 Calculation of the mean for proton chemical shift 
differences. 

µH =
∑ 𝛿H[AIP-I D1AS6A] − 𝛿H[analogs] 

𝑁
= 0.09 ppm 

 
 

Equation 3.S2 Standard deviation calculation for proton chemical shift 
differences. 

𝜎H =  
∑ 𝛿H[analog] − µH

𝑁 − 1
= 0.14 ppm 

 
 

Equation 3.S3 Determination of the cutoff value for significant proton 
shifts differences. 

Proton Cutoff ≥  µH + 2𝜎H = 0.37 ppm 
 
 

Equation 3.S4 Calculation of the mean for carbon chemical shift 
differences. 

µC =
∑ 𝛿C[AIP-I D1AS6A] − 𝛿C[analogs] 

𝑁
= 1.20 ppm 

 
 

Equation 3.S5 Standard deviation calculation for carbon chemical shift 
differences. 

𝜎C =  
∑ 𝛿C[analog] − µC

𝑁 − 1
= 3.34 ppm 

 
 

Equation 3.S6 Determination of the cutoff value for significant carbon 
shifts differences. 

Carbon Cutoff ≥  µC + 2𝜎C = 7.88 ppm 
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Discussion of chemical shift differences for select β-turn modifying analogs 

When comparing the 1H and 13C chemical shifts for analogous residues 

between AIP-I D1AS6A and either AIP-I D1AS6dA or AIP-I D1AS6A [N-MeF8], the 

1H and 13C shifts of the exocyclic residues were nearly identical. The chemical shift 

differences were within 0.03 ppm for 1H chemical shifts and 0.06 ppm for 13C 

chemical shifts (see Table 3.S25 above).  

For the endocyclic residues, the differences were slightly larger than those in 

the exocyclic tail for similar residues (<0.25 or <1 ppm for most 1H or 13C shifts, 

respectively; see Table 3.S25) unless a large difference in conformation was 

suspected. The most significant differences are commented on here. The first 

macrocyclic residue, Cys4, exhibits little variation in chemical shifts in most of the 

peptides, but there is a noticeable 0.2 ppm change in the Hα shift and a 1 ppm 

difference in the Cα shift of AIP-I D1AS6A [N-MeF8]. With Ala5, all three peptides 

exhibit small changes in Hα, Cα, and Cβ shifts relative to each other. For the sixth 

residue, either L-Ala or D-Ala fills this position, and the 1H and 13C shifts all differ 

between the peptides. Interestingly, AIP-I D1AS6A and AIP-I D1AS6A [N-MeF8] 

share the same amino acid at this residue (L-Ala) and at the flanking positions, yet 

there are 1H and 13C shift differences at Ala6 between the two peptides, suggestive 

of a conformational difference between these two peptides and that the β-turn 

structure could be perturbed in AIP-I D1AS6A [N-MeF8]. Of all the changes in 

chemical shifts between the three peptides, the largest deviation occurs in Tyr7. 

While the shifts of Tyr7 in AIP-I D1AS6A and AIP-I D1AS6dA are very close, and 

almost indistinguishable in some cases (differences of <0.05, <0.9, <0.4, <0.05, and 
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<0.05 ppm for Hα, Cα, Hβ1, Hβ2, and Cβ respectively), there are large shift 

differences for AIP-I D1AS6A [N-MeF8]. Most notable are those that surpass two 

standard deviations above the average shift displacement, namely the Cα with a 

shift difference >15 ppm and Hβ2 with a shift difference of >0.5 ppm. These large 

changes in chemical shift for AIP-I D1AS6A [N-MeF8], alongside a smaller but still 

noticeable Cβ shift of 1.7 ppm, suggests a perturbation in the local conformation 

around this residue, presumably as a result of the N-methylation of Phe8. Lastly, 

while the final residues’ shifts are fairly consistent between AIP-I D1AS6A and AIP-I 

D1AS6dA, there are significant shift differences in Hβ and Cα of AIP-I D1AS6A [N-

MeF8] (0.6 and 10 ppm, respectively), again, presumably due to the N-methylation 

of Phe8 in this analog. 
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Abstract 

 

Staphylococcus epidermidis is a leading cause of hospital-acquired infections. 

Traditional antibiotics have significantly reduced efficacy against this pathogen due to its 

ability to form biofilms on abiotic surfaces and drug resistance. The accessory gene 

regulator (agr) quorum sensing system is directly involved in S. epidermidis 

pathogenesis. Activation of agr is achieved via binding of the autoinducing peptide (AIP) 

signal to the extracellular sensor domain of its cognate receptor, AgrC. Divergent 

evolution has given rise to four agr specificity groups in S. epidermidis defined by the 

unique AIP sequence used by each group (AIPs-I–IV), with observed cross-group 

activities. As agr agonism has been shown to reduce biofilm growth in S. epidermidis, 

the development of pan-group activators of the agr system is of interest as a potential 

anti-virulence strategy. To date, no synthetic compounds have been identified that are 

capable of appreciably activating the agr system of more than one specificity group of S. 

epidermidis or, to our knowledge, of any other of the Staphylococci. Here, we report the 

characterization of the structure-activity relationships (SARs) for agr agonism by S. 

epidermidis AIP-II and AIP-III, and the application of these new SAR data and those 

previously reported for AIP-I for the design and synthesis of the first multi-group agr 

agonists. These non-native peptides were capable of inducing the expression of critical 
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biofilm dispersal agents (i.e., phenol soluble modulins) in cell-culture and represent new 

tools to study the role of quorum sensing in S. epidermidis infections. 
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4.1 Introduction 

The bacterium Staphylococcus epidermidis, previously thought to be an 

innocuous commensal that colonizes the skin and mucosal tissues, has been 

recognized recently as a leading cause of hospital-acquired, or nosocomial, infections.1-

3 Coagulase-negative Staphylococci account for over a third of all hospital-acquired 

bloodstream infections in the US,4-5 and S. epidermidis represents the dominant 

pathogen within this group due to its propensity to form robust biofilms on abiotic 

surfaces and its prevalence in the human microbiome.5-6 These traits, in combination 

with the rise of antibiotic resistance, make treating S. epidermidis infections increasingly 

difficult.7-8 Alternative approaches to combat the virulence of this pathogen would be 

advantageous to public health. 

Pathogenesis in S. epidermidis is largely under the regulation of quorum sensing 

(QS), a chemical-based cell-cell communication system, which makes QS an attractive 

target to potentially attenuate virulence phenotypes in this bacterium.9-13 QS activation 

can increase S. epidermidis’ capability for skin colonization,6 evasion of the host 

immune system,14 and tissue infiltration.15-16 In contrast, QS inhibition in S. epidermidis 

has been shown to allow for more resilient biofilm formation, shielding S. epidermidis 

from antibiotics and the immune system.6, 15, 17 Non-native small molecules and 

peptides capable of either inhibiting or activating QS have been developed in other 

bacteria, and have shown significant value as research tools and as potential anti-

virulence agents.18-21 While there are merits to either intentionally activating or inhibiting 

QS in order to curb S. epidermidis infections, given that the primary mechanism by 

which S. epidermidis causes device-associated infections is through biofilm formation,1, 
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3, 22 this connection suggests that the development of chemical tools to agonize QS and 

thereby promote biofilm dispersion may provide the most benefit in reducing S. 

epidermidis growth on surfaces and rendering them more vulnerable to treatment with 

antibiotics or clearance via the host immune system.15, 23 Studies in S. aureus, which 

utilizes a similar QS system to regulate biofilm formation, have demonstrated that 

activation of QS through addition of agonists dispersed biofilms, significantly increasing 

their susceptibility to antibiotics relative to untreated S. aureus biofilms.24 Identifying 

such QS agonists to combat S. epidermidis biofilms was a motivation for the current 

study.  

Like other Staphylococci, S. epidermidis uses the accessory gene regulator (agr) 

system for QS (Figure 4.1), which consists of four protein components (AgrA–D) and a 

signaling molecule known as the autoinducing peptide (AIP).12, 25 The AIP sequence is 

contained within the propeptide AgrD that is processed in part by the membrane 

peptidase AgrB.26 In a manner still not well-understood, the processed AgrD is further 

modified and exported out of the cell as the mature AIP signal.11, 27 The AIP 

concentration in the local extracellular matrix increases with cell density; upon reaching 

a threshold concentration, the AIP effectively binds to its receptor, the transmembrane 

histidine kinase AgrC, and induces trans-autophosphorylation.28 Phosphorylated AgrC 

next activates the intracellular response regulator AgrA through phosphorelay. 

Thereafter, the activated AgrA dimerizes and binds to various promoters to regulate QS 

gene expression.28-29 Binding to the P2 promoter upregulates the agr operon and 

completes the auto-induction circuit;30 binding to the P3 promoter upregulates RNAIII, 

which is the main effector molecule of agr;31 and binding to the PSM promoters 
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upregulates genes for phenol-soluble modulins (PSMs), peptides that promote biofilm 

dispersal among other functions.32-33 

 

 

Figure 4.1 A simplified diagram of the agr QS system in S. epidermidis. AIP is 
produced through processing of AgrD polypeptide in part by AgrB and exported out of 
cell. AIPs bind to AgrC receptor and induce phosphorylation and activation of AgrA 
response regulator, upregulating expression of the agr operon, the RNAIII effector 
molecule, and PSM proteins that lead to biofilm dispersal upon secretion. Divergent 
evolution has led to four agr specificity groups with unique AIPs and agr machinery. 
 

Similar to S. aureus,34 S. epidermidis has evolved into divergent agr specificity 

groups, where allelic variations of the agr machinery are tuned to respond to their own 

unique AIP signals. Despite attempts by multiple laboratories to quantify the abundance 

of different agr groups in human infections, consensus has not yet been reached 

because the distribution of groups varies substantially in these studies.2, 35-39 The S. 

epidermidis agr groups-I–III were identified over a decade ago,35 and very recently a 

new agr group (group-IV) was reported.38 As the latter group still awaits significant 
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further characterization (such as confirmation of its native AIP structure) and appears to 

be rare, the work presented herein focuses on agr groups-I–III.  

Interestingly, and again similar to S. aureus, the AIP signal from one S. 

epidermidis agr group can have cross-activity in another, “non-self” agr group, resulting 

in a network of possible agr interference (e.g., AIP-I activates its cognate receptor, 

AgrC-I, but inhibits both AgrC-II and -III).6, 35, 38 These cross-activity profiles raise 

interesting questions about the role of agr QS in mixed microbial environments, allowing 

one group to potentially outcompete another by blocking the non-self group QS system 

while simultaneously activating its own.40 However, in the development of chemical 

tools to combat S. epidermidis biofilms in native environments, the cross-activity among 

agr specificity groups complicates the use of any single native AIP or even a cocktail of 

the native AIPs to block biofilms without a priori knowledge of the agr specificity groups 

present in the sample/isolate.21 This challenge could be overcome with a “pan-group” 

agonist capable of activating all S. epidermidis agr groups. To our knowledge, no such 

pan-group agonist has been reported in the Staphylococci.11, 41  

Our laboratory performed the first study of the structure-activity relationships 

(SARs) for agr agonism by S. epidermidis AIP-I,42 as well as a NMR structural study of 

key agonists and antagonists that we identified side-by-side with the native AIPs-I–III.43 

These past studies suggested that a multi-group agonist could be designed based on 

two observations. First, agr activation in group-I S. epidermidis was found to be largely 

dependent on a single exocyclic residue in AIP-I that likely could be incorporated into 

new scaffolds.43 Second, AIP-II and AIP-III do not exhibit cross-group inhibition.6 In 

order to design multi-group agonists, however, we require further information beyond 
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these observations; namely, we need to identify the key agonizing features for each 

cognate AIP–AgrC interaction in groups-I–III so we can attempt to combine these 

features to target all three major S. epidermidis groups effectively using one peptide 

scaffold. 

Herein, we report the characterization of SARs for agr agonism by the native 

AIP-II and AIP-III signals and the combination of these SARs with those for AIP-I to 

design, synthesize, and identify the first multi-group agr agonists in S. epidermidis. 

These new peptides were active in cell-based reporters of agr activity and capable of 

modulating a key phenotype associated with biofilms, PSM production. This study 

provides powerful chemical tools to investigate the role of QS in S. epidermidis 

infections, examine interference between groups, and assess pan-group agr activation 

as a possible approach to prevent or clear biofilm.  

 

4.2 Results and Discussion 

4.2.1 Overview of methods and analysis of reported SARs for agr agonism by group-I 

S. epidermidis AIP 

In our prior study, we determined key SARs for group-I agr agonism by AIP-I 

through synthesizing a set of analogs and assaying their agonism and antagonism 

profiles in a group-I S. epidermidis reporter strain (assumed to act via competitively 

binding AgrC-I due to their very close structural similarity to AIP-I).42-43 The experimental 

methods and AIP-I features most pertinent to the current study are highlighted here 

(shown in Figure 4.2A; select assay data in Table 4.1). Briefly, we performed systematic 

alanine and D-amino acid scans of the AIP-I structure to ascertain the importance of 
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each residue to agonistic activity (Cys4 was not mutated to Ala as it is required for 

macrocycle formation). We also examined truncated analogs that lacked the exocyclic 

tail. Peptide activity was measured using a previously reported group-I S. epidermidis 

strain (AH3408) harboring a reporter plasmid encoding a gfp gene fused to the P3 

promoter.6 Activation of the AgrC-I receptor in this strain leads to GFP production, which 

can be quantitated by fluorescence. AgrC-I agonism by AIP-I analogs was measured in 

the presence of a known AgrC-I inhibitor, the native S. epidermidis AIP-II. AgrC-I 

antagonism was measured by testing AIP-I analogs alone.  
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Figure 4.2 Summary of SAR trends for activation of the three S. epidermidis 
AgrC receptors by their cognate AIPs. SAR trends for (A) AIP-I as determined in our 
previous report.42 SAR trends for (B) AIP-II and (C) AIP-III determined in the current 
study. Red: essential for receptor binding. Green: crucial for receptor activation. Blue: 
either inconsequential or detrimental to receptor binding and activation. Unshaded 
residues/motifs contribute to receptor activation but are tolerant to changes. (D) Cross-
activity network of AIPs-I–III for three S. epidermidis agr specificity groups (groups-I–III) 
as determined in the current study; ⟞ indicates inhibition and ⟶ indicates activation. 
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Using these assays, we identified the first exocyclic residue of AIP-I (Val3) to be 

absolutely critical to agonizing AgrC-I because any substitutions at this position 

eliminated all agonistic activity (Figure 4.2A, Table 4.1). Interestingly, an alanine 

substitution at this position did not affect the overall 3D conformation of the peptide 

relative to AIP-I, as determined by solution-phase NMR;43 however, this substitution 

converted the peptide into a potent antagonist, which implicated the branched side 

chain of Val3 as the principal structural element required for AgrC-I activation. Similarly, 

removal of the entire exocyclic tail yielded an analog with antagonistic activity. 

Analogous to the SARs ascertained for AIPs in S. aureus,44 AIP-I binding to AgrC-I 

appears to be mediated largely by endocyclic hydrophobic residues (i.e., Tyr7 and 

Phe8). The solution-phase NMR structures of AIP-I reveal a hydrophobic face formed 

by these residues that is oriented in the opposite direction of Val3, suggestive that the 

initial binding/recognition site on AgrC-I is relatively distanced from the contact site that 

engenders receptor activation. Finally, replacing either of the hydrophilic residues Asp1 

and Ser6 with alanine increased the agonistic potency of the resulting peptides. 

Replacement of Ser6 with alanine enforced a β-turn conformation in the macrocycle not 

present in the native AIP (as revealed by NMR),43 which appears to play a key role in 

the observed increase in agonism potency. Using these SARs, we developed a second-

generation agonist containing two non-native alanine residues (AIP-I D1AS6A) that 

displayed a ten-fold improvement in potency in AgrC-I relative to AIP-I (Table 4.1), as 

well as a potent multi-group antagonist containing three non-native alanine residues 

(AIP-I D1AV3AS6A, hereby referred to as AAA; Table 4.1). 
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Table 4.1 Selected activity data for native S. epidermidis AIPs and key analogs 
from SAR studies in corresponding reporter strains.  

agr group 

tested 
Compound 

EC50 

[nM]a 

IC50 

[nM]b 

agr-I 

AIP-I 170  

AIP-II  9.64c 

AIP-III  34.3c 

AIP-I V3A  51.9c 

AIP-I D1AS6A 10.3c  

AAA  2.84c 

agr-II 

AIP-I  13.9 

AIP-II 226  

AIP-III 648  

AAA  0.36c 

AIP-II K4A >2000  

AIP-II D-K4 >2000  

AIP-II S9A >2000  

AIP-II D-S9 Inactived 

AIP-II N10A >2000  

AIP-II D-N10 Inactived 

AIP-II 9aa 83.5  

agr-III 

AIP-I  2.13 

AIP-II n/ce  

AIP-III 71.8  

AAA  0.87c 

AIP-III K4A >2000  

AIP-III D-K4  26.1 

AIP-III D-A9 Inactived 

AIP-III S10A Inactived 

AIP-III D-S10 145  

AIP-III 9aa 28.9  

aAgonism and bantagonism assay data obtained in S. epidermidis group-I–III reporter 
strains. See SI for full data sets. cData reproduced from reference.42 dDose-response 
assays revealed no substantial agonism nor antagonism activity over concentration range 
tested. eAgonism dose-response curve did not converge over concentration range tested. 
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4.2.2 SARs for agr agonism by group-II and group-III S. epidermidis AIPs 

We next gathered corresponding SAR data for AIP-II and AIP-III using similar 

residue scanning methods as for AIP-I. These sets of AIP-II and AIP-III analogs were 

synthesized using solid-phase peptide chemistry and purified by HPLC using 

procedures based on our established protocols (see SI).42, 45-46 Each analog was then 

tested for its effects on the cognate AgrC receptors using previously reported S. 

epidermidis group-II and group-III fluorescence reporter strains (AH2673 and AH3409, 

respectively)6 and methods analogous to those for group-I introduced above. To 

measure AgrC agonism, we used our multi-group antagonist AAA to block the activation 

of AgrC-II and AgrC-III by the endogenously produced AIPs. 

To start, we first evaluated the activities of the native S. epidermidis AIPs (AIP-I–

III) in the group-II and group-III reporters (Table 4.1, Tables 4.S1–4.S2), to compare our 

methods to a prior report by Olson et al.6 While the inhibitory activity of AIP-I against 

AgrC-II and AgrC-III (~70% and 90% inhibition at 10 µM, respectively) was in 

agreement with that past study, the group-II and group-III cross-activity differed (trends 

summarized in Figure 4.2D). Instead of showing inactivity,6 cross-group activation was 

observed by AIP-II in AgrC-III and AIP-III in AgrC-II (~40% and 180% activation at 10 

µM, respectively). This difference is most likely the result of variances in the agonism 

assay protocol used in each study. The original report examined whether spent media 

from one S. epidermidis agr specificity group would affect agr activity in another agr 

specificity group using a fluorescent reporter as compared to controls without spent 

media.6 While compounds with strong agonistic or antagonistic activity could be 

characterized with this assay, compounds with partial agonism activity could be 
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misinterpreted as inactive. Our agonism assay assesses the ability of compounds to 

agonize agr activity in the presence of a strong antagonist. Inactive or inhibitory 

compounds will result in no observable activity, while partial or full agonists will restore 

agr activity. As our assay can more clearly distinguish between inactive compounds and 

partial agonists relative to the prior study, we believe the observed cross-group 

activation more accurately defines the interactions between group-II and group-III. This 

cross-group activation is intriguing, as it suggests the possibility of QS cooperativity 

between group-II and group-III in a mixed environment; further studies are needed to 

better understand the mechanisms and extent by which agr cross-group activity could 

shape native S. epidermidis communities. 

 Although the sequences of AIP-II and AIP-III differ at only three residues, our 

previous NMR studies showed substantial differences in their solution-phase 

conformations.43 While the macrocycle conformations were modestly similar despite 

differences at positions 9 and 10, the seven residue exocyclic tails exhibited remarkably 

different conformations in solution (presumably due to the single residue difference at 

position 3).43 However, in the current study we observed largely comparable trends in 

the SARs for agonism by these two signals in the reporter assays (Figure 4.2B–C; see 

Tables 4.S1–4.S2 for full efficacy and potency data), which suggests that the exocyclic 

tails may reorganize to more similar conformations upon binding to their cognate AgrC 

receptors. We summarize key trends here.  

Beginning at the C-terminus of the peptides, we found that substitutions at the 

endocyclic hydrophobic residues (Tyr11 and Leu12) of AIP-II and AIP-III drastically 

impaired activity. These observations align well with our findings in AIP-I (vide supra),42-
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43 suggesting that these endocyclic hydrophobic residues likely share a common role in 

initial binding to their respective AgrC receptors. The residues at positions 9 and 10 

differ between AIP-II and AIP-III (Figure 4.2B–C), and we hypothesized that these two 

positions could dictate receptor specificity. This reasoning was supported by the 

consequences of substitution at position 10 differing between AIP-II and AIP-III (Table 

4.1). The alanine substitution at position 10 in AIP-II reduced potency but the same 

substitution in AIP-III completely inactivated the analog; meanwhile, stereochemical 

inversion of position 10 in AIP-II obliterated activity, while the corresponding inversion in 

AIP-III had almost no effect on activity (Table 4.1). Position 9 was more similar between 

the two AIPs, with substitutions generally being poorly tolerated in terms of agonism 

efficacy and potency. Taken together, the activity profiles of the AIP-II and AIP-III 

analogs exploring positions 9 and 10 suggest that these two positions each make 

significant and distinct contributions to agonistic activity, likely driving receptor 

specificity. 

The final endocyclic residue in AIP-II and AIP-III is Cys8, which forms the 

thioester linkage with Leu12 to generate the macrocycle. The incorporation of D-

cysteine fully inactivated both AIP-II and AIP-III, similar to our result for D-cysteine 

replacement in AIP-I.42 This loss of activity could be attributed to a stringent requirement 

for the local orientation of the thioester bridge for binding, or perhaps this inversion has 

more global ramifications on peptide conformation. Further structural studies are 

needed to distinguish these effects and are ongoing in our laboratory.  

Turning to the exocyclic tail, we found that both AIP-II and AIP-III, analogous to 

AIP-I,42 require specific exocyclic residues for AgrC activation. Alanine and D-amino 
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acid substitutions of Tyr5, Asn6, or Pro7 converted the peptides into antagonists or 

removed any observable activity. These findings are interesting because while AIP-I 

depends on Val3 alone for nearly all agonistic activity,42 AIP-II and AIP-III appear to 

depend on the simultaneous presence of multiple residues in this region of the exocyclic 

tail to activate their cognate receptors. The subsequent residue Lys4 also appears 

essential for AgrC agonism, but its role differs between AIP-II and AIP-III. In AIP-II, 

altering Lys4 appears to mainly affect potency without affecting agonism efficacy, while 

the same changes to AIP-III at Lys4 affect both potency and efficacy (Table 4.1). These 

divergent outcomes for substitution at an identical residue and position suggests Lys4 

may play unique roles when these AIP analogs interact with AgrC-II versus AgrC-III.  

Substitutions at the remaining three N-terminal residues of AIP-II and AIP-III had 

little impact on their activities. Again, this result contrasts with their NMR solution 

structures that show the end of the exocyclic tails of AIP-II and AIP-III to be in drastically 

different conformations.43 In fact, removal of these residues through tail truncation 

actually increased the potency of the peptides, as the AIP analogs with all three N-

terminal residues removed (AIP-II 9aa and AIP-III 9aa) were two-fold more potent than 

their parent AIPs (Table 4.1). These data suggest that the final three N-terminal 

residues of AIP-II and AIP-III fail to engage in meaningful contacts with AgrC and may 

possibly hamper optimal contacts. Continued removal of additional residues, however, 

turned the AIP analogs into potent antagonists (Tables 4.S1–4.S2). We also explored 

extending the exocyclic tail by one residue (i.e., AIP-II 13aa and AIP-III 13aa, each 

containing an N-terminal glycine in accordance with the next residue in the AgrD 

sequence), but this had no effect on efficacy or potency. These results underscore the 
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minor role of the N-terminal residues in AIP-II and AIP-III for AgrC agonism. These 

surprising data suggest the possibility that AIP-II and AIP-III could be further tailored to 

9-mers outside of the cell (i.e., by some extracellular peptidase), and these shorter and 

more potent agonists may represent the native forms of AIP-II and AIP-III. Additional 

studies are warranted to probe this hypothesis. 

 

4.2.3 Design and biological characterization of multi-group agonist scaffolds 

With SARs in hand for agonism of AIPs-I–III in their cognate AgrCs, we used 

these collected data to design peptides that united various motifs critical for activity in 

an attempt to generate scaffolds with multi-group agonistic activity. We designed the 

scaffolds with the following features in mind: 1) the endocyclic, hydrophobic residues of 

all three AIPs are essential and likely adopt similar orientations for receptor binding; 2) a 

length of nine amino acids appears optimal for agonistic activity in AgrC-II and AgrC-III; 

3) the exocyclic residues immediately neighboring the cysteine (Val3 in AIP-I, and Tyr5, 

Asn6, and Pro7 in AIP-II and AIP-III) largely control agonism in all three AgrC receptors; 

and 4) the endocyclic residues neighboring the cysteine likely dictate specificity 

between AgrC-II and AgrC-III. From these features, we designed and synthesized a 

series of chimeric peptide scaffolds blending the three native AIPs together (see SI for 

discussion of all scaffolds explored) and identified three peptides for further study: 

Chimeras 1, 2, and 3 (Cmr1, Cmr2, and Cmr3; Figure 4.3).  
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Figure 4.3 Structures of the three AIP chimeric scaffolds (Cmr 1–3). Each 
scaffold represented with single-letter amino acid abbreviation (left) and chemical 
structure (right). Black signifies residues shared by AIPs-I–III, green signifies residues 
solely from AIP-I, blue signifies residues from AIP-II, purple signifies residues shared by 
AIP-I and AIP-III, and red signifies residues of the shared by AIP-II and AIP-III. 
 

Cmr1 combined the macrocycle of AIP-I with the shared exocyclic tail of AIP-II 

9aa and AIP-III 9aa (Figure 4.3). Given that Cmr1 lacks the exocyclic valine deemed 

critical for agonism of AgrC-I, we initially expected this scaffold to be an antagonist of 

AgrC-I, while functioning as an agonist in AgrC-II and AgrC-III. To our surprise, Cmr1 

exhibited agonistic activity in all three AgrC receptors, albeit with varying efficacies and 

potencies (Table 4.2). Cmr1 was capable of agonizing AgrC-I to approximately 50%, yet 

displayed low potency. We hypothesize that this reduced activity for Cmr1 is due to the 

inability of the exocyclic Pro4 to fully replace the agonizing, hydrophobic interactions of 

the native valine residue in AIP-I with AgrC-I. Cmr1 was similarly able to activate AgrC-II 

to 60%. In AgrC-III, Cmr1 had an exceptional agonism profile, displaying full activation 

and sub-nanomolar potency and signifying the most potent AgrC-III agonist we have 

discovered thus far. Indeed, with activity in all three groups, Cmr1 represents to our 
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knowledge the first known multi-group agonist for the agr systems in S. epidermidis, and 

in any other related Staphylococci. 

 

Table 4.2 Agonism activity data for native AIPs, chimera scaffolds, and 
identified multi-group agonists (indicated in bold).  

Peptide 
Name 

AgrC-I AgrC-II AgrC-III 

Max. 

Activation 

(%)b 

EC50 

(nM)c 

Max. 

Activation 

(%)b 

EC50 

(nM)c 

Max. 

Activation 

(%)b 

EC50 

(nM)c 

AIP-I 147 170 ---d ---d ---d ---d 

AIP-II ---d ---d 421 226 39.1 n/ce 

AIP-III ---d ---d 182 648 220 71.8 

Cmr1 51.1 >2000 60.4 61.3 223 0.929 

Cmr2 146 71.8 ---d ---d 46.8 40.6 

Cmr3 ---d ---d 290 >2000 ---d ---d 

Cmr1 S7A 38.4 844 136 63.7 398 1.47 

aAgonism assay data obtained in S. epidermidis group-I–III reporter strains. See text. 
b100% activity corresponds to level of activity produced by endogenously-produced AIP 
from vehicle controls in absence of 25 nM AAA, 0% activity corresponds to media 
controls. cAs determined by dose-response curves with compound competing against 
25 nM AAA. dOnly antagonism activity observed. eDose-response analysis did not 
converge over concentration range tested. 
 

While Cmr2 also incorporates the macrocycle of AIP-I, Cmr2 differs from Cmr1 in 

its tail sequence that unites the critical valine residue of AIP-I with the remaining tail 

residues of AIP-II 9aa and AIP-III 9aa (Figure 4.3). With the valine residue in place, 

Cmr2 performed substantially better as an AgrC-I agonist, with mid-nanomolar potency 

and full efficacy (Table 4.2). However, the presence of this valine reduced its activity in 

AgrC-II and AgrC-III; Cmr2 had no observable agonism activity in AgrC-II and had 

greatly reduced agonistic activity in AgrC-III relative to Cmr1. Lastly, Cmr3 incorporates 
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the hybrid tail of Cmr2 but instead trades the AIP-I macrocycle for the AIP-II 

macrocycle. While Cmr3 could strongly agonize AgrC-II (Table 4.2), it showed no 

agonism activity in either AgrC-I or AgrC-III. Although Cmr3 does not demonstrate multi-

group agonism, it did provide new insights into the importance of the macrocycle on 

AgrC agonism. The inability of Cmr3 to agonize AgrC-I—even with the critical exocyclic 

valine present—suggests that the macrocycle likely aids in presenting this side chain 

properly to AgrC-I for activation and that improper orientation by the AIP-II macrocycle 

thereby hinders agonism. Conversely, Cmr3 was able to strongly agonize AgrC-II, which 

suggests the AIP-II macrocycle orients the valine to contact and agonize AgrC-II in a 

functionally similar fashion to the native proline in AIP-II. These new SARs and the 

differential activities of the three chimeras in the AgrC receptors guided our design of 

second-generation chimeras; we return to those below. 

 

4.2.4 Multi-group agonists promote PSM production in S. epidermidis 

We sought to demonstrate that the multi-group agr agonist Cmr1 was capable of 

modulating a phenotype in S. epidermidis relevant to virulence. We selected to 

investigate PSM production, as PSMs have been shown to facilitate biofilm dispersal 

and are positively regulated by the agr system in S. epidermidis.15-16, 23, 47-49 PSMs also 

can be readily isolated from bacterial culture and quantitated using RP-HPLC.48, 50-51 As 

wild-type S. epidermidis cultures can produce a substantial amount of PSMs without 

exogenous agr agonists added (Figure 4.4A-C, black trace; see SI for details), we first 

inhibited PSM production in group I–III strains by adding one of our in-house agr 

antagonists. When added alone, the antagonists either eliminated or substantially 
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reduced the production of PSMs for each of the three agr groups (Figure 4.4A–C, red 

trace); however, addition of both an antagonist and the multi-group agonist Cmr1 was 

observed to fully or partially restore the production of PSMs for the three agr groups (as 

determined by comparison to an internal standard; Figure 4.4A–C, blue trace). PSM 

peaks were restored to 47% of the baseline value in group-I, and to 11% and 263% in 

group-II and group-III, respectively. MALDI-MS and ESI-MS confirmed the peak with a 

RT of 46 minutes contained PSMα, PSMβ, and PSMγ (see SI Table 4.D). The 

restoration of PSM production by Cmr1 signifies activation of agr within each group and 

serves to validate the use of reporter strains to identify compounds capable of 

modulating agr controlled phenotypes in S. epidermidis. Moreover, the ability of Cmr1 to 

activate PSM production in all three groups underscore the potential of this chemical 

approach to combat virulence via the pan-group or “global” targeting of the agr system.  

 

 
Figure 4.4 Representative portions of HPLC traces of samples of S. epidermidis 
cultures showing the PSM peaks. (A) Group-I PSM production inhibited with 1 µM 
AIP-II 9aa and restored with 9 µM Cmr1. (B) Group-II PSM production inhibited with 250 
nM AAA and restored with 9 µM Cmr1. (C) Group-III PSM production inhibited with 1 µM 
AAA and restored with 9 µM Cmr1. See SI for strain and assays details. 
 

4.2.5 Design and characterization of second-generation multi-group agonist scaffolds 

From the assay data accrued for the three chimera scaffolds above, we designed 

and synthesized a set of second-generation analogs in an attempt to identify peptide 
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scaffolds with improved agonistic activity in the three S. epidermidis agr groups (see 

Figures 4.S1–4.S6, Tables 4.S3–4.S10 for full list of compounds and activity data). We 

largely focused on altering the macrocycle of our chimera scaffolds, guided by the 

hypothesis that we could improve activity in specific groups by tailoring the macrocycle 

to be more similar to that of the native AIP of the desired group. For example, starting 

with Cmr1, we aimed to enhance its activity towards AgrC-II by making substitutions at 

positions 6 and 7 to more resemble AIP-II. As expected, the more closely these analogs 

resembled the AIP-II macrocycle, the more active they were at agonizing AgrC-II, but 

unfortunately often at the cost of losing activity toward AgrC-I (Figure 4.S7). 

Corresponding strategies in Cmr2 and Cmr3 met with similar results (see SI for further 

discussion). The only analog resulting from these follow-up studies that displayed multi-

group agonism activity was Cmr1 S7A, which maintained activity in group-I and group-III 

while substantially improving group-II activity when compared to Cmr1 (Table 4.2, 

Figure 4.S7). This compound was also active in the S. epidermidis agr phenotypic 

assay, stimulating PSM production levels comparable to or surpassing Cmr1 in the 

three agr groups (Figure 4.S8).  

Beyond the discovery of Cmr1 S7A, the activity survey of the second-generation 

analogs had an additional positive outcome as it revealed a new SAR for high potency 

in the three AgrC receptors; namely, the preferred C-terminal residue for high multi-

group potency by AIP analogs appears to be a phenylalanine (native to AIP-I) over 

leucine (native to AIP-II and AIP-III). In most cases where two peptide analogs differ 

only at the C-terminal residue, the C-terminal phenylalanine analog is at least as potent 

as the corresponding C-terminal leucine analog and often substantially more potent 
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across the three agr groups, with few exceptions, namely AIP-II 9aa and AIP-II 9aa L9F 

in group-II (Table 4.3). This activity trend holds regardless of whether the peptide is an 

agonist or antagonist. This result is intriguing and strongly supports the installation of 

phenylalanine as the C-terminal residue in design of future pan-group modulators of S. 

epidermidis AgrC receptors. 

 

Table 4.3 Potency data for pairs of AIP analogs where the only sequence 
difference is a C-terminal phenylalanine or leucine. 

agr 

group 

tested 

Peptide 

containing Phe 
EC50 

[nM]a
 

IC50 

[nM]b 

Peptide 

containing Leu 

EC50 

[nM]a 

IC50 

[nM]b 

Fold 

change 

agr-I 

AIP-I 170  I-tail, III-ring 1870  11.0 

AIP-II 9aa L9F  0.470 AIP-II 9aa  2.84 6.04 

Cmr2 71.8  Cmr2 F9L 1020  14.2 

Cmr3 L9F  2.15 Cmr3  75.8 35.2 

agr-II 

AIP-I  13.9 I-tail, III-ring  50.9 3.66 

AIP-II 9aa L9F 203  AIP-II 9aa 83.5  0.41 

Cmr3 L9F 210  Cmr3 >2000  ---c 

agr-III 

AIP-I  2.13 I-tail, III-ring  31.8 14.9 

AIP-II 9aa L9F >2000  AIP-II 9aa >2000  ---c 

Cmr1 0.929  AIP-III 9aa 28.9  31.1 

Cmr2 40.6  Cmr2 F9L >2000  ---c 

Cmr3 L9F  34.9 Cmr3  >2000 ---c 

Collected from aagonism or bantagonism assay data obtained in S. epidermidis group-I–
III reporter strains. See Si for methods. cNot calculated due to low potency. 
 

4.3 Summary and Conclusions 

The agr system plays a critical role in the biofilm life cycle and virulence of S. 

epidermidis, making chemical or biological agents capable of agr modulation valuable 
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tools to probe and potentially limit infectivity.2, 15-16, 22, 47 The intentional activation of agr 

could reduce biofilm accumulation and thereby render the dispersed bacteria more 

susceptible to antimicrobial agents.8 In this study, we report the design, synthesis, and 

biological characterization of AIP signal analogs capable of agonizing three specificity 

groups of S. epidermidis (I–III). Through systematic amino acid scans, we determined 

the key SARs that engendered AgrC agonism by AIP-II and AIP-III, and combined these 

SARs strategically with those we previously reported for AIP-I42-43 to design chimeric 

peptides scaffolds. These investigations revealed two chimeric peptides (Cmr1 and 

Cmr1 S7A) that were capable of activating the agr systems in groups-I–III of S. 

epidermidis. In addition, we demonstrated that these multi-group agonists could 

stimulate production of PSMs, which plays a key role in the dispersal of biofilms, serving 

to validate their use as probes to study infection relevant phenotypes in S. epidermidis. 

 The results of this study are significant as they provide peptide chimeras that 

represent, to our knowledge, the first reported non-native multi-group activators of the 

agr QS system in any bacterium. This study also provided a deeper understanding of 

the signal–receptor interactions for the S. epidermidis agr systems. For example, we 

discovered that the two endocyclic residues adjacent to the conserved cysteine likely 

contribute towards group specificity and facilitate AIP recognition by the S. epidermidis 

AgrC receptors. In addition, we observed that the inclusion of a C-terminal 

phenylalanine can enhance potency of AIP analogs in all three AgrC receptors. Lastly, 

and perhaps with the most implications for future ligand design, we identified that the 

exocyclic residue adjacent to the conserved cysteine is likely the critical residue to 

explore in future work aimed at increasing the multi-group agonistic activity of AIP 
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analogs. While the current study only examined two amino acids at that position (valine 

and proline), introducing other natural and non-canonical amino acids (e.g., leucine, 

pipecolic acid, or thioproline) at this position could reveal side chains with optimal 

sterics and/or hydrophobicity for agonizing the three AgrC receptors. Ongoing studies 

focus on exploring these motifs in new peptides to target not only groups-I–III S. 

epidermidis, but also the newly reported group-IV.38  

 

4.4 Supplemental Information 

4.4.1 Experimental procedures and methods 

Reagents, strains, and general methods 

All biological and chemical reagents, solvents, and resins were purchased from 

commercial sources and used according to instructions. All S. epidermidis strains were 

grown in Tryptic Soy Broth (TSB, Sigma), incubated at 37 °C with shaking at 200 rpm 

unless otherwise noted. Cultures of S. epidermidis fluorescence reporter strains 

AH3408 (group-I), AH2673 (group-II), and AH3409 (group-III) were supplemented with 

10 µg/mL of erythromycin, while the S. epidermidis wild-type strains RP62A (group-I) 

and 1457 (group-II) were not supplemented with erythromycin. Water (18 MΩ) was 

purified using an arium® pro ultrapure water system (Sartorius). Samples of native S. 

epidermidis AIPs and analogs previously reported by our laboratory42 were acquired 

from in-house stocks. 

Instrumentation 

Reverse-phase high performance liquid chromatography (RP-HPLC) was carried 

out on a Shimadzu system equipped with a SLC-10Avp controller, a LC-10AT pump, a 
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FCV-ALvp solvent mixer, and a SPC-10MAvp UV/Vis diode array detector. Peptides 

were purified using a semi-preparative Kromasil Eternity C18 column (10 mm x 250 

mm, 5 μm particle size with 100 Å pore size) with a 5 mL/min flow rate. Peptide purity 

was assessed on an analytical Kromasil Eternity C18 column (4.6 mm x 250 mm, 5 μm 

particle size with 100 Å pore size) with a 1 mL/min flow rate. Solvent A = 18 MΩ water + 

0.1% trifluoroacetic acid (TFA); solvent B = acetonitrile + 0.1% TFA. Peptide identity 

was determined using mass spectrometry (MS). MALDI-TOF MS data were obtained 

using a Bruker microflex LRF spectrometer equipped with a 337 nm laser and a 

reflectron. Exact mass (EM) MS data were obtained using a Thermo Q Exactive Plus 

ESI-Q-IT (orbitrap) mass spectrometer. 

 

Peptide synthesis and characterization 

Linear versions of the S. epidermidis AIP analogs reported in this study were 

synthesized using a modified protocol of the Fmoc/tBu based solid-phase peptide 

synthesis (SPPS) approach developed by Blanco-Canosa and Dawson (Scheme 

4.S1).42, 45 All SPPS reactions were mixed by agitation on a benchtop shaker. Briefly, 

Dawson 3-(Fmoc-amino)-4-aminobenzoyl (Dbz) AM resin (100-200 mesh) was swelled 

in CH2Cl2 for 40 min, and the solvent was exchanged for dimethylformamide (DMF). 

Fmoc-group deprotections were achieved using piperidine solution (20% in DMF, 2 mL, 

5 min x 3). For each amino acid coupling, except for the final coupling, N-Fmoc-

protected amino acid (4 mole equiv. relative to the resin), N-[(dimethylamino)-1H-1,2,3-

triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-

oxide (HATU, 4 mole equiv.), and diisopropylethylamine (DIPEA, 8 mole equiv.) were 
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dissolved in 2 mL of DMF, preactivated for 1 min, and added to the resin for 30 min. For 

the final coupling, N-Boc-protected amino acids were used instead. Following the final 

amino acid coupling, the Dbz group was activated by the addition of 4-

nitrophenylchloroformate in CH2Cl2 (4 mole equiv., 30 min x 2), and then treated with 

DIPEA (0.5 M in DMF, 10 min x 3). The resin was washed sequentially with DMF, 

CH2Cl2, and diethyl ether, dried under N2, and under vacuum for 18 hr. To cleave the 

linear peptide, the resin was resuspended in a cleavage cocktail of 

TFA/CH2Cl2/H2O/triisopropylsilane (90:5:2.5:2.5) for 2 hr (Scheme 1). The resulting 

mixture was syringe-filtered, rinsed with the cleavage cocktail once, and precipitated in 

diethyl ether at -20 °C for at least 1 hr. The precipitate was dissolved in acetonitrile/H2O 

(1:1) and lyophilized.  

The linear AIP analogs were purified by semi-preparative RP-HPLC as described 

below, and the fractions with the desired product, as confirmed by MALDI-MS, were 

collected, lyophilized, and then cyclized according our previously reported solution-

phase macrocyclization protocol (Scheme 4.S1).42 The resulting cyclic peptides 

products were purified by RP-HPLC as described below, and their purities and identities 

were confirmed by analytical RP-HPLC and EM MS, respectively. The purified AIP 

analogs were lyophilized, weighed, and stored as 1 mM stock solutions in DMSO at 4 

°C. The native S. epidermidis AIPs (I-III), as well as AIP-I D1AV3AS6A, AIP-II 11aa, 

10aa, 9aa, 8aa, and tAIP-II were all previously prepared in our laboratory,42 and 

therefore were not re-synthesized for the present study. 
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Scheme 4.S1 Solid-phase synthesis of standard thioester AIP analogs. 
 

Peptide purification 

Linear peptides were purified by RP-HPLC over a linear gradient of 20% 50% 

solvent B over 30 min, and cyclic peptides were purified over a linear gradient of 

23%38% solvent B over 36 min. Peptide purity was determined using a linear 

gradient of 10% 95% solvent B over 27 min, with integration of peaks detected at 220 

nm. 

 

Fluorescence reporter assay protocol 

Agonism and antagonism assays in the S. epidermidis reporter strains were 

performed using a previously established protocol with two modifications.42 First, to 

block AgrC activation by endogenously produced AIP, the multi-group antagonist AAA 

uncovered in our prior study42 was used for the agonism assay at a final concentration 

of 25 nM. Second, in the assessment of AIP-II SARs and potential multi-group agonists, 

group-II cultures were grown for 8 hours with 500 nM of AIP-II 9aa, an agonist of AgrC-
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II, to ensure consistent activation of the agr system, prior to dilution for plating (AIP-II 

9aa was used instead of native AIP-II due to compound availability and enhanced 

potency). A Biotek Synergy 2 microplate reader was used to record absorbance and 

fluorescence measurements in reporter assays. Data was normalized to vehicle (100%) 

and media (0%) controls, and then analyzed with GraphPad Prism (v. 8.0.1) to 

determine sigmoidal curve fits ([compound] vs. response, 4-parameters), calculate 

IC50/EC50 values and corresponding 95% confidence intervals, as well as determine 

maximal percent activation and inhibition values. 

 

PSM quantification protocol 

The quantity of PSMs produced by S. epidermidis cultures was measured using 

previously reported methods, with some minor adaptions.49-51 S. epidermidis overnight 

cultures were prepared of strains RP62A (group-I), 1457 (group-II), and AH3409 (group-

III) in TSB. Antagonists were added to the overnight liquid cultures prior to incubation to 

block PSM production, and the multi-group agonists were added prior to incubation to 

outcompete the antagonist and turn on PSM production. For group-I, 1 µM of the 

antagonist AIP-II 9aa was used. For group-II, 250 nM of the antagonist AIP-I 

D1AS6AV3A was used. For group-III, 1 µM of the antagonist AIP-I D1AS6AV3A was 

used. In the three groups, 9 µM of the multi-group agonist Cmr1 or Cmr1S7A was 

added. The cultures were incubated for 24 hours on a 37 ˚C shaker. 

After incubation, cultures were centrifuged for 5 minutes at 16.1 rcf. The 

supernatant was filtered using 0.45 µM Perkin Elmer PTFE syringe filters and 10% v/v 

LM F3L (sequence A-CLMFV, a peptide synthesized for unrelated species Listeria 
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monocytogenes that was chosen because of its separation on RP-HPLC) was added as 

an internal standard to a final concentration of 100 µM. Samples were analyzed using 

analytical RP-HPLC, where 500 µL of supernatant was injected onto a Kromasil Eternity 

C18 column (4.6 mm x 250 mm, 5 µm particle size with 100 Å pore size) with a 1 

mL/min flow rate. Solvent A = 18.2 MΩ water + 0.1% trifluoroacetic acid (TFA); solvent 

B = acetonitrile (ACN) + 0.1% TFA. The method used involved a 40 min ramp up from 

0% solvent B to 100% solvent B, followed by a 10 min hold at 100% solvent B. PSMs 

were identified using MALDI-MS (Bruker microflex LRF™) and ESI/EMM MS (Thermo Q 

Exactive Plus™). Relative PSM quantification was achieved by analyzing the area 

under the internal standard and PSM curves using GraphPad Prism (v. 8.0.1). Because 

the ratio of peak area: concentration is proportional between the internal standard and 

the PSMs, and the internal standard concentration is known, the relative amounts of 

PSMs could be quantified. 

 

4.4.2 Activity data for AIP-II analogs in group-II and group-III reporters 

Dose-response curves for AIP-II based alanine, D-amino acid, and varied tail length 

analogs 

All compounds assayed in S. epidermidis AH2673 (group-II). Compound names 

are indicated on the X-axis on each curve plot. Error bars represent SEM of three 

biological replicates. Percent activation was normalized to a DMSO control.  
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 Control peptides (native AIPs I-III) 
 

  

 

 Alanine analogs 
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Table 4.S1 Summary of agonism and antagonism dose-response data for AIP-II 
based analogs in S. epidermidis AH2673 (group-II). Potency values in nanomolar, CI 
= confidence interval.  

Peptide  Sequence IC50  EC50 95% CI Min Activity [%]  Max Activity [%] 

AIP-I D-S-V-(C-A-S-Y-F) 13.9 - 10.1 - 19.2 28.1 - 

AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) - 226 81.5 - 2360 - 421 

AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) - 648 303 - 2410 - 182 

AIP-II N1A A-A-S-K-Y-N-P-(C-S-N-Y-L) - 597 372 - 1020 - 666 

AIP-II S3A N-A-A-K-Y-N-P-(C-S-N-Y-L) - 523 276 - 1220 - 916 

AIP-II K4A N-A-S-A-Y-N-P-(C-S-N-Y-L) - >2000 - - 198 

AIP-II Y5A N-A-S-K-A-N-P-(C-S-N-Y-L) 1300 - 605 - 2760 32.7 - 

AIP-II N6A N-A-S-K-Y-A-P-(C-S-N-Y-L) 557 - 302 - 887 25.5 - 

AIP-II P7A N-A-S-K-Y-N-A-(C-S-N-Y-L) 547 - 232 - 1070 30.4 - 

AIP-II S9A N-A-S-K-Y-N-P-(C-A-N-Y-L) - >2000 - - 196 

AIP-II N10A N-A-S-K-Y-N-P-(C-S-A-Y-L) - >2000 - - 249 

AIP-II Y11A N-A-S-K-Y-N-P-(C-S-N-A-L) Inactivea - - - 

AIP-II L12A N-A-S-K-Y-N-P-(C-S-N-Y-A) Inactivea - - - 

AIP-II D-N1 DN-A-S-K-Y-N-P-(C-S-N-Y-L) - 422 202 - 1710 - 420 

AIP-II D-A2 N-DA-S-K-Y-N-P-(C-S-N-Y-L) - 554 232 - 44000 - 405 

AIP-II D-S3 N-A-DS-K-Y-N-P-(C-S-N-Y-L) - 433 200 - 1290 - 427 

AIP-II D-K4 N-A-S-DK-Y-N-P-(C-S-N-Y-L) - >2000 - - 207 

AIP-II D-Y5 N-A-S-K-DY-N-P-(C-S-N-Y-L) 379 - 271 - 543 43.3 - 

AIP-II D-N6 N-A-S-K-Y-DN-P-(C-S-N-Y-L) >2000 - - 22.1 - 

AIP-II D-P7 N-A-S-K-Y-N-DP-(C-S-N-Y-L) Inactivea - - - 

AIP-II D-C8 N-A-S-K-Y-N-P-(DC-S-N-Y-L) Inactivea - - - 

AIP-II D-S9 N-A-S-K-Y-N-P-(C-DS-N-Y-L) Inactivea - - - 

AIP-II D-N10 N-A-S-K-Y-N-P-(C-S-DN-Y-L) Inactivea - - - 

AIP-II D-Y11 N-A-S-K-Y-N-P-(C-S-N-DY-L) Inactivea - - - 

AIP-II D-L12 N-A-S-K-Y-N-P-(C-S-N-Y-DL) - n/cb - - 149 

AIP-II 13aa G-N-A-S-K-Y-N-P-(C-S-N-Y-L) - 451 257 - 1090 - 840 

AIP-II 11aa A-S-K-Y-N-P-(C-S-N-Y-L) - 292 163 - 605 - 787 

AIP-II 10aa S-K-Y-N-P-(C-S-N-Y-L) - 183 141 - 235 - 451 

AIP-II 9aa K-Y-N-P-(C-S-N-Y-L) - 83.5 23.3 - 206 - 679 

AIP-II 8aa Y-N-P-(C-S-N-Y-L) 135 - 66.0 - 260 12.6 - 

AIP-II 7aa N-P-(C-S-N-Y-L) 52.4 - 29.0 - 81.5 11.3 - 

AIP-II 6aa P-(C-S-N-Y-L) 664 - 354 - 2480 13.9 - 

tAIP-II Ac-(C-S-N-Y-L) 133 - 84.4 - 212 11.2 - 
aNo activity observed over concentration range. bDose-response analysis did not converge. 
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Dose-response curves for AIP-III based alanine, D-amino acid, and varied tail length 

analogs 

All compounds assayed in S. epidermidis AH3409 (group-III). Compound names 

are indicated on the X-axis on each curve plot. Error bars represent SEM of three 

biological replicates. Percent activation was normalized to a DMSO control.  

 Control peptides (native AIPs I-III) 
 

   

 

 Alanine analogs 
 

   

 

   

 

10-1 100 101 102 103

0

50

100

150

AIP-I [nM]

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104

0

20

40

60

AIP-II (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

100

200

300

AIP-III (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

100

200

300

400

AIP-III N1A (nM)

P
er

ce
n

t A
ct

iv
a

ti
o

n

100 101 102 103 104
0

100

200

300

AIP-III K4A (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III Y5A (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

50

100

150

AIP-III N6A (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

50

100

150

AIP-III P7A (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

200

AIP-III S10A (nM)

P
e

rc
en

t A
ct

iv
a

ti
o

n



327 
 

  

 

 D-Amino acid analogs 
 

   

 

   

 

   

 

100 101 102 103 104
0

20

40

60

80

100

AIP-III Y11A (nM)

P
er

c
en

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III L12A (nM)

P
e

rc
en

t 
A

ct
iv

at
io

n

100 101 102 103 104
0

100

200

300

400

AIP-III D-N1 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

100

200

300

400

AIP-III D-A2 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

100

200

300

400

AIP-III D-A3 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-K4 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-Y5 (nM)

P
er

c
en

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-N6 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-P7 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-2 10-1 100 101 102 103 104

0

50

100

150

200

250

AIP-III D-C8 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-A9 (nM)

P
er

ce
n

t A
ct

iv
at

io
n



328 
 

   

 

 Tail truncated analogs 
 

    

 

   

 

  

  

100 101 102 103 104
0

100

200

300

AIP-III D-S10 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

AIP-III D-Y11 (nM)

P
er

c
en

t A
ct

iv
at

io
n

100 101 102 103 104
0

20

40

60

80

100

AIP-III D-L12 (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

50

100

150

200

250

AIP-III 13aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

100

200

300

400

AIP-III 11aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

100

200

300

400

AIP-III 10aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103 104
0

100

200

300

AIP-III 9aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

50

100

150

AIP-III 8aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

10-1 100 101 102 103
0

50

100

150

AIP-III 7aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104

0

50

100

150

AIP-III 6aa (nM)

P
er

ce
n

t A
ct

iv
at

io
n

100 101 102 103 104
0

20

40

60

80

100

tAIP-III (nM)

P
er

c
en

t A
ct

iv
at

io
n



329 
 

Table 4.S2 Summary of agonism and antagonism dose-response data for AIP-III 
based analogs in S. epidermidis AH3409 (group-III). Potency values in nanomolar, 
CI = confidence interval.  

Peptide Name Sequence 
IC50 
[nM] 

EC50 
[nM] 

95% CI  
[nM] 

Minimum 
Activity 
[%] 

Maximum 
Activity 
[%] 

 
AIP-I D-S-V-(C-A-S-Y-F) 2.13 - 1.33 - 2.99 8.11 -  

AIP-II N-A-S-K-Y-N-P-(C-S-N-Y-L) - n/cb - - 39.1  

AIP-III N-A-A-K-Y-N-P-(C-A-S-Y-L) - 71.8 53.1 - 95.4 - 220  

AIP-III N1A A-A-A-K-Y-N-P-(C-A-S-Y-L) - 81.5 57.2 - 114 - 294  

AIP-III K4A N-A-A-A-Y-N-P-(C-A-S-Y-L) - >2000 - - 217  

AIP-III Y5A N-A-A-K-A-N-P-(C-A-S-Y-L) 123 - 99.0 - 151 9.92 -  

AIP-III N6A N-A-A-K-Y-A-P-(C-A-S-Y-L) 141 - 101 - 250 15.8 -  

AIP-III P7A N-A-A-K-Y-N-A-(C-A-S-Y-L) 102 - 69.3 - 180 18.7 -  

AIP-III S10A N-A-A-K-Y-N-P-(C-A-A-Y-L) Inactivea - - -  

AIP-III Y11A N-A-A-K-Y-N-P-(C-A-S-A-L) Inactivea - - -  

AIP-III L12A N-A-A-K-Y-N-P-(C-A-S-Y-A) Inactivea - - -  

AIP-III D-N1 DN-A-A-K-Y-N-P-(C-A-S-Y-L) - 77.1 36.8 - 160 - 261  

AIP-III D-A2 N-DA-A-K-Y-N-P-(C-A-S-Y-L) - 104 62.8 - 167 - 265  

AIP-III D-A3 N-A-DA-K-Y-N-P-(C-A-S-Y-L) - 510 306 - 926 - 299  

AIP-III D-K4 N-A-A-DK-Y-N-P-(C-A-S-Y-L) 26.1 - 7.05 - 48.5 23.3 -  

AIP-III D-Y5 N-A-A-K-DY-N-P-(C-A-S-Y-L) 48.6 - 33.3 - 66.7 9.97 -  

AIP-III D-N6 N-A-A-K-Y-DN-P-(C-A-S-Y-L) 1330 - 808 - 7790 26.7 -  

AIP-III D-P7 N-A-A-K-Y-N-DP-(C-A-S-Y-L) Inactivea - - -  

AIP-III D-C8 N-A-A-K-Y-N-P-(DC-A-S-Y-L) Inactivea - - -  

AIP-III D-A9 N-A-A-K-Y-N-P-(C-DA-S-Y-L) Inactivea - - -  

AIP-III D-S10 N-A-A-K-Y-N-P-(C-A-DS-Y-L) - 145 103 - 197 - 240  

AIP-III D-Y11 N-A-A-K-Y-N-P-(C-A-S-DY-L) Inactivea - - -  

AIP-III D-L12 N-A-A-K-Y-N-P-(C-A-S-Y-DL) - >2000 - - 75.3  

AIP-III 13aa G-N-A-A-K-Y-N-P-(C-A-S-Y-L) - 58.4 47.1 - 72.0 - 224  

AIP-III 11aa A-A-K-Y-N-P-(C-A-S-Y-L) - 49.0 39.8 - 61.0 - 308  

AIP-III 10aa A-K-Y-N-P-(C-A-S-Y-L) - 29.9 22.5 - 38.9 - 310  

AIP-III 9aa K-Y-N-P-(C-A-S-Y-L) - 28.9 25.7 - 32.3 - 246  

AIP-III 8aa Y-N-P-(C-A-S-Y-L) 20.2 - 14.3 - 29.2 6.48 -  

AIP-III 7aa N-P-(C-A-S-Y-L) n/cb - - 17.2 -  

AIP-III 6aa P-(C-A-S-Y-L) >2000 - - 43.0 -  

tAIP-III Ac-(C-A-S-Y-L) n/cb  - - 44.5 -  

aNo activity observed over concentration range. bDose-response analysis did not converge. 
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4.4.3 Chimeric peptide scaffolds and activity data 

Discussion of additional peptide scaffolds explored for multi-group agr agonism 

In addition to the three chimeric peptide scaffolds we discuss in the main text 

(Cmr1, Cmr2, and Cmr3), we also explored the multi-group agonistic activity of a few 

other scaffolds in the S. epidermidis reporter strains. As the reverse of Cmr1, which 

incorporates the macrocycle of AIP-I and the four tail residues of both AIP-II and AIP-III, 

we made peptides that incorporate the macrocycles of either AIP-II or AIP-III with the 

three tail residues of AIP-I (aptly named “I tail, II ring” and “I tail, III ring”, respectively). 

However, it was clear that scaffolds based on the AIP-I tail would not be suitable for 

multi-group activity, as neither of these analogs had any observable agonism activity in 

the group-II or group-III reporter assays. This result does reinforce the SARs noted in 

the main text about multiple residues in the AIP-II and AIP-III tail contributing to 

activation, and since no residues are shared between AIP-I and AIP-II/AIP-III in the 

exocyclic tail, it follows that no activation occurs. In fact, these two scaffolds either 

partially or fully inhibited the two groups, and thus both “I tail, II ring” and “I tail, III ring” 

scaffolds were not further investigated. 

The remaining scaffold that we examined was the AIP-II 9aa scaffold. Given that 

this compound was already known to be a potent inhibitor of group-I, a potent group-II 

activator, and also had small but significant agonism activity in group-III reporters,42 we 

were curious if substitution of certain residues to make the scaffold more similar to AIP-I 

could mode-switch the peptide into an agonist of group-I, thereby producing a multi-

group agonist. However, substitutions to mimic the critical valine residue in AIP-I were 

unsuccessful in producing strong agonists against the three agr groups. That said, 
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substitution of the final endocyclic residue Leu9 to a phenylalanine improved efficacy 

against group-III substantially. In light of heightened activities observed in our other 

scaffolds, we decided to pursue those over the AIP-II 9aa scaffold. 

 

Single-point screening data for chimeric peptides. 

We screened each of the chimeric compounds at 10 µM in the S. epidermidis 

group-I–III reporter strains for both agonism and antagonism activity. For the agonism 

screens, a 25 nM AAA antagonist control was used to ensure normal inhibition for each 

replicate. Error bars represent SEM of three biological replicates. See main text for 

details of strains and assay protocols. 

 

Figure 4.S1 S. epidermidis group-I agonism screen of chimeric peptides. 
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Figure 4.S2 S. epidermidis group-I antagonism screen of chimeric peptides. 
 

 

Figure 4.S3 S. epidermidis group-II agonism screen of chimeric peptides. 
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Figure 4.S4 S. epidermidis group-II antagonism screen of chimeric peptides. 
 
 

 

Figure 4.S5 S. epidermidis group-III agonism screen of chimeric peptides. 
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Figure 4.S6 S. epidermidis group-III antagonism screen of chimeric peptides. 
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Figure 4.S7 Summary heatmap of single-point agonism activity of chimeric 
analogs in groups-I–III. Each chimeric analog was screened for agonism in each of the 
three AgrC receptors at 10 µM. Data was normalized to the vehicle control (100% 
activity) and AAA inhibition control (0% activity). 
 

  



336 
 

 C
o

m
p

o
u

n
d

 
A

ctiv
atio

n
 

G
ro

u
p

-I 
G

ro
u

p
-II 

G
ro

u
p

-III 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

A
IP

-I 
14

7 
17

0 
89

.4
 - 40

0. 
- 

- 
- 

- 
- 

- 

A
IP

-II 
- 

- 
- 

42
1 

22
6 

81
.5

 - 23
60 

39
.1 

n
/c

b 
- 

A
IP

-III 
- 

- 
- 

18
2 

64
8 

30
3 - 24

10 
22

0 
71

.8 
53

.1
 – 

95
.4 

A
IP

-I tail: A
IP

-II 
rin

g 
- 

- 
- 

- 
- 

- 
- 

In
active

a 
- 

A
IP

-I tail: A
IP

-III 
rin

g 
12

9 
18

70 
10

70
 - 

10
70

0 
- 

- 
- 

- 
- 

- 

A
IP

-II 9a
a 

- 
- 

- 
67

9 
83

.5 
23

.3-20
6 

25
.2 

>
20

00 
- 

A
IP

-II 9a
a N

3L 
- 

- 
- 

- 
- 

- 
- 

In
active

a 
- 

A
IP

-II 9a
a N

3V
 

- 
- 

- 
- 

- 
- 

- 
In

active
a 

- 

A
IP

-II 9a
a P

4L 
- 

- 
- 

72
.6 

63
0 

N
A

 
- 

- 
- 

A
IP

-II 9a
a L

9F
 

- 
- 

- 
88

9 
20

3 
10

0 - 46
9 

46
9 

>
20

00 
- 

D
o

se
-re

sp
o

n
se

 cu
rves re

ve
a

led
 ne

ith
e

r a
g

on
ism

 no
r a

nta
go

n
ism

 activitie
s o

ve
r th

e
 co

n
cen

tra
tio

n ra
n

ge
 te

sted
. bD

o
se

-
re

sp
o

n
se

 an
a

lysis d
id

 n
o

t co
n

ve
rge

 o
ve

r co
nce

n
tra

tion
 ra

ng
e

 te
ste

d. N
A

: C
u

rve
 d

id
 n

o
t p

late
a

u o
n o

ne
 sid

e a
nd

 P
rism

 d
id

 
n

o
t ca

lcu
la

te the
 95

%
 C

I. 

T
a

b
le

 4.S
3 

S
u

m
m

a
ry

 o
f a

g
o

n
is

m
 d

o
s

e
-re

s
p

o
n

se
 d

a
ta fo

r s
e

lec
t n

o
n

-c
h

im
e

ra
 p

e
p

tid
e

s.
B

o
lde

d
 p

ep
tid

e
s a

re
 th

e
 

n
a

tive
 A

IP
s. C

I =
 co

nfid
e

n
ce

 in
te

rva
l fo

r E
C

50  va
lu

e
. S

e
e

 m
a

in te
xt fo

r d
e

ta
ils o

f stra
in

s and
 a

ssa
y p

ro
to

co
ls. 



337 
 

 C
o

m
p

o
u

n
d

 
A

ctiv
atio

n
 

G
ro

u
p

-I 
G

ro
u

p
-II 

G
ro

u
p

-III 
M

ax
im

u
m

 
ac

tivity 
[%

] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

C
m

r1 
51

.1 
>

20
00 

- 
60

.4 
61

.3 
N

A
 

22
3 

0.92
9 

0.73
2 - 1.16 

C
m

r1
 A

6
S

 
- 

- 
- 

86
.8 

>
20

00 
- 

20
1 

13
.6 

8.21
 - 18.5 

C
m

r1
 A

6
S

S
7

A
 

- 
- 

- 
18

5 
24

5 
14

7 - 49
5 

21
5 

13
.4 

7.97
 - 18.3 

C
m

r1
 S

7
A

 
38

.4 
84

4 
67

7 - 12
60 

13
6 

63
.7 

16
.0

 - 15
0. 

39
8 

1.47 
1.21

 - 1.83 

C
m

r1
 S

7
N

 
- 

- 
- 

37
8 

>
20

00 
- 

48
4 

>
20

00 
- 

D
o

se
-re

sp
o

n
se

 cu
rves re

ve
a

led
 ne

ith
e

r a
g

on
ism

 no
r a

nta
go

n
ism

 activitie
s o

ve
r th

e
 co

n
cen

tra
tio

n ra
n

ge
 te

sted
. bD

o
se

-
re

sp
o

n
se

 an
a

lysis d
id

 n
o

t co
n

ve
rge

 o
ve

r co
nce

n
tra

tion
 ra

ng
e

 te
ste

d. N
A

: C
u

rve
 d

id
 n

o
t p

late
a

u o
n o

ne
 sid

e a
nd

 P
rism

 d
id

 
n

o
t ca

lcu
la

te the
 95

%
 C

I. 

T
a

b
le

 4.S
4 

S
u

m
m

a
ry

 o
f a

g
o

n
is

m
 d

o
s

e
-re

s
p

o
n

se
 d

a
ta fo

r s
e

lec
t C

m
r1

 p
e

p
tid

e
s

.
B

o
ld

e
d p

ep
tid

e
s a

re
 the

 na
tive

 
A

IP
s. C

I =
 co

n
fide

n
ce

 in
te

rva
l fo

r E
C

50  va
lue

. S
e

e
 m

a
in

 te
xt fo

r d
e

ta
ils o

f stra
in

s a
nd

 a
ssa

y p
ro

to
co

ls. 



338 
 

  C
o

m
p

o
u

n
d

 
A

ctiv
atio

n
 

G
ro

u
p

-I 
G

ro
u

p
-II 

G
ro

u
p

-III 
M

ax
im

u
m

 
ac

tivity 
[%

] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity [%

] 
E

C
50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity [%

] 
E

C
50  

[n
M

] 
95

%
 C

I 
[n

M
] 

C
m

r2 
14

6 
71

.8 
40

.1
 - 12

1 
- 

- 
- 

46
.8 

40
.6 

N
A

 
C

m
r2

 A
6

S
 

11
6 

79
6 

50
8 - 18

10 
- 

- 
- 

- 
- 

- 
C

m
r2

 A
6

S
S

7
A

 
92

.6 
16

9 
11

9 - 25
2 

- 
- 

- 
- 

- 
- 

C
m

r2
 S

7
A

 
15

7 
12

.4 
N

A
 

- 
- 

- 
40

.8 
n/c

b 
- 

C
m

r2
 S

7
N

 
15

6 
65

6 
46

4 - 10
70 

- 
- 

- 
- 

- 
- 

C
m

r2
 F

9L 
14

0 
10

20 
65

8 - 24
00 

- 
- 

- 
54

.1 
>

20
00 

- 

D
o

se
-re

sp
o

n
se

 cu
rves re

ve
a

led
 ne

ith
e

r a
g

on
ism

 no
r a

nta
go

n
ism

 activitie
s o

ve
r th

e
 co

n
cen

tra
tio

n ra
n

ge
 te

sted
. bD

o
se

-
re

sp
o

n
se

 an
a

lysis d
id

 n
o

t co
n

ve
rge

 o
ve

r co
nce

n
tra

tion
 ra

ng
e

 te
ste

d. N
A

: C
u

rve
 d

id
 n

o
t p

late
a

u o
n o

ne
 sid

e a
nd

 P
rism

 d
id

 
n

o
t ca

lcu
la

te the
 95

%
 C

I. 

T
a

b
le

 4.S
5 

S
u

m
m

a
ry

 o
f a

g
o

n
is

m
 d

o
s

e
-re

s
p

o
n

se
 d

a
ta fo

r s
e

lec
t C

m
r2

 p
e

p
tid

e
s

.
B

o
ld

e
d p

ep
tid

e
s a

re
 the

 na
tive

 
A

IP
s. C

I =
 co

n
fide

n
ce

 in
te

rva
l fo

r E
C

50  va
lue

. S
e

e
 m

a
in

 te
xt fo

r d
e

ta
ils o

f stra
in

s a
nd

 a
ssa

y p
ro

to
co

ls. 



339 
 

  C
o

m
p

o
u

n
d

 
A

ctiv
atio

n
 

G
ro

u
p

-I 
G

ro
u

p
-II 

G
ro

u
p

-III 
M

ax
im

u
m

 
ac

tivity 
[%

] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

M
ax

im
u

m
 

ac
tivity 

[%
] 

E
C

50  

[n
M

] 
95

%
 C

I 
[n

M
] 

C
m

r3 
- 

- 
- 

29
0 

>
20

00 
- 

- 
- 

- 
C

m
r3

 S
6

A
 

- 
In

active
a 

- 
63

.3 
>

20
00 

- 
- 

- 
- 

C
m

r3
 S

6
A

N
7A

 
13

5 
13

4 
85

.3
 - 

21
6 

52
.1 

19
2 

N
A

 
43

.3
3 

12
12 

57
5 - 

23
70

0 
C

m
r3

 S
6G

 
- 

- 
- 

43
.8 

n/c
b 

- 
- 

- 
- 

C
m

r3
 S

6
T

 
- 

- 
- 

- 
In

active
a 

- 
- 

- 
- 

C
m

r3
 N

7α
 

58
.1 

16
40 

10
40

 - 
43

10 
- 

- 
- 

- 
- 

- 

C
m

r3
 N

7A
 

66
.2 

19
40 

10
80

 - 
97

00 
- 

In
active

a 
- 

- 
- 

- 

C
m

3
 N

7D
 

- 
In

active
a 

- 
- 

In
active

a 
- 

- 
In

active
a 

- 

C
m

r3
 N

7S
 

73
.4 

>
20

00 
- 

- 
- 

- 
- 

- 
- 

C
m

r3
 L9

F
 

- 
- 

- 
21

1 
21

0 
12

0 - 
47

3 
- 

- 
- 

D
o

se
-re

sp
o

n
se

 cu
rves re

ve
a

led
 ne

ith
e

r a
g

on
ism

 no
r a

nta
go

n
ism

 activitie
s o

ve
r th

e
 co

n
cen

tra
tio

n ra
n

ge
 te

sted
. 

bD
o

se
-re

sp
o

n
se

 an
a

lysis d
id

 no
t con

ve
rge

 o
ve

r co
n

cen
tra

tion
 ran

g
e te

sted
. N

A
: C

u
rve

 d
id

 n
o

t p
la

tea
u

 o
n

 o
n

e side
 

a
n

d
 P

rism
 d

id
 no

t ca
lcu

la
te

 th
e 9

5
%

 C
I. 

T
a

b
le

 4.S
6 

S
u

m
m

a
ry

 o
f a

g
o

n
is

m
 d

o
s

e
-re

s
p

o
n

se
 d

a
ta fo

r s
e

lec
t C

m
r3

 p
e

p
tid

e
s

.
B

o
ld

e
d p

ep
tid

e
s a

re
 the

 na
tive

 
A

IP
s. C

I =
 co

n
fide

n
ce

 in
te

rva
l fo

r E
C

50  va
lue

. S
e

e
 m

a
in

 te
xt fo

r d
e

ta
ils o

f stra
in

s a
nd

 a
ssa

y p
ro

to
co

ls. 



340 
 

Agonism dose-response curves for select chimeric peptides. 

The analogs were assayed over increasing concentrations in the appropriate S. 

epidermidis fluorescence reporter strains for AgrC receptor agonism. Compound names 

are indicated on the X-axis on each curve plot. Error bars represent SEM of three 

biological replicates, except for compound Cmr3 S6A and Cmr3 N7D in AH3408, Cmr3 

S6T and Cmr3 N7D in AH2673, and AIP-I tail: AIP-II ring, AIP-II 9aa N3L, AIP-II 9aa 

N3V, and Cmr3 N7D in AH3409, in which only biological duplicates were used. See 

main text for details of strains and assay protocols. 
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Antagonism dose-response curves for select chimeric peptides 

The analogs were assayed over increasing concentrations in the appropriate S. 

epidermidis fluorescence reporter strains for AgrC receptor antagonism. Compound 

names are indicated on the X-axis on each curve plot. Error bars represent SEM of 

three biological replicates, except for Cmr3 in AH3409, which uses two biological 

replicates. See main text for details of strains and assay protocols. 

 AH3408 (group-I)  
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 AH2673 (group-II) 
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 AH3409 (group-III)  
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Discussion of additional optimization of multi-group agonist scaffolds 

Beginning with our first multi-group agonist Cmr1, we aimed to improve activity 

towards AgrC-II by focusing on substitutions at residues 6 and 7 within the macrocycle 

to have more “AIP-II-like” character. As expected, the more similar these analogs 

resembled the AIP-II macrocycle, the more active they were as AgrC-II agonists. While 

these analogs all maintained their agonism efficacy against AgrC-III, unfortunately many 

analogs lost what little activity they had towards AgrC-I. In fact, the only analog that 

maintained the multi-group agonism activity of Cmr1 was the analog Cmr1 S7A; while 

this analog had substantial gains in activity in AgrC-II and maintained AgrC-III activity, it 

had slightly reduced activity in AgrC-I. Given that the most active AgrC-I agonists 

contain an exocyclic valine and not a proline, future work should explore other 

substitutions at the proline position of Cmr1 to survey which side chains may better 

improve agonism efficacy in AgrC-I. 
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Turning towards the Cmr2 scaffold with strong agonistic activity in AgrC-I and low 

activity in AgrC-III, we sought to broaden agonism activity to include AgrC-II. As we had 

seen improved AgrC-II activity in Cmr1 when substituting the macrocycle to be more like 

AIP-II, we tried a similar approach with Cmr2. Despite the success in the Cmr1 scaffold, 

substitutions to the Cmr2 macrocycle failed to produce any agonists in AgrC-II . 

Moreover, these substitutions negatively affected agonism towards AgrC-III relative to 

their parent Cmr2. Lastly, all the Cmr2 analogs maintain activity in AgrC-I, which is 

unsurprising given that the macrocycle was originally based on AIP-I (which should 

optimally orient the exocyclic valine for AgrC-I activation). One interesting observation 

gathered from the AgrC-I screening data for the Cmr2 analogs was that substitution of 

the final endocyclic residue Phe9 to leucine decreased potency ten-fold. This indicates 

AgrC-I is not completely tolerant of any hydrophobic residue in this position for binding 

and could be useful for future analog design. 

While Cmr3 had agonist activity in AgrC-II, we next set out to increase its activity 

in AgrC-I and AgrC-III by modifying the macrocycle to be either more like AIP-I or AIP-

III. As we observed in our studies with Cmr2, however, the process of making 

substitutions to more closely resemble the macrocycle of one AIP or another did not 

often produce the desired results, and many were inactive against the three receptors. 

We also tried a series of other substitutions to more broadly explore chemical space in 

the macrocycle, but this strategy proved ineffective at improving multi-group activity of 

Cmr3 analogs as well. The most promising analog from the Cmr3 scaffold was Cmr3 

S6AN7A, which gained agonism activity in AgrC-I and AgrC-III at the cost of eliminating 

AgrC-II activity. 
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4.4.4 S. epidermidis PSM production with multi-group agonist Cmr1 S7A 

 

 

Figure 4.S8 HPLC traces of PSM production restoration by Cmr1 S7A in groups-
I–III. Triplicate HPLC runs were conducted for multi-group agonist Cmr1 S7A following 
the same procedure used for Cmr1. Representative HPLC traces in all three S. 
epidermidis groups are shown below. 
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4.4.5 HPLC and MS characterization of AIP-II analogs, AIP-III analogs, chimera 

analogs, and PSMs 

Table 4.A MS and HPLC data for the S. epidermidis AIP-II analogs synthesized 
in this study. EM = exact mass for [M+H]+ unless otherwise noted. Rt = retention time. 
* = [M+2H]2+ 
 

Peptide Name Sequence Calc. EM Obs. EM 
Rt 

(min) 
Purity 

(%) 
AIP-II N1A A-A-S-K-Y-N-P-(C-S-N-Y-L) 1312.5991 1312.6010 18.5 >99 
AIP-II S3A N-A-A-K-Y-N-P-(C-S-N-Y-L) 1339.6100 1339.6121 16.0 >99 
AIP-II K4A N-A-S-A-Y-N-P-(C-S-N-Y-L) 1298.5471 1298.5459 16.7 >99 
AIP-II Y5A N-A-S-K-A-N-P-(C-S-N-Y-L) 1263.5787 1263.5764 17.1 >97 
AIP-II N6A N-A-S-K-Y-A-P-(C-S-N-Y-L) 1312.5991 1312.6021 17.6 >99 
AIP-II P7A N-A-S-K-Y-N-A-(C-S-N-Y-L) 1329.5893 1329.5895 17.3 >99 
AIP-II S9A N-A-S-K-Y-N-P-(C-A-N-Y-L) 1339.1600 1339.1606 17.3 >99 

AIP-II N10A N-A-S-K-Y-N-P-(C-S-A-Y-L) 1312.5991 1312.6014 17.7 >99 
AIP-II Y11A N-A-S-K-Y-N-P-(C-S-N-A-L) 1263.5787 1263.5811 16.3 >99 
AIP-II L12A N-A-S-K-Y-N-P-(C-S-N-Y-A) 1313.5580 1313.5575 15.3 >99 
AIP-II D-N1 DN-A-S-K-Y-N-P-(C-S-N-Y-L) 678.3056* 678.3054* 16.0 >97 
AIP-II D-A2 N-DA-S-K-Y-N-P-(C-S-N-Y-L) 678.3056* 678.3065* 16.7 >98 
AIP-II D-S3 N-A-DS-K-Y-N-P-(C-S-N-Y-L) 678.3056* 678.3051* 15.9 >97 
AIP-II D-K4 N-A-S-DK-Y-N-P-(C-S-N-Y-L) 678.3056* 678.3063* 16.0 >96 
AIP-II D-Y5 N-A-S-K-DY-N-P-(C-S-N-Y-L) 678.3056* 678.3061* 16.1 >95 
AIP-II D-N6 N-A-S-K-Y-DN-P-(C-S-N-Y-L) 678.3056* 678.3049* 15.9 >94 
AIP-II D-P7 N-A-S-K-Y-N-DP-(C-S-N-Y-L) 678.3056* 678.3065* 16.0 >97 
AIP-II D-C8 N-A-S-K-Y-N-P-(DC-S-N-Y-L) 678.3056* 678.3066* 16.8 >97 
AIP-II D-S9 N-A-S-K-Y-N-P-(C-DS-N-Y-L) 678.3056* 678.3041* 16.2 >97 

AIP-II D-N10 N-A-S-K-Y-N-P-(C-S-DN-Y-L) 678.3056* 678.3040* 15.8 >98 
AIP-II D-Y11 N-A-S-K-Y-N-P-(C-S-N-DY-L) 678.3056* 678.3044* 15.5 >95 
AIP-II D-L12 N-A-S-K-Y-N-P-(C-S-N-Y-DL) 678.3056* 678.3047* 15.6 >99 
AIP-II 13aa G-N-A-S-K-Y-N-P-(C-S-N-Y-L) 1412.6264 1412.6256 21.4 >98 
AIP-II 6aa P-(C-S-N-Y-L) 678.2916 678.2913 16.5 >99 
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Table 4.B MS and HPLC data for the S. epidermidis AIP-III analogs synthesized 
in this study. EM = exact mass for [M+H]+ unless otherwise noted. Rt = retention time. 
* = [M+2H]2+ 

 

Peptide Name Sequence Calc. EM Obs. EM 
Rt 

(min) 
Purity 

(%) 
AIP-III N1A A-A-A-K-Y-N-P-(C-A-S-Y-L) 627.3028* 627.3029* 18.4 >96 
AIP-III K4A N-A-A-A-Y-N-P-(C-A-S-Y-L) 620.2768* 620.2776* 18.8 >99 
AIP-III Y5A N-A-A-K-A-N-P-(C-A-S-Y-L) 602.7926* 602.7935* 17.8 >97 
AIP-III N6A N-A-A-K-Y-A-P-(C-A-S-Y-L) 627.3028* 627.3038* 18.4 >99 
AIP-III P7A N-A-A-K-Y-N-A-(C-A-S-Y-L) 635.7979* 635.7994* 18.1 >99 
AIP-III S10A N-A-A-K-Y-N-P-(C-A-A-Y-L) 640.8082* 640.8109* 19.4 >99 
AIP-III Y11A N-A-A-K-Y-N-P-(C-A-S-A-L) 602.7926* 602.7922* 17.7 >96 
AIP-III L12A N-A-A-K-Y-N-P-(C-A-S-Y-A) 627.7822* 627.7824* 16.8 >97 
AIP-III D-N1 DN-A-A-K-Y-N-P-(C-A-S-Y-L) 648.8057* 648.8054* 16.7 >99 
AIP-III D-A2 N-DA-A-K-Y-N-P-(C-A-S-Y-L) 648.8057* 648.8050* 16.8 >99 
AIP-III D-A3 N-A-DA-K-Y-N-P-(C-A-S-Y-L) 648.8057* 648.8056* 16.7 >99 
AIP-III D-K4 N-A-A-DK-Y-N-P-(C-A-S-Y-L) 648.8057* 648.8052* 16.7 >98 
AIP-III D-Y5 N-A-A-K-DY-N-P-(C-A-S-Y-L) 648.8057* 648.8055* 16.7 >99 
AIP-III D-N6 N-A-A-K-Y-DN-P-(C-A-S-Y-L) 648.8057* 648.8052* 16.5 >99 
AIP-III D-P7 N-A-A-K-Y-N-DP-(C-A-S-Y-L) 648.8057* 648.8061* 16.6 >99 
AIP-III D-C8 N-A-A-K-Y-N-P-(DC-A-S-Y-L) 648.8057* 648.8058* 17.4 >99 
AIP-III D-A9 N-A-A-K-Y-N-P-(C-DA-S-Y-L) 648.8057* 648.8063* 16.9 >99 

AIP-III D-S10 N-A-A-K-Y-N-P-(C-A-DS-Y-L) 648.8057* 648.8063* 16.5 >97 
AIP-III D-Y11 N-A-A-K-Y-N-P-(C-A-S-DY-L) 648.8057* 648.8062* 15.9 >99 
AIP-III D-L12 N-A-A-K-Y-N-P-(C-A-S-Y-DL) 648.8057* 648.8060* 16.2 >99 
AIP-III 13aa G-N-A-A-K-Y-N-P-(C-A-S-Y-L) 1353.6267 1353.6256 17.8 >96 
AIP-III 11aa A-A-K-Y-N-P-(C-A-S-Y-L) 1182.5612 1182.5618 17.9 >98 
AIP-III 10aa A-K-Y-N-P-(C-A-S-Y-L) 1111.5241 1111.5226 18.0 >96 
AIP-III 9aa K-Y-N-P-(C-A-S-Y-L) 1040.4870 1040.4851 18.0 >97 
AIP-III 8aa Y-N-P-(C-A-S-Y-L) 912.3920 912.3917 19.4 >97 
AIP-III 7aa N-P-(C-A-S-Y-L) 729.3287 749.3289 18.7 >96 
AIP-III 6aa P-(C-A-S-Y-L) 635.2858 635.2856 17.1 >98 

tAIP-III Ac-(C-A-S-Y-L) 580.2436 580.2436 17.8 >98 
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Table 4.C MS and HPLC data for the S. epidermidis chimera analogs 
synthesized in this study. EM = exact mass for [M+H]+ unless otherwise noted. Rt = 
retention time. * = [M+2H]2+ 
 

Peptide Name Sequence Calc. EM Obs. EM 
Rt 

(min) 
Purity 

(%) 
AIP-I tail: AIP-II ring D-S-V-(C-S-N-Y-L) 882.3662 882.3660 17.0 >94 
AIP-I tail: AIP-III ring D-S-V-(C-A-S-Y-L) 839.3604 839.3613 18.8 >96 

AIP-II 9aa N3L K-Y-L-P-(C-S-N-Y-L) 541.7706* 541.7706* 17.7 >92 
AIP-II 9aa N3V K-Y-V-P-(C-S-N-Y-L) 534.7628* 534.7624* 17.0 >97 
AIP-II 9aa P4L K-Y-N-L-(C-S-N-Y-L) 1099.5241 1099.5240 17.7 >97 

Cmr1 K-Y-N-P-(C-A-S-Y-F) 1074.4713 1074.4710 17.6 >95 
Cmr1 A6S K-Y-N-P-(C-S-S-Y-F) 1090.4662 1090.4663 19.1 >97 

Cmr1 A6SS7A K-Y-N-P-(C-S-A-Y-F) 1074.4713 1074.4692 19.5 >95 
Cmr1 A6SS7N K-Y-N-P-(C-S-N-Y-F) 1117.4771 1117.4780 16.8 >98 

Cmr1 S7A K-Y-N-P-(C-A-A-Y-F) 1058.4764 1058.4752 17.9 >97 
Cmr1 S7N K-Y-N-P-(C-A-N-Y-F) 1101.4822 1101.4825 16.9 >98 

Cmr2 K-Y-N-V-(C-A-S-Y-F) 538.7471* 538.7466* 17.8 >96 
Cmr2 A6S K-Y-N-V-(C-S-S-Y-F) 1092.4819 1092.4828 18.1 >92 

Cmr2 A6SS7A K-Y-N-V-(C-S-A-Y-F) 1076.4870 1076.4878 19.0 >91 
Cmr2 S7A K-Y-N-V-(C-A-A-Y-F) 1060.4921 1060.4928 19.4 >93 
Cmr2 S7N K-Y-N-V-(C-A-N-Y-F) 1103.4979 1103.4988 18.4 >98 
Cmr2 F9L K-Y-N-V-(C-A-S-Y-L) 1042.5026 1042.5037 17.9 >97 

Cmr3 K-Y-N-V-(C-S-N-Y-L) 543.2579* 543.2575* 17.0 >95 
Cmr3 S6α K-Y-N-V-(C-α-N-Y-L) 542.2682* 542.2680* 18.5 >96 
Cmr3 S6A K-Y-N-V-(C-A-N-Y-L) 535.2604* 535.2603* 17.6 >98 

Cmr3 S6AN7A K-Y-N-V-(C-A-A-Y-L) 513.7575* 513.7578* 18.6 >94 
Cmr3 S6G K-Y-N-V-(C-G-N-Y-L) 1055.4979 1055.4988 17.9 >95 
Cmr3 S6T K-Y-N-V-(C-T-N-Y-L) 1099.5241 1099.5251 18.3 >93 
Cmr3 N7α K-Y-N-V-(C-S-α-Y-L) 528.7623* 528.7626* 19.4 >97 
Cmr3 N7A K-Y-N-V-(C-S-A-Y-L) 521.7550* 521.7549* 18.0 >97 
Cmr3 N7D K-Y-N-V-(C-S-D-Y-L) 1086.4925 1086.4920 18.2 >93 
Cmr3 N7G K-Y-N-V-(C-S-G-Y-L) 1028.4870 1028.4875 18.0 >96 
Cmr3 N7L K-Y-N-V-(C-S-L-Y-L) 1084.5496 1084.5497 19.9 >96 
Cmr3 N7Q K-Y-N-V-(C-S-Q-Y-L) 550.2657* 550.2654* 18.5 >96 
Cmr3 N7S K-Y-N-V-(C-S-S-Y-L) 1058.4975 1058.4988 17.7 >95 
Cmr3 N7T K-Y-N-V-(C-S-T-Y-L) 1072.5132 1072.5137 18.7 >95 
Cmr3 N7V K-Y-N-V-(C-S-V-Y-L) 535.7706* 535.7705* 19.8 >93 
Cmr3 L9F K-Y-N-V-(C-S-N-Y-F) 560.2500* 560.2503* 17.8 >99 
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Table 4.D MS and HPLC data for the S. epidermidis PSM, PSM, and PSM 
isolated from group-I (RP62A) cellular supernatant. The PSMs were not separated 
from one other using this HPLC method. All PSMs are formylated. EM = exact mass for 
[M+3H]+ unless otherwise noted. Rt = retention time. * = [M+2H]+ 
 

PSM Sequence Calc. EM Obs. EM 
Rt 

(min) 
PSM fMADVIAKIVEIVKGLIDQFTQK 1244.198* 1244.6946* 41.5 

PSM 
fMSKLAEAIANTVKAAQDQDWTKLGTSIV 

DIVESGVSVLGKIFGF 
1555.821 1556.8161 41.5 

PSM fMAADIISTIGDLVKWIIDTVNKFKK 949.861 949.8561 41.5 
 
 
HPLC traces for AIP-II analogs 
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AIP-II 6aa 

 
 
HPLC traces for AIP-III analogs 
 
AIP-III N1A
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AIP-III N6A 
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AIP-III 9aa 

 
 
AIP-III 8aa

 
 
AIP-III 7aa 

 
 
AIP-III 6aa 
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tAIP-III 

 
 
HPLC traces for chimera analogs 
 
AIP-I tail: AIP-II ring

 
 
AIP-I tail: AIP-III ring
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HPLC traces for PSM, PSM, and PSM 
 
Group-I 

 
 
Group-II 
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Abstract 

 

There is significant and growing interest in the development of approaches to the 

treatment of bacterial infections that have the potential to block virulence without 

creating selective pressures that lead to antimicrobial resistance. Quorum sensing (QS) 

regulates key virulence behaviors in many common bacterial pathogens. Here, we 

report the development of an ‘anti-virulence’ strategy that exploits the activity of potent 

synthetic inhibitors of S. aureus agr-type QS. We identify peptide-based inhibitors of QS 

that are resistant to sequestration or degradation by components of murine tissue, and 

demonstrate that encapsulation of a lead inhibitor in degradable polymer microparticles 

substantially inhibits agr-based QS in vitro over at least seven days. Using a murine 

dermonecrosis abscess model, we demonstrate that this synthetic inhibitor attenuates 

methicillin-resistant S. aureus (MRSA) infections in vivo, and that our controlled release 

strategy significantly improved outcomes compared to mice that received a single-dose 

bolus administration of the inhibitor. Our results present an effective and potentially 

modular approach to controlling bacterial virulence in vivo by providing new tools for 

addressing connections between bacterial QS and infection, and could help guide the 

development of new approaches to target QS inhibition as a therapeutic strategy. 
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5.1 Introduction 

Hospital-acquired infections present a sustained and increasingly critical health 

threat. Staphylococcus aureus, an opportunistic Gram-positive pathogen, currently 

causes over 100,000 hospital-acquired infections per year in the US alone, with nearly 

20,000 of those infections becoming fatal.1 A major barrier to combating S. aureus 

infections is the emergence of widespread resistance to conventional antibiotics, with 

strains such as the persistent and hardy methicillin-resistant S. aureus (MRSA) plaguing 

healthcare systems worldwide.2-4 This emerging antibiotic crisis has motivated 

researchers to explore alternative, non-biocidal approaches to treat and clear bacterial 

infections. So-called ‘anti-virulence’ strategies are of particular interest in this context, 

as they aim to reduce the severity of an infection without killing the infective organism. 

By doing so, they reduce selective pressures that ultimately lead to resistance and 

potentially allow a host’s immune response to naturally clear the infection.5-7   

Quorum sensing (QS) is a cell-cell communication system used by bacteria that 

relies on the production and reception of chemical signals.8 Because many human 

pathogens use QS to regulate the production of virulence factors that lead to or further 

sustain infections, QS presents an attractive target for the development of new anti-

virulence approaches.8-10 QS in S. aureus and other related Gram-positive bacteria is 

governed by the accessory gene regulator (agr) QS system, which utilizes an 

autoinducing peptide (AIP) as its signaling molecule. The agr system is now widely 

understood to be a major regulator of virulence in S. aureus, controlling biofilm 

formation and the production of hemolysins and toxic shock syndrome toxin, among 

many other virulence factors.11-13 In recent years, chemical inhibition of the agr system 
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has proven effective in attenuating S. aureus virulence phenotypes in bacterial 

cultures.14-18 Several reports have demonstrated that agr-based QS can be strongly 

antagonized by a range of synthetic small-molecules,15, 17, 19 natural products (or their 

derivatives),20-25 and macromolecular agents.26-28 To date, peptide-based agr inhibitors 

represent the most potent and efficacious QS blockers known in S. aureus.12, 14, 18, 29-30  

The ability of certain agr inhibitors to attenuate S. aureus infections in vivo has 

been investigated in past studies using murine models. As an example, co-injection of 

non-cognate native AIPs with S. aureus has been reported to inhibit agr activity in an 

abscess model by competing with the cognate AIP during infection, preventing agr 

activation and thereby reducing abscess formation.31-32 These results are exciting in 

view of the well characterized cross-activity between many agr systems and non-

cognate AIPs.13, 18, 33 However, native AIPs have short half-lives in vivo (~ 4 hours)31 

and are susceptible to interference with or sequestration by host proteins.26-27, 34 Small-

molecule15, 19 and natural product-based20-22 agr inhibitors can also attenuate S. aureus 

infection in vivo; however, the lower potencies of these agents often requires larger 

quantities of compound to be administered (e.g., on the order of micrograms per 

animal), and the mechanisms by which some of these inhibitors function is not yet well 

understood.20-21 Many important questions remain to be answered before inhibition of 

the agr system can be deployed in vivo as an effective anti-virulence strategy. For 

example, while inhibition of agr blocks the production of toxins and exoproducts that are 

part of acute S. aureus infections,14, 35 inhibition of agr has also been shown to induce 

biofilm formation (a growth state common in chronic infections) in a limited set of in vivo 

studies.36-37 In addition, many of the most potent synthetic QS modulators are thioester-
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linked peptide macrocycles14, 18, 29 that, like their native AIP counterparts, have short 

half-lives, low solubilities in biologically-relevant media, and are prone to sequestration 

or degradation by serum proteins.26-27, 34   

In this study, we report the identification of a stable and exceptionally potent 

synthetic peptide-based inhibitor of the agr system that attenuates S. aureus infections 

in a murine dermonecrosis abscess model. We first identified synthetic QS inhibitors 

that are resistant to interference by host tissue sequestration and degradation using an 

initial ex vivo screen, and then investigated the ability of a lead compound to attenuate 

S. aureus infection in vivo. Our results demonstrate that this inhibitor can substantially 

reduce the severity of infection, and that delivery of this inhibitor using degradable 

polymers can prolong release and significantly improve infection outcomes relative to 

mice receiving a single bolus administration of the inhibitor. The results of this proof-of-

concept study present an effective and potentially modular anti-virulence approach to 

controlling bacterial infections in vivo in a well-studied wound model. In a broader 

context, this work also provides new and useful chemical/material tools that could be 

used to address fundamental connections between QS and S. aureus infection. With 

further development, this effort could provide a pathway toward new approaches that 

target QS as a therapeutic strategy. 

 

5.2 Results and Discussion 

5.2.1 Ex vivo screening reveals two stable and highly potent synthetic inhibitors of agr 

 We began our studies by focusing on a set of six synthetic peptide-based 

inhibitors of the S. aureus agr system on which we reported previously (Figure 5.1).14, 38-
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39 This family of inhibitors comprises thioester- and amide-containing full or tail-

truncated (tr) structural mimics of native AIP signals used by S. aureus, all of which are 

highly potent and efficacious at blocking agr activity, as measured in cell-based reporter 

gene assays and QS phenotypic assays (i.e., hemolysin and other toxin production). 

None of the compounds investigated in this study affect S. aureus growth at 

concentrations up to 10 µM. 

 

 

Figure 5.1 Chemical structures and potency values for QS inhibitors evaluated 
in this study. Potency values are from previous reports (see references 14 and 38-39) 
and were determined by dose-dependent inhibition of compounds in cell-based reporter 
assays in wild-type S. aureus (group-I). 
 

 A series of exploratory experiments with one of our most potent inhibitors (AIP-III 

D4A; Figure 5.1) showed only a limited benefit on wound healing in a murine open-

wound model of S. aureus infection, even at relatively high concentrations (e.g., at 10 

µM; >20,000-fold above the IC50 of this compound in culture).14 We considered the 

AIP-III D4A amide
IC50: 1.20 nM

AIP-III D4A
IC50: 0.485 nM

Bnc3
IC50: 2.01 nM

AIP-II
IC50: 1.62 nM

tr AIP-III D2A
IC50: 0.257 nM

tr AIP-III D2A amide
IC50: 1.50 nM
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possibility that this disappointing outcome could result from inactivation of this inhibitor 

in vivo. Prior reports revealed native AIPs to be relatively short-lived in vivo (as 

highlighted above),31 likely due to sequestration by proteins in serum (e.g., 

apolipoprotein B; ApoB)26-27, 34 or other proteins that can degrade native AIP signals. 

We therefore developed an ex vivo assay (Figure 5.S1) to evaluate this inhibitor in the 

presence of murine tissue samples (~6 mm in diameter; 1 mm thick; acquired via a 

tissue punch of C57BL/6-type mouse epidermis; see Methods). AIP-III D4A was 

incubated in the presence of tissue punches at 4.85 µM in PBS for 24 hours. Portions of 

the supernatant were removed over time, diluted 100-fold, and added to a S. aureus agr 

fluorescence reporter strain to measure inhibitor activity (see Methods). This reporter 

strain produces native AIP at wild-type levels, activating the agr system at quorate cell 

densities and inducing expression of yellow fluorescent protein (YFP). The level of YFP 

fluorescence thus serves as a proxy for agr activity, and the efficacy of added inhibitors 

can be measured by reductions in fluorescence. 
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Figure 5.2 Time course of S. aureus agr activity for compounds incubated with 
mouse tissue. agr activity measured using a fluorescent reporter assay. The values 
shown are the average and SEM of three (n=3) independent ex vivo experiments. Some 
error bars are obscured due to the size of the data point. 
 

We found that AIP-III D4A was no longer capable of fully inhibiting S. aureus agr 

activity (Figure 5.2, blue line) after 24 hours of ex vivo incubation with mouse tissue, 

even at the relatively high concentration used in this experiment (~10,000-fold its IC50). 

The roughly 25% loss of agr inhibition at 24 hours corresponds to approximately 150 nM 

of free and active compound remaining in solution (as determined from a previous dose-

response assay).14 This substantial reduction represents an ~95% loss of active 

compound. We have previously shown that AIPs in general are modestly stable to 

thioester hydrolysis in PBS (~20% hydrolysis after 24 hours).38 A control study 

performed with AIP-III D4A in the absence of mouse tissue revealed no loss of inhibitory 

activity in 24 hr (Figure 5.S2). Taken together, these results suggest that AIP-III D4A is 

degraded or sequestered by components of mouse tissue. Subsequent experiments 

demonstrated that this loss of activity could be prevented by heat treating the tissue 

sample at 80 °C for 15 min prior to the addition of AIP-III D4A (Figure 5.S3; see 
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Methods), suggesting that loss of activity likely involves a tissue protein or other 

component that is rendered irreversibly non-functional by heat.  

We used this ex vivo assay to identify synthetic inhibitors that were stable to 

components of murine skin tissue. The results of a screen of all six inhibitors shown in 

Figure 5.1 at concentrations 10,000-fold above their respective IC50 values is illustrated 

in Figure 5.2. Inspection of these results reveals several useful structure-function 

relationships. AIP-II (a native S. aureus AIP; orange curve) and Bnc3 (a synthetic 

peptidomimetic based on AIP-II; black curve)39 lost nearly all antagonistic activity within 

24 hours, far exceeding the 25% loss in inhibitory activity observed for the synthetic 

AIP-III mimic, AIP-III D4A. AIP-III D4A amide (red curve),38 an analog of AIP-III D4A in 

which the thioester is replaced with a more hydrolytically-stable amide linkage, exhibited 

a loss of activity that was similar in magnitude to that of AIP-III D4A (blue curve). This 

result suggests that the loss of activity of AIP-III D4A in the experiments above was not 

a result of accelerated thioester hydrolysis. In stark contrast to these results, tr AIP-III 

D2A14 (green curve) and tr AIP-III D2A amide (purple curve),38 which are truncated (tr) 

versions of AIP-III D4A in which the exocyclic tail is replaced with acetyl group, retained 

essentially full activity after 24 hours of incubation with murine tissue.  

The reason for the surprisingly high retention of activity by these truncated 

compounds is unclear; however, we note that the absence of the two amino acid tail 

and the lack of a free amine terminus alter the polarity, amphipathic nature, and 

solution-phase conformation of these compounds,40 which could substantially impact 

interactions with proteins present in skin tissue. Additional experiments in which AIP-III 

D4A and tr AIP-III D2A were incubated with ApoB—an apolipoprotein commonly found 
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in skin and blood41-42 that was reported to bind to and sequester AIPs 26-27—provided 

additional support for this view. When we incubated AIP-III D4A with ApoB for three 

hours, we observed a significant (~80%) decrease in AIP-III D4A recovered by 

analytical HPLC (Figure 5.S4A). In contrast, we observed essentially no loss of tr AIP-III 

D2A when it was incubated with ApoB under identical conditions (Figure 5.S4B). 

Although additional experiments will be required to more fully understand the basis for 

the increased stability of these truncated compounds, this ex vivo screen identified two 

surprisingly stable and potent candidates for further evaluation in vivo. We selected tr 

AIP-III D2A for use in all subsequent studies described below on the basis of its greater 

potency in culture (IC50 = 0.257 nM; Figure 5.1). 

 

5.2.2 Bolus delivery of tr AIP-III D2A substantially reduces abscess formation in a 

murine dermonecrosis model 

 We next evaluated the ability of tr AIP-III D2A to attenuate S. aureus infection 

using a murine dermonecrosis abscess model.43 This model and related infection 

models have been used in past studies to characterize the role of agr activity in S. 

aureus infections using agr mutant strains,15-16, 21 non-cognate native AIPs,16, 31-32 and 

small-molecule chemical tools that inhibit S. aureus QS.15, 20-21 In this model, lesion 

development is evaluated over time by imaging the animals on predetermined days and 

measuring the areas of visible lesions. To validate this model in our hands, we first 

compared abscess formation in mice inoculated with a common lab S. aureus strain or 

with a mutant (Δagr) lacking a functional agr system (see Methods). We observed 

significantly larger abscesses to develop in mice inoculated with the wild-type strain 
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than in mice inoculated with the Δagr strain (Figure 5.S5). This result is comparable to 

previous reports indicating that the absence of agr activity attenuates infection.15-16, 21, 31 

We then co-injected 1.5 µg of tr AIP-III D2A or a vehicle control solution (DMSO with no 

inhibitor) and a culture of USA300 LAC MRSA and monitored infection over the course 

of a week using the murine abscess model. The total molar amount of compound 

injected in these experiments was either similar to or less than amounts used to 

evaluate other QS inhibitors in vivo in past studies.15-16, 21 Lesions were imaged 1, 3, 5, 

and 7 days after inoculation, and representative images of mice in treated groups and 

untreated vehicle control groups are shown in Figure 5.3A. Treatment with tr AIP-III D2A 

significantly reduced the sizes of lesions on each day relative to vehicle controls (Figure 

5.3B), with only half of the inhibitor-treated mice showing visible lesions seven days 

after infection, as opposed to 90% of the vehicle control group (see SI for pictures of the 

abscesses of all mice in this study on day 7). These results indicate that bolus 

administration of tr AIP-III D2A can substantially diminish the severity of S. aureus 

infections in this mouse model. These results constitute the first demonstration of 

inhibitory activity in vivo using this class of synthetic agr inhibitors based on native AIP-

III, and are consistent with agr inhibition as the likely cause for attenuation. 
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Figure 5.3 Abscess attenuation due to tr AIP-III D2A delivered as a bolus in 
solution (A–B) or delivered in 1 mg of PLG microparticles (C–D). (A) 
Representative images for the DMSO vehicle and compound-treated groups. (B) 
Average abscess size with SEM for vehicle group (blue line, n=10) and compound-
treated group (red line, n=10). (C) Representative images for groups treated with empty, 
non-loaded microparticles and compound-loaded microparticles. (D) Average abscess 
size with SEM for empty microparticle group (blue line, n=9) and compound-loaded 
particle group (red line, n=10). Statistical analysis with Mann-Whitney test, **p < 0.01, 
***p < 0.001. 
 

5.2.3 tr AIP-III D2A attenuates infection when released from PLG microparticles 

 We conducted additional experiments to investigate the ability of tr AIP-III D2A to 

inhibit S. aureus infections in this model when loaded into degradable polymer 
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microparticles. For these studies, we adapted a previously reported electrospraying 

protocol44 to fabricate pseudo-spherical microparticles of PLG (lactide:glycolide (50:50); 

30–60 kDa; see Methods), with diameters of 1.48 (± 0.38) µm (as characterized by 

SEM; see Figure 5.4A and Figure 5.S6) that were sized appropriately to fit through the 

25 gauge needles used in our in vivo experiments. These microparticles were measured 

to contain 0.71 (± 0.14) nmol of peptide/mg polymer as determined using analytical 

HPLC (see Methods and Figure 5.S7), or approximately 21% of the maximum 

theoretical loading of peptide using this fabrication approach. These particles released 

approximately 22 pmol of tr AIP-III D2A per mg of particle into solution over 21 days 

when incubated in PBS, with a large burst release over the first 24 hours (Figure 5.4B; 

as determined using a biological reporter assay; see Methods, Equations 5.S1–5.S2, 

and the SI for additional information related to these experiments). We estimate this 

amount to correspond to less than 1% of the total loaded peptide, suggesting that these 

particle formulations could be used to promote release over much longer time periods 

than those evaluated here. 
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Figure 5.4 Characterization of PLG microparticles loaded with tr AIP-III D2A. (A) 
Top-down SEM images of tr AIP-III D2A-loaded PLG microparticles fabricated by 
electrospraying. (B) The normalized cumulative release of tr AIP-III D2A from the PLG 
microparticles over three weeks. (C) The agr activity of the S. aureus reporter incubated 
with undiluted aliquots acquired each day from the release experiments. (D) The 
normalized release of tr AIP-III D2A from the PLG microparticles each day. The values 
shown in (B–D) are the average and single standard deviation for three (n=3) 
independent release experiments. 
 

Characterization of released inhibitor using our S. aureus fluorescent agr reporter 

strain (see Methods and Figure 5.S8) revealed that (i) tr AIP-III D2A retained its 

biological activity upon release from PLG and (ii) sufficient amounts were released for 

each of the first four days to fully inhibit agr activity. Amounts released in each 

subsequent 24-hour time period did not completely inhibit agr activity, but substantial 

inhibition was observed out to day 7 under the conditions evaluated here (Figure 5.4C–
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5.4D, Figure 5.S9). We note that it should be straightforward to further modify and 

optimize the loading and release profiles of these particles by adjusting the chemical 

and physical properties of PLG and/or process parameters used to fabricate the 

particles.45-48 The sizes, loadings, and release profiles of the particles reported here 

were sufficient for all subsequent proof-of-concept experiments in mice described 

below. 

Using the mouse abscess model, we co-injected S. aureus culture and either (i) 1 

mg of tr AIP-III D2A-loaded microparticles (~720 ng of inhibitor total) or (ii) 1 mg of 

unloaded (no inhibitor) microparticles into mice. Representative images from these 

experiments are shown in Figure 5.3C. We observed lesions that were significantly 

smaller for the inhibitor-loaded particle group, as compared to the empty particle group 

on every day other than day 1 (Figure 5.3D). Comparing the final abscess sizes on day 

7, only a single mouse out of 10 from the inhibitor-loaded particle-treated group had an 

observable lesion (2.89 mm2). In contrast, nearly 80% of the mice in the control group 

(no inhibitor) had lesions with an average size of 15.8 mm2 (see SI for images of the 

abscesses of all mice in this study on day 7). We conclude on the basis of these results 

that the polymer microparticles release tr AIP-III D2A in a form that remains biologically 

active in vivo, and that this controlled release strategy yields a concentration profile at 

the site of infection over a seven-day period that is sufficient to inhibit bacterial virulence 

at levels comparable to, if not better than, those observed in the single-dose, bolus 

administration in vivo experiments described above. 

The results shown in Figure 5.3 not only demonstrate that tr AIP-III D2A can 

provide significant protection against S. aureus infection, but also suggest that well 
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understood advantages of strategies for the localized and controlled release of active 

agents used in other scenarios49-51 can provide additional practical benefits in this 

context. Specifically, we note that the amount of compound released over the course of 

7 days in the microparticle-treated mice in the experiments above (Figure 5.3C) is 

approximately 100-fold less than the amount that was administered in the single-dose, 

bolus administration experiment (Figure 5.3A). This outcome is further consistent with 

the well-established ability of controlled release approaches to substantially improve 

therapeutic outcomes at reduced loadings of active agent.49-51  

To obtain a side-by-side comparison of the efficacies of a single-dose, bolus 

administration of tr AIP-III D2A to the microparticle formulation when the total amounts 

of inhibitor estimated to be available at the infection site were comparable, we 

performed a final series of in vivo experiments. On the basis of the release profile 

shown in Figure 5.4B, we estimate 18 pmol (11 ng) of tr AIP-III D2A to be released from 

1 mg of particles over 7 days. We therefore compared the efficacy of our inhibitor-

loaded particles directly to an approximately similar amount of inhibitor (25 pmol, or 15 

ng) administered as a single-dose, bolus injection. As shown in Figure 5.5, a single 

bolus dose of tr AIP-III D2A did not attenuate S. aureus infection at any time point as 

compared to control mice (p > 0.05; Kruskal-Wallis test). In contrast, the tr AIP-III D2A-

loaded microparticles substantially reduced abscess size at each time point (p < 0.05 for 

day 5, p < 0.01 for days 1, 3, and 7; Kruskal-Wallis test), consistent with the results of 

the experiments above (Figure 5.3C–5.3D). This result strongly underscores potential 

benefits arising from the sustained release of inhibitor in preventing abscess formation 

by S. aureus. We attribute the superior performance of the controlled release 



401 
 

formulation to its ability to sustain effective locally high concentrations of inhibitor in the 

immediate vicinity of the infection site. Conversely, the bolus administration of soluble 

inhibitor can rapidly drain or diffuse away from the injection site, reducing the local 

concentration of inhibitor below what is needed to reduce the severity of infection. 

 

Figure 5.5 Side-by-side comparison of abscess formation after treatment with tr 
AIP-III D2A in solution vs PLG microparticles. (A) Representative images from mice 
treated with vehicle, a solution of compound, or compound loaded in microparticles. (B) 
Average abscess size with SEM of mice treated with vehicle (green, n=8), 15 ng of tr 
AIP-III D2A in solution (blue line, n=8), or with 1 mg of microparticles (red line, n=8). 
Data analyzed with Kruskal-Wallis test. 
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5.3 Summary and Conclusions 

Our results demonstrate (i) the ability of a potent truncated synthetic peptide 

inhibitor of S. aureus QS to attenuate bacterial virulence in vivo and (ii) an efficacious 

controlled release strategy for reducing bacterial infection using this anti-virulence 

approach. These results were enabled by the ex vivo screening of S. aureus agr-

inhibitors to identify compounds resistant to inactivation by components present in 

mouse tissue. We identified a lead compound, tr AIP-III D2A, that nearly completely 

blocks MRSA infection in a mouse dermonecrosis abscess model following a single-

dose bolus administration of inhibitor, or by injection of polymer microparticles that 

sustain the local release of active inhibitor at the infection site. Our results demonstrate 

significantly greater efficacy using the polymer microparticle approach, underscoring the 

potential strategic value of using sustained-release strategies for the administration of 

QS inhibitors and the development of new anti-virulence approaches to combat 

bacterial infections in vivo. 

The results of this study are important for several reasons. First, we demonstrate 

the ability of a lead agr inhibitor—one of the most potent known inhibitors of S. aureus 

QS in culture—to strongly block bacterial infection in vivo. Second, our results reveal tail 

truncation of two AIP-derived mimetics to be an effective strategy to eliminate 

interference by host tissue, in sharp contrast to inhibition of similar native AIPs and their 

close analogs. This observation underpins the efficacy and potency of these 

compounds in vivo and provides guidance that will prove useful for the design and 

discovery of new inhibitors suitable for use in vivo. Third, our results demonstrate that 

controlled release strategies can improve the therapeutic potential of these truncated 
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inhibitors and reduce to nanograms the total amount of compound required to attenuate 

infection in vivo. Notably, these findings represent more than an order of magnitude 

improvement compared to previous in vivo analyses that required the administration of 

microgram quantities of less-potent agr inhibitors for efficacy in similar infection 

models.15, 20-22, 31 Past studies have investigated strategies for the encapsulation of 

bacterial QS inhibitors into materials and the testing of these approaches in vitro and ex 

vivo.52-58 The results of this current study represent, to our knowledge, the first report of 

the successful application of a controlled release QS inhibition strategy to abate 

bacterial infection in vivo.   

More broadly, the discovery of stable and highly potent inhibitors and the 

identification of strategies that enable controlled release and local availability of these 

agents during infection provide powerful tools, alone or in combination, to address a 

range of important fundamental questions. These include the role of agr QS in long-term 

chronic infections or the emergence of spontaneous QS mutants commonly isolated 

from patients with such infections.5, 35, 59 These tools also provide a foundation for the 

development of new types of materials (e.g., surface coatings) that could more 

effectively attenuate bacterial virulence in or around implantable or indwelling medical 

devices, or on other commercial surfaces on which S. aureus colonization and 

infections are endemic. Looking beyond S. aureus, the approach reported here should 

also be readily applicable to other combinations of QS inhibitors and polymers, 

significantly expanding the utility of chemical methods to explore and modulate QS 

pathways and outcomes, and thus has implications for new therapeutic interventions. 
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5.4 Materials and Methods 

5.4.1 Reagents, strains, and general methods 

Poly (DL-lactide-co-glycolide) (PLG; lactide:glycolide, 50:50; 30–60 kDa), N,N-

dimethylformamide (DMF), tetrahydrofuran (THF), and dimethylsulphoxide (DMSO) 

were purchased from Sigma-Aldrich and used as received. Phosphate-buffered saline 

(PBS, 10x solution) was purchased from Dot Scientific and diluted 10x into water and 

titrated to pH 7.4 before use. Deionization of distilled water was performed using a Milli-

Q system, yielding 18.2 MΩ water. The USA300 LAC MRSA strain AH167760 was used 

for reporter assays and general in vivo dermonecrosis assays. The S. aureus wild-type 

lab strain RN6390B61 and the Δagr RN922262 strain were used only to examine agr 

dependence for abscess formation in the dermonecrosis model. All strains were 

cultured with brain heart infusion (BHI, Teknova) medium and incubated at 37 °C with 

shaking at 200 rpm, with AH1677 cultures supplemented with 10 µg/mL 

chloramphenicol.  

No unexpected or unusually high safety hazards were encountered in the course 

on this work.  

 

5.4.2 Instrumentation and related considerations 

Top-down scanning electron micrographs were acquired using a LEO-1550 VP 

field-emission SEM operated with an accelerating voltage of 1.0 kV. Microparticle 

diameters were measured using ImageJ version 1.52a software. Solution fluorescence 

and absorbance in bacterial cultures was measured using a BioTek Synergy 2 plate 

reader using Gen5 software. RP-HPLC was performed on a Shimadzu system with a 
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SCL-10Avp controller, a DGU-20A5 degasser, a LC-20AT solvent delivery unit, a SIL-

10AF autosampler, a CO-20A column oven with a manual injector, a SPD-M20A UV-Vis 

diode array detector, and analytical Kromasil Eternity C18 column (4.6 mm by 250 mm, 

with a 5 mm particle size and 100 Å pore size). Solvent A was water with 0.1% 

trifluoroacetic acid and solvent B was acetonitrile with 0.1% trifluoroacetic acid. A linear 

gradient was used to analyze peptides and solutions, beginning at 10% solvent B and 

ramping to 95% solvent B over 27 min at a flow rate of 1 mL/min. 

 

5.4.3 Fluorescence-based bacterial reporter assay 

Compound activity screening was performed as previously described using S. 

aureus AH1677.39 GraphPad Prism 7 was used for statistical analysis of the resulting 

data. Supernatants from microparticle release experiments were subjected to this 

reporter assay with the following modifications: supernatant was serially diluted into 

PBS, and 20 µL aliquots of each dilution were transferred to a black 96-well microtiter 

plate and incubated with 180 µL of bacterial culture. Each plate contained additional 

controls for data processing: a PBS control (20 µL) and a tr AIP-III D2A control (100 nM 

final concentration, 2 µL of 10 µM tr AIP-III D2A stock solution in DMSO and 18 µl PBS). 

 

5.4.4 Ex vivo tissue sequestration assay 

In 1.5 mL microcentrifuge tubes, 1 mM DMSO stock solutions of compounds 

were diluted in PBS to 10,000x their respective IC50 values in a total volume of 500 µL, 

along with a PBS control without any compound. A mouse tissue sample was bath 

sonicated for 5 minutes (and, if appropriate, incubated at 80 °C for 15 min then cooled 
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in ice bath for 5 min) and transferred into each microcentrifuge tube. The tubes were 

vortexed, and 10 µL aliquots were stored in a chemical resistant microtiter plate in a -20 

°C freezer. The microcentrifuge tubes were incubated at 37 °C with shaking at 200 rpm 

until the next time point was reached, at which point the tubes were removed, vortexed, 

and additional 10 µL aliquots were taken. This process was repeated for all the time 

points. After the final time point, 2 µL of each aliquot, or a 1:10 dilution of each aliquot, 

was transferred to a black 96-well microtiter plate and tested using the fluorescence 

reporter assay detailed above. 

 

5.4.5 Fabrication of tr AIP-III D2A-loaded PLG microparticles 

A 0.8 mM solution of tr AIP-III D2A in DMF was diluted with THF to produce a 

THF:DMF solvent system (3:1, v/v) resulting in a final tr AIP-III D2A concentration of 0.2 

mM. A 60 mg/mL solution of PLG in THF:DMF (3:1, v/v) was prepared and allowed to 

stir until the polymer was dissolved. Electro-spraying of the microparticles was 

conducted on a custom-built electro-spraying device with a digital syringe pump 

(Harvard Bioscience Co.) at a flow rate of 1.0 mL/hr. A 15 cm working distance 

separated a blunt 20G needle and the 10 x 10 cm grounded aluminum foil sample 

collector. The produced microparticles were harvested from the surface of the aluminum 

foil using an eyelash applicator brush, followed by immersion of the brush in water and 

sonicating to create a microparticle suspension. The suspension was then lyophilized to 

produce dry microparticles. 
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5.4.6 Characterization of peptide loading of PLG microparticles 

Microparticles were dissolved in DMSO (20 mg/mL) and then precipitated into 

water by mixing 100 µL of the DMSO solution into 900 µL of water. The suspension was 

centrifuged at 5,000 g for 5 min, and the resulting supernatant was analyzed by 

analytical RP-HPLC to determine the amount of peptide in the microparticles. 

 

5.4.7 Characterization of peptide-loaded PLG microparticle release profiles 

PLG microparticles (10 mg) were immersed in 1 mL of PBS. The particles were 

sonicated to suspend them in solution and allowed to incubate while rotating at room 

temperature. At predetermined time points, the microparticles were centrifuged at 5,000 

g for 5 min and the supernatant was removed and replaced. Each supernatant sample 

was immediately frozen and stored at -20 °C until analysis. At time of analysis, 

supernatant samples were thawed and centrifuged at 16,000 g for 5 min to remove any 

solid polymer debris that may have been isolated with the supernatant. The 

concentrations of the peptides released at each timepoint were measured using the 

microparticle-modified bacterial reporter assay described above. After 21 days of 

incubation in buffer, the remaining polymer solids were characterized to determine the 

amount of unreleased peptide using the dissolution and analytical RP-HPLC method 

described above. 

 

5.4.8 Murine abscess infection model 

The infection assay protocol was modified from that of Sully et al.15 Briefly, 

cultures of the appropriate S. aureus strain were grown overnight in BHI medium and 
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diluted in sterile PBS to an OD600 corresponding to 2x108 CFU/mL. For experiments on 

peptide in solution, DMSO (1%, control) or peptide in DMSO solution (50 µM or 500 nM) 

were added to 2x108 CFU/mL culture to reach an appropriate desired concentration. For 

PLG microparticle experiments, 2x108 CFU/mL culture was added to lyophilized 

microparticle tubes to reach a concentration of 20 mg/mL particles. Cultures were 

vortexed to mix and then 50 µL were injected subcutaneously into the shaved flank of 

age- and sex-matched C57BL/6 mice. Body weight was recorded at time of injection 

and monitored over the course of the experiment. Images of lesions were taken on days 

1, 3, 5, and 7, and analyzed using ImageJ to determine lesion area. GraphPad Prism 7 

was used to obtain statistical information about the abscess sizes. All experimental 

protocols were approved by the Institutional Animal Care and Use Committee at UW–

Madison and conformed to the NIH Guide for the Care and Use of Laboratory Animals, 

8th edition (2011). 
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5.5 Supporting Information 

5.5.1 Additional experiments and figures related to in vitro and ex vivo compound 

analysis 

 

 

Figure 5.S1 A schematic of ex vivo experimental system to examine compound 
activity incubated at 10,000-fold IC50 in presence of mouse tissue. 
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Figure 5.S2 Activity of S. aureus agr-I fluorescence reporter strain when exposed 
to supernatant of AIP-III D4A incubated in PBS in the presence (blue line) or 
absence (red line) of mouse tissue sample. Both a full aliquot (A) and a 5-fold dilution 
(B) were assayed. The values shown are the average and SEM of three (n=3) technical 
replicates. Some error bars are obscured due to the size of the data point. 
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Figure 5.S3 Activity of AIP-III D4A in S. aureus agr-I fluorescent reporter strain 
when exposed to either heat denatured mouse tissue (blue) or a control tissue 
(red). Both a full aliquot (A) and a 10-fold dilution (B) were assayed. The values shown 
are the average and SEM of three (n=3) technical replicates. Some error bars are 
obscured due to the size of the data point. 
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Figure 5.S4 Examination of interactions of AIP-III D4A and tr AIP-III D2A with 
ApoB as analyzed via analytical RP-HPLC. The peak for AIP-III D4A (A) was 
substantially reduced (***, p<0.001, unpaired t-test) in the presence of ApoB, while 
there was no significant effect on the peak corresponding to tr AIP-III D2A (B) in the 
presence of ApoB. Peak heights were normalized to the average peak height of 
controls lacking ApoB. Analytical RP-HPLC analysis performed in duplicate (n=2). 
Data represented as mean and SEM. 
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5.5.2 Mouse abscess data for wild-type S. aureus lab strain and Δagr strain 

 

Figure 5.S5 Infection abscess analysis of mice inoculated with wild-type and 
Δagr S. aureus. (A) Observed abscess size for mice receiving either a wild-type 
strain of S. aureus (RN6390B, n=6) or an Δagr mutant of this strain (RN9222, n=6). 
Values shown represent averages and SEM. Representative image of mice from (B) 
wild-type infected group and (C) Δagr infected group. Ruler indicates centimeters. 
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5.5.3 Additional microparticle characterization  

 

Figure 5.S6 PLG microparticle size histogram as measured by SEM. The average 
particle diameter was 1.48 ± 0.38 µm. Particle diameters measured by the minor axis of 
elliptically-shaped particles. The histogram shows measurements for (n=450) 
microparticles (150 particles were counted from three independent samples). 
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Figure 5.S7 HPLC standard curve for tr-AIP III D2A. Serially diluted tr AIP-III D2A 
was analyzed by RP-HPLC to determine relationship between peak height and 
concentration. 
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Discussion of peptide quantification. 

We utilized Equation 5.S1, the four-parameter logistic regression model, to model 

the dose-response activity of our inhibitory compounds in S. aureus agr reporter assays. 

By rearranging the variables into Equation 5.S2, using the observed activity level of 

samples with unknown concentrations in our reporter assays we can then estimate the 

concentration of the compound in samples from our other assays (i.e., compound 

release from microparticles). Activity values between 20–80% were used to estimate 

compound concentration. 

 Y = agr activity level 

 X = compound concentration in nanomolar 

 T = Top (upper) plateau of activity in model 

 B = Bottom (lower) plateau of activity in model 

 H = Hill slope 

 IC50 = Inhibitory Concentration at 50% activity 

 

Equation 5.S1 Four-parameter logistic regression model  
 

Y = B +
T − B

1 +
X

IC

 

 

Equation 5.S2 Equation to determine compound concentration from agr 
activity 
 

X = IC
T − B

Y − B
− 1  
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Figure 5.S8 Dose-response inhibition curve for tr AIP-III D2A. Assay performed by 
following the microparticle-modified S. aureus agr fluorescence reporter assay. The 
values shown are the average and SEM of three (n=3) independent technical and 
biological replicates. The following parameters were observed for this dose response 
analysis: T=106.1, B=4.293, IC50=0.3353, H=1.648. These values were used in 
Equation 5.S2 to quantify concentration of compound released in microparticle 
characterization experiments. 
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Figure 5.S9 Activity of supernatants isolated over time in release experiments 
from tr AIP-III D2A loaded PLG microparticles. Compound activity measured using 
the S. aureus agr-I fluorescence reporter. Supernatants were diluted 10-fold into 
reporter strain culture for each timepoint. The values shown are the average and single 
standard deviation of three (n=3) independent technical and material replicates. 
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5.5.4 Images of all Day 7 lesions from mice in abscess experiments 

1.5 µg tr AIP-III D2A vs. DMSO vehicle control experiment (white bar = 1 cm): 
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1 mg tr AIP-III D2A particles vs. empty PLG particles experiment (white bar = 1 cm): 
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1 mg tr AIP-III D2A particles vs. 15 ng tr AIP-III D2A vs. DMSO vehicle experiment 

(white bar = 1 cm): 
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Abstract 

In this final chapter, we propose a series of future experiments for the further 

development of chemical tools that target agr and their applications in vitro and in vivo. 

We first outline continued SAR studies of the L. monocytogenes AIP to develop novel 

agr modulators and potential applications of these modulators to explore virulence 

phenotypes in this important food borne pathogen. Next, we highlight areas for 

improvement in our reported multi-group agr agonists in S. epidermidis and offer 

potential substitutions to explore. To continue work understanding agr QS in vivo, we 

suggest a broader survey of the mechanisms by which AIP-type ligands interact with 

tissue samples ex vivo to gain insight into structural features important for host 

interference. We also provide plans to examine the hypothesis that the sustained 

release of agr agonists may alleviate Staphylococci biofilm formation in implant infection 

mouse models. Finally, we offer two new projects to explore the chemistry and biology 

of agr QS using techniques not applied previously by our laboratory. The first utilizes 

photoreactive amino acids to identify protein partners of AgrD and to explore ligand-

binding sites in AgrC, while the second incorporates intein technology to accelerate 

discovery of AIP-based agr modulators in a variety of organisms. 
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6.1 Introduction 

 In the research described in this thesis, we have uncovered and characterized 

new facets of agr QS in three species of bacteria. Although our efforts have answered 

many fundamental questions about the mechanisms these organisms use AIP signals 

and the agr system to dictate group behavior, our efforts have simultaneously revealed 

even deeper complexities of these systems worthy of additional investigation. Herein, 

we propose a non-exhaustive list of follow-on experiments and projects to start to 

pursue some of these questions. 

 

6.2 Projects Focused on L. monocytogenes 

6.2.1 Continued AIP SAR studies in L. monocytogenes 

 In Chapter 2, we detailed our efforts to build SARs of the native AIP in L. 

monocytogenes, resulting in the discovery of agonists with increased potency over the 

native AIP (i.e., AIP M4dM and AIP A1V) as well as the development of efficacious 

antagonists (i.e., KdCdM and 7-mer C3dC/M5dM). While the latter antagonists have 

good efficacy, they are poorly potent (single digit micromolar) when compared to 

antagonists in other agr systems (often single digit nanomolar). Our initial SAR study 

broadly surveyed many of the residues in the native AIP, but there is substantial 

chemical space left to explore for each position in the AIP sequence that could enhance 

potency of our antagonists. In terms of fundamental SARs, we could explore Val6 

modifications more broadly using naturally occurring amino acids, as we had only 

examined an alanine and a D-valine substitution at that position. With a large number of 

non-canonical amino acids (ncAAs) commercially available (specifically, non-native 
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phenylalanine derivatives), using these ncAAs to explore Phe3 and Phe5 further could 

better elucidate their role in activity, as these positions poorly tolerate substitutions. The 

Met4 residue has been demonstrated to increase potency when in a D-configuration, so 

further exploration of D-amino acids at this position could reveal side chains with even 

greater potency. Inversion of Cys2 imparts the greatest antagonistic activity for our 

analogs at the cost of generally reduced potency. Exploring other linkages, such as 

lactone or all-carbon linkages, could imbue similar antagonistic activity without the 

potency loss. Finally, while Ala1 generally seems tolerant of many substitutions, we 

have not explored negatively charged or aromatic residues at this position. As the lysine 

substitution at this position offers only ~25% antagonism, it is worth further exploration 

to see if other chemical properties can increase efficacy. These additional SAR studies 

could uncover novel features on AIPs to inhibit L. monocytogenes agr activity, which 

could be used in conjunction with previous SAR data to advance more potent, next-

generation antagonists. 

 

6.2.2 Utilizing L. monocytogenes agr modulators to examine virulence phenotypes in 

culture 

 With our current L. monocytogenes agr modulators (or new ones developed from 

the previous section), we can begin to more thoroughly characterize the effects of 

altering agr activity on different population density dependent behaviors in L. 

monocytogenes. It is well-known that L. monocytogenes uses a host of virulence factors 

to invade eukaryotic cells, escape the phagosome, and propagate within the host 

cytosol before ultimately propelling themselves with host actin into neighboring cells, 
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enabling L. monocytogenes to spread to other host cells without having to re-enter the 

extracellular matrix.1-2 Many of these virulence proteins and other virulence regulators 

are downregulated in Δagr strains, leading to attenuated infections in cell culture and in 

vivo,3 suggesting agr activity can exert some controls over these behaviors. Using our 

modulators, we can explore if our synthetic agonists restore any of these phenotypes in 

L. monocytogenes ΔagrD strains and correspondingly if these phenotypes can be 

inhibited in wild-type strains with our antagonists. These questions can be pursued both 

in eukaryotic cells lines3 and in vivo with various animal models (e.g., zebrafish4) by 

examining the modes and levels by which chemically-activated or -inhibited bacteria 

invade host cells or activate immune responses. Adding a constitutive fluorescent 

reporter plasmid in addition to our agr-dependent plasmid in L. monocytogenes could 

also allow us to track the pathogen as it invades hosts and correlate agr activity with the 

timing of invasion.  

 

6.2.3 Incorporating L. monocytogenes agr antagonists into materials to reduce biofilm 

on surfaces 

 We described in Chapter 2 that our synthetic L. monocytogenes agr antagonist 

KdCdM could reduce the formation of biofilms in microtiter plates. This is a critical first 

step towards creating tools to disrupt and prevent L. monocytogenes biofilm formation in 

industrial settings, environments where these biofilms can plague steel and glass 

equipment and are extremely challenging to remove. In an effort to make our 

antagonists more practical, we could utilize controlled release strategies to extend the 

lifetime of the antagonists on surfaces. As described in Chapter 5, controlled release 
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from PLG materials is well-understood and compatible with a wide variety of 

morphologies.5-6 A simple first step would be to add antagonist-loaded materials to 

containers with L. monocytogenes culture to explore if the sustained release of agr 

antagonists can limit biofilm formation. Alternatively, antagonists could be loaded into 

carboxymethylcellulose films that can coat simple and complex surfaces, rapidly 

releasing compound over time directly from surfaces and assessing initial bacterial 

adherence.7  

 

 

Figure 6.1 Covalent attachment of AIP analogs to surfaces. (A) After 
functionalizing glass with azide moieties, AIP analogs with alkyne tails can be covalently 
attached using click chemistry. (B) Dopamine readily coats steel and can be 
functionalized with various linkers and can attach AIP analogs using standard peptide 
coupling agents. 
 

Covalent modifications of AIP analogs can also aid in attachment or binding to 

surfaces. A recent report has shown that covalently linking AIPs and AIP analogs  

through click chemistry to silanized glass surfaces can modulate biofilm formation in S. 
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aureus,8 which suggests similar methods would likely work with our L. monocytogenes 

antagonists. Dopamine is known to readily react with and coat steel,9 and the free 

amino group can be coupled to linker groups and the N-terminus of AIP analog 

antagonists. Recent screening efforts have identified peptides with high affinity for 

certain polymers such as polypropylene10-11 or polystyrene,12 and these peptide 

sequences can similarly be coupled to our antagonists. Following functionalization of 

the antagonists with the selective surface agent, experiments that apply these 

antagonists to surfaces, introduce bacterial cultures, and examine adherence and 

biofilm formation over time can inform which functionalization method and surface are 

most worthy of continued development.  

 

6.3 Projects Focused on S. epidermidis 

6.3.1 Approaches to improve efficacy of multi-group agonists in S. epidermidis 

Unlike in L. monocytogenes where agr activation leads to increased biofilm, in 

many Staphylococci increased agr activity promotes biofilm dispersal through the 

production of PSMs. A pan-group agr agonist could activate production of PSMs and 

help disperse biofilms in all strains of S. epidermidis is highly desirable as a chemical 

tool to control virulence. Although we have reported some preliminary modulators in 

Chapter 4 with some agonistic activity in the three major agr groups of S. epidermidis, 

the efficacy of these modulators certainly could be improved, particularly in group-I. Our 

SAR studies indicate that the exocyclic residues adjacent to the macrocycle are most 

important for activation, and follow up studies exploring chemical space of these 

residues may lead to more efficacious agonists. At present, we only have detailed 



436 
 

 
 

activity data for proline and valine residues at that position, but there are many other 

hydrophobic amino acids that could explored: leucine, isoleucine, pipecolic acid, 

thioprolines, or methyl prolines. As it seems that hydrophobic bulk is key for agonizing 

contacts, it is possible some of these substitutions can agonize the three AgrC 

receptors better than either valine or proline alone, leading to the development of more 

efficacious multi-group agonists. 

 

6.4 Projects to Explore Modulation of agr Activity In Vivo 

6.4.1 Screening agr modulators ex vivo to characterize key structural features for 

sequestration/degradation 

 In our efforts to identify lead AIP analog antagonists to use in the in vivo studies 

of S. aureus infection described in Chapter 5, we discovered that one of our potent 

antagonists, AIP-III D4A, was either sequestered or degraded by components in mouse 

tissue. This effect appears to be linked to compound structure, as surveying five other 

potent agr antagonists revealed a spectrum of susceptibility, with compounds based on 

the AIP-II scaffold being extremely sensitive to the presence of tissue while truncated 

analogs of AIP-III had increased resistance to tissue effects. With the small sample size 

examined (i.e., six compounds), it is difficult to pinpoint the source of their differences, 

so more compounds need to be surveyed to determine how compound structure affects 

sequestration and/or degradation with mouse tissue. Fortunately, over the years the 

Blackwell laboratory has generated a number of AIP analogs from different scaffolds. 

Surveying this large suite of analogs for activity loss in the presence of mouse tissue, 

similar to the ex vivo experiments in Chapter 5, could reveal structural commonalities 
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between compounds that are quickly sequestered/degraded and those that are highly 

resistant to these effects. Elucidating the structural dependence of this phenomenon, 

along with it biochemical mechanism, will be critical for streamlining future in vivo 

studies that utilize various chemical modulators of agr. 

 

6.4.2 Sustained release of agr activators to reduce Staphylococcal biofilms in a murine 

implant infection model 

 While agr inhibition can attenuate acute S. aureus infection in vivo, such 

inhibition can also induce biofilm formation in many Staphylococci including S. aureus.13 

Biofilms are common in chronic infections and are often associated with indwelling 

medical devices, suggesting chemical activation of the agr system to promote biofilm 

dispersal could be a beneficial approach in combating chronic infection.13-14 Using a 

similar strategy to that described in Chapter 5 for the release of agr antagonists from 

PLG materials to attenuate acute S. aureus infection, we could utilize PLG materials to 

release agr agonists to block or reduce the formation either S. aureus or S. epidermidis 

biofilms in vivo. Mice models examining device-associated infections have shown S. 

aureus can form biofilms on titanium implants weeks after surgery,15 so materials that 

keep agr agonists localized to the implant could act to reduce or prevent Staphylococci 

adherence and biofilm formation in vivo. 
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6.5 Projects to explore new approaches to probe agr QS 

6.5.1 Incorporation of photoreactive amino acids to identify AgrD protein partners and 

ligand-binding sites of AgrC 

 Although many of the core mechanisms of the agr systems are fairly well-

understood, there are still some gaps in our knowledge. Two particularly noteworthy 

knowledge gaps are (1) the mechanism by which AgrD, after being processed in part by 

AgrB, is further modified to produce the extracellular mature AIP, and (2) the residues 

on AgrC that directly interact with AIPs upon binding. Activity-based proteomics using 

photoreactive amino acid residues could be used to probe these remaining questions in 

S. aureus group-I. Many diazirine analogs of naturally-occurring amino acids (e.g., 

leucine, isoleucine, methionine, lysine, proline, and phenylalanine) are commercially 

available and readily incorporated into peptides using solid-phase peptide synthesis 

methods.16-17 Substituting these photoreactive amino acids into AgrD thiolactones 

modified with “pull-down” moieties (such as biotinylating the N-terminus or another 

amino acid on AgrD), incubating with cell lysates, cross-linking with UV light, and 

subsequent standard proteomic MS analyses could reveal protein partners associated 

with the N-terminal cleavage or transport of AgrD. Following a similar method, 

incorporation of these photoreactive amino acids into various AIP scaffolds and 

incubation with AgrC produced in nanodiscs, and subsequent protein digestion and MS 

analyses could reveal AIP binding sites on AgrC. Once examined in group-I S. aureus, 

putative AgrD protein partners and AgrC binding sites could be investigated in other agr 

systems to clarify whether these are interactions general to all agr systems or specific to 

individual systems. 
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6.5.2 Using AIP intein technology to rapidly generate new agr modulators 

 A recent report uses the Random non-standard Peptide Integrated Discovery 

(RaPID) system to generate macrocyclic peptides that target AgrC in S. aureus.18 These 

macrocyclic peptides are not based on native AIPs and represent novel scaffolds. While 

these new peptides are clearly effective AgrC antagonists, simple modifications to the 

native AIP scaffolds still represent the most efficacious and potent modulators of AgrC. 

These AIP analogs are synthesized through solid-phase peptide synthesis, which can 

be relatively laborious and low yielding, so new methods to rapidly generate AIP 

analogs could accelerate the discovery of more potent and efficacious molecules. Over 

a decade ago, Malone et al. designed an intein system to produce AIPs in E. coli.19 This 

intein system relies on oligonucleotides that code for AIPs to insert into plasmids with 

intein domains, which then can produce AIPs upon expression.19 Malone et al. only 

used this system to produce AIPs that mimic the native S. aureus AIPs, and we propose 

here expanding this method for AIP generation by combining it with random 

mutagenesis techniques (e.g., error-prone PCR) to create structurally diverse libraries 

of AIPs that can be screened for agr modulatory activity in bacteria of interest. Notably, 

this proposed system bypasses complications of evolving AgrD sequences to produce 

new AIPs, as it has been shown that AIP production is substantially affected during 

AgrD random mutagenesis, likely by disrupting AgrB recognition and processing of 

AgrD.20 In addition to the known high potency and efficacy of AIP scaffolds, no other 

scaffolds besides AIPs have been demonstrated to effectively agonize agr activity, 

highlighting this proposed discovery-based approach as a novel approach to quickly 

discovering non-native agr agonists. 
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Appendix I: 

Chemical Control of Quorum Sensing in E. coli: Identification of Small 

Molecule Modulators of SdiA and Mechanistic Characterization of a 

Covalent Inhibitor 

 

 

Contributions: M. J. Styles designed and conducted experiments and wrote the chapter. 

S. A. Early performed agonism and antagonism screening, constructed mutant reporter 

strains, and assisted in acid resistance assay development. T. Tucholski performed and 

analyzed mass spectrometry experiments, wrote and designed related text and figures. 

K. H. J. West compiled and analyzed AHL analog activity data for LuxR-type proteins 

and designed related figures. Y. Ge guided mass spectrometry experiments. H. E. 

Blackwell guided research and assisted in writing.  

 

 

*This chapter is published under the same title: 

Styles, M. J.; Early, S. A.; Tucholski, T; West, K. H. J.; Ge, Y.; Blackwell, H. E. Chemical 

control of quorum sensing in E. coli: characterization of small molecule modulators of 

SdiA and identification of a covalent inhibitor. ACS Infect. Dis. 2020, 6, 3092-3103. 
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Abstract 

 

Enterohemorrhagic Escherichia coli (EHEC) is the causative agent of severe 

diarrheal disease in humans. Cattle are the natural reservoir of EHEC, and 

approximately 75% of EHEC infections in humans stem from bovine products. Many 

common bacterial pathogens, including EHEC, rely on chemical communication 

systems, such as quorum sensing (QS), to regulate virulence and facilitate host 

colonization. EHEC uses SdiAEC, an orphan LuxR-type receptor, to sense N-acyl L-

homoserine lactone (AHL) QS signals produced by other members of the bovine enteric 

microbiome. SdiAEC regulates two phenotypes critical for colonizing cattle: acid 

resistance and the formation of attaching and effacing lesions. Despite the importance 

of SdiAEC, there is very little known about its selectivity for different AHL signals, and no 

chemical inhibitors that act specifically on SdiAEC have been reported. Such compounds 

would represent valuable tools to study the roles of QS in EHEC virulence. To identify 

chemical modulators of SdiAEC and delineate the structure-activity relationships (SARs) 

for AHL activity in this receptor, we report herein the screening of a focused library 

composed largely of AHLs and AHL analogues in an SdiAEC reporter assay. We 

describe the identity and SARs of potent modulators of SdiAEC activity, examine the 
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promiscuity of SdiAEC, characterize the mechanism of a covalent inhibitor, and provide 

phenotypic assay data to support that these compounds can control SdiAEC dependent 

acid resistance in E. coli. These SdiAEC modulators could be used to advance the study 

of LuxR-type receptor:ligand interactions, the biological roles of orphan LuxR-type 

receptors, and potential QS-based therapeutic approaches.  
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I.1 Introduction 

Enteric pathogens must navigate several challenges to successfully infect a host, 

including changes to their chemical environments (e.g., pH, salinity, and availability of 

resources), host innate and adaptive immune responses, competition with the existing 

microbiota throughout the gastrointestinal tract, and clearing the native microbial 

community at the site of colonization.1-2 To address these challenges, pathogens rely on 

myriad virulence traits, such as the production of toxins, adhesions, secretion/effector 

systems, and biofilms.3 These virulence products are energetically costly and often only 

effective in specific environmental contexts; therefore, virulence factor expression is 

tightly regulated by bacteria.3-4 Because pathogens often require virulence factors to 

colonize their host and cause disease, targeting the regulation or function of virulence 

factors represents a potential therapeutic strategy to prevent or treat infection, and has 

attracted considerable attention as an “anti-virulence” approach.3, 5 

Many common bacteria,3, 6 including enteric pathogens,7 regulate their behavior 

in a population dependent manner through a cell-to-cell signaling mechanism called 

quorum sensing (QS).8 To quorum sense, a bacterium produces an exoproduct, a small 

molecule or short peptide, that is only sensed by that individual bacterium when there is 

a high population density of other bacteria making this chemical signal in its 

environment.8 N-acyl L-homoserine lactones (AHLs) are the primary QS signaling 

molecules used by Gram-negative bacteria, including Pseudomonas aeruginosa, 

Acinetobacter baumannii, and Burkholderia cepacia.9 AHL-type QS is mediated by the 

canonical LuxI/LuxR system, first described in the bioluminescent symbiont Vibrio 

fischeri (Figure I.1A).8 In many Gram-negative bacterial pathogens, LuxI/LuxR-based 
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QS regulates phenotypes necessary for virulence.9 Accordingly, inhibition of this QS 

pathway could represent an approach to attenuate infection by these bacteria.6 

Significant research has been directed toward this end, with a specific focus on the 

development of chemical tools to modulate LuxR-type receptor activity.6, 10-16 

 

 

Figure I.1 AHL-mediated LuxI/LuxR-type QS overview. (A) The AHL-mediated 
LuxI/LuxR-type QS system from V. fischeri. LuxI produces N-(3-oxo)-hexanoyl L-
homoserine lactone (OHHL), which diffuses away from the cell and into others. At high 
population density, the concentration of intracellular OHHL is high enough to bind to and 
stabilize LuxR. The OHHL:LuxR complex dimerizes, binds to DNA, and promotes 
transcription of the lux operon, which produces bioluminescence. (B) In EHEC, the 
LuxR homolog, SdiA, binds to exogenously produced AHLs to repress (red) the LEE 
operon and to activate (green) the gad operon. (C) EHEC colonization of cattle. EHEC 
(blue) is first eaten by the cow. When EHEC reaches the rumen, SdiAEC becomes 
activated by AHLs produced by other commensal bacteria (green). SdiAEC is active in 
the rumen and abomasum. After passage through the gastrointestinal tract, EHEC 
colonize the recto-anal junction (RAJ); here, no AHLs are present and the LEE operon 
is not repressed by SdiAEC. 
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Historically, LuxI/LuxR-type QS has been considered an intra-species cell-to-cell 

communication system.9, 17-18 LuxI-type synthases primarily produce a specific AHL, and 

the cognate intracellular LuxR-type receptors bind selectively to that AHL.8 The 

AHL:LuxR complex then typically dimerizes, binds to DNA, and activates transcription of 

QS-controlled genes. Differences in the chemical structure of the AHL allows a LuxR-

type receptor to discriminate between signals (Figure I.1A inset): variations in native 

AHL structure include the length of the acyl tail (4-20 carbons), oxidation at the third 

carbon in the acyl tail (carbonyl, alcohol, or methylene), units of unsaturation, and, in 

some rare instances, aryl as opposed to aliphatic tails.8 Interestingly, many LuxR-type 

receptors have been identified in bacteria for which a corresponding LuxI-type synthase 

is not present in the genome; these receptors lack a self-produced, cognate AHL signal 

and are known as orphan or “solo” LuxR-type receptors.18 Bacteria with these orphan 

receptors are presumed to use them to respond to AHLs produced by other bacterial 

species in their environment. SdiA is one such orphan LuxR-type receptor (Figure I.1B), 

and it is highly conserved (67–84% sequence identity)19 across many enteric pathogen 

genera, including Escherichia, Enterobacter, Citrobacter, Cronobacter, Klebsiella, 

Salmonella, and Shigella.20 Additionally, SdiA from E. coli (SdiAEC), is remarkably stable 

in vitro in its apo form relative to other LuxR-type receptors. Consequently, it is the only 

LuxR-type receptor that has been purified and crystalized both in the presence and 

absence of an AHL.21-22 These prior biophysical studies, when contrasted with the 

current dearth of structural and mechanistic data for most other LuxR-type receptors, 

demonstrate the potentially unique opportunity provided by SdiA for studying LuxR-type 

receptor:AHL interactions. 
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 Cattle are a natural reservoir of the enteric pathogen, enterohemorrhagic 

Escherichia coli (EHEC), which possesses SdiAEC.23 EHEC sdiA mutants have been 

shown to less effectively colonize cattle, suggestive of SdiAEC, and consequently AHL-

based QS, playing a role in this process.24-28 The current understanding of SdiAEC in 

bovine EHEC colonization is outlined in Figure I.1C. EHEC are first ingested by cows; 

once in the rumen, commensal and/or pathogenic Gram-negative bacteria (e.g., P. 

aeruginosa and Aeromonas hydrophila)29 produce several AHLs that can activate 

SdiAEC.24, 28, 30-31 The SdiAEC:AHL complex then increases transcription of four genes in 

the gad operon (gadW, gadE, yhiD, and hdeA).32 The gad operon encodes an acid 

resistance system that is critical to survival of EHEC in the low pH environment of the 

cow’s final stomach (abomasum);25 congruent with this observation, EHEC sdiA 

mutant strains have decreased survival in vitro at low pH.24, 32 SdiAEC also represses the 

LEE operon via binding to the ler promoter region.24 This repression is useful until 

EHEC reaches the cow intestines. Once there, expression of the LEE operon is 

necessary for the formation of attaching and effacing (AE) lesions by EHEC;23-24, 26 

these lesions facilitate shedding of EHEC from the cattle into the environment. In 

humans, EHEC forms these AE lesions, which lead to bloody diarrhea and other serious 

conditions.23 AHLs have not been found (and are hydrolytically unstable) in the alkaline 

environment of bovine intestines, and thus, SdiAEC repression of the LEE operon is 

blocked in the intestines.24 This process has been demonstrated in in vitro experiments, 

in which exogenous AHLs were found to repress the LEE operon in an SdiAEC 

dependent manner.24, 33 In addition to these two phenotypes critical for EHEC 

colonization and spread, exogenous AHLs have been shown, in an SdiAEC dependent 
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manner, to repress the expression of genes required for motility,32, 34 reduce the 

susceptibility of E. coli to -phage,35 and suppress conjugation between E. coli strains 

and between E. coli and P. aeruginosa.36-37  

The importance of SdiAEC to colonization by and virulence in EHEC suggests an 

approach to attenuate EHEC infection, and more fundamentally, provides entry into the 

study of the role of QS in infection by an important human pathogen. Chemical 

strategies to either inhibit or activate SdiAEC could be particularly useful in this context. 

Because SdiAEC must be both active and inactive during different phases of host 

colonization, chemical tools could provide valuable spatial and temporal control when 

modulating SdiAEC activity during investigation of host-pathogen interactions. However, 

few small molecule modulators of SdiAEC activity are known; to our knowledge, no 

antagonists have been reported, and the known agonists only include several naturally 

occurring AHLs32 and three weakly potent synthetic AHL analogues.38 Furthermore, 

there is a lack of an understanding of the structural features of AHLs (i.e., structure-

activity relationship (SAR) data) that are required for SdiAEC activation, which limits the 

design of new ligands, AHL-based or not. Recently, we investigated related questions 

for a different SdiA receptor—SdiASE from Salmonella;19 we found SdiASE to be highly 

promiscuous, being activated by a broad range of AHLs, and we also identified several 

AHL-type SdiASE inhibitors. The sequence of sdiA is highly conserved across genera, 

and sdiAEC and sdiASE are 72% identical.19 Therefore, we expect that similar trends in 

SAR could hold for SdiA from E. coli and other genera, but this has yet to be confirmed. 

The lack of small molecule modulators and SAR information for SdiAEC was the primary 

motivation for the present study.  
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Herein, we report the systematic screening of a focused small molecule library, 

composed largely of AHLs and AHL analogues, for chemical modulators of SdiAEC. We 

discovered that SdiAEC, like SdiASE, is highly promiscuous; it is activated both by a wide 

array of native AHLs and by compounds with significant alterations to the AHL structure. 

We also report the identity and SARs of the first highly potent, synthetic AHL analogues 

that can either strongly agonize or antagonize SdiAEC. The antagonists were shown to 

directly modulate a QS-controlled phenotype in E. coli—i.e., acid tolerance. Biochemical 

studies enabled by mass spectrometry (MS) support one of the SdiAEC antagonists acts 

via a potential covalent inhibition mechanism. These compounds and insights should 

advance chemical approaches to study SdiAEC and its role in QS. 

 

I.2 Results and Discussion 

I.2.1 Selection of a small molecule library for screening in SdiAEC 

We compiled a focused library of 153 AHLs and related analogs (full structures in 

Figure I.S1) to screen in a cell-based reporter of SdiAEC activity. For this primary screen, 

we selected a series of sub-libraries from our in-house collection of AHL derivatives and 

other small molecules with demonstrated activities in other LuxR-type receptors.12, 19, 39-

49 These compounds fall into seven categories: naturally occurring AHLs with aliphatic 

tails (Figure I.2i), N-benzoyl HLs (BnHLs, Figure I.2ii), N-phenylacetanoyl HLs (PHLs, 

Figure I.2iii), N-phenylpropionyl HLs (PPHLs, Figure I.2iv), other AHLs (Figure I.2v), N-

acyl homocysteine thiolactones (AHTs, Figure I.2vi), and non-AHLs (Figure I.2vii). This 

focused library was a good starting point to explore the SARs for AHL:SdiAEC 

interactions as it contains a broad sampling of changes to the aliphatic tail, amide linker, 
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and lactone head group of the native AHL structure. Further, we recently screened a 

similar subset of compounds for activity in SdiASE from Salmonella, allowing us to make 

direct comparisons among the screening data.19 

 

I.2.2 Development of a cell-based reporter assay of SdiAEC transcriptional activity 

 To test the library for activity in SdiAEC, we built on the prior work by Dyszel et 

al.32 and generated a reporter system in E. coli JLD271 (sdiA), in which SdiAEC is 

expressed from a plasmid under the control of the L-arabinose inducible pBAD 

promoter, and on a separate reporter plasmid, the gadW promoter (from which activated 

SdiAEC induces expression) is fused to lacZ (see Table I.S2 for strain and plasmid 

details). SdiAEC activity in this strain is then measured using a standard β-galactosidase 

assay.50 The signal was normalized to both the positive control (10 M N-(3-oxo)-

octanoyl L-homoserine lactone, OOHL (2)) and the negative control (DMSO, vehicle). 

OOHL (2) was chosen as the positive control because it is the most potent naturally 

occurring agonist of SdiASE and has been crystalized with SdiAEC.19, 22, 51 We note that, 

due presumably to the enhanced stability of apo-SdiAEC relative to other LuxR-type 

receptors, this reporter assay gave a higher background signal in the absence of ligand 

relative to similar reporter assays for related receptors.12, 39 Assay conditions were 

carefully optimized to maximize the difference between the positive and negative 

controls (Figure I.S2). 
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I.2.3 SdiAEC can be activated by a broad range of AHLs but is inhibited by few 

 All 153 compounds were screened (see Table I.S3) for agonism at 100 nM and 

for antagonism at 100 M against the EC90 of 2 (10 nM). The agonism screen revealed 

SdiAEC to display a remarkably high level of promiscuity relative to other LuxR-type 

receptors (except for SdiASE; see below). These differences in promiscuity are obvious 

in the heatmap representation in Figure I.2. Receptors such as LasR (from P. 

aeruginosa) and TraR (from Agrobacterium tumefaciens) are modulated by only a small 

subset of these AHLs. Other receptors such as LuxR (from V. fischeri) and QscR (from 

P. aeruginosa) bind a larger subset, but most compounds antagonize these receptors. 

In contrast, SdiAEC is activated by nearly every compound in the tested library 

containing a homoserine lactone (Figure I.2i-v), except for the BnHLs (Figure I.2ii). 

Remarkably, more than one-third of the library (54 out of 153) had at least 85% activity 

at 100 nM. A secondary agonism screen with 10 nM compound was performed to 

narrow this list to only the most potent compounds (Table I.S4). At this lower 

concentration, 28 compounds had at least 50% activity. In stark contrast to the agonism 

screen, the antagonism screen of this library at 100 M yielded only two compounds 

displaying at least 40% inhibition of SdiAEC. Given that most of the compounds 

containing a homoserine lactone were agonists, regardless of the structure of the acyl 

tail, and that this collection of compounds is heavily biased towards compounds 

containing a homoserine lactone, our discovery of so few antagonists is perhaps 

unsurprising.  
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Figure I.2 Activity heatmap of AHL and AHL analogs in various LuxR-type 
receptors. Heatmap representation of the activity of a set of AHLs and AHL analogues 
in LuxR-type receptors from prior studies and the current study as measured using 
reporter gene assays (see Table I.S1 for further details and references). Compounds 
are grouped by type (i–vii) in rows; agonism (left, trending blue) and antagonism (right, 
trending red) data for each compound are shown in adjacent columns for each receptor.  
aReporter gene assay details: receptor expressed at wild-type levels in the native 
organism (WT) or from a pBAD promoter in E. coli sdiA (HET).  bOrphan receptor; 
compound 1 and 2 used as the “native ligand” for QscR and SdiA, respectively.  c100% 
activation in an agonism assay is equal to the maximum activation by native ligand and 
0% is equal to the activation by vehicle (DMSO).  d100% inhibition in an antagonism 
assay is equal to the activation by vehicle (DMSO) and 0% inhibition is equal to the 
activation by the EC50 concentration of native ligand (EC90 for SdiASE and SdiAEC). Grey 
bands in the heat map indicate assay data not available. 
 

I.2.4 The promiscuity of SdiA is conserved 

 As shown in Figure I.2, SdiAEC and SdiASE are activated by the same compound 

classes—that is, AHLs, PHLs, PPHLs, other AHLs, and AHTs. Similarly, BnHLs are 

unable to activate either receptor. This conservation of agonists between SdiAEC and 
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SdiASE is not surprising given their sequence similarity. However, two qualitative 

differences exist in the screening data: SdiASE is antagonized by a slightly greater 

number of compounds than SdiAEC, and SdiAEC is agonized by more non-lactone 

compounds than SdiASE. It is interesting to note that sdiA is a descendent of a 

horizontal gene transfer of rhlR in P. aeruginosa.20 The RhlR receptor displays some 

similarities with SdiAEC (see Figure I.2), including being relatively promiscuous in terms 

of agonists, being broadly activated by PHLs and PPHLs, and not being activated by 

BnHLs. These results suggest that SdiA from the other genera could likely display 

similar levels of promiscuity and affinity for similar chemical structures. 

 

I.2.5 Structure-activity relationships for SdiAEC agonism 

 We next collected agonism dose-response curves for the 28 compounds with at 

least 50% activity in the 10 nM agonism screen (Table I.1). Most of these compounds 

could be divided into four categories: aliphatic AHLs (Figure I.2i), PHLs (Figure I.2iii), 

PPHLs (Figure I.2iv), and non-homoserine lactone compounds, such as AHTs (Figure 

I.2vi). We collected agonism dose-response curves of several additional compounds to 

better understand the SAR of these chemical scaffolds. 

  



455 
 

 
 

Table I.1 Selected SdiAEC agonism dose-response assay data. 

  

aAll dose response curves were obtained as 3 or 4 biological replicates of technical 
triplicates using the WT E. coli SdiAEC reporter strain (see SI).  bAHLs are named based 
on the presence of a substituent at the 3rd carbon in the acyl tail (either a hydroxyl group 
or carbonyl) and the number of carbons in the acyl tail.  cSubstituent identity and position 
on PHL (C1).  dData were fit using GraphPad Prism software using a three parameter 
and a four parameter (varied slope) dose-response analysis. Reported values are for the 
three parameter fit unless the Hill slope in the four parameter fit was different than 1.0 
(95% CI). The two different Hill slopes were for compounds 7 [0.64 (0.32-0.95)] and C24 
[0.81 (0.68-0.94)].  eThe “Max Activation” refers to the “top” parameter in the non-linear 
regression fit. 100% activation is defined using a positive control (10 µM 2) and 0% is 
defined using a negative control (DMSO). N/A denotes that the data could not be fit to 
this activation model.  fInverted stereochemistry; D-homoserine lactone head group.   
gTail groups of HTs (Figure I.2iv) indicated with the compound name for the HL 
analogue.  hCompound structures shown in Figure I.S1; compound numbering matches 
original reports.  
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Several trends can be identified for the effect of the AHL acyl tail on SdiAEC 

agonism (Table I.1A and Figure I.S3A). The optimal length of aliphatic AHL tails for 

SdiAEC is 6–8 carbons (A2, 4, and A3; Table I.1A). While 10–12-carbon tail lengths (A4, 

A5) are still well tolerated, shorter 4-carbon (A1) and longer 16-carbon (A6, H25) tails 

have much lower agonism potencies. In several cases, we see that the addition of a 3-

oxo group increased potency about 4-fold (2 (OOHL), A7, and H25), and the addition of 

a 3-hydroxyl group appears to decrease potency (H2, H6). These trends for aliphatic 

AHL agonism in SdiAEC are nearly identical to those we identified previously for 

SdiASE.19 

As we have observed for numerous other LuxR-type receptors, PHLs were an 

extremely active class of compounds in SdiAEC.11, 39, 48, 52 Distinct for SdiAEC was its high 

tolerance for alterations to the PHL scaffold (Table I.1B and Figure I.S3B). 

Unsubstituted PHL (C1) has an EC50 of 7.6 nM, and a wide array of substituents were 

tolerated, or even improved ligand potency, at the ortho, meta, or para positions. Only 

five out of 31 PHLs (C16, C18, C21, C22, and E9) had less than 60% activity at 100 nM, 

and only a single PHL (p-Boc-amine PHL, C22) had less than 30% activity (Table I.S3). 

Notably, many meta substituents, both electron-withdrawing (e.g., nitro-C14, cyano-E5) 

and donating (e.g., methoxy-E2), gave at least a 3-fold improved potency relative to C1 

in SdiAEC (Table I.1B), yielding agonists with activity comparable to the native OOHL 

(2). Multiple substitutions were not always well tolerated: for example, a single meta 

trifluoromethyl substituent (E3) had slightly improved potency compared to C1 (Table 

I.1B), but the double meta substituent (E9) had only 48% activity at 100 nM (Table I.S3). 

Additionally, two large para substituents had less than 50% activity at 100 nM (Table 
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I.S3): phenyl (C18) and Boc-amine (C22). However, the naphthyl version of a PHL 

(E12) was more potent than C1 (Table I.1B) and other large para substituents such as 

iodo (C10) and thiomethyl (E6) had more than 80% activity at 100 nM (Table I.S3). 

These results suggest that there is significant, but not unlimited, room for 

accommodation of substituents on the PHL scaffold. As with aliphatic AHLs, these 

SARs are very similar to those observed for PHLs for SdiASE.19 

The PPHL scaffold was not as well sampled in the library as the PHLs, but we 

can still identify certain trends. Unsubstituted PPHL B9 (23 nM, Table 1 I.D) has an 

EC50 that is 3-fold higher than its one carbon shorter homolog C1. All 11 PPHLs tested 

had greater than 60% agonism activity in the 100 nM screen (Table I.S3). At 100 nM, 4 

out of 6 para substituted PPHLs and 1 out of 3 meta substituted PPHLs had greater 

than 85% activity; only the para nitro PPHL (E37) had greater than 60% activity at 10 

nM (Table I.S4) and this compound is more than 6-fold more potent than unsubstituted 

PPHL (B9). These results suggest that the PPHL scaffold is less potent overall than the 

PHL scaffold in SdiAEC, and potentially favors substituents at the para rather than meta 

position.  

 Of the small number of compounds examined with modified linkages between the 

lactone and alkyl tail, compounds with a sulfone linkage (A9, A13) or , unsaturation 

(B10, D18) had less than 50% agonistic activity at 100 nM (Table I.S3). Increased steric 

bulk at the -carbon was also not tolerated; all the BnHLs and S1, S2, and S3 had less 

than 40% activity at 100 nM, except R8 (Table I.S3). Several analogues with alternate 

head groups were sampled in the library, and a subset were found to strongly activate 

SdiAEC. Thiolactone analogues were highly active (Table I.1C) and often had improved 
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potency over the parent lactone (as we have observed in other LuxR-type receptors).19, 

43, 51, 53 Inversion of the HSL stereochemistry reduced potency but retained some 

agonistic activity (B3, B4, and B5; Table I.S3); for example, inversion of 

stereochemistry for p-Br PHL (7 vs. B4) resulted in a greater than 300-fold decrease in 

potency (Table I.1). A comparison between the results for compound 1 and 12 suggests 

that switching from a HL to an unsubstituted phenyl head group only reduces agonism 

potency 2-fold (Table I.1). Replacement of the HSL in decanoyl HL (A4, Table I.1A) with 

a cyclopentane head group (to give 17, Table I.1D) reduced activity dramatically; 

however, conversion of meta nitro PHL (C12) to the cyclopentyl head group analog 

(F18) showed no significant decrease in activity at 100 nM (Table I.S3). Finally, several 

non-AHL compounds—identified as potent modulators of LasR in prior screens—

showed only limited activity in SdiAEC (18-22, Table I.S3).12 

 

I.2.6 Antagonism assay data in SdiAEC 

 Despite the many new agonists uncovered, we identified only two compounds 

capable of SdiAEC antagonism in our primary screen, 11 and 15 (Figure I.3, Table I.S5). 

The isothiocyanate AHL derivative 11, also known as ITC-12, was first identified by 

Meijler and co-workers as a mimic of LasR’s native ligand (OdDHL, 1) and shown to act 

(at least in part) as a covalent inhibitor of LasR by reacting with a cysteine in its ligand-

binding pocket.10 In our prior study of SdiASE, we found that 11 was capable of SdiASE 

antagonism in both a competitive and non-competitive manner.19 Similar to SdiASE, we 

discovered that 11 inhibits all AHL-dependent activity in SdiAEC at 100 M, as well as 

inhibiting approximately 40% of AHL-independent activity. However, at lower 
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concentrations, we found that 11 displayed a very interesting activity trend in SdiAEC. An 

agonism dose response assay (Figure I.3A, black curve) revealed that 11 has two 

regimes of activity. At low concentrations, it agonizes SdiAEC to about 70% with an EC50 

of 4 nM; this is consistent with the EC50 value of its parent AHL, 1 (12 nM, Table I.1). 

Yet, at concentrations higher than 100 nM, 11 was observed to antagonize SdiAEC 

instead. In a separate antagonism assay against OOHL (2) at its EC90, compound 11 

fully inhibits SdiAEC with an IC50 of 256 nM (Figure I.3B, red curve). We note that 11 did 

not inhibit cell growth at any of the concentrations tested in these assays (see Figure 

I.S5). 

 

 

Figure I.3 Dose response curves of 11 and 15. Agonism and antagonism dose-
response curves for (A) 11 and (B) 15, with chemical structures shown below the dose 
response curve plots. All dose response curves were obtained as 3 or 4 biological 
replicates of technical triplicates using the WT E. coli SdiAEC reporter strain. 100% 
activation is equal to the activity of 10 M 2, and 0% is equal to activation of vehicle 
(DMSO). Antagonism was determined in competition with 2 at its EC90 (10 nM). Error 
bars indicate standard deviation. 
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 The other antagonist that we identified in SdiAEC, cyclohexanone 15, had only 

moderate potency (IC50 = 48 M; Figure I.3B). An agonism dose response analysis 

revealed that 15 is actually a partial agonist with weak efficacy (33% max activity). 

Compound 15 was identified previously by Suga and co-workers as an inhibitor of LasR 

from P. aeruginosa;54 it was also examined for its capability to modulate SdiAEC in an in 

vitro DNA binding assay by Shimada and co-workers. Cyclohexanone 15 failed to 

induce DNA binding in that prior work.38  

 Because of 11’s interesting activity profile, most notably its high potency and 

efficacy as an inhibitor of SdiAEC (and SdiASE),19 we further investigated its mechanism 

of action. We first sought to determine if the interaction between SdiAEC and 11 is 

competitive with the interaction between SdiAEC and OOHL (2). In SdiAEC antagonism 

reporter assays with increasing amounts of 2, the IC50 of 11 increased, and the efficacy 

of inhibition at 100 M was reduced (Figure I.S6A). In turn, we observed that the 

addition of 11 to an SdiAEC agonism reporter assay with 2 increased the EC50 and 

decreased the maximum activation of 2 (Figure I.S6B). These results suggest that 11 

can competitively bind to SdiAEC, presumably in the AHL binding pocket (as 2 has been 

shown to bind this site in structural studies of SdiAEC).21-22 However, because of the 

changes to maximal inhibition and activation in these experiments, we were interested 

to determine if 11’s mechanism of inhibition involved a possible covalent interaction 

between its electrophilic isothiocyanate and SdiAEC. 
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I.2.7 Compound 11 reacts with C232 of SdiAEC 

 SdiAEC has three cysteines that could potentially serve as thiol nucleophiles and 

be covalently modified by 11 (Figure I.4A).22 We constructed a plasmid for the 

overexpression of SdiA from EHEC with a C-terminal His-tag (SdiAEHECH6; see Table 

I.S2 for strain, plasmid, and primer details and Figure I.S7 for purification details). This 

tag on SdiAEHEC has been shown to not disrupt AHL binding or DNA binding in prior 

studies,21-22 and SdiAEHEC is 99% identical to SdiAEC (sharing all three cysteines), 

allowing us to build mechanistic hypotheses for SdiAEC with this tagged homolog. We 

next used ultra-high resolution Fourier transform ion cyclotron resonance mass 

spectrometry (MS)55 to measure the intact mass of SdiAEHECH6 that was incubated with 

or without 11 (10 M) either in vitro after purification or in intact E. coli cells (in cellulo) 

prior to purification. Unmodified and 11-modified SdiAEHECH6 proteoforms (SdiAEHECH6 

and 11SdiAEHECH6, M=354.15; respectively) were detected in the samples treated with 

11 (see Figure I.S8 for representative MS data), suggesting covalent labeling in vitro 

and in cellulo. Because we observed that saturating levels of OOHL (2) had prevented 

SdiAEC inhibition by 11 in the cell-based reporter assay (Figure I.S6), we also tested 

whether addition of saturating levels of 2 (10 M) could prevent covalent labeling by 11. 

In samples incubated in cellulo with 10 M 11 and 10 M 2, we detected little to no 

signal for the 11SdiAEHECH6 proteoform (Figure I.S9), which suggests that 2 prevented 

covalent labelling. We quantified the abundance of 11SdiAEHECH6 in the in cellulo 11 

treated samples incubated with and without 2 (relative to SdiAEHECH6 + 11SdiAEHECH6 

abundance in the samples) as 0.02 ±0.01 and 0.37 ± 0.07, respectively (representative 

replicate shown in Figure I.4B; all replicates shown in Figure I.S10).   
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Figure I.4 Crystal Structure of SdiAEC and MS analysis of 11 with SdiAEC. (A) 
Structure of the [2-SdiAEHECH6]2 complex (from PBD 4y17).22 Individual monomers of 
SdiAEHECH6 shown in tan/gold and red/maroon, and 2 (OHHL) shown in purple. Each 
cysteine in SdiAEHECH6 is shown in green. Inset shows the dimer interface in the DNA 
binding domain in which C232 forms an inter-monomer disulfide. (B) (Left) 
Representative deconvoluted mass spectra for SdiAEHECH6 + 11 in cellulo (navy) and 
SdiAEHECH6 + 11 + 2 in cellulo (blue). (Right) Quantification of 11SdiAEHECH6 abundance 
relative to SdiAEHECH6 + 11SdiAEHECH6 abundance. Relative abundance values represent 
average of n=3 replicates, error bars represent the standard error of the mean (SEM). 
(C) (top) Mass spectrum of SdiAEHECH6 incubated in cellulo with 11 (quadrupole 
isolation of 100 m/z with center at 1019 m/z), 100 transient acquisition (2M, 0.01 s ion 
accumulation time). Charge states 30+, 29+, 28+ (M30+, M29+, M28+) for SdiAEHECH6 
proteoforms are labelled. (bottom) Zoom-in MS region of 1005-1025 m/z showing 
SdiAEHECH6 proteoforms (29+ charge state, M29+), with unmodified SdiAEHECH6 
(SdiAEHECH6) at ‘1006.65 m/z and 11-modified SdiAEHECH6 (11SdiAEHECH6) at ‘1018.89 
m/z. Experimental (Expt’l) and calculated (Calc’d) monoisotopic masses are shown for 
SdiAEHECH6. Expt’l mass and mass difference between Expt’l and Calc’d monoisotopic 
masses from un-modified SdiAEHECH6 are shown for 11SdiAEHECH6. (D) Sequence table 
showing fragment ions for two combined ECD MS/MS experiments. Blue cleavages 
represent detection of unmodified fragment ions and magenta cleavages represent 
detection of 11-modified fragment ions. Cysteine residues are circled, with C232 
highlighted in green. (bottom-right) Annotation showing cleavages produced by ECD 
along the protein backbone and the corresponding ions.  
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From the sample incubated with 11 in cellulo, we measured the mass of 

SdiAEHECH6 and 11SdiAEHECH6 with high accuracy (Figure I.4C) and subsequently 

isolated the 11SdiAEHECH6 proteoform for tandem MS (MS/MS) to characterize its 

sequence and localize the cysteine residue(s) that were modified by 11. We achieved 

good sequence coverage of 11SdiAEHECH6 (39%) with 97 out of 247 protein backbone 

cleavages detected by electron capture dissociation (ECD),56-57 an MS/MS technique 

that preserves labile modifications allowing for localization (Figure I.4D). In view of the 

Meijler lab’s report with 11 in LasR,10 we initially suspected that 11 might covalently 

react with the cysteine inside the SdiAEHECH6 AHL-binding pocket (C45); however, we 

obtained results strongly suggestive for the modification of C232 based on the presence 

of z•-fragment ions at the C-terminus of the protein backbone (Figure I.4D; see Note in 

Figure I.S11). To probe this result further, we constructed a C232A SdiAEC mutant 

activity reporter in E. coli, effectively removing the possibility for nucleophilic capture at 

this residue (see Table I.S2 for further details). We note that the C232A mutation 

reduced the overall activity of SdiAEC in the cell-based reporter by more than two-thirds 

relative to WT (as judged by the activity of agonist 2; Figure I.S2), suggesting that C232 

plays an important role in the stability and/or activity of SdiAEC. Nevertheless, and as 

expected, 11 was unable to inhibit C232A SdiAEC activity in this reporter (tested up to 

100 M), and instead, it acted only as an agonist (Figure I.S12).  

Reaction of 11 with C232 directly implies a plausible means by which 11 inhibits 

the AHL-dependent and AHL-independent activity of SdiAEC. Based on prior structural 

studies of SdiAEHEC and biochemical data, we predict that C232 forms an inter-monomer 

disulfide (see Figure I.4A inset) and potentially plays a role in the intrinsic stability and 
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activity of apo-SdiAEC.21-22 In view of the position of C232 in SdiAEC, we would suspect 

that covalent modification would prevent dimerization.22 In support of this hypothesis, 

Kim et al. showed that reaction of C232 with methyl methane thiosulfonate (MMTS) 

prevents SdiAEHEC binding to DNA.21 Similarly, purified SdiAEHEC elutes from a size-

exclusion column as a dimer in the absence of a reducing agent and as a monomer in 

the presence of a reducing agent (data not shown), strongly suggestive of C232 forming 

an inter-monomer disulfide. This finding is interesting as it has broader implications; 

since C232 is a highly conserved residue in SdiA across Escherichia and other genera, 

11 could serve as a general inhibitor of SdiA. This possibility is supported by its strong 

inhibitory activity in both SdiAEC and SdiASE.  

We next altered the structure of 11 to further probe its mechanism of action in 

SdiAEC (Figure I.5). We reasoned that if the isothiocyanate of 11 was replaced with a 

non-electrophilic yet sterically similar moiety (e.g., an azide), it should not be able to 

react with C232 and inhibit SdiAEC. Congruent with this hypothesis, the azide analogue 

of 11, HSL-Az-12, acted solely as an agonist in the WT SdiAEC cell-based reporter 

assay, with a similar EC50 to its parent AHL, 1 (Figure I.6A). We note that, despite the 

evidence for competitive binding between 11 and 2, the isothiocyanate of 11 could still 

potentially react with C232 in a manner that does not require binding to the AHL binding 

pocket of SdiAEC. To examine this possibility, we tested the ability of butyl, octyl, and 

phenyl isothiocyanate to inhibit SdiAEC in cell-based reporter assays; none of these 

compounds were able to inhibit SdiAEC (Figure I.6B and Figure I.S13). These results 

suggest that the AHL-scaffold of 11 is in important for interaction with and eventual 

covalent capture of SdiAEC. 
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Figure I.5 Structural features of analogues of 11. Each combination of R1, R2, and 
acyl tail length was synthesized. Compounds are names as R1-R2-acyl tail length; for 
example, 11 would be HSL-ITC-12, and its azide analogue would be HSL-Az-12.  
 
 

 

Figure I.6 Dose response curves of analogues of 11. Agonism (black) and 
antagonism (red) dose-response curves for (A) HSL-Az-12, (B) Butyl-ITC, (C) GEE-
ITC-12, and (D) HSL-ITC-8 using the JLD271-SdiAEC reporter strain. All dose response 
curves were obtained as three or four biological replicates of technical triplicates. Error 
bars indicate standard deviation. 
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To further examine the role of the lactone head group in the interaction of 11 with 

SdiAEC, we constructed glycine ethyl ester (GEE) headgroup analogs GEE-ITC-12 and 

GEE-Az-12. We knew, based on our primary screening results, that a glycine ethyl ester 

(GEE) head group was unlikely to have a high affinity for SdiAEC: the GEE analogs F39, 

F45, and F47 all have less than 40% activity in the 100 nM SdiAEC agonism screen (see 

Table I.S3). Indeed, the EC50 was 250-fold higher for GEE-ITC-12 and 400-fold higher 

for GEE-Az-12 as compared to 11 and HSL-Az-12, respectively (Table I.S6). GEE-ITC-

12 was also a weaker antagonist of SdiAEC relative to 11, inhibiting to only 54% at 100 

M (Figure I.6C). These results with non-lactone analogs of 11 further support our 

hypothesis that inhibition of SdiAEC by 11 is dependent on an initial non-covalent binding 

event dependent on the lactone headgroup, most likely in the AHL binding pocket.  

We also probed the effects of changing the length of the acyl tail in 11. As SdiAEC is 

strongly activated by AHLs with 6–8 carbon tails, we expected shorter carbon tails 

would generate more potent ligands. We tested HSL-ITC-6 and HSL-ITC-8 (and their 

GEE analogues) in the cell-based reporter agonism and antagonism assays. However, 

none of these compounds inhibited SdiAEC (Figure I.6D and Figure I.S13). These results 

suggest that the long tail in 11 might position the isothiocyanate for productive reaction 

with C232 in SdiAEC. Inspection of the crystal structure of SdiAEHEC with 2 (Figure I.4A) 

suggests that the longer tail of 11 could possibly position the isothiocyanate outside of 

the enclosed binding pocket (beyond F59 and L77, which are thought to close the 

binding pocket).22 However, additional experiments will be needed to address this 

possibility, namely to determine (1) whether 11 remains bound to the AHL binding 

pocket after reaction with C232, and (2) what additional conformational changes of 
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SdiAEC are induced by 11 to position the isothiocyanate for reaction with C232. 

Biochemical and biophysical experiments to address these questions and others are 

ongoing in our laboratory. 

 

I.2.8 11 reduces SdiA dependent survival of E. coli in acidic media 

Lastly, we sought to investigate if the new small molecule modulators of SdiAEC 

identified herein could affect a QS-controlled phenotype in E. coli. Again, SdiAEC has 

been shown to mediate survival of E. coli in acidic media.24, 32 In these assays, E. coli is 

grown to stationary phase and then challenged with an acidic minimal medium (pH 2.5) 

or a neutral minimal medium (pH 7.0) for 1.5 hours; survival in the acidic medium is 

determined as a percentage of cells relative to those that survived in neutral medium. 

Using this assay protocol, we found that the sdiA mutant has markedly reduced acid 

tolerance, but the addition of the agonist 2 to WT E. coli did not significantly alter 

survival (Figure I.7). However, antagonists 11 and 15 were found to dramatically reduce 

survival in the acidic medium: at 100 M, both antagonists reduced survival to nearly 

sdiA levels. We note that 11 and 15 do not reduce survival in the neutral minimal 

medium (Figure I.S14) or in LB (Figure I.S5) and that sdiA E. coli survival in acidic 

medium treated with DMSO, 2, 11, or 15 do not significantly differ (p >0.05). We 

conclude from these experiments that both 11 and 15 decrease survival of E. coli in 

acidic conditions in a SdiAEC dependent manner. 

  



468 
 

 
 

 

Figure I.7 Survival of WT or ΔsdiA E. coli in an acid challenge assay. See 
Methods for details. DMSO (vehicle control), 2 (10 M), 11 (100 M), or 15 (100 M) 
were added to the initial growth medium and acidic challenge media. The individual data 
points are shown for each condition (circles) and averages (lines) are shown 
representing five independent challenge wells. “ns” indicates that the means are not 
significantly different (p > 0.05). *** and **** indicate that the means are significantly 
different (p = 0.0001 and p < 0.0001, respectively). 
 

I.2.9 Implications 

The results of this search for non-native chemical modulators and study of AHL 

SAR in SdiAEC have two broad implications. The first is related to the observed high 

promiscuity of SdiAEC for AHL-type agonists. As noted above, SdiAEC displays unusually 

high in vitro stability in the absence of an agonist ligand relative to other LuxR-type 

receptors.21-22, 58 Smith et al. proposed that the instability of most apo-LuxR-type 

receptors could serve as a kinetic screen to increase their selectivity for a specific AHL 

signal.59 Under this framework, it is reasonable to speculate that E. coli could have 

evolved a stable orphan LuxR-type receptor to allow for less selectivity in binding and 

activation by exogenous AHL signals. Additionally, Huang et al. proposed that a 
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stabilized apo-receptor might allow the bacterium to expend less energy to maintain the 

ability to sense the signal and might respond more quickly to increases in signal.60  

 The promiscuity of SdiAEC raises questions about prior techniques used in the 

search for and identification of AHLs in the digestive track of cattle. Those past studies 

have relied primarily on bio-reporter strains based on the TraR and CviR LuxR-type 

receptors for the detection of AHLs.24, 28-31 However, SdiAEC is activated not only by 

lower concentrations of AHL than CviR and TraR, but also by a significantly expanded 

array of AHLs relative to these receptors (Figure I.2). The -galactosidase reporters for 

SdiAEC and SdiASE, constructed in this study and in our earlier work,19 could represent 

valuable tools to screen for a considerably wider variety of AHLs in animal hosts or 

environmental samples, using thin-layer chromatography or other well-developed 

detection methods.61  

The second implication of this study is that SdiAEHEC should be readily amenable 

to modulation with non-native molecules. Chemical tools can provide spatial and 

temporal control of SdiA activity, advantages not associated with common genetic 

approaches, such as complementation with a LuxI-type synthase.33, 62-63 Because 

SdiAEHEC regulates two phenotypes essential for colonization, controlling SdiAEHEC 

activity could be a means of reducing the presence of EHEC in cattle.24, 64 Furthermore, 

because SdiAEHEC activates one of these phenotypes and represses the other, the 

spatial and temporal control offered by small molecules would be useful for investigating 

how manipulation of SdiAEHEC could be used to reduce colonization and shedding of 

EHEC in cattle populations. Because of the pH differences throughout the bovine 

gastrointestinal tract, introduction of an AHL based activator or inhibitor in the rumen 
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(Figure I.1C) would possibly offer temporal modulation of SdiAEC activity (and thus alter 

acid resistance) prior to entering the intestines where the lactone head group would be 

hydrolyzed in the alkaline pH (~8) environment of the intestines.24, 65 To this end, the 

installation of headgroups with enhanced hydrolytic stability (e.g., thiolactone or phenyl 

as in F2 and 12, respectively) could provide modulators of SdiAEC activity that remain 

active throughout the gastrointestinal tract. 

 

I.3 Summary and Conclusions 

 This study was motivated by our interest in cell-cell communication in E. coli, 

specifically in the development of chemical strategies to attenuate QS via the LuxR-type 

receptor SdiAEC. We constructed a transcriptional reporter of SdiAEC activity, screened a 

focused library of small molecules for activity in SdiAEC, developed SARs for agonism of 

SdiAEC by AHLs, identified highly potent non-native agonists and antagonists of SdiAEC, 

and demonstrate that one potent antagonist (11) causes inhibition of SdiAEC through a 

cysteine that is functionally important to SdiAEC activity and highly conserved in SdiA 

from other genera. We demonstrate that SdiAEC is highly promiscuous and is activated 

by almost all the compounds tested containing an L-homoserine lactone. Additionally, 

we show that SdiAEC can be activated by compounds that contain head groups that are 

inherently more hydrolytically stable than a lactone, such as a thiolactone or phenyl, 

suggesting additional scaffolds that can be developed in the future as chemically robust 

probes of SdiAEC. 

Looking forward, this study lays a potential pathway for developing mechanistic 

rationales for not only how SdiAEC is activated or inhibited by small molecules, but also 
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a broad range of other LuxR-type receptors. The small molecule library screened in this 

study consists of numerous AHL analogue scaffolds that we and others have shown to 

strongly activate or inhibit over 10 different LuxR-type receptors. Biochemical and 

biophysical studies of these LuxR-type receptors have been limited by the inability to 

purify the receptor in the absence of the native ligand, or a potent agonist or antagonist, 

and only four full-length LuxR-type receptors have been characterized by X-ray 

crystallography to date.13 In contrast, SdiAEC can be purified in the absence of ligand, is 

readily crystallizable (as observed for SdiAEHEC), and as we now show here, is strongly 

modulated by chemical scaffolds that have activity in many other LuxR-type receptors, 

the bulk of which again are largely intractable to biochemical analyses. We contend 

these properties make SdiAEC an excellent model system for improving the 

understanding of the modes by which these synthetic ligand scaffolds bind to conserved 

features of the LuxR-type receptor binding pocket and differentially modulate the activity 

of this protein family.22 We also speculate that regulation of receptor dimerization via the 

introduction or manipulation of inter-monomer disulfides (e.g., C232 in SdiA) could 

provide new entry into study of LuxR-type protein function. 

 

I.4 Supporting Information 

I.4.1 Chemical and biological methods 

Chemicals and compound handling 

The library of compounds screened in this study is shown in Figure I.S1. These 

compounds were either synthesized as previously described or purchased (see Table 

I.S1 for additional references).19 The synthesis of the new compounds reported in this 
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study (i.e., the GEE/HSL library) is described later in this SI document. The β-

galactosidase reporter assay substrate, ortho-nitrophenyl-β-D-galactopyranoside 

(ONPG), was purchased from DOT Scientific. Stock solutions of compounds were 

prepared at 10 or 100 mM in DMSO and stored at −20 °C in sealed vials. 

 

Bacterial strains and growth conditions 

The strains, plasmids, and primers used in this study are summarized in Table 

I.S2. All biological media and reagents were obtained from commercial sources and 

used according to the manufacturers’ instructions. All strains were grown in lysogeny 

broth (LB) with the appropriate antibiotics at 37 °C with shaking (at 200 rpm) unless 

noted otherwise. Bacterial growth was assessed by measuring cell culture optical 

density by absorbance at 600 nm (OD600) using a Biotek Synergy 2 plate reader. When 

appropriate, the following antibiotic concentrations were used for bacterial growth 

conditions: 10 μg/mL gentamicin,100 μg/mL ampicillin, and 34 μg/mL chloramphenicol. 

 

Construction of SdiAEC reporter and SdiAEHECH6 overexpression strains 

Reporter (pSC11) and expression (pJN105) plasmids were constructed as 

described previously.19 Briefly, to make pSC11-pgadW, 333 base pairs of the gadW 

promoter region (−311 to +21) from K12 E. coli MG1655 (NC_000913.3) were cloned 

into pSC11, using the gadW primers listed in Table I.S2. To make pJN105-sdiAEC, 723 

base pairs of sdiA from K12 E. coli MG1655 were cloned into pJN105, using the sdiA 

primers listed in Table I.S2. To make pJN105-sdiAECC232A, a Gibson Assembly 

Cloning Kit (New England Biolabs) was used with the C232A primer listed in Table I.S1. 
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To make pET23b-sdiAEHECH6, 720 base pairs of sdiA from E. coli 86-24 (WT EHEC 

serotype O157:H7) were cloned into pET23b, using the primers listed in Table I.S2. 

PCR-generated fragments were digested, ligated with cut vector, and transformed into 

E. coli DH5α using standard restriction digest cloning methods as we have reported 

previously.49 To construct the reporter strains, pSC11 and pJN105 were transformed 

into JLD271 (E. coli sdiA).66 To construct the overexpression strain, pET23b-

sdiAEHECH6 was transformed into BL21(DE3)-pLysS.  

 

β-galactosidase assay reporter assay 

The β-galactosidase assay using either the JLD271-SdiAEC or JLD271-

SdiAECC232A reporter was performed as reported previously, with minor 

modifications.19 The reporter strain was grown for 16–18 h (overnight) in LB medium, 

diluted 1:10 in fresh LB medium, and incubated until it reached an OD600 of 0.25. 

Expression of SdiAEC was induced by the addition of 4 mg/mL arabinose, and this 

subculture was incubated in 96-well plates in the presence of compounds (1% DMSO) 

for 4 h. For antagonism assays, the subculture was supplemented with 3-oxo-C8 AHL 

(OOHL, 2) at its EC90 (10 nM, 0.1% DMSO); positive and negative control wells were 

plated before the addition of 2 to the subculture. A 50-μL aliquot of culture from each 

well was lysed in 204 μL of Z-buffer and 8 μL of chloroform, and a 100-μL aliquot of this 

lysate was incubated with 25 μL of 4 mg/mL ONPG for 8 min (SdiAEC) or 20 min 

(SdiAECC232A) at 30 °C before reading absorption at 420 nm and 550 nm using a 

Biotek Synergy 2 plate reader.50 Non-linear regression curve fits were generated using 

GraphPad Prism software (version 6) using a three parameter and a four parameter 
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(varied slope) dose–response analysis; all fits reported are three parameter fits (unless 

otherwise noted). 

 

Purification of SdiAEHECH6 

SdiAEHECH6 was purified as described previously.22 Briefly, BL21(DE3)-

SdiAEHECH6 was grown for 16–18 h (overnight) in LB medium. A 1:100 subculture of this 

overnight culture in LB medium with 100 μg/mL ampicillin was grown until an OD600 of 

0.6, chilled on ice, and then induced with 500 M isopropyl β-D-thioglactopyranoside 

(IPTG) before being incubated at 16 °C overnight. The overexpression culture was 

chilled on ice and then pelleted. Cells were suspended in lysis buffer (50 mM Tris (pH 

8.5), 300 nM NaCl, 0.1 mM EDTA, 20 mM imidazole, and 10% glycerol) and lysed by 

sonication. Insoluble protein was removed by centrifugation. SdiAEHECH6 was purified by 

nickel affinity chromatography (HisTrap FF 5 mL, GE Healthcare) on an FPLC (AKTA 

pure, GE Healthcare) via gradient elution (20 mM to 500 mM imidazole). Pure fractions 

were buffer exchanged (HiTrap Desalting column, GE Healthcare) into assay buffer (50 

mM Tris (pH 8.5), 500 mM NaCl, 1 mM EDTA, and 10% glycerol). Samples were 

concentrated, quantified, and aliquots were frozen using liquid N2 for storage at -80 °C. 

Note, reducing agents were not used during these purifications.  

For in vitro compound-exposed MS samples, purified SdiAEHECH6 was exchanged 

into glycerol free assay buffer and incubated with either DMSO (1%; vehicle) or 

compound 11 (10 M) on ice for 30 min before precipitation with acetone at -20 °C for 4 

h. Acetone was decanted, and the samples were dried under vacuum.  
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For intact cell (in cellulo) compound-exposed MS samples, prior to lysis, 

concentrated BL21(DE3)-SdiAEHECH6 cells in lysis buffer were incubated with either 

compound 11 (10 M) alone or 11 (10 M) + 2 (10 M) on ice for 45 min. Cells were 

washed with assay buffer to remove unreacted compound and then SdiAEHECH6 was 

purified as described above, exchanged into glycerol free Assay Buffer, and diluted to 

10 M aliquots before acetone precipitation (-20 °C for 4 h). Acetone was decanted, and 

the samples were dried under vacuum. 

 

Top down mass spectrometry 

Acetone-precipitated protein pellets were re-suspended in 0.1% formic acid in 

water. The samples were further de-salted using ultracentrifugation filtration through 10 

kDa molecular weight cut-off filters (Amicon). Following filtration, the samples were 

diluted 50% with 0.1% formic acid in MS-grade acetonitrile to aid the electrospray 

ionization process. The samples were directly infused into a Bruker SolariX 12 T Fourier 

transform ion cyclotron resonance (FTICR) mass spectrometer using a chip-based 

nano-electrospray source (Advion Nanomate) with gas pressure set between 0.3–0.5 

psi and voltage set between 1.3–1.5 V. Skimmer voltage was set to 70 V. An excitation 

energy of 20% was used. For MS/MS, targeted ECD was performed. ECD parameters 

were varied, but electron bias between 0.6–1.0 V and pulse lengths between 15–100 

ms were used. Typically, 500–2000 transients (2M) were acquired for each MS/MS 

experiment. MASH Suite Pro67 was used for MS/MS data analysis, and manual 

validation of fragment ion matches were performed. 
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Acid challenge assay in E. coli 

Survival dependent on the glutamate-dependent acid-resistance system was 

tested in K-12 MG1655 E. coli (WT or sdiA) as previously described.24 Cells were 

grown overnight to stationary phase in LB medium with 0.4% glucose and either DMSO 

(1%; vehicle) or compound. For acid challenge, cultures were diluted 1:10 into E 

minimal medium (60 mM K2HPO4, 20 mM NaNH4HPO4, 9.5 mM citric acid, 800 μM 

MgSO4, pH 2.5) with 0.4% glucose, 40 μM glutamate, and either DMSO (1%; vehicle) or 

compound. For a neutral challenge, an identical E minimal medium was prepared but at 

pH 7. Cells were incubated with either acidic or neutral E minimal medium for 1.5 h at 

37 °C without shaking. CFUs were determined via plating of several dilutions (in LB 

medium + MOPS (pH 8)) and counting of the colony forming units (CFUs). CFU/mL was 

determined only from dilutions that resulted in at least 100 CFU.  
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I.4.2 Additional figures and tables 

 

Figure I.S1 Chemical structures of library screened in this study. Compounds 
listed by general structure class. Compound names listed are from original sub-library 
letter names (A–F, H, Q–S, 1–22) from our prior publications. 3-oxo-C8 AHL = 
compound 2 (OOHL). See Table I.S1 for references.  
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Table I.S1 Details of prior small molecule screens with other LuxR-type 
receptors. 

Receptor 
Reporter 

typea 
Agonism 

(M)b 
Antagonism 

(M)c 
Compoundsd Reference 

LasR HET 5 5 Sub-Libraries 
A-D 

40 

LasR HET 10 10 Sub-Libraries 
A, E, F, H, Q-S 

41-43, 45 

LasR HET 100 100 Compounds 1-
22 

12 

QscRe HET 5 5 Sub-Libraries 
A-D, H, Q-S 

44-45 

RhlR HET 100 100 Sub-Libraries 
A-E 

39 

RhlR HET 1000 1000 Sub-Libraries 
F, Q-S 

47 

LuxR WT 10 10 Sub-Libraries 
F, Q-S 

42-43, 45 

LuxR WT 200 5 Sub-Libraries 
A-D 

46, 48 

TraR WT 10 10 Sub-Libraries 
A-D, F, Q-S 

40, 42-43, 45 

CepR HET 100 100 All 49 
SdiASEe HET 1 100 All 19 
SdiAECe HET 0.1 100 All This study 

aReceptor expressed at wild-type levels in the native organism (WT) or from a pBAD 
promoter in E. coli JLD271 (HET).  bConcentration of compound used in a single 
concentration agonism screen. 100% activation equal to the maximum activation from 
native ligand; 0% equal to activation of vehicle (DMSO).  cConcentration of compound 
used in a single concentration antagonism screen. 100% inhibition equal to activation of 
vehicle (DMSO); 0% inhibition equal to the activity of the EC50 concentration of native 
ligand (EC90 for SdiASE and SdiAEC).  dLibrary/compound names correspond to those in 
Figure I.S1 and our prior publications.  eOrphan receptor; AHLs 1 and 2 used as the 
“native ligand” for QscR and SdiA, respectively. 
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Table I.S2 Strains, plasmids, and primers used in this study.a 

Strain Description Reference 

E. coli DH5 
F−, Δ80dlacZ Δ M15 Δ (lacZYA-argF) U169 deoR recA1 
endA1 hsdR17(rk−, mk+) phoA supE44 λ−thi-1 gyrA96 relA1 

Invitrogen 

E. coli K-12 
MG1655 

F- lambda- ilvG- rfb-50 rph-1; OR:H48:K- CGSC 

E. coli JLD271 K-12 ΔlacX74 sdiA271::Cam; CamR 66 
E. coli 
BL21(DE3)pLysS 

F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pLysS (CamR) Invitrogen 

JLD271-SdiAEC JLD271 pSC11-pgadW pJN105-sdiAEC; AmpR, GentR This study 
JLD271-
SdiAECC232A 

JLD271 pSC11-pgadW pJN105-sdiAECC232; AmpR, GentR This study 

BL21(DE3)-
SdiAEHECH6 

E. coli BL21(DE3) pLysS pET23b-sdiAEHECH6; AmpR, CamR This study 

Plasmid Description Reference 
E. coli 86-24 
(gDNA) 

Wild-type EHEC strain (serotype O157:H7) 22 

pSC11-Q Broad host range PA1897’-lacZ reporter; AmpR 39 

pSC11-pgadW Broad host range gadW’-lacZ reporter; AmpR 
This study, 
derived from 
pSC11-Q 

pJN105 -Q 
QscR expression vector with pBAD promoter, pBBRMCS 
backbone; GentR 

68 

pJN105-sdiAEC 
SdiAEC expression vector with pBAD promoter, pBBRMCS 
backbone; GentR 

This study, 
derived from 
pJN105-Q 

pJN105-
sdiAECC232A 

SdiAECC232A expression vector with pBAD promoter, 
pBBRMCS backbone; GentR 

This study, 
derived from 
pJN105-
sdiAEC 

pET23b(+) T7 promoter/terminator; optional C-terminal His-Tag; AmpR 
Millipore 
Sigma 

pET23b-
sdiAEHECH6 

T7 inducible SdiAEHECH6 expression vector with C-terminal 
His-Tag; AmpR 

This study, 
derived from 
pET23b(+) 

Primers Description Reference 
PgadW-Fb CATgtcgacGCCGTCTCCAGACTAATAAACCG This study 
PgadW-Rb CATggatccCACCGAGCAGACATGAGTCAT This study 
sdiAEC-Fb CATgaattcATGCAGGATAAGGATTTTTTCAGC This study 
sdiAEC-Rb CATtctagaTCAAATTAAGCCAGTAGCGGC This study 

sdiAECC232A-Rc 
CATTCTAGATCAAATTAAGCCAGTAGCGGCCGCGTAAgc 
GGCAACCTGGGTC 

This study; 
used with 
sdiAEC-F 

sdiAEHEC-Fb CATcatatgCAGGATACGGATTTTTTCAGCTG This study 
sdiAEHECH6-Rb CATctcgagAATTAAGCCAGTAGCGGCCG This study 
aAbbreviations: CamR, chloramphenicol resistance; GentR, gentamicin resistance; 
AmpR, ampicillin resistance.  bCut sites are lowercase.  cMutated base pairs are 
lowercase. 
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Figure I.S2 Characterization of E. coli SdiAEC reporter strains.  (A) Activity of WT 
(JLD271-SdiAEC), C232A (JLD271-SdiAECC232A), and sdiAEC (JDL271-pSC11pgadW) 
reporter strains in the presence and absence of 3-oxo-C8 AHL (2) (at 10 M; DMSO as 
vehicle). These data represent three biological replicates of six technical replicates (n = 
18): WT + 2 is 1.8-fold higher than WT + DMSO, C232A + 2 is 3.0-fold higher than 
C232A + DMSO, WT + 2 is 3.6-fold higher than C232A + 2, and WT + DMSO is 6.0-fold 
higher than C232A + DMSO.  (B) Normalized dose-response agonism assay of 2 in the 
WT (JLD271-SdiAEC) and C232A (JLD271-SdiAECC232A) reporter strains. The EC50 of 
2 is 0.78 nM (0.51–1.19, 95% CI) and 1.44 nM (1.15–1.79, 95% CI) for the WT and 
C232A strains respectively. Both dose-response curves were obtained as three 
biological replicates of technical triplicates (see Methods section). 100% activity defined 
as the activity of 10 M 2; 0% activity defined as the activity of DMSO.  
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Table I.S3 Primary single-concentration SdiAEC agonism and antagonism 
screening data in the JLD271-SdiAEC WT reporter. 

Compounda 
Agonismb 
Activity %d 

Antagonismc 
Inhibition %e 

A1 34 ± 10 0 ± 16 
F8 56 ± 28 1 ± 19 
A2 74 ± 2 5 ± 18 
F7 97 ± 12 11 ± 27 
4 73 ± 14 27 ± 7 

F6 90 ± 18 24 ± 11 
A3 74 ± 9 29 ± 17 
F5 100 ± 13 -22 ± 20 
A4 117 ± 13 1 ± 15  
17 38 ± 25 14 ± 8 
A5 87 ± 12 4 ± 13 
F4 86 ± 7 -5 ± 28 

H26 108 ± 20 6 ± 12 
A6 22 ± 12 9 ± 11f 
H2 79 ± 8 22 ± 6 
H6 31 ± 4 15 ± 1 
3 93 ± 14 5 ± 17 
2 93 ± 11 5 ± 8 

F2 81 ± 15 3 ± 15 
A7 96 ± 4 -3 ± 24 
1 119 ± 18 6 ± 22 

H25 31 ± 9 29 ± 10 
C1 75 ± 22 2 ± 15 
F9 112 ± 11 -8 ± 20 
C2 73 ± 5 -16 ± 10 
C3 84 ± 5 15 ± 19 
C4 122 ± 23 -18 ± 16 
C5 92 ± 16 9 ± 6 
C6 100 ± 13 16 ± 16 
C7 98 ± 12 4 ± 22 
7 92 ± 10 -7 ± 12 

B4 81 ± 14 5 ± 10 
F10 99 ± 14 21 ± 24 
F39 -6 ± 7 -2 ± 9 
C8 90 ± 8 2 ± 21 
C9 88 ± 28 12 ± 5 
C10 83 ± 19 34 ± 9 
C11 100 ± 2 -7 ± 17 
C12 80 ± 17 -4 ± 8 
C13 82 ± 10 -18 ± 25 
C14 83 ± 16 8 ± 12 
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F11 101 ± 14 15 ± 2 
F18 99 ± 5 12 ± 6 
F25 90 ± 13 11 ± 28 
F40 8 ± 11 4 ± 11 
C15 104 ± 13 -9 ± 13 
C16 37 ± 17 -16 ± 3 
C17 106 ± 11 -21 ± 9 
C18 43 ± 13 6 ± 10 
F13 96 ± 21 24 ± 5 
E1 99 ± 4 -16 ± 19 

C20 72 ± 10 34 ± 4 
E3 75 ± 13 20 ± 24 

C21 51 ± 9 0 ± 10 
C22 -3 ± 4 3 ± 7 
C23 99 ± 13 9 ± 6 
C24 86 ± 15 13 ± 14 
F12 99 ± 18 -13 ± 25 
E2 91 ± 8 11 ± 18 

C25 99 ± 19 -5 ± 3 
E4 102 ± 9 -3 ± 26f 
E5 84 ± 1  15 ± 21 
E6 81 ± 16 24 ± 29 
E7 78 ± 9 26 ± 10 
E8 118 ± 20 14 ± 24 
E9 48 ± 4 28 ± 25 

E10 111 ± 21 12 ± 26 
E12 129 ± 5 13 ± 29 
B9 87 ± 10 26 ± 15 
8 74 ± 16 -8 ± 10 

E31 65 ± 9 -7 ± 11 
E32 80 ± 8 -16 ± 24 
E33 61 ± 11 -7 ± 22 
F45 26 ± 8 -25 ± 18 
E28 103 ± 8 -3 ± 18 
F47 39 ± 20 13 ± 9 

9 107 ± 9 -15 ± 6 
E34 113 ± 2 25 ± 16 
E37 88 ± 13 23 ± 8 
E38 91 ± 6 -20 ± 20 
E39 74 ± 19 -18 ± 9 
E15 69 ± 4 21 ± 14 
E16 69 ± 22 21 ± 2 
E22 107 ± 15 11 ± 22 
E25 62 ± 12 -14 ± 14 

RN22 99 ± 7 30 ± 11 
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B8 9 ± 11 -9 ± 12 
B6 19 ± 13 -10 ± 24 
Q2 23 ± 18 10 ± 17 
Q1 12 ± 3 -4 ± 20 
Q3 22 ± 10 13 ± 28 
Q4 11 ± 3 12 ± 14 
Q5 13 ± 6 -6 ± 7 
Q6 15 ± 10 -13 ± 5 
Q7 13 ± 4 25 ± 19 
Q8 12 ± 8 -5 ± 7 

Q12 26 ± 9 -1 ± 7 
Q11 22 ± 15 23 ± 28 
Q13 29 ± 18 -2 ± 23 
D13 26 ± 13 14 ± 16 
R3 -1 ± 6 -2 ± 13 
R1 -1 ± 4 -2 ± 21 
R2 8 ± 8 -3 ± 13 
R4 17 ± 2 23 ± 14 
R5 12 ± 12 31 ± 16 
R7 7 ± 9 13 ± 23 
R8 75 ± 15 25 ± 25 
R9 7 ± 16 3 ± 25 
S1 33 ± 5 5 ± 12 
S2 25 ± 17 -11 ± 19 
S3 19 ± 20 23 ± 15 
A9 17 ± 14 24 ± 9 
A13 22 ± 3 11 ± 9 

6 90 ± 8 18 ± 20 
B3 24 ± 3 10 ± 24 
S5 -9 ± 3 -12 ± 24 
S7 69 ± 6 29 ± 8 

B11 114 ± 2 -13 ± 20 
S4 16 ± 15 -16 ± 24 

B12 125 ± 4 11 ± 26f 
B13 148 ± 6 23 ± 7 
B14 91 ± 14 5 ± 6 
B5 78 ± 16 1 ± 22 
D3  61 ± 30 -3 ± 13 
10 62 ± 16 -3 ± 20 
16 116 ± 12 19 ± 6 
5 118 ± 22 17 ± 25 

H15 30 ± 17 13 ± 9 
H23 81 ± 9 22 ± 18 
B10 24 ± 6 20 ± 16 
D4 13 ± 12 -22 ± 19 
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D6 54 ± 16 11 ± 8 
D7 8 ± 16 -8 ± 10 
D9 18 ± 13 -17 ± 15 
D10 23 ± 7 9 ± 4 
D16 23 ± 13 7 ± 24 
D18 42 ± 11 -3 ± 8 
11 24 ± 7 137 ± 25 

HSL-Az-12 127 ± 18 0 ± 16 
12 97 ± 9 17 ± 17 
13 29 ± 11 19 ± 15 
14 73 ± 4 28 ± 15 
15 24 ± 5 63 ± 16 

F31 15 ± 13 17 ± 12 
18 45 ± 15 -12 ± 19 

F55 12 ± 11 -2 ± 9 
19P -31 ± 20 17 ± 4 
20 13 ± 17 -15 ± 17 
21 10 ± 24 --g  
22 28 ± 3 20 ± 11h 
23 2 ± 21 24 ± 22 

HSL -2 ± 1 31 ± 9 

aCompounds listed according to order in Figure I.S1.  bAgonism assay with 100 nM 
compound performed as described in the Methods section. All assays performed as a 
technical triplicate.  cAntagonism assay with 100 M compound vs. the EC90 of 2 (10 
nM) performed as described in the Methods section. All assays performed as a 
technical triplicate.  dActivation reported as the average (±SD) of the percentage (%) of 
activity normalized to 10 M 2 (100% activation) and DMSO (0% activation).  eInhibition 
reported as the average (±SD) of the change in the activity (%) from 10 nM 2. 100% 
inhibition equal to activation by DMSO; 0% inhibition equal to the activity of 10 M 2.  
fCompound had limited solubility at 10 mM in DMSO and was instead tested at 50 M 
using a 5 mM DMSO stock.  gCell growth inhibited at this compound concentration.  
hCompound yielded increased OD600 values when tested at this concentration (possibly 
from precipitation). 
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Table I.S4 Secondary single-concentration SdiAEC agonism screening data in 
the JLD271-SdiAEC WT reporter. 

Compounda 
% Activityb 

Agonism 
F7 87 ± 7 
F6 64 ± 5 
F5 90 ± 10 
A4 18 ± 11 
A5 14 ± 20 
F4 11 ± 7 

H26 18 ± 21 
3 85 ± 6 
2 74 ± 5 

A7 52 ± 11 
1 62 ± 7 

F9 67 ± 7 
C4 84 ± 22 
C5 76 ± 18 
C6 102 ± 21 
C7 51 ± 25 
7 56 ± 3 

F10 105 ± 19 
C8 67 ± 5 
C9 48 ± 25 
C11 92 ± 32 
F11 107 ± 28 
F18 66 ± 14 
F25 37 ± 6 
C15 41 ± 25 
C17 44 ± 25 
F13 49 ± 12 
E1 64 ± 18 

C23 38 ± 13 
C24 67 ± 30 
F12 91 ± 26 
E2 65 ± 13 

C25 27 ± 12 
E4 22 ± 9 
E8 48 ± 12 

E10 90 ± 1 
E12 88 ± 27 
B9 38 ± 6 
E28 18 ± 20 

9 31 ± 11 
E34 13 ± 13 
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E37 74 ± 32 
E38 50 ± 25 
E22 56 ± 21 

RN22 59 ± 24 
6 33 ± 11 

B11 42 ± 14 
B12 9 ± 14 
B13 34 ± 21 
B14 19 ± 20 
16 27 ± 22 
5 55 ± 10 

HSL-Az-12 28 ± 13 
12 13 ± 8 

aCompounds listed according to order in Figure I.S1.  bAgonism assay with 10 nM 
compound performed as described in the Methods section. All assays performed as a 
technical triplicate. Activation reported as the average (±SD) of the percentage (%) of 
activity normalized to 10 M 2 (100% activation) and DMSO (0% activation). 
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Figure I.S3 Plots of trends in SAR for AHL and PHL SdiAEC agonism in the 
JLD271-SdiAEC WT reporter.  (A) Comparison of agonism potency in SdiAEC for 
selected naturally occurring AHLs. Points represent the LogEC50 of fits to dose-
response data, and error bars represent the SD of these values (data from Table I.1). 
Dashed linear regression lines are shown to aid the eye in identifying trends.   
(B) Effect of an individual aryl substituent on agonism potency for all PHLs (Figure I.2iii) 
tested in SdiAEC. Substituent identity varies across a row and position on the aryl ring 
varies down a column. Substituted PHLs with at least a 3-fold improvement in EC50 over 
unsubstituted PHL (C1) were classified as “Beneficial” (Table I.1). Substituted PHLs 
with at least 60% activity at 100 nM were classified as “Tolerated” (C1 has 75% activity 
at 100 nM, data from Table I.S3). Substituted PHLs with less than 60% activity at 100 
nM were classified as “Diminishing” (data from Table I.S3). “Ph” = phenyl. “Boc” = tert-
butyloxycarbonyl.  
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Figure I.S4 SdiAEC agonism dose-response curve plots for compounds in Table 
I.1 in the main text. Compound names are indicated at the top of each plot. Assays 
performed as described in the Methods. All assays performed as three or four biological 
replicates of technical triplicates. Activation reported as the percentage (%) of activity 
normalized to 10 M 2 (100% activation) and DMSO (0% activation). Error bars show 
SD. 
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Table I.S5 SdiAEC agonism and antagonism dose-response assay data for 
compounds 11 and 15 in the JLD271-SdiAEC WT reporter.a 

Compound 

Maximum 
Activation 

(%)b 
(95% CI) 

EC50 

(95% CI) 

Maximum 
Inhibition (%)c 

(95% CI) 

IC50 
(95% CI) 

11 
70 

(62.1–77.9) 
4.03 nM 

(2.20–7.39) 
103 

(94.8–110) 
256 nM 

(141–464) 

15 
33.1 

(24.4–41.9) 
1.25 M 

(0.40–3.87) 
86 

(65–107) 
47.8 M 

(22.8–99.9) 
aAll dose response curves were obtained as three or four biological replicates of 
technical triplicate.  bAgonism assay performed as described in the Methods section. 
The “Max Activation” refers to the “top” parameter in the non-linear regression fit. 100% 
activation is defined using a positive control (10 M 2) and 0% is defined using a 
negative control (DMSO).  cAntagonism assay performed as described in the Methods 
section against the EC90 of 2 (10 nM). The “Max Inhibition” refers to 100 – the “bottom” 
parameter value in the non-linear regression fit. 100% inhibition is defined using a 
negative control (DMSO, no AHL added to culture) and 0% inhibition is defined using a 
positive control (10 M 2).  
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Figure I.S5 Plots of bacterial growth in the presence of compounds 2, 11, and 15.  
(A) E. coli K-12 WT and (B) E. coli K-12 sdiA (JLD271) were grown in LB medium in 
the presence of DMSO, 2, 11, or 15 overnight with shaking at 37 °C in a 96-well 
microtiter plate. Averages are shown and error bars represent SD (n = 4).  
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Figure I.S6 Dose-response competition curves for compounds 11 and 2.  (A) 
Antagonism assays for 11 with varying amounts of a competing agonist, 2 (OOHL). The 
curve for compound 2 at 0 nM is the portion of the 11 agonism dose-response where 
the activity decreases. Note that at 100 M 11, the activity with 0 nM and 10 nM 2 are 
not significantly different, but the activity with 10 nM 2 is significantly different than 100 
nM and 1000 nM 2 (p < 0.05).  (B) Agonism assays for compound 2 with varying 
amounts of a competing antagonist, 11. The curve for compound 11 at 0 nM is the 
agonism dose-response curve for 2. Note that at 1 M 2, the activity with 0, 0.1, 1, and 
10 M 11 are not significantly different, but the activity of 100 M 11 is significantly 
different than 0, 0.1, and 1 M 11 (p < 0.05). All dose response curves were obtained as 
three or four biological replicates of technical triplicates using the WT JLD271-SdiAEC 
reporter strain (see Methods section). 100% activity is defined as the activity of 10 M 2 
and 0% is defined as the activity of DMSO. Error bars show SD. 
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Figure I.S7 Chromatographic and SDS-PAGE data for SdiAEHECH6. Protein was 
overexpressed in BL21(DE3)-SdiAEHECH6 (see Table I.S2 for strain details) and purified 
as described in the Methods section. (A) FPLC chromatogram of SdiAEHECH6 purification 
using a nickel affinity column. Blue trace is UV detection of protein and the bold black 
numbers refer to gel lanes.  (B) SDS-PAGE gel image for overexpression and 
purification of SdiAEHECH6. A legend at the right relates sample content to each gel lane. 
Dilute (1:50 dilution) whole cell lysate, supernatant with soluble protein, and pelleted 
insoluble protein samples were run in lanes 1–3, respectively, showing that expressed 
SdiAEHECH6 was in the soluble fraction (and the pellet). FPLC fractions containing 
SdiAEHECH6 are shown in lanes 7–12; these fractions were pooled and are shown in 
lane 14 indicating pure SdiAEHECH6. 
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Figure I.S8 Representative nano-ESI FTICR mass spectra and MS/MS sequence 
tables for SdiAEHECH6 treated with compound.  Nano-ESI FTICR mass spectra for (A) 
purified SdiAEHECH6 (black), (B) SdiAEHECH6 + 11 in cells (navy), (C) SdiAEHECH6 + 11 + 2 
in cells (blue), and (D) purified SdiAEHECH6 + 11 (purple). The singly 11-modified 
SdiAEHECH6 (11SdiAEHECH6) and doubly 11-modified SdiAEHECH6 (11+11SdiAEHECH6) in the 
29+ charge state (M29+) are labelled. N/A indicates the MS signal is below detection 
limit. The MS signals for 11SdiAEHECH6 and 11+11SdiAEHECH6 from the SdiAEHECH6 + 11 in 
vitro sample [(D)] in the 29+ charge state (M29+) were isolated for MS/MS (ECD 1.0 V). 
Sequence tables for (E) 11SdiAEHECH6 and (F) 11+11SdiAEHECH6 show protein backbone 
cleavages with modifications localized to cysteine residues indicated in green.  
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Figure I.S9 Mass spectral data for SdiAEHECH6 incubated with compound 11 or 
compounds 11 + 2 in cells.  (A) Nano-electrospray ionization FTICR mass spectra for 
SdiAEHECH6 incubated with 10 M 11 in cells (top) and SdiAEHECH6 incubated with 10 M 
11 and 10 M 2 in cells (bottom). The 30+, 29+, and 28+ charge states (M30+, M29+, 
M28+) for un-modified SdiAEHECH6 and the 29+ and 28+ charge states (M30+, M29+) for the 
11-modified SdiAEHECH6 (11SdiAEHECH6) are labeled in grey.  (B) Zoom-in of the mass 
spectra to show the 29+ charge state cluster (1006-1022 m/z). Experimental (Expt’l) and 
calculated (Calc’d) monoisotopic masses are shown for SdiAEHECH6. Expt’l monoisotopic 
masses and delta mass relative to the unmodified SdiAEHECH6 are also shown. 
Experimental isotopic envelopes with theoretical isotopes are depicted for each mass 
shown.  
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Figure I.S10 Quantification of the relative amounts of SdiAEHECH6 and 
11SdiAEHECH6. (A) Deconvoluted mass spectra for technical replicate preparations of 
SdiAEHECH6 incubated in cells with 11 (n=3; dark blue, top) and with 11 + 2 (n=3; light 
blue, bottom). SdiAEHECH6 and 11-modified SdiAEHECH6 (11SdiAEHECH6) peaks are 
outlined in black boxes with dashed lines. The other peaks in the spectrum represent 
salt and acetone adducts.  (B) 11SdiAEHECH6 abundance relative to 11SdiAEHECH6 + 
SdiAEHECH6. Values represent an average of n=3 technical replicates; error bars 
represent standard error of the mean (SEM). 
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Figure I.S11 Fragmentation of SdiAEHECH6 proteoforms for MS/MS.  (A) Mass 
spectrum of SdiAEHECH6 incubated in cells with 11 (Q isolation of 100 m/z with center 
1019 m/z), 100 transient acquisition (2M, 0.01 s ion accumulation time). Charge states 
30+, 29+, 28+ (M30+, M29+, M28+) for SdiAEHECH6 proteoforms are labelled.  (B) Zoom-in 
showing SdiAEHECH6 proteoforms (29+ charge state, M29+), with unmodified SdiAEHECH6 
at ‘1006.65 m/z and 11-modified SdiAEHECH6 (11SdiAEHECH6) at ‘1018.89 m/z. 
Experimental and calculated monoisotopic masses are shown for SdiAEHECH6. Expt’l 
and mass difference between Expt’l and Calc’d monoisotopic masses from unmodified 
SdiAEHECH6 are shown for 11-modified SdiAEHECH6.  (C) The 29+ charge state (M29+) of 
11SdiAEHECH6 was isolated for MS/MS to localize the site of modification. Sequence 
table representing cleavages from two ECD experiments (0.6 V and 1.0 V). Unmodified 
fragments are denoted in blue, and 11-modified fragments are denoted in magenta. 
Cysteine residues are labeled; C232 is denoted by a green circle as the most likely 
modified cysteine.  (D) Representative unmodified/11-modified z•-ion pairs. 
Note: While the presence of 11-modified z•-ions corresponding to cleavages at 
L83/N84, D97/D98, F99/N100, and M124/L125 support the modification of either C138 
or C232, we observed z•-ions corresponding to 9 C-terminus cleavages that specifically 
support C232 modification (magenta cleavages, Figure I.4D). That said, it is possible 
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that both C138 and C232 are modified and both proteoforms could contribute to the 
singly modified 11SdiAEHECH6. Neither c- nor z•-ions supporting modification of C45 were 
observed, but they could simply be below our detection limit. The co-isolation and 
fragmentation of some minor SdiAEHECH6 proteoforms together with the 11SdiAEHECH6 
proteoform produced unmodified fragment ions for comparison to the modified fragment 
ions. 
 

 
Figure I.S12 Dose-response plots for compound 11 in the E. coli SdiAEC C232A 
mutant reporter strain. All data obtained as three biological replicates of technical 
triplicates (see Table I.S2 and Methods section for strain and assay details, 
respectively). All assays performed as three biological replicates of technical triplicates. 
Activation reported as the percentage (%) of activity normalized to 10 M 2 (100% 
activation) and DMSO (0% activation). Error bars show SD. 
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Table I.S6 SdiAEC agonism and antagonism dose-response assay data for 
GEE/HSL library.a 

 Agonism Assay Antagonism Assayb 
Compoundc 
(R1 - R2 - # of 

C) 

EC50 
(95% CI) 

Max 
Activationd 
(%, 95% CI) 

IC50 
(95% CI) 

Max 
Inhibitione 
(%, 95% CI) 

Butyl - ITCf N/Ag N/A N/A N/A 

Octyl - ITCf N/A N/A N/A N/A 

Phenyl - ITCf N/A N/A N/A N/A 

HSL-Az-6 
2.24 nM 

(1.11–4.52) 
69 

(63–75) 
N/A N/A 

HSL-ITC-6f 
3.30 nM 

(2.13–5.09) 
72 

(67–77) 
N/A N/A 

GEE-Az-6 3.95 M 
(2.28–6.83) 

102 
(84–120) 

N/A N/A 

GEE-ITC-6f 1.94 M 
(0.88–4.28) 

67 
(52-82) 

N/A N/A 

HSL-Az-8 
0.592 nM 

(0.329–1.07) 
74 

(69–78) 
N/A N/A 

HSL-ITC-8f 
0.659 nM 

(0.248–1.75) 
84 

(76–92) 
N/A N/A 

GEE-Az-8 6.08 M 
(4.27–8.65) 

110 
(96–124) 

N/A N/A 

GEE-ITC-8 0.795 M 
(0.336–1.88) 

40 
(33–47) 

N/A 
48 

(41–55)h 

HSL-Az-12 
10.8 nM 

(7.09–16.4) 
99 

(93–106) 
N/A N/A 

HSL-ITC-12 
(11) 

4.03 nM 
(2.20–7.39) 

70 
(62–78) 

256 nM 
(141–464) 

103 
(95–110) 

GEE-Az-12 4.69 M 
(2.93–7.49) 

109 
(91–127) 

N/A N/A 

GEE-ITC-12 1.02 M 
(0.55–1.90) 

62 
(55–68) 

3.63 M 
(0.402–32.7)  

54 
(41–66) 

aAll dose response curves were obtained as three or four biological replicates of 
technical triplicates using the JLD271-SdiAEC WT reporter strain (see Methods section).  
bAntagonism assays performed in competition with 2 at its EC90 (10 nM).  cCompound 

naming scheme described in Figure I.5 in the main text.  dThe Max Activation refers to 
the “top” parameter in the non-linear regression fit. 100% activation defined using a 
positive control (10 M 2); 0% is defined using a negative control (DMSO).  eThe Max 
Inhibition refers to 100 minus the value of the “bottom” parameter in the non-linear 
regression fit. 100% inhibition defined as the activity of the negative control (DMSO); 
0% inhibition is defined as the activity of the positive control (10 M 2).  fDenotes that at 
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higher concentrations, cell growth is inhibited.  gN/A = the compound did not appear to 
agonize or antagonize SdiAEC and the data could not be fit to an agonism or antagonism 
model.  hIndicates that an antagonism model could not be fit to the data because the 
highest concentration did not limit the lower bound; however, at the highest 
concentration tested there was a statistically significant inhibition of activity.  
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Figure I.S13 GEE/HSL library dose-response curve plots. Data corresponds to 
Table I.S6. Agonism plots in black and antagonism plots in red. Compound names are 
indicated at the top of each plot. Assays performed as described in the Methods 
section. All assays performed as three or four biological replicates of technical 
triplicates. Activation reported as the percentage (%) of activity normalized to 10 M 2 
(100% activation) and DMSO (0% activation). Error bars show SD. 
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Figure I.S14 E. coli acid-challenge assay supporting data. CFU/mL plotted versus 
each condition in Figure I.7 in the main text. CFU/mL of stationary phase WT E. coli or 
sdiA E. coli after 1:10 dilution and incubation for 1.5 h in a low glutamate (50 M) 
neutral (pH 7.0) or acidic (pH 2.5) minimal medium (see Methods section for details). 
DMSO (vehicle control), 2 (10 M), 11 (100 M), or 15 (100 M) were added to the 
initial growth medium and the acid challenge medium. Each point represents an 
individual challenge well. Black lines represent the average of acidic medium replicates 
(n = 5). 
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I.4.3 Synthesis of GEE/HSL compounds. 

General information 

Chemical reagents and solvents were purchased from commercial sources and 

used without further purification, except dichloromethane (DCM) and ethyl acetate, 

which were each distilled and stored over activated 3 Å molecular sieves prior to use. 

NMR spectra were recorded in deuterated solvents at 400 MHz on a Bruker-Avance 

spectrometer equipped with a BFO probe, and at 500 MHz on a Bruker Avance 

spectrometer equipped with a DCH cryoprobe. Chemical shifts are reported in parts per 

million using residual solvent peaks or tetramethylsilane (TMS) as a reference. 

Couplings are reported in hertz (Hz). Electrospray ionization–exact mass measurement 

(ESI-EMM) mass spectrometry data were collected on a Waters LCT instrument.  

 

General synthetic routes 

A. Compounds containing a 3-oxo group (all 8 and 12 carbon tail compounds) were 

synthesized according to the route below. This synthetic route was used by Amara 

et al. in the initial report of 11 (HSL-ITC-12).10  
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HSL-Az-8 (n = 5)
HSL-Az-12 (n = 9)

HSL-ITC-8 (n = 5)
HSL-ITC-12 (n = 9)

GEE-Az-8 (n = 5)
GEE-Az-12 (n = 9)

GEE-ITC-8 (n = 5)
GEE-ITC-12 (n = 9)

N3-6 (n = 3)
N3-10 (n = 7)

AcN
rt, 2 hrs

reflux, 5 hrs
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B. Compounds without a 3-oxo group (all 6 carbon tail compounds) were synthesized 

according to the route below.  

 
 

O

O
N
H

O

N3
n = 3

Br
OH

O

n = 3

3 eq. NaN3

DMF
60 °C, 6 hrs

N3 OH

O

n = 3

DCM
rt, 18 hrs

1 eq HSL
0.2 eq DMAP
1.1 eq EDC
2 eq TEA O

O
N
H

O

N
C

S

n = 3
Toluene

50 °C, 1 hr

1 eq PPh3 (@ rt)

50 °C, 2 hr

2 eq CS2 (@ rt)

O

O
N
H

O

N3
n = 3DCM

rt, 18 hrs

O

O
N
H

O

N
C

S

n = 3
Toluene

50 °C, 1 hr

1 eq PPh3 (@ rt)

50 °C, 2 hr

2 eq CS 2 (@ rt)

HSL-Az-6 (n = 3) HSL-ITC-6 (n = 3)

GEE-Az-6 (n = 3) GEE-ITC-6 (n = 3)

N3-6 (n = 3)
1 eq GEE
0.2 eq DMAP
1.1 eq EDC
2 eq TEA

 
 
 
Synthetic procedures 

Compound names refer to those in routes A and B above.  

 

Br
OH

O

n

3 eq NaN3

DMF
60 °C, 6 hrs

N3 OH

O

n

n = 3 or 7  
 
6-Azidohexanoic acid (N3-6) 

6-bromohexanoic acid (0.78 g, 4.0 mmol) was dissolved in 25 mL 

dimethylformamide (DMF). Sodium azide (0.79 g, 12 mmol) was added, and the mixture 

was stirred at 60 °C for 6 hrs. The solution was cooled, diluted with 100 mL ethyl 

acetate, washed with 1 M HCl (5 x 10 mL) and brine (1 x 20 mL), and dried over 

magnesium sulfate. The mixture was then filtered and concentrated in vacuo to yield the 

crude product as a white solid (87% yield, 0.55 g). 1H NMR (400 MHz, Chloroform-d): δ 

3.29 (t, J = 6.8 Hz, 2H), 2.38 (t, J = 7.4 Hz, 2H), 1.65 (dp, J = 19.2, 7.2 Hz, 4H), 1.50–

1.38 (m, 2H). 
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10-Azidodecanoic acid (N3-10) 

10-bromodecanoic acid was reacted with sodium azide as described for N3-6 to 

give N3-10 (84% yield, 0.73 g). 1H NMR (400 MHz, Chloroform-d): δ 3.26 (t, J = 7.0 Hz, 

2H), 2.35 (t, J = 7.5 Hz, 2H), 1.61 (dq, J = 14.6, 7.3 Hz, 4H), 1.42–1.22 (m, 11H). 

 

N3 OH

O

3 DCM
rt, 18 hrs

1 eq HSL or GEE
0.2 eq DMAP
1.1 eq EDC
2 eq TEA N3 N

H

O

3

R

 

 

N-(6-Azidohexanoyl)-L-homoserine lactone (HSL-Az-6) 

L-homoserine lactone•HBr (0.18 g, 1 mmol), N-(dimethylamino)pyridine (DMAP, 

0.2 eq), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC•HCl, 1.1 

eq), and N3-6 (0.14 g, 0.88 mmol) were dissolved in 10 mL dichloromethane (DCM) 

with the aid of 0.28 mL of triethylamine (TEA). This mixture was stirred overnight at 

room temperature. The mixture was then diluted with 50 mL ethyl acetate, washed 

sequentially with 1 M HCl (3 x 10 mL), saturated sodium bicarbonate (3 x 10 mL), and 

brine (1 x 20mL), and dried over magnesium sulfate. The mixture was filtered and 

concentrated in vacuo to yield the product as a white solid (47% yield, 99 mg). 1H NMR 

(500 MHz, Chloroform-d): δ 6.62 (d, J = 6.8 Hz, 1H), 4.61 (ddd, J = 11.4, 8.7, 6.7 Hz, 

1H), 4.46 (td, J = 9.0, 1.4 Hz, 1H), 4.29 (ddd, J = 11.0, 9.2, 6.1 Hz, 1H), 3.28 (t, J = 6.9 

Hz, 2H), 2.75 (dddd, J = 12.5, 8.6, 6.1, 1.4 Hz, 1H), 2.27 (td, J = 7.3, 1.8 Hz, 2H), 2.25 – 

2.14 (m, 1H), 1.65 (dp, J = 29.4, 7.3 Hz, 4H), 1.48–1.36 (m, 2H); 13C NMR (126 MHz, 
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Chloroform-d): δ 175.79, 173.39, 66.09, 51.18, 49.00, 35.72, 30.00, 28.53, 26.22, 24.86; 

ESI-EMM: [M+Na]+ calculated 263.1115; measured 263.114; agreement 0.4 ppm.  

 

N-(6-Azidohexanoyl)-glycine ethyl ester (GEE-Az-6) 

N3-6 was reacted with glycine ethyl ester (GEE) as described for HSL-Az-6 to 

produce the product as a white solid (71% yield, 151 mg). 1H NMR (500 MHz, 

Chloroform-d): δ 6.26 (d, J = 5.4 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 4.02 (d, J = 5.2 Hz, 

2H), 3.28 (t, J = 6.9 Hz, 2H), 2.27 (t, J = 7.5 Hz, 2H), 1.65 (dp, J = 32.8, 7.3 Hz, 5H), 

1.43 (tt, J = 10.0, 6.2 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H); 13C NMR (126 MHz, Chloroform-

d): δ 172.89, 170.05, 61.44, 51.19, 41.29, 35.95, 28.55, 26.26, 24.96, 14.09; ESI-EMM: 

[M+Na]+ calculated 265.1271; measured 265.1269; agreement 0.8 ppm. 

 

R
N
H

OO

N3

n

N3 OH

O

n
DCM

rt, 18 hrs

1 eq Meldrum's Acid
1.1 eq DMAP
1.1 eq EDC

AcN
rt, 2 hrs

reflux, 5 hrs

1 eq HSL or GEE
1.1 eq TEA

n = 3 or 7
 

 

N-(8-Azido-3-oxo-octanoyl)-L-homoserine lactone (HSL-Az-8) 

Meldrum’s acid (1.1 eq), N-(dimethylamino)pyridine (DMAP, 1.1 eq), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC•HCl, 1.1 eq), and N3-6 

(0.28 g, 1.7 mmol) were dissolved in 20 mL DCM. This mixture was stirred overnight at 

room temperature. The mixture was then diluted with 50 mL ethyl acetate, washed 

sequentially with 1 M HCl (3 x 10 mL) and brine (1 x 20mL), and dried over magnesium 

sulfate. The mixture was filtered and concentrated in vacuo to yield the 3-keto acid 
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intermediate. This intermediate was added to a solution of L-homoserine lactone•HBr (1 

eq) and TEA (1.1 eq) in 10 mL acetonitrile (AcN). This mixture was stirred for 2 hrs at 

room temp and then refluxed for 5 hrs. The solution was cooled and the AcN was 

removed by vacuum. The resulting solid was diluted with 50 mL ethyl acetate, washed 

sequentially with 1 M HCl (3 x 10 mL), 1 M NaHSO4 (3 x 10 mL), and brine (1 x 20mL), 

and dried over magnesium sulfate. The mixture was filtered and concentrated in vacuo, 

and then purified via flash silica gel chromatography (3:1 ethyl acetate:hexanes as 

eluent) to yield the product as a white solid (23% yield, 57 mg). 1H NMR (500 MHz, 

Chloroform-d): δ 7.61 (d, J = 6.8 Hz, 1H), 4.61 (ddd, J = 10.8, 8.9, 7.0 Hz, 1H), 4.48 (t, J 

= 9.1 Hz, 1H), 4.34–4.24 (m, 1H), 3.47 (d, J = 1.6 Hz, 2H), 3.28 (t, J = 6.9 Hz, 2H), 

2.82–2.68 (m, 1H), 2.58 (t, J = 7.2 Hz, 2H), 2.36–2.20 (m, 1H), 1.61 (h, J = 7.6 Hz, 4H), 

1.47–1.32 (m, 2H); 13C NMR (126 MHz, Chloroform-d): δ 205.80, 174.98, 166.39, 65.95, 

51.18, 49.07, 48.59, 43.41, 29.65, 28.63, 26.07, 22.74; ESI-EMM: [M+Na]+ calculated 

305.1220; measured 305.1217; agreement 1 ppm. 

 

N-(8-Azido-3-oxo-octanoyl)-glycine ethyl ester (GEE-Az-8) 

N3-6 was reacted with Meldrum’s acid and then GEE as described for HSL-Az-8 

and purified via flash silica gel chromatography (1:1 ethyl acetate:hexanes as eluent) to 

yield the product as a white solid (13% yield, 32 mg). 1H NMR (500 MHz, Chloroform-d): 

δ 7.38 (t, J = 5.3 Hz, 1H), 4.22 (qd, J = 7.2, 1.7 Hz, 2H), 4.05 (dd, J = 5.5, 1.5 Hz, 2H), 

3.45 (d, J = 1.5 Hz, 2H), 3.32–3.24 (m, 2H), 2.58 (td, J = 7.3, 1.6 Hz, 2H), 1.69–1.54 (m, 

4H), 1.47–1.33 (m, 2H), 1.29 (t, 3H); 13C NMR (126 MHz, Chloroform-d): δ 205.78, 
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169.50, 165.83, 61.52, 51.17, 48.82, 43.44, 41.40, 28.62, 26.07, 22.75, 14.12; ESI-

EMM: [M+H]+ calculated 285.1557; measured 285.555; agreement 0.7 ppm. 

 

N-(12-Azido-3-oxo-dodecanoyl)-L-homoserine lactone (HSL-Az-12) 

N3-10 was reacted with Meldrum’s acid and then L-homoserine lactone•HBr as 

described for HSL-Az-8 and purified via flash silica gel chromatography (3:1 ethyl 

acetate:hexanes as eluent) to yield the product as a white solid (43% yield, 0.24 g). 1H 

NMR (500 MHz, Chloroform-d): δ 7.72 (d, J = 7.1 Hz, 1H), 4.62 (ddd, J = 11.3, 8.9, 7.0 

Hz, 1H), 4.46 (td, J = 9.0, 1.5 Hz, 1H), 4.28 (ddd, J = 11.0, 9.2, 6.2 Hz, 1H), 3.47 (s, 

2H), 3.26 (t, J = 7.0 Hz, 2H), 2.69 (dddd, J = 12.4, 8.2, 6.2, 1.5 Hz, 1H), 2.54 (t, J = 7.4 

Hz, 2H), 2.29 (dtd, J = 12.5, 11.1, 8.9 Hz, 1H), 1.68–1.50 (m, 4H), 1.39–1.23 (m, 10H); 

13C NMR (126 MHz, Chloroform-d): δ 206.07, 175.16, 166.69, 65.94, 51.39, 48.95, 

48.75, 43.52, 29.30, 29.19, 29.18, 29.00, 28.88, 28.75, 26.61, 23.25; ESI-EMM: [M+H]+ 

calculated 339.2027; measured 339.2023; agreement 1.2 ppm. 

 

N-(12-Azido-3-oxo-dodecanoyl)-glycine ethyl ester (GEE-Az-12) 

N3-10 was reacted with Meldrum’s acid and then GEE as described for HSL-Az-

8 and purified via flash silica gel chromatography (1:1 ethyl acetate:hexanes as eluent) 

to yield the product as a white solid (60% yield, 0.34 g). 1H NMR (500 MHz, Chloroform-

d): δ 7.50 (t, J = 5.5 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 4.04 (d, J = 5.3 Hz, 2H), 3.45 (s, 

2H), 3.26 (t, J = 7.0 Hz, 2H), 2.55 (t, J = 7.3 Hz, 2H), 1.65–1.52 (m, 4H), 1.41–1.17 (m, 

13H); 13C NMR (126 MHz, Chloroform-d): δ 206.27, 169.56, 166.10, 61.45, 51.46, 
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48.77, 43.71, 41.41, 29.24, 29.23, 29.06, 28.94, 28.82, 26.68, 23.33, 14.15; ESI-EMM: 

[M+H]+ calculated 341.2183; measured 341.2179; agreement 1.2 ppm. 

 

R
N
H

OX

N3

n

R
N
H

OX

N
C

S

n
Toluene

50 °C, 1 hr

1 eq PPh3 (@ rt)

50 °C, 2 hr

2 eq CS 2 (@ rt)

n = 3 or 7  

 

N-(6-Isothiocyanatehexanoyl)-L-homoserine lactone (HSL-ITC-6) 

HSL-Az-6 (79 mg, 0.5 mmol) and triphenyl phosphine (1.1 eq) were dissolved in 

10 mL toluene under nitrogen. The solution was heated to 50 °C and stirred for 1 hr. 

The solution was cooled to room temperature and carbon disulfide (2.5 eq) was added 

dropwise under nitrogen. The solution was heated to 50 °C and stirred for an additional 

2 hrs. The crude mixture was concentrated under vacuum and purified via flash silica 

gel chromatography (ethyl acetate as eluent) to yield the product as a white solid (40% 

yield, 33 mg). 1H NMR (500 MHz, Chloroform-d): δ 6.22 (d, J = 6.1 Hz, 1H), 4.58 (ddd, J 

= 11.5, 8.6, 6.0 Hz, 1H), 4.48 (td, J = 9.0, 1.2 Hz, 1H), 4.30 (ddd, J = 11.2, 9.3, 6.0 Hz, 

1H), 3.54 (t, J = 6.5 Hz, 2H), 2.83 (dddd, J = 12.4, 8.6, 5.9, 1.2 Hz, 1H), 2.29 (td, J = 

7.4, 3.0 Hz, 2H), 2.24–2.11 (m, 1H), 1.78–1.66 (m, 4H), 1.54–1.42 (m, 2H); 13C NMR 

(126 MHz, Chloroform-d): δ 175.54, 173.09, 66.13, 49.24, 44.86, 35.69, 30.41, 29.65, 

26.10, 24.50; ESI-EMM: [M+H]+ calculated 257.0954; measured 257. 0953; agreement 

0.4 ppm. 
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N-(6-Isothiocyanatehexanoyl)-glycine ethyl ester (GEE-ITC-6) 

GEE-Az-6 was reacted with carbon disulfide as described for HSL-ITC-6 and 

purified via flash silica gel chromatography (ethyl acetate as eluent) to yield the product 

as a white solid (52% yield, 42 mg). 1H NMR (500 MHz, Chloroform-d): δ 6.09–5.93 (m, 

1H), 4.22 (q, J = 6.9 Hz, 2H), 4.04 (d, J = 5.1 Hz, 2H), 3.53 (t, J = 6.6 Hz, 2H), 2.28 (t, J 

= 7.4 Hz, 2H), 1.71 (dq, J = 12.9, 7.4 Hz, 4H), 1.53–1.42 (m, 2H), 1.29 (td, J = 7.1, 0.9 

Hz, 3H); 13C NMR (126 MHz, Chloroform-d): δ 172.57, 170.05, 61.57, 44.87, 41.36, 

35.94, 29.71, 26.15, 24.63, 14.16; ESI-EMM: [M+H]+ calculated 259.1111; measured 

259.1110; agreement 0.4 ppm. 

 

N-(8-Isothiocyanateoctanoyl)-L-homoserine lactone (HSL-ITC-8) 

HSL-Az-8 was reacted with carbon disulfide as described for HSL-ITC-6 and 

purified via flash silica gel chromatography (3:1 ethyl acetate:hexanes as eluent) to yield 

the product as a white solid (3% yield, 1 mg). This low yield for HSL-ITC-8 reflects an 

issue with separation; further optimization of separation conditions using aromatic 

solvents would likely lead to increased product yields. 1H NMR (500 MHz, Chloroform-

d): δ 7.48 (d, J = 6.9 Hz, 1H), 4.58 (ddd, J = 11.5, 8.7, 6.5 Hz, 1H), 4.48 (td, J = 9.1, 1.4 

Hz, 1H), 4.28 (ddd, J = 11.1, 9.3, 6.0 Hz, 1H), 3.53 (t, J = 6.5 Hz, 2H), 3.47 (s, 2H), 2.78 

(dddd, J = 12.6, 8.6, 5.9, 1.2 Hz, 1H), 2.58 (t, J = 7.2 Hz, 2H), 2.23 (dtd, J = 12.7, 11.4, 

8.9 Hz, 1H), 1.75–1.68 (m, 2H), 1.64 (p, J = 7.3 Hz, 2H), 1.47–1.39 (m, 2H); 13C NMR 

(126 MHz, Chloroform-d): δ 205.67, 174.63, 166.03, 65.87, 49.14, 48.346, 44.81, 43.45, 

29.95, 29.72, 25.93, 22.37; ESI-EMM: [M+Na]+ calculated 321.0880; measured 

321.0876; agreement 1.2 ppm. 
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N-(8-Isothiocyanateoctanoyl)-glycine ethyl ester (GEE-ITC-8) 

GEE-Az-8 was reacted with carbon disulfide as described for HSL-ITC-6 and 

purified via flash silica gel chromatography (ethyl acetate as eluent) to yield the product 

as a white solid (19% yield, 5 mg). 1H NMR (500 MHz, Chloroform-d): δ 7.28 (s, 1H), 

4.22 (q, J = 7.1 Hz, 2H), 4.05 (d, J = 5.3 Hz, 2H), 3.52 (t, J = 6.6 Hz, 2H), 3.45 (s, 2H), 

2.59 (t, J = 7.2 Hz, 2H), 1.71 (dt, J = 14.3, 6.8 Hz, 2H), 1.64 (p, J = 7.3 Hz, 2H), 1.47–

1.39 (m, 2H), 1.29 (t, J = 7.2 Hz, 4H); 13C NMR (126 MHz, Chloroform-d): δ 205.57, 

169.47, 165.65, 61.58, 48.87, 44.81, 43.38, 41.43, 29.71, 25.94, 22.39, 14.15; ESI-

EMM: [M+Na]+ calculated 323.1036; measured 323.1031; agreement 1.5 ppm. 

 

N-(12-Isothiocyanatedodecanoyl)-L-homoserine lactone (HSL-ITC-12) 

HSL-Az-12 was reacted with carbon disulfide as described for HSL-ITC-6 and 

purified via flash silica gel chromatography (ethyl acetate as eluent) to yield the product 

as a white solid (46% yield, 93 mg). 1H NMR (500 MHz, Chloroform-d): δ 7.67 (d, J = 

6.8 Hz, 1H), 4.61 (ddd, J = 11.4, 8.8, 6.8 Hz, 1H), 4.48 (td, J = 9.1, 1.4 Hz, 1H), 4.28 

(ddd, J = 11.0, 9.2, 6.1 Hz, 1H), 3.51 (t, J = 6.6 Hz, 2H), 3.47 (s, 2H), 2.73 (dddd, J = 

12.5, 8.1, 6.2, 1.4 Hz, 1H), 2.54 (t, J = 7.3 Hz, 2H), 2.34–2.20 (m, 1H), 1.69 (p, J = 6.9 

Hz, 2H), 1.58 (t, J = 7.3 Hz, 2H), 1.41 (p, J = 6.9 Hz, 2H), 1.30 (s, 8H); 13C NMR (126 

MHz, Chloroform-d): δ 206.32, 174.93, 166.45, 65.92, 49.02, 48.39, 45.04, 43.73, 

29.89, 29.64, 29.14, 29.11, 28.86, 28.66, 26.48, 23.26; ESI-EMM: [M+H]+ calculated 

355.1686; measured 355.1683; agreement 0.8 ppm. 
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N-(12-Isothiocyanatedodecanoyl)-glycine ethyl ester (GEE-ITC-12) 

GEE-Az-12 was reacted with carbon disulfide as described for HSL-ITC-6 and 

purified via flash silica gel chromatography  (ethyl acetate as eluent) to yield the product 

as a white solid (57% yield, 162 mg). 1H NMR (500 MHz, Chloroform-d): δ 7.46 (t, J = 

5.6 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 4.05 (d, J = 5.4 Hz, 2H), 3.51 (t, J = 6.6 Hz, 2H), 

3.45 (s, 2H), 2.55 (t, J = 7.3 Hz, 2H), 1.69 (p, J = 6.8 Hz, 2H), 1.59 (p, J = 7.3 Hz, 2H), 

1.40 (dd, J = 9.9, 5.2 Hz, 2H), 1.35–1.23 (m, 11H); 13C NMR (126 MHz, Chloroform-d): 

δ 206.33, 169.51, 165.95, 61.48, 48.63, 45.04, 43.77, 41.39, 29.91, 29.15, 29.12, 28.88, 

28.67, 26.49, 23.29, 14.14; ESI-EMM: [M+H]+ calculated 357.1843; measured 

357.1838; agreement 1.4 ppm. 

 

I.4.4 NMR spectra for new compounds. 

N3-6 intermediate 
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N3-10 intermediate 
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HSL-Az-6 
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GEE-Az-6 
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HSL-Az-8 
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GEE-Az-8 
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HSL-Az-12 
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GEE-Az-12 
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HSL-ITC-6 
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GEE-ITC-6 
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HSL-ITC-8 
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GEE-ITC-8 
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HSL-ITC-12 
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GEE-ITC-12 
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